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Greetings AASPT Members and IJSPT Subscribers:

The IJSPT editorial staff would like to announce that the December issue of
The International Journal of Sports Physical Therapy is available. We are
pleased to provide you with 37 international articles in various categories to
assist in your quest for evidence-based information that will promote excel-
lence in your clinical practice.  

This month is bittersweet as we part ways with the AASPT under whose 
auspices we have been publishing for 15 years. We now pledge to continue to
work toward our mission of providing practicing sports physical therapists
and rehabilitation professionals with high-quality, relevant, peer-reviewed
research. We hope that each and every one of you will join us in the next
chapter of our journey. 

Beginning in 2021, look for a new website (www.ijspt.org), enhanced fea-
tures such as “on-line first” publication capability, new submission subsec-
tions to include international perspective commentary and technical notes
where authors are able to share clinical pearls, as well as additional media
content such as blogs, podcasts, and social media, to encourage the exchange
of current, thought-provoking information.

The International Journal of Sports Physical Therapy will remain available
to all AASPT and IFSPT members moving forward. If you have not already
done so, please sign up here (https://nasmi.org/ijspt-sign-up-2021/) to
receive access to the IJSPT first and stay up to date on all news related to the
IJSPT.

We hope each and every one of you will sign up to continue to receiving the
journal as we grow in 2021.

Sincerely,

Ashley Campbell
Barb Hoogenboom
Mike Voight
Mary Wilkinson
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ABSTRACT
Background: Several systematic reviews have evaluated the role of dual-task assessment in individuals with concus-
sion. However, no systematic reviews to date have investigated dual-task protocols with implications for individuals 
with anterior cruciate ligament (ACL) injury or ACL reconstruction (ACLR).

Purpose: To systematically review the evidence on dual-task assessment practices applicable to those with ACL defi-
ciency/ACLR, specifically with the aim to identify motor-cognitive performance costs. 

Study Design: Systematic review

Methods: A systematic literature review was undertaken on those with ACL-deficient or ACL-reconstructed knees 
performing dual-task activities. The following databases were searched from inception to June 8, 2018 including 
CINAHL, PsychInfo, PubMed, SPORTDiscus, Web of Science, and gray literature. Three primary search categories 
(knee, cognition, and motor task) were included. Only one reviewer independently performed the database search, 
data extraction, and scored each article for quality. All studies were assessed for quality and pertinent data were 
extracted, examined and synthesized.

Results: Ten studies were included for analysis, all of which were published within the prior ten years. Performance 
deficits were identified in those with either ACL deficiency or ACLR while dual-tasking, such as prioritization of pos-
tural control at the expense of cognitive performance, impaired postural control in single limb stance, greater number 
of cognitive errors, and increased step width coefficient of variation while walking. No studies examined those with 
prior ACL injury or ACLR during tasks that mimicked ACL injury mechanisms such as jump-landing or single-leg 
cutting. 

Conclusion: The results of the current systematic review suggests that postural control, gait, and/or cognitive deficits 
exist when evaluated under a dual-task paradigm in those with ACL deficiency or ACLR. This systematic review 
highlights the need for future research on dual-task assessment for individuals who have sustained an ACL injury or 
undergone ACLR, specifically utilizing more difficult athletic movements. 

Level of Evidence: Level 3a

Key Words: ACL, cognition, dual-task, knee
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INTRODUCTION
Approximately 8.6 million sports- and recreation-
related injuries have occurred annually in the 
United States from 2011-2014, 42% of which involved 
the lower extremity (LE) for those over age five.1 
In addition, anterior cruciate ligament (ACL) inju-
ries are frequently encountered in athletic popula-
tions.2,3 Despite the high prevalence of ACL injuries, 
ACL reconstruction (ACLR) has less than desirable 
clinical outcomes. For example, a high percentage of 
athletes experience a second ACL injury after being 
cleared to return to sport,4 as well as failure to return 
to sports at their pre-injury level.5-7

Athletes tend to sustain ACL injuries when attend-
ing to a secondary task or object.8-10 Researchers 
and clinicians have attempted to account for the 
physical and cognitive demands of the real-world 
athletic environment when evaluating LE mechan-
ics during drop vertical jump11-13 and single-leg cut-
ting tasks14-17 under divided attention conditions. 
While this has not been investigated in a popula-
tion who have sustained an ACL injury, two sys-
tematic reviews have examined knee mechanics in 
response to anticipation during single-leg cutting 
tasks in healthy individuals, indicating that subopti-
mal movement strategies ensue when pre-planning 
is not allowed.18,19 The role of anticipation, although 
relevant to athletic participation, should not be con-
fused with the dual-task paradigm. 

The dual-task paradigm involves the simultaneous 
performance of two tasks that can be performed 
and measured separately.20 One type of dual-task-
ing includes motor and cognitive task assessment. 
If attentional resources devoted to either task are 
diminished, a performance deficit may emerge in 
one or both tasks under dual-task conditions. This 
concept has been demonstrated in ACL-deficient 
soccer athletes who had a greater number of cog-
nitive errors while in single- (SLS) and double-limb 
stance (DLS) when compared to a healthy control 
group, yet postural sway indices lacked a consistent 
directional response across both stance conditions.21 
It has also been shown that a posture-first strategy 
is adopted by athletes with ACLR under dual-task 
conditions at the expense of increased reaction time 
and error ratios while completing an auditory Stroop 
task.22 Individuals with ACLR have demonstrated 

decreased SLS postural control under dual- versus 
single task conditions, yet no differences in cogni-
tive performance were identified between groups.23 
Therefore, physical and/or cognitive deficits may 
emerge under dual-task conditions in ACL-injured 
populations when compared to healthy individuals. 

The cognitive changes that exist among clinical pop-
ulations with LE injuries may underscore the impor-
tance of dual-task assessment. Functional magnetic 
resonance imaging identified altered sensorimotor 
cortical activation among those with ACL insuffi-
ciency at least six months post-injury when com-
pared to healthy individuals.24 Neuroplastic changes 
that may persist for months to years after surgery 
and return to sport25,26 were identified during a sim-
ple motor task including joint motion (knee flexion/
extension) for those with ACLR. Further, neurocog-
nitive deficiencies in reaction time and visual pro-
cessing speed have been shown to be predictive of 
future ACL injury in intercollegiate athletes.27 

The data supporting an association between cogni-
tion and musculoskeletal injury, as well as the prom-
ising literature for dual-task assessment in those with 
concussion,28-31 suggests the need to examine the evi-
dence for dual-task assessment in individuals who 
have sustained ACL injuries. Therefore, the purpose 
was to systematically review the evidence on dual-
task assessment practices applicable to those with 
ACL deficiency/ACLR, specifically with the aim to 
identify motor-cognitive performance costs. 

METHODS

Search Strategy
Only one reviewer independently performed the 
database search, data extraction, and scored each 
article for quality. The following databases were 
included in the search: CINAHL, PubMed, PsychInfo, 
SPORTDiscus, and Web of Science. The database 
search was limited to included articles published in 
the English language, from the time of the inception 
of each database through June 8, 2018. The search 
strategy utilized for this systematic review, including 
the navigation of gray-literature via Google search, 
can be found in the Appendix A. The search strat-
egy included three primary search categories (knee, 
cognition, and motor task) and synonymous terms, 
along with Medical Subject Heading (MeSH) terms 
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when appropriate. From the found articles, the prin-
cipal investigator individually hand searched each 
reference list for other potentially relevant articles.

The Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines were used 
to detail the process of article inclusion and exclu-
sion.32 One researcher (BN) independently searched 
the databases and reviewed article titles and abstracts 
to identify potentially relevant studies. To be eligible, 
studies had to include adolescents and/or young 
adults, defined as ages 14- 18 and 18-45, respectively. 
Participant groups had to include individuals with his-
tory of ACL injury (any severity) or ACLR procedure. 
Once potentially relevant articles were identified, the 
principal investigator (BN) screened the full texts for 
additional inclusion criteria: (1) Assessment of bal-
ance, gait, jump landing, and/or a cutting maneuver 
under dual- and single-task conditions; (2) a cognitive 
task defined as arithmetic, auditory, and/or working 
memory; and (3) the use of LE performance mea-
sures. The following studies were excluded: (1) Case 
series or case studies; (2) interventional studies; and 
(3) populations with neurological conditions (concus-
sion, dementia, etc.), amputations, or nontraumatic 
knee conditions (osteoarthritis).

Quality Review and Data Extraction
A modified version of the Downs and Black check-
list,33 as previously applied,18 was used to evaluate 
study quality on a scale from 0-13. One reviewer 
(BN) independently performed data extraction and 
scored each article for quality. Data extraction cat-
egories followed those as previously described29 and 
included: authors, publication date, country, study 
design, eligibility and exclusion criteria, participant 
characteristics, motor and cognitive task assessment 
protocols, assessment timeframes, study results, 
and study resources. Effect sizes of dual versus sin-
gle-task effect on lower extremity and/or cognitive 
performance were calculated when available, and 
reported as Cohen’s d with the following criteria: < 
0.2 (trivial), 0.2 – 0.49 (small), 0.5 – 0.79 (medium), 
and ≥ 0.8 (large).34

RESULTS
The initial database search yielded 863 articles, 
with an additional 20 articles located through hand 

searching. Following elimination of duplicate arti-
cles, 459 article titles/abstracts were screened, and, 
subsequently, 400 articles were excluded. Full-text 
screening of the remaining 59 articles yielded 10 arti-
cles to be included in the analysis. Figure 1 depicts 
a flow diagram of the systematic search strategy in 
accordance with PRISMA guidelines.32 The dual-task 
protocols lacked homogeneity across the included 
studies, which did not allow for a meta-analysis.

Quality Review. 
Table 1 displays the itemized scoring results for 
study quality. Operational definitions of study qual-
ity assessment included low (0-4), moderate (5-8), 
and high (9-13), respectively. Most studies were of 
high quality (n=9), while one study was of moder-
ate quality (n=1). Scoring ranged from 8-11 across 
all studies. Nine of the articles had similar author 
groups and/or affiliations. All articles were pub-
lished within the prior ten years, which indicates 
this area of research is still in the relatively early 
stages of development. 

Study Design. 
Participant eligibility and exclusion criteria, along 
with demographic information are listed in Table 2. 
The populations under investigation were young 
adults with mean age range of 23-28 years. All par-
ticipant groups were described as athletes with soc-
cer participation frequently documented. Five of the 
articles investigated individuals with an ACL-defi-
cient knee (nonsurgical),21,35-38 four articles exam-
ined those with ACLR,22,23,39,40 and one included both 
types of ACL patient groups.41 The time since ACL 
injury (range 6 – 34 months) or ACLR surgery (mean 
range 11-14 months) was reported on several occa-
sions. All articles were case control studies with con-
trol groups of healthy individuals matched according 
to current activity level/sport, sports background, 
age, gender, body mass index, height, and/or weight. 
Three of the included studies were investigations of 
reliability. 

Dual-Task Assessment Protocols. 
Dual-task assessment methods and the key find-
ings of included studies, along with effect sizes, are 
outlined in Appendix B. The number of dual-task 
assessment conditions in each study ranged from 
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3-17. Seven studies included motor task (single-task) 
assessment of balance performance, in positions 
of SLS,22,23,40,41 DLS,39 or both.21,38 Balance outcomes 
were measured via instrumented force platforms 
and software, which included center of pressure dis-
placement, reaction time, latency, amplitude, regu-
larity, complexity, sway velocity, and/or stability 
indices. In one study, an instrumented wobble board 
recorded contact frequency and time as a measure 
of balance performance.23 Balance conditions were 
also manipulated to include visual disturbances such 
as eyes open versus closed,21,22,38-40 varying levels of 
surface stability,21,22,38-40 and/or positional changes of 
the stance and non-stance knee.23

Walking gait was examined under single-task con-
ditions on a motorized treadmill in three studies, 
which included varying stance width35 and veloc-
ity.36,37 Stance width during gait was manipulated 

to include narrow-base, defined as 50% of the dis-
tance between anterior superior iliac spine (ASIS) 
landmarks, and preferred step width.35 Gait veloc-
ity included self-selected, low (20% decrease), and 
high (20% increase) conditions.36,37 Gait outcomes 
were assessed by reflective makers and a 5-camera 
motion-analysis system, which included variability 
of step length, velocity, and/or width,35,36 in addition 
to hip and knee flexion ROM values.37 No studies 
evaluated landing or single-leg cutting mechanics 
under dual-task conditions in those with ACL injury 
or ACLR. 

Three types of cognitive tasks were selected for the 
dual-task paradigm, which included an auditory 
Stroop task,22,36,37,40,41 arithmetic of varying difficulty 
levels,35,39 and backward digit span task of varying 
difficulty levels.21,23,38 The arithmetic conditions typi-
cally involved subtracting by either 3 or 7 as quickly 

Figure 1. Flow diagram of the systematic search strategy
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and accurately as possible. Cognitive performance 
was evaluated in 90% of the included studies and 
typically expressed as an error ratio, response time, 
or the sum of correct/incorrect responses. Only one 
of the studies explicitly manipulated the prioritiza-
tion of tasks.39

Study Outcomes 

Postural control in single- and double-limb 
stance
DLS postural conditions yielded no significant dif-
ferences in sway area and sway path between those 
with ACLR and healthy individuals, regardless of pos-
tural task difficulty.39 Both ACL-deficient and healthy 
individuals responded similarly with increased DLS 
postural sway under dual-task conditions; however 
the postural control of those with ACL-deficiency 
was not impaired to a greater extent under dual-task 
conditions when compared to healthy individuals.21 

One study reported those with ACLR prioritized SLS 
postural control at the expense of cognitive perfor-
mance under dual-task situations.22 However, this 
is in contrast to another study that examined pos-
tural sway in DLS.39 ACL-deficient athletes demon-
strated greater center of pressure regularity in DLS 
and SLS compared to healthy individuals, hypoth-
esized to indicate reduced adaptability of postural 
sway.38 SLS performance was impaired to a greater 
extent under dual- versus single-task conditions in 

young adults with ACLR, which was not observed in 
healthy individuals matched by age, height, weight, 
and activity level.23 Further, the ACLR group had var-
ied SLS responses during three levels of cognitive 
task difficulty, which was not a trend seen in the 
control group; however, no differences in cognitive 
performance were shown between groups. Another 
study reported those with ACL-deficiency had an 
increased number of cognitive errors across DLS and 
SLS conditions when compared to a healthy control 
group matched according to age, height, BMI, activ-
ity level, and sports background.21 

Walking gait
When walking at three different pre-selected veloc-
ities while performing an auditory task, those 
with ACL-deficiency demonstrated significantly 
increased step width coefficient of variation when 
compared to single-task conditions.36 This trend was 
not observed in a control group matched according to 
age, gender, height/weight, and prior physical activ-
ity level. Under narrow-base walking conditions, 
those with ACL-deficiency demonstrated decreased 
step length and increased step length variability dur-
ing both single- and dual-task protocols when com-
pared to a control group matched for age, gender, 
height/weight, and years of education.35 However, 
motor-cognitive performance costs were generally 
similar between the two groups when concurrently 
performing an arithmetic task. 

Table 1. Quality assessment of included studies.
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Table 2. Descriptive characteristics of studies included in the systematic review.
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Table 2. Descriptive characteristics of studies included in the systematic review. (continued)
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Table 2. Descriptive characteristics of studies included in the systematic review. (continued)

DISCUSSION
Over half of the included studies assessed motor 
task performance through balance assessment, SLS 
and DLS under the dual-task paradigm – all of which 
included a participant group with ACLR or an ACL-
deficient knee. These findings highlight the impor-
tance of selecting motor tasks that are sufficiently 
challenging to demand attentional resources dur-
ing dual-task assessment. Motor tasks which are 
performed more automatically, such as DLS, may 
not be sensitive enough to identify postural control 
deficits in those with ACL injury.39 One may ques-
tion the relevance of static SLS or DLS assessment 
for individuals returning to dynamic activities that 
require cutting, jumping, etc. However, no studies 
in the current systematic review examined dual-task 

cutting or jumping performance in those with ACL 
injury. 

It has been demonstrated that in healthy popula-
tions, lower extremity mechanics were influenced 
by motor tasks that mimic noncontact ACL injury 
mechanisms under dual-task paradigms that involved 
a subtraction cognitive task.13,42 Similar trends were 
observed in other investigations with alterna-
tive secondary tasks, such as anticipatory or goal-
oriented tasks.18,43 A drop-jump task with decision 
making resulted in decreased knee flexion angles 
at initial contact,43 while a systematic review high-
lighted suboptimal knee mechanics during single-
leg cutting maneuvers performed under unplanned 
conditions.18 Goal-oriented tasks also demonstrated 
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similar patterns of altered knee mechanics during 
drop vertical jump landing in response to an over-
head goal, with decreased peak knee flexion angles 
and increased peak vertical ground reaction forces.12 
Future studies should consider dual-task paradigms 
consisting of cutting and landing activities with a 
secondary task, which may include cognitive, antici-
patory, or goal-oriented tasks. 

The cognitive tasks in the included studies required 
auditory processing, computational skills, or working 
memory; all of which demand attentional resources 
to varying degrees. This may in part explain the vari-
ance in dual-task outcomes, as one cognitive task 
may place greater demands on attentional resources 
compared to another. It has been shown that adding 
a simple cognitive task can reduce center of pres-
sure displacements in young adults; however, pos-
tural control can deteriorate with the application 
of more difficult cognitive tasks.44 Future research 
should examine the influence of cognitive task dif-
ficulty on sport-specific motor tasks. 

One of the challenges with dual-task assessment 
is measuring the performance of the secondary 
task. Two of the secondary tasks excluded from this 
review were anticipatory and goal-oriented tasks, 
but these perhaps have greater external validity to 
the athletic environment compared to the cognitive 
tasks identified in the current study.12 This review 
highlights the value of capturing secondary task 
performance by recording cognitive errors, as those 
with ACL-deficiency displayed a greater number 
of cognitive errors without sacrificing balance per-
formance when compared to healthy individuals.21 
Measurement of cognitive performance deficits 
allows one to quantitatively appreciate the potential 
dual-task costs in spite of motor task performance 
preservation. 

Several variables including patient populations, 
walking task difficulty, and the type of cognitive task 
selected for dual-task assessment may influence gait 
outcomes. Most dual-task gait (step length and veloc-
ity) and cognitive performance outcomes were simi-
lar between those with ACL-deficiency and healthy 
individuals when concurrently walking with narrow 
base of support and verbally counting backwards.35 
This is in contrast to the findings of patients with 

ACL-deficiency showing increased step width vari-
ability when subjected to various walking speeds 
while performing an auditory Stroop task.36 It should 
be noted that none of the studies investigated dual-
task gait outcomes in those with ACLR, which may 
provide insight into potential differences between 
patient groups. Researchers may wish to select 
motor tasks that emphasize frontal plane gait control 
for those with prior ACL injury. 

From an intervention perspective, it has been shown 
that motor-cognitive dual-task training may result in 
enhanced gait, balance, and/or cognitive function 
in neurologic populations with motor-cognitive defi-
cits.45 Others have supported single- and dual-task 
training to improve dual-task performance, however, 
conflicting evidence exists as to which type of train-
ing regimen is most effective.46,47 Finally, dual-task 
training may have greater benefits when compared 
to single-task training for sport skill development.48 
Further research is needed to examine the effec-
tiveness of motor-cognitive intervention programs 
in those susceptible to ACL injury with respect to 
enhancing lower extremity mechanics and motor 
skill development for injury prevention. 

LIMITATIONS
The biggest limitation is that only one reviewer par-
ticipated in study selection, data extraction, and scor-
ing of study quality, which could have resulted in 
bias. The search strategy only included those studies 
with specific cognitive tasks, as systematic reviews 
already exist on the role of anticipation/decision-
making for single-leg cutting mechanics.18,19 

Additionally, most, if not all, of the methods used 
to measure motor task performance in the included 
studies were carried out in research laboratories and 
are not reproducible in most outpatient clinical set-
tings, which limits generalizability to an extent. It 
would be advantageous to develop clinically feasible 
dual-task assessment strategies for motor tasks spe-
cific to noncontact ACL injury, in order to assist in 
return to sport decision making. 

CONCLUSION
The addition of cognitive loading during single 
limb stance and walking gait revealed motor and/
or cognitive performance costs in those with ACL 
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injury compared to healthy individuals. Motor and 
cognitive task type and level of difficulty appear to 
be important considerations when assessing dual-
task performance outcomes. No dual-task studies 
with ACL-deficient/ACLR patients were evaluated 
using more difficult athletic movements consistent 
with noncontact ACL injury mechanisms such as 
jump-landing and cutting. Given the low quantity 
and varying quality of the included studies, further 
research is needed to understand the influence of 
dual-tasking on motor and cognitive performance 
measures during athletic movements, as well as the 
implications for rehabilitation and return to sport 
testing after ACL injury. 

REFERENCES
1. Sheu Y, Chen LH, Hedegaard H. Sports- and 

recreation-related injury episodes in the United 
States, 2011–2014. Natl Health Stat Report. 2016;99: 
1-12.

2. Hootman JM, Dick R, Agel J. Epidemiology of 
collegiate injuries for 15 sports: summary and 
recommendations for injury prevention initiatives.  
J Athl Train. 2007;42(2):311-319.

3. Stanley LE, Kerr ZY, Dompier TP, et al. Sex 
differences in the incidence of anterior cruciate 
ligament, medial collateral ligament, and meniscal 
injuries in collegiate and high school sports: 2009-
2010 through 2013-2014. Am J Sports Med. 
2016;44(6):1565-1572.

4. Paterno MV, Rauh MJ, Schmitt LC, et al. Incidence of 
second ACL injuries 2 years after primary ACL 
reconstruction and return to sport. Am J Sports Med. 
2014;42(7):1567-1573.

5. Ardern CL, Taylor NF, Feller JA, et al. Fifty-five per 
cent return to competitive sport following anterior 
cruciate ligament reconstruction surgery: an 
updated systematic review and meta-analysis 
including aspects of physical functioning and 
contextual factors. Br J Sports Med. 2014;48(21): 
1543-1552.

6. Ardern CL, Taylor NF, Feller JA, et al. Sports 
participation 2 years after anterior cruciate ligament 
reconstruction in athletes who had not returned to 
sport at 1 year: a prospective follow-up of physical 
function and psychological factors in 122 athletes. 
Am J Sports Med. 2015;43(4):848-856.

7. Ardern CL, Webster KE, Taylor NF, et al. Return to 
sport following anterior cruciate ligament 
reconstruction surgery: a systematic review and 
meta-analysis of the state of play. Br J Sports Med. 
2011;45(7):596-606.

8. Boden BP, Torg JS, Knowles SB, et al. Video analysis 
of anterior cruciate ligament injury: abnormalities in 
hip and ankle kinematics. Am J Sports Med. 
2009;37(2):252-259.

9. Krosshaug T, Nakamae A, Boden BP, et al. 
Mechanisms of anterior cruciate ligament injury in 
basketball: video analysis of 39 cases. Am J Sports 
Med. 2007;35(3):359-367.

10. Olsen OE, Myklebust G, Engebretsen L, et al. Injury 
mechanisms for anterior cruciate ligament injuries 
in team handball: a systematic video analysis. Am J 
Sports Med. 2004;32(4):1002-1012.

11. Herman DC, Barth JT. Drop-jump landing varies 
with baseline neurocognition: implications for 
anterior cruciate ligament injury risk and 
prevention. Am J Sports Med. 2016;44(9):2347-2353.

12. Almonroeder TG, Kernozek T, Cobb S, et al. 
Cognitive demands influence lower extremity 
mechanics during a drop vertical jump task in 
female athletes. J Orthop Sports Phys Ther. 
2018;48(5):381-387.

13. Dai B, Cook RF, Meyer EA, et al. The effect of a 
secondary cognitive task on landing mechanics and 
jump performance. Sports Biomech. 2018;17(2): 
192-205.

14. Almonroeder TG, Kernozek T, Cobb S, et al. Divided 
attention during cutting influences lower extremity 
mechanics in female athletes. Sports Biomech. 
2017;13:1-13.

15. Kipp K, Brown TN, McLean SG, et al. Decision 
making and experience level influence frontal plane 
knee joint biomechanics during a cutting maneuver. 
J Appl Biomech. 2013;29(6):756-762.

16. McLean SG, Lipfert SW, van den Bogert AJ. Effect of 
gender and defensive opponent on the biomechanics 
of sidestep cutting. Med Sci Sports Exerc. 
2004;36(6):1008-1016.

17. Besier TF, Lloyd DG, Ackland TR, et al. Anticipatory 
effects on knee joint loading during running and 
cutting maneuvers. Med Sci Sports Exerc. 
2001;33(7):1176-1181.

18. Almonroeder TG. The effects of anticipation on the 
mechanics of the knee during single-leg cuttig tasks: 
a systematic review Int J Sports Phys Ther. 
2015;10(7):918-928.

19. Brown SR, Brughelli M, Hume PA. Knee mechanics 
during planned and unplanned sidestepping: a 
systematic review and meta-analysis. Sports Med. 
2014;44(11):1573-1588.

20. McIsaac TL, Lamberg EM, Muratori LM. Building a 
framework for a dual task taxonomy. Biomed Res Int. 
2015:591475.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 850

21. Negahban H, Hadian MR, Salavati M, et al. The 
effects of dual-tasking on postural control in people 
with unilateral anterior cruciate ligament injury. 
Gait Posture. 2009;30(4):477-481.

22. Mohammadi-Rad S, Salavati M, Ebrahimi-Takamjani 
I, et al. Dual-tasking effects on dynamic postural 
stability in athletes with and without anterior 
cruciate ligament reconstruction. J Sport Rehabil. 
2016;25(4):324-329.

23. Negahban H, Ahmadi P, Salehi R, et al. Attentional 
demands of postural control during single leg stance 
in patients with anterior cruciate ligament 
reconstruction. Neurosci Lett. 2013;556:118-123.

24. Kapreli E, Athanasopoulos S, Gliatis J, et al. Anterior 
cruciate ligament deficiency causes brain plasticity: 
a functional MRI study. Am J Sports Med. 
2009;37(12):2419-2426.

25. Grooms DR, Page SJ, Nichols-Larsen DS, et al. 
Neuroplasticity associated with anterior cruciate 
ligament reconstruction. J Orthop Sports Phys Ther. 
2017;47(3):180-189.

26. Grooms DR, Page SJ, Onate JA. Brain activation for 
knee movement measured days before second 
anterior cruciate ligament injury: neuroimaging in 
musculoskeletal medicine. J Athl Train. 
2015;50(10):1005-1010.

27. Swanik CB, Covassin T, Stearne DJ, et al. The 
relationship between neurocognitive function and 
noncontact anterior cruciate ligament injuries. Am J 
Sports Med. 2007;35(6):943-948.

28. Grants L, Powell B, Gessel C, et al. Gait deficits 
under dual-task conditions in the concussed 
adolescent and young athlete population: a 
systematic review. Int J Sports Phys Ther. 
2017;12(7):1011-1022.

29. Kleiner M, Wong L, Dube A, et al. Dual-task 
assessment protocols in concussion assessment: a 
systematic literature review. J Orthop Sports Phys 
Ther. 2018;48(2):87-103.

30. Lee H, Sullivan SJ, Schneiders AG. The use of the 
dual-task paradigm in detecting gait performance 
deficits following a sports-related concussion: a 
systematic review and meta-analysis. J Sci Med Sport. 
2013;16(1):2-7.

31. Register-Mihalik JK, Littleton AC, Guskiewicz KM. 
Are divided attention tasks useful in the assessment 
and management of sport-related concussion? 
Neuropsychol Rev. 2013;23(4):300-313.

32. Moher D, Liberati A, Tetzlaff J, et al. Preferred 
reporting items for systematic reviews and meta-
analyses: the PRISMA statement. Int J Surg. 
2010;8(5):336-341.

33. Downs SH, Black N. The feasibility of creating a 
checklist for the assessment of the methodological 
quality both of randomised and non-randomised 
studies of health care interventions. J Epidemiol 
Commun H. 1998;52(6):377-384.

34. Cohen J. Statistical power analysis for the behavioral 
sciences. 2nd ed. Hillsdale, NJ: Erlbaum Associates; 
1988.

35. Mazaheri M, Negahban H, Soltani M, et al. Effects of 
narrow-base walking and dual tasking on gait 
spatiotemporal characteristics in anterior cruciate 
ligament-injured adults compared to healthy adults. 
Knee Surg Sports Traumatol Arthrosc. 2017;25(8): 
2528-2535.

36. Nazary-Moghadam S, Salavati M, Esteki A, et al. 
Effect of dual-tasking on variability of spatiotemporal 
parameters in subjects with and without anterior 
cruciate ligament deficiency using linear dynamics. 
Phys Treat. 2015;4:213-220.

37. Nazary-Moghadam S, Salavati M, Esteki A, et al. 
Reliability of kinematic measures in subjects with 
anterior cruciate ligament deficiency during dual-
task walking. J Bodyw Mov Ther. 2017;21(4):852-859.

38. Negahban H, Salavati M, Mazaheri M, et al. Non-
linear dynamical features of center of pressure 
extracted by recurrence quantification analysis in 
people with unilateral anterior cruciate ligament 
injury. Gait Posture. 2010;31(4):450-455.

39. Lion A, Gette P, Meyer C, et al. Effect of cognitive 
challenge on the postural control of patients with 
ACL reconstruction under visual and surface 
perturbations. Gait Posture. 2018;60:251-257.

40. Mohammadirad S, Salavati M, Takamjani IE, et al. 
Intra and intersession reliability of a postural control 
protocol in athletes with and without anterior 
cruciate ligament reconstruction: a dual-task 
paradigm. Int J Sports Phys Ther. 2012;7(6):627-636.

41. Akhbari B, Salavati M, Ahadi J, et al. Reliability of 
dynamic balance simultaneously with cognitive 
performance in patients with ACL deficiency and 
after ACL reconstructions and in healthy controls. 
Knee Surg Sports Traumatol Arthrosc. 2015;23(11): 
3178-3185.

42. Seymore KD, Cameron SE, Kaplan JT, et al. Dual-
task and anticipation impact lower limb 
biomechanics during a single-leg cut with body 
borne load. J Biomech. 2017;65:131-137.

43. Mache MA, Hoffman MA, Hannigan K, et al. Effects 
of decision making on landing mechanics as a 
function of task and sex. Clin Biomech (Bristol, Avon). 
2013;28(1):104-109.

44. Huxhold O, Li SC, Schmiedek F, Lindenberger U. 
Dual-tasking postural control: aging and the effects 



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 851

47. Ingriselli JM, Register-Mihalik JK, Schmidt JD, et al. 
Outcomes, utility, and feasibility of single task and 
dual task intervention programs: preliminary 
implications for post-concussion rehabilitation. J Sci 
Med Sport. 2014;17(6):580-585.

48. Gabbett T, Wake M, Abernethy B. Use of dual-task 
methodology for skill assessment and development: 
examples from rugby league. J Sports Sci. 
2011;29(1):7-18.

of cognitive demand in conjunction with focus of 
attention. Brain Res Bull. 2006;69(3):294-305.

45. Fritz NE, Cheek FM, Nichols-Larsen DS. Motor-
cognitive dual-task training in persons with 
neurologic disorders: a systematic review. J Neurol 
Phys Ther. 2015;39(3):142-153.

46. Pellecchia GL. Dual-task training reduces impact of 
cognitive task on postural sway. J Mot Behav. 
2005;37(3):239-246.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 852

APPENDIX A. Search Strategy



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 853

APPENDIX B. Dual-task assessment methods and key findings of studies included in the 
systematic review.
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APPENDIX B. Dual-task assessment methods and key findings of studies included in the 
systematic review. (continued)
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APPENDIX B. Dual-task assessment methods and key findings of studies included in the 
systematic review. (continued)



ABSTRACT
Background: The gluteus medius (GMed) and gluteus minimus (GMin) muscle segments demonstrate different responses 
to pathology and ageing, hence it is important in rehabilitation that prescribed therapeutic exercises can effectively target 
the individual segments with adequate exercise intensity for strengthening.

Purpose: The purpose of this systematic review was to evaluate whether common therapeutic exercises generate at least 
high (> 40% maximum voluntary isometric contraction (MVIC)) electromyographic (EMG) activity in the GMed (anterior, 
middle and posterior) and GMin (anterior and posterior) segments.

Methods: Seven databases (MEDLINE, EMBASE, CINAHL, AusSPORT, PEDro, SPORTdiscus and Cochrane Library) were 
searched from inception to May 2018 for terms relating to gluteal muscle, exercise, and EMG. The search yielded 6918 
records with 56 suitable for inclusion. Quality assessment, data extraction and data analysis were then undertaken with 
exercise data pooled into a meta-analysis where two or more studies were available for an exercise and muscle segment.

Results: For the GMed, different variations of the hip hitch/ pelvic drop exercise generated at least high activity in all seg-
ments. The dip test, and isometric standing hip abduction are other options to target the anterior GMed segment, while 
isometric standing hip abduction can be used for the posterior GMed segment. For the middle GMed segment, the single leg 
bridge; side-lying hip abduction with hip internal rotation; lateral step-up; standing hip abduction on stance or swing leg 
with added resistance; and resisted side-step were the best options for generating at least high activity. Standing isometric 
hip abduction and different variations of the hip hitch/ pelvic drop exercise generated at least high activity in all GMin seg-
ments, while side-lying hip abduction, the dip test, single leg bridge and single leg squat can also be used for targeting the 
posterior GMin segment.

Conclusion: The findings from this review provide the clinician with confidence in exercise prescription for targeting indi-
vidual GMed and GMin segments for potential strengthening following injury or ageing.

Level of Evidence: Level 1.

What is known about the subject: Previous reviews on GMed exercises have been based on single electrode, surface EMG 
measures at middle GMed segment. It is not known whether these exercises effectively target the other segments of GMed 
or the GMin at a sufficient intensity for strengthening. 

What this study adds to existing knowledge: This review provides the clinician with confidence in exercise prescription of 
common therapeutic exercises to effectively target individual GMed and GMin segments for potential strengthening.

Keywords: EMG, gluteal muscle, hip, exercise therapy, movement system
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INTRODUCTION
Gluteal muscle dysfunction is associated with pain 
and symptoms at the ankle,1-3 knee,4-6 hip,7-9 and 
lower back.10,11 There is also evidence that severity 
of symptoms on clinical presentation is associated 
with atrophied or weak muscles.12,13 It is therefore 
important to understand the most effective methods 
of activating the gluteal muscles with therapeutic 
exercise for the purpose of strengthening these mus-
cles in clinical populations.14-16 

The effectiveness of hip strengthening programs for 
improving symptoms and quality of life in clinical 
conditions is variable. While there are clear benefits 
of hip strengthening exercises for conditions of the 
knee,17 results for conditions such as hip osteoar-
thritis are less convincing with only mild benefits in 
the short term.18 Two reasons that may account for 
variable effects are; (1) the exercises used in typical 
rehabilitation programs may not activate the mus-
cles with sufficient intensity to elicit strength and/
or hypertrophic adaptations, or (2) the exercises typ-
ically prescribed may not target individual segments 
of gluteus medius (GMed) and gluteus minimus 
(GMin) and/or with sufficient intensity. These mus-
cles consist of distinct individual segments (anterior, 
middle and posterior for GMed; and anterior and 
posterior for GMin) with separate innervations, dif-
ferent muscle fiber orientations, and diverse func-
tional roles.19-21 In addition to generalized muscle 
atrophy of GMin and GMed in clinical presenta-
tions such as hip osteoarthritis,22 gluteal tendinopa-
thy,23 and following total hip replacement,24,25 there 
is evidence of specific segmental atrophy and dys-
function.24-26 Understanding the role of exercises for 
targeting individual muscle segments of GMin and 
GMed may enable better tailoring of exercise inter-
ventions to people with varied underlying presenta-
tions, or those for specific conditions. 

There are a number of reviews27-31 that have reported 
GMed activity levels for various therapeutic exer-
cises but have mostly contained studies that utilize a 
single surface electrode positioned over the middle 
GMed segment to record electromyographic (EMG) 
activity. No previous reviews have considered exer-
cises to target the individual segments of the GMed, 
and none have examined therapeutic exercises for 
the GMin. An updated systematic review will inform 

clinicians of the effectiveness of exercises targeting 
individual GMed and GMin segments. 

The purpose of this systematic review was to evalu-
ate whether common therapeutic exercises generate 
at least high (> 40% maximum voluntary isomet-
ric contraction (MVIC)) electromyographic (EMG) 
activity in the GMed (anterior, middle and posterior) 
and GMin (anterior and posterior) segments.

METHODS

Search strategy
This review was conducted in accordance with 
PRISMA (Preferred Reporting Items for Systematic 
Reviews and Meta-analyses) statement guidelines32 
A systematic literature search was conducted 
of MEDLINE, CINAHL, EMBASE, AUSPORT, 
SPORTDiscus, PEDRO and the Cochrane Library 
from inception to first week May 2018. These 
databases were searched using free-text words, 
keywords mapped to medical subject headings 
(MeSH), and filters were applied for human subjects 
where possible. Boolean operators were used to 
combine the key words with truncated search terms: 
(glut* OR buttock* OR hip rotat* OR hip abduct*) 
AND (strength* OR contract* OR electromyo* OR 
EMG OR electrode* OR activ* OR intensit* OR peak 
amplitude* OR funct*) 

Further relevant studies were searched through ref-
erence scanning of included full-text studies. 

From the initial search yield, articles were imported 
into Endnote version X8, duplicate papers were 
removed, and the abstracts and titles of the remain-
ing papers were screened by two reviewers (DM and 
TP) independently through application of the inclu-
sion and exclusion criteria. Full-text was obtained 
for the remaining studies to determine eligibility for 
inclusion into the review through consultation and 
consensus between the reviewers (DM and TP). 

Inclusion and Exclusion Criteria
Inclusion and exclusion criteria were determined 
prior to administering the search strategy. Since 
most studies in this area of research are either 
cross-sectional or single-group pre- and post-test 
design, all study designs were eligible for inclusion 
except clinical commentary or opinion articles, and 



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 858

unpublished material such as theses, abstracts, and 
conference proceedings.

Studies comprising of only healthy participants were 
included in this review. A study with pathological 
participants was only included if there was a group 
of healthy controls with separate data presented.

Normalized muscle activity measured using surface 
or intramuscular EMG was selected as the outcome 
measure of interest since it has been long established 
and universally advocated as the method of choice 
in measuring and comparing muscle activity 
between different exercises and individuals.33-36 To be 
included, studies had to normalize EMG to a MVIC 
since this has been found to be the most reliable 
method for comparing exercises for the GMed in 
healthy participants37 and is clinically interpretable. 
This also allows a more meaningful comparison 
between studies and a logical synthesis of findings.

Due to the vast breadth of studies that have evaluated 
exercises for the GMed, only studies that evaluated the 
GMed and / or the GMin, and contained at least one 
commonly evaluated therapeutic exercise (including 
squats, lunges, steps, hip hitches, standing hip abduc-
tion, supine bridges, side lie hip abduction and side lie 
hip clam) and the different variations of these exercises 
were accepted into this review. Exercises using custom-
made devices or commercial gym equipment were 
excluded from this review as were plyometric exercise 
activities such as hopping, running or jumping. 

Quality assessment
Methodological quality of included studies in 
this review were assessed independently by two 
reviewers (DM and TP) using a standardized 
quality assessment tool recommended by the 
Non-Randomized Studies Group of the Cochrane 
Collaboration and previously adapted for EMG 
study reviews.38,39 With the scope of the tool covering 
external validity, performance bias and detection 
bias, these items are then displayed in its raw form 
individually for the reader to evaluate the study 
quality for each item rather than be determined by 
an overall summary score. 

Data extraction
Data were extracted by one reviewer (DM) and 
verified by a second (TP) using a standardized 

form40 that was modified for this review. The main 
study characteristics extracted included; participant 
characteristics; electrode placement; normalisation 
method; exercise characteristics; and study results. 
Where studies had healthy and pathological 
participants performing therapeutic exercises, data 
were extracted for the healthy participants. Data 
relating to muscle activity for each exercise was 
summarized as mean % MVIC with 95% confidence 
interval (CI). Data reported as medians and inter-
quartile range (IQR) were converted to means and 
standard deviations (SD) using methods described by 
Wan, et al.41 The meta (v 4.9-5) R statistical software 
package was used to convert the SD to a 95% CI. 
Calculations were performed in the log scale and 
backtransformed to raw units (% MVIC) for ease 
of interpretation. Electromyographical technical 
data for collection, processing and analysis were 
also extracted from all the included studies since 
collection, normalisation and processing methods 
can influence muscle activity profiles.42 

Data analysis
Data were grouped according to muscle segment and 
exercise and summarised qualitatively according to 
level of activity. Where two or more studies were 
available for a specific muscle segment and exercise, 
data were pooled quantitatively in a meta-analysis 
using the meta package in R. A random effects 
model was used for data pooling, and statistical 
heterogeneity was described using the I2 statistic 
(0-100%) where 25%, 50% or 75% was considered 
low, moderate or high level of heterogeneity 
respectively.43 

For simplicity in analyzing the exercises for 
activation levels across the studies, exercise results 
were characterized into very-high (>60% MVIC), 
high (41-60% MVIC), moderate (21-40% MVIC) or 
low (0-20% MVIC) levels of activation as has been 
utilized in previous reviews.28,31,44 

RESULTS

Study selection
The flow of studies through the review is illustrated 
in Figure 1. Fifty-six studies satisfied the eligibility 
criteria and were included in this review. 
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Methodological quality
The risk of bias across studies is summarized in 
Table 1. All but four studies provided adequate 
demographic data for the study population and only 
one study had a blinded data analyst for raw EMG 
data45 (Table 1). Eighteen studies provided insuffi-
cient information on appropriate electrode position-
ing and 14 studies did not randomize the exercise 
protocol in order to minimize the potential for bias 
as a result of learning effects and fatigue (Table 1). 

Study characteristics
The 56 included studies for this review are sum-
marized in Tables 2 and 3. There were 55 studies 
included for GMed and two studies46,47 for GMin with 
one study46 evaluating both GMed and GMin. All 
the studies were cross-sectional with six including 
a comparison group.5,48-52 These comparison groups 
included a specific lower limb pathology (includ-
ing patellofemoral pain, chronic ankle instability, 
hip osteoarthritis and anterior cruciate ligament 
reconstruction) or various orthotic conditions. Sam-
ple sizes of the included studies ranged from six to 
44 participants. Most studies contained a mixture 

of men and women aged 20-30 years with 13 stud-
ies5,46,52-62 comprising a single gender population, and 
one study46 recruiting healthy elderly participants. 

A single surface electrode positioned at the middle 
segment of GMed on the dominant limb was used 
in most GMed studies with six different electrode 
positions described (Table 2). Five studies46,52,55,62,63 
recorded EMG measurements for the anterior, mid-
dle and posterior segments of GMed with only one 
study46 using fine wire electrodes. Two studies46,47 
recorded the anterior and posterior segments of 
GMin using fine wire electrodes.

Normalization of the EMG signal was typically per-
formed with side-lying hip abduction MVIC for 
GMed (Table 2). Standing hip abduction48,63-67 was 
used in other studies, while one study48 used an iso-
metric single leg wall squat in a custom-made appa-
ratus to determine MVIC. Two studies46,63 for GMed 
and two studies46,47 for GMin determined each seg-
ments’ maximum value from performing MVICs for 
different hip actions. 

Therapeutic exercise characteristics were diverse 
across the included studies (Tables 2 and 3). All 
included studies attempted to standardize exercise 
performance and control EMG signal variability 
between participants by employing strategies such 
as allowing practice repetitions before testing; con-
trolling exercise ROM; and using a metronome to 
control contraction speed (Tables 2 and 3). For most 
studies, the potential impact of fatigue was mini-
mized by randomizing the exercise order; having rest 
periods between exercises and trials; and restricting 
numbers of trials (Tables 2 and 3).

Only two studies49,65 reported on all technical param-
eters for collection, processing and analysis of the 
EMG signal (Table 4).

Non-weight bearing exercises

Side-lying hip abduction

Gluteus medius
Side-lying hip abduction was the most commonly 
investigated exercise in the non-weight bearing 
position for GMed.56,58,66,68-79 Moderate mean activity 
levels (40.10 (95% CI (33.37, 48.21)) % MVIC) were 
generated for middle GMed when the results were 

Figure 1. PRISMA diagram of study selection through the  
review.
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Table 1. Methodological quality of the included studies using a risk  
of bias assessment.

pooled for 8 studies (Figure 2) (Table 5). The addi-
tion of external resistance further increased activity 
levels to very high, although there was a high degree 
of heterogeneity (I2 = 95%). 

High mean GMed middle activity levels were gen-
erated by hip abduction with internal rotation 
(44.73 [32.99, 60.65] % MVIC), while moderate 
activity levels were elicited for hip abduction with 
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Table 1. Methodological quality of the included studies using a risk  
of bias assessment. (continuie)

external rotation (38.01 [29.54, 48.91] % MVIC)66,75,76,79  
(Figure 2).

Gluteus minimus
One study47 evaluated GMin activity for side-lying 
abduction and found moderate activity (38% MVIC) 
for the anterior segment and high activity (44% MVIC) 
for the posterior segment (Figures 3 and 4) (Table 6).

Side-lying hip clam

Gluteus medius
The side-lying hip clam was evaluated in 10 stud-
ies46,58,66,68-70,73,78,80,81 with varying positions of hip flex-
ion. Low to moderate activity levels (17-28% MVIC) 
were reported across the studies for middle GMed 
(Figure 3) (Table 5). There were wide variations 
between studies for exercise technique; angle of 
hip and knee flexion; repetitions; and use of exter-
nal loading. One study46 recorded segmental GMed 
activity levels using fine wire EMG and found low 
activity levels for the anterior (3% MVIC) and mid-
dle segments (13% MVIC), and moderate activity 

(23% MVIC) for the posterior segment. Altering the 
angle of hip flexion or trunk position had minimal 
effect on mean GMed activity levels generated for 
this exercise80 (Figure 3). 

Gluteus minimus
Two studies46,47 evaluated segmental activity levels 
for GMin. When pooled together, low activity was 
recorded for anterior (4.53 (95% CI (1.88, 10.89))% 
MVIC) and posterior (12.22 (5.09, 29.35)% MVIC) 
segments (Figures 3 and 4) (Table 6). 

Standing hip abduction (open chain)

Gluteus medius
Standing hip abduction on the swing leg was eval-
uated in three studies59,72,82 (Table 5). Two studies 
had added external resistance and could be pooled 
together generating high middle GMed activity lev-
els (42.95 [95% CI 27.14, 67.99] % MVIC) (Figure 7). 
There was however a high degree of heterogeneity 
(I2 = 84%). The one study59 without added resistance 
recorded very high activity levels (64% MVIC).
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Table 2. Summary of included gluteus medius studies.

Weight-bearing exercises

Squat exercises

Gluteus medius
Single leg squats were evaluated in 15 stud-
ies48,52,57,64,65,67,68,70,81,83-88 using predominantly single 
surface electrode measures at middle GMed (Table 
5). Moderate activity (39.03 [95% CI 31.21, 48.82] % 
MVIC) was reported when 13 studies were pooled 

together (Figure 8). Large variations did however 
exist between the studies including squat depth, 
exercise technique and number of repetitions. One 
study52 recorded activity in all three GMed segments 
using surface electrodes and found very high activ-
ity in all three segments (90% MVIC anterior, 92% 
MVIC middle, and 87% MVIC posterior). Another 
study62 measured GMed segmental activity for the 
single leg squat with isometric hip abduction and 
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Table 2. Summary of included gluteus medius studies. (continued)

with isometric hip adduction. They found moder-
ate activity for both exercises for the middle (27-31% 
MVIC) and posterior (22-33% MVIC) segments but 
high anterior segmental activity (42% MVIC) for iso-
metric adduction, and low anterior segmental activ-
ity (19% MVIC) for isometric abduction. 

Single leg wall squats were evaluated in four stud-
ies.63,83,84,88 When pooled together for the middle GMed 
segment were found to generate moderate activity 
(32.26 [23.74, 43.84] % MVIC) (Figure 8) (Table 5). Two 
studies62,63 recorded segmental GMed activity using 
surface electrodes but one of the studies62 had the 
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Table 2. Summary of included gluteus medius studies. (continued)

single leg wall squat performed using either isometric 
hip abduction or isometric hip adduction. Low to mod-
erate activity (13-29% MVIC) was reported in the ante-
rior segment and moderate to high activity (28-44% 
MVIC) in the posterior segment (Figures 5 and 6).

Squats with or without medial or lateral resistance, or 
wall support were evaluated in six studies54,57,61,78,89,90 
using single surface electrodes placed on middle 
GMed (Table 5). When pooled together, squats 

generated low activity levels (17.64 [10.70, 29.09] % 
MVIC) and squats with resisted abduction moderate 
activity levels (35.38 [16.38, 76.40]% MVIC) for the 
middle GMed segment (Figure 8). 

Gluteus minimus 
Moderate (25% MVIC anterior) to high (46% MVIC 
posterior) activity was generated for both segments 
of GMin during the single leg squat in one study47 
(Figures 3 and 4) (Table 6).
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Table 2. Summary of included gluteus medius studies. (continued)

Step exercises

Gluteus medius
Step exercises were evaluated in 21 stud-
ies5,48,49,51-53,57,64,65,68,71,77,78,83-85,88,91-94 for predominantly 
single electrode surface measures of middle GMed 
(Table 5). For studies that could be pooled together, 

high mean activity levels (44.98 (95% CI (34.54, 
58.58))% MVIC) were generated for the lateral step-
up and moderate mean activity levels (35.23 (24.52, 
50.60)% MVIC) were elicited for the forward step-
up (Figure 9). Adding resistance to a side-step exer-
cise also generated high mean activity levels (40.04 
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Table 2. Summary of included gluteus medius studies. (continued)

[26.53.29, 60.43] % MVIC) for middle GMed (Fig-
ure 9). There were wide methodological variations 
across the studies including exercise technique; step 
height; step distance; concentric and eccentric phase 
measures; stepping or supporting leg measures; and 

addition of external resistance. One study52 mea-
sured segmental surface GMed activity and found 
very high activity (88% MVIC anterior, 85% MVIC 
middle, and 81% MVIC posterior) for all three seg-
ments for the forward step up and over exercise.
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Table 2. Summary of included gluteus medius studies. (continued)

Lunge exercises 

Gluteus medius
The lunge was evaluated in GMed across 10 stud-
ies46,50,64,65,70,71,78,81,92,95 (Table 5). For middle GMed, 
pooled results suggest moderate activity is recorded 
during the forward (21.43 [95% CI 14.83, 30.97] % 
MVIC) and side lunge (22.41 [7.64, 65.78] % MVIC) 
(Figure 10). One study46 measured segmental GMed 
activity with a rear-foot elevated lunge (dip test) and 
found high anterior (45% MVIC), very high middle 
(71% MVIC) and moderate posterior (28% MVIC) 
GMed segmental activity. There was some varia-
tion between the studies on lunge technique, active 
range of movement and movement plane. 

Gluteus minimus
One study46 found the dip test generated moderate 
activity (21% MVIC) for the anterior GMin segment 

and very high activity (66% MVIC) for the posterior 
GMin segment (Figures 3 and 4) (Table 6).

 Hip hitch/pelvic drop

Gluteus medius
The hip hitch/pelvic drop exercise were evaluated 
in eight studies46,52,55,63,67,68,70,72,78,89,96 (Table 5). For 
studies that could be pooled together, the hip hitch/
pelvic drop generated high GMed anterior activity 
(40.93 [95% CI 20.61, 81.28] % MVIC), GMed middle 
(42.64 [30.17, 60.00] % MVIC) and GMed posterior 
(43.37 [21.33, 88.16] % MVIC) activity (Figures 5, 6 
and 11). Three different variations of the hip hitch/
pelvic drop exercise were evaluated in one study46 
and found very high activity (68-74% MVIC) for the 
anterior GMed, and high to very high activity for 
the middle (41-65% MVIC) and posterior (45-60% 
MVIC) GMed segments.

Table 3. Summary of included gluteus minimus studies.
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Table 4. Electromyographic technical aspects of included studies.
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Table 4. Electromyographic technical aspects of included studies. (continued)
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Table 4. Electromyographic technical aspects of included studies. (continued)
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Gluteus minimus
Gluteus minimus activity was evaluated in one 
study46 for three different variations of the hip hitch/
pelvic drop exercise and found to generate high to 
very high activity (48-69% MVIC) for the anterior 
segment and very high activity (66-84% MVIC) for 
the posterior segment (Figures 3 and 4) (Table 6).

Standing hip abduction

Gluteus medius
Standing hip abduction was measured on the stance 
leg in four studies46,59,72,82 (Table 5). For two studies 
that could be pooled together high activity levels 
(43.12 [95% CI 35.91, 51.79] % MVIC) were recorded 
for the middle GMed segment (Figure 7). Moder-
ate to high activity (56% MVIC anterior, 30% MVIC 

middle and 41% MVIC posterior) was found in one 
study46 that evaluated GMed segmental activity lev-
els for isometric standing hip abduction. 

Gluteus minimus 
Gluteus minimus segmental activity levels were also 
recorded for isometric standing hip abduction, and 
high activity (55% MVIC anterior and 49% MVIC 
posterior) were found for both segments46 (Figures 
3 and 4) (Table 6).

Supine bridge 

Gluteus medius
The single-leg bridge was investigated in seven single 
electrode GMed middle studies66,68,71,78,97-99 (Table 5). 
For six studies that could be pooled together, high 
activity levels (41.27 [95% CI 33.98, 50.13] % MVIC 
were produced (Figure 12). The double leg bridge was 
evaluated in five studies66,71,78,97,99 for middle GMed 
and when pooled together generated low activity lev-
els (18.80 [13.83, 25.66] % MVIC) (Figure 12).

Gluteus minimus
The single leg bridge was measured in one study47 and 
generated low activity (14% MVIC) in the anterior 
GMin segment and high activity (46% MVIC) for the 
posterior GMin segment (Figures 3 and 4) (Table 6). 

DISCUSSION
The aim of this systematic review was to determine 
whether commonly evaluated rehabilitation exer-
cises generate at least high activity levels in GMed 
and GMin segments. The results indicate that differ-
ent variations of the hip hitch/pelvic drop exercise 
are the best options to generate at least high activ-
ity in all segments of GMed. To target the anterior 
GMed segment, additional options could include 
isometric standing hip abduction and the dip test. 
For the middle GMed segment at least high activ-
ity was generated by the single leg bridge; side-lying 
hip abduction with hip internal rotation; lateral step-
up; resisted side-step; and standing hip abduction on 
stance or swing leg with added resistance. Another 
exercise option for the posterior GMed segment is 
isometric standing hip abduction. 

For the GMin different variations of the hip hitch/
pelvic drop exercise and isometric standing hip 

Figure 2. Gluteus medius middle – side-lie clam and hip 
abduction exercises.
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Table 5. Segmental mean gluteus medius activity levels (% MVIC) for exercises.
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Figure 3. Gluteus minimus anterior exercises. Figure 4. Gluteus minimus posterior exercises.

abduction were the best options to generate at least 
high activity in both segments. Additional exercises 
to target the posterior GMin segment included the 
dip test; single leg bridge; single leg squat; and side-
lying hip abduction. 

Single leg weight-bearing exercises appeared to gener-
ate at least moderate activity in all three segments of 
GMed. This is despite the wide methodological varia-
tions between studies for similar exercises and the 
relatively small number of studies that evaluated the 
separate GMed segments for different exercises. This 
highlights the functional role of GMed as a multi-pla-
nar hip and pelvic stabilizer in weight-bearing activi-
ties. Based on the large physiological cross-sectional 
area and favorable coronal plane moment arm,100 

Table 6. Segmental mean gluteus minimus activity levels (% MVIC) for exercises.

GMed is well suited to maintaining pelvic and hip 
joint equilibrium during single-limb loading tasks. 

The clam exercise appeared least favorable in terms 
of recruiting GMed muscle activity. With a relatively 
short anti-gravity lever arm to overcome, the clam 
recorded low activity in the anterior and middle seg-
ments, and moderate activity in the posterior segment. 
This perhaps reflects the biomechanical properties of 
GMed muscle segments, with the anterior segment 
having an internal rotation moment arm in the trans-
verse plane, the middle segment a negligible rotation 
moment arm, and the posterior segment an external 
rotation moment arm.100 The clam may potentially be 
useful in early rehabilitation for motor control and 
recruitment but unlikely to elicit sufficient activity 
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Figure 7. Gluteus medius middle - standing hip abduction.

Figure 8. Gluteus medius middle - squat exercises.

for strengthening.101 This is particularly the case for 
the anterior and middle segments. 

Recruitment of posterior GMin with a wide variety 
of exercises appears more feasible than anterior 

Figure 5. Gluteus medius anterior exercises.

Figure 6. Gluteus medius posterior exercises .



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 875

Figure 9. Gluteus medius middle - step exercises.

Figure 10. Gluteus medius middle - lunge exercises.

GMin. There are a broader range of exercises avail-
able for strengthening the posterior GMin with 
single leg weight-bearing exercises, and side-lying 
hip abduction potential options. In comparison, the 
anterior GMin functioning as an anterior hip capsule 

stabilizer, and prime hip abductor,102 appears to be 
more difficult to target for strengthening compared 
to the posterior segment. For example, the single 
leg squat exercise is broadly useful for recruiting 
all segments of GMed as well as posterior GMin but 
may have less utility for anterior GMin (moderate 
level of activity). This might reflect the tendency of 
studies to include exercises with an external rota-
tion bias. Since anterior GMin is highly active with 
internal rotation,19 and has a favorable moment arm 
for internal rotation,100 further research examining 
internal rotation-based exercises for anterior GMin 
highlight further options for recruiting this muscle 
segment. The clam exercise may not have great util-
ity for GMin muscle strengthening. Both studies in 
this review showed similar results for the two GMin 
segments during the clam exercise with low activity 
generated.46,47 

In the clinic, individual assessment is important to 
ensure that the most appropriate exercise strategy 

Figure 11. Gluteus medius middle - hip hitch/pelvic drop 
exercises.

Figure 12. Gluteus medius middle - bridge exercises.
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is prescribed to meet the client’s functional require-
ments. Post-surgery or in the acute phases of an 
injury, some clients may be unable to perform 
weight-bearing exercises early in the rehabilitation 
process. Prescribing a suitable non-weight-bearing 
exercise such as side-lying hip abduction may over-
come this barrier while still delivering a strengthen-
ing stimulus for the muscle segment being targeted. 
Exercises that did not generate high levels of activ-
ity101 for a specific segment may still be beneficial in 
a progressive rehabilitation program as hypertrophy 
may not be the goal in the initial stages particularly 
if the client is deconditioned or in pain. Further to 
this, since most included studies contained healthy 
young participants performing rehabilitation exer-
cises, the results from these studies may not be rele-
vant to the elderly client or for the well-conditioned 
athlete. In both cases it is likely that the recom-
mended exercises will need modifications to meet 
the individuals’ functional goals. For example, the 
elderly client may need decreased loading strategies 
and less demanding forms of an exercise. In contrast, 
for the well-conditioned athlete to stimulate hyper-
trophy, an exercise may need added loading through 
weights or elastic resistance to meet that goal.101 

Strength and limitations
From a summary of the results the authors were 
able to determine whether commonly evaluated 
therapeutic exercises specifically target the indi-
vidual GMed and GMin segments effectively in gen-
erating at least high activity levels (>40% MVIC) 
considered essential for potential strengthening.101 
Through application of a stringent methodological 
process, an objective evaluation of current evidence 
to date was provided.

A limitation of this systematic review was that not all 
commonly evaluated therapeutic exercises included 
in this review have been evaluated for the different 
segments of GMed and GMin making it difficult to 
make recommendations for some exercises. 

The recording of GMed muscle activity with surface 
electrodes has some drawbacks. Five included stud-
ies46,52,55,62,63 investigated therapeutic exercises for the 
three individual GMed segments, with one study46 
using fine-wire electrodes positioned as per previ-
ously validated guidelines103 to measure segmental 

activity levels. The use of surface electrodes to record 
activity in the posterior and anterior segments of 
GMed must be questioned due to the anatomical 
coverage by the tensor fascia lata and gluteus maxi-
mus muscles.103 In fact, even recording GMed activ-
ity from the exposed portion of the muscle is subject 
to crosstalk from the gluteus maximus.20 During 
exercises involving large ranges of movement, there 
may also be artefact associated with movement of 
the muscle relative to the recording electrodes.104 

Other limitations of this review may be due to exclud-
ing studies that did not contain commonly evalu-
ated therapeutic exercises or utilizing gym and/or 
custom-made equipment; and eliminating data for 
dynamic activities like jogging, hopping and walk-
ing. The original search strategy may have missed 
studies due to publication bias and not contacting 
experts for unpublished papers. Papers not pub-
lished in peer-reviewed journals such as conference 
abstracts and theses were also excluded possibly 
missing potential data. This review only evaluated 
EMG activation levels and not muscle onset timing 
patterns or the balance of synergists and antagonists 
for a therapeutic exercise as may be considered in 
the clinical setting. Data for pathological populations 
were not considered in this review which makes it 
difficult to generalize to such populations.

CONCLUSION
The purpose of this review was to analyze studies 
that have evaluated segmental activity levels for the 
GMed and GMin with commonly evaluated thera-
peutic exercises to improve clinician knowledge 
of appropriate exercise prescription for targeted 
strengthening. With at least high activity levels nec-
essary for potential strength gains this review found 
that despite wide methodological variations between 
studies, different variations of the hip hitch/pelvic 
drop exercise elicits activity in all GMed segments 
sufficiently in healthy individuals. The dip test and 
isometric standing hip abduction can also be used to 
strengthen the anterior GMed segment, while iso-
metric standing hip abduction can be used for the 
posterior GMed segment. For the middle GMed seg-
ment the single leg bridge; side-lying hip abduction 
with hip internal rotation; lateral step-up; standing 
hip abduction on stance or swing leg with added 
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16. Sled EA, Khoja L, Deluzio KJ, et al. Effect of a home 
program of hip abductor exercises on knee joint 
loading, strength, function, and pain in people with 
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2010;90(6):895-904.

17. Hislop AC, Collins NJ, Tucker K, et al. Does adding 
hip exercises to quadriceps exercises result in 
superior outcomes in pain, function and quality of 
life for people with knee osteoarthritis? A systematic 
review and meta-analysis. Br J Sports Med. 
2020;54(5):263-271.

18. Fransen M, McConnell S, Hernandez-Molina G, et al. 
Exercise for osteoarthritis of the hip. The Cochrane 
Database of Systematic Reviews. 2014(4):CD007912.

19. Semciw AI, Green RA, Murley GS, et al. Gluteus 
minimus: an intramuscular EMG investigation of 
anterior and posterior segments during gait. Gait 
Posture. 2014;39(2):822-826.

20. Semciw AI, Neate R, Pizzari T. A comparison of 
surface and fine wire EMG recordings of gluteus 
medius during selected maximum isometric 
voluntary contractions of the hip. J Electromyogr 
Kinesiol. 2014;24(6):835-840.

21. Semciw AI, Pizzari T, Murley GS, et al. Gluteus 
medius: an intramuscular EMG investigation of 
anterior, middle and posterior segments during gait. 
Journal of electromyography and kinesiology : official 
journal of the International Society of 
Electrophysiological Kinesiology. 2013;23(4):858-864.

22. Zacharias A, Pizzari T, English DJ, et al. Hip 
abductor muscle volume in hip osteoarthritis and 
matched controls. Osteoarthritis Cartilage. 
2016;24(10):1727-1735.

resistance; and resisted side-step were the best 
options for strengthening. Isometric standing hip 
abduction and different variations of the hip hitch/
pelvic drop exercise can be prescribed for strength-
ening both GMin segments while side-lying hip 
abduction, the dip test, single leg bridge and single 
leg squat can also be used for targeting the posterior 
GMin segment. 
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ABSTRACT
Background: ACL reconstruction often results in an extended period of muscle atrophy and weakness. Blood flow 
restriction (BFR) training is a technique that has been shown to decrease muscle atrophy in a variety of 
populations.  

Purpose: The purpose of this systematic review was to analyze the research presented on the effect of blood flow 
restriction training on quadriceps muscle atrophy and circumference post ACL reconstruction.  

Study Design: Systematic Review 

Methods: Articles were reviewed using the databases Google Scholar, PubMed, and EBSCO. Keywords included blood 
flow restriction training, ACL reconstruction, and quadriceps. 

Inclusion criteria included: English language, peer-reviewed journals; randomized control trials; and articles includ-
ing blood flow restriction and measurement of quadriceps atrophy and circumference post ACL reconstruction. 
Exclusion criteria included non-English language publications; studies without a control group; and articles without 
sufficient data to evaluate the methodology. Four studies met the selection criteria and were assessed using the 
GRADE scale, which analyzes the strength of a study based on study limitations, precision, consistency, directness, 
and publication bias. After a GRADE designation was assigned, the following information was extracted from and 
compared across the studies: participant demographics, cuff used, graft used during ACL reconstruction, tool used to 
assess muscle atrophy, protocol used, and conclusions.

Results: Three out of four studies showed some amount of an increase in femoral muscle cross sectional area after 
the use of BFR combined with low-intensity resistance training (LIRT). The strength of all four studies was moderate 
when assessed using the GRADE scale. 

Conclusion: This review of the available evidence yields promising results regarding the use of BFR and LIRT in the 
remediation of femoral muscle atrophy after an ACL reconstruction. Further research is necessary before BFR can be 
recommended for use in clinical settings. 

Level of evidence: 3a

Key Words: Anterior cruciate ligament reconstruction, blood flow restriction, quadriceps muscle atrophy.

IJ
SP

T SYSTEMATIC REVIEW

A SYSTEMATIC REVIEW OF THE EFFECTS OF BLOOD 
FLOW RESTRICTION TRAINING ON QUADRICEPS 
MUSCLE ATROPHY AND CIRCUMFERENCE POST ACL 
RECONSTRUCTION 
Derek Charles, PT, DPT, OCS1

Ryan White, PT, DPT1

Caleb Reyes, PT, DPT1

Drew Palmer, PT, DPT1

1 Department of Physical Therapy, Tennessee State University, 
Nashville, TN, USA

Conflicts of interest: None 

The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 882
DOI: 10.26603/ijspt20200882

CORRESPONDING AUTHOR
Derek Charles, PT, DPT, OCS, COMT 
Assistant Professor
Department of Physical Therapy
Tennessee State University
3500 John A Merritt Boulevard
Nashville TN 37209
Phone: (615) 479-5779, Fax: (615) 963-5935
E-mail: dcharles@tnstate.edu



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 883

INTRODUCTION
Lower extremity muscle atrophy and loss of mass 
is common after surgery, often due to the need for 
a period of joint unloading and limited weight bear-
ing.1-3 For example, after arthroscopic knee surgery, 
the decrease in quadriceps muscle volume is as high 
as 33% 4,5 and atrophy can occur in as little as two 
weeks.3,6,7 Anterior cruciate ligament (ACL) injuries 
are among the most common lower extremity inju-
ries in sports and often require surgical reconstruc-
tion.8-10 Regaining femoral muscle mass and strength 
after ACL reconstruction can be particularly diffi-
cult.11-13 Compared to the contralateral limb, discrep-
ancies in knee extensor strength can be as high as 
30% on the surgical side six months after surgery.14 
The difference in quadriceps cross sectional area 
(CSA) between the contralateral and surgical side is 
as much as 18% after six years.13,15,16 

Quadriceps dysfunction has the potential to create 
abnormal motor patterns, impacting activities of 
daily living and increasing the risk for re-injury.3 For 
example, altered single limb vertical jumping and 
landing techniques are documented during sporting 
activities and restoration of quadriceps function is 
often needed in order for return to sports without 
restriction.15,17 

Various interventions are available to remediate 
persistent quadriceps atrophy after ACL reconstruc-
tion, including neuromuscular electrical stimula-
tion (NMES) and exercise. The goal of NMES is to 
minimize quadriceps atrophy,18 increase the inten-
sity of a contraction during exercise,19 and improve 
strength.20 The rationale for incorporating NMES to 
reestablish quadriceps strength and muscle recruit-
ment is to address muscle inhibition secondary to 
pain and joint effusion.18,21 NMES begins as early as 
the third day post-operatively21 and continues as long 
as twelve weeks after surgery.22 While there is lim-
ited evidence for the use of NMES as a stand-alone 
intervention,23 volitional exercise combined with 
NMES may be more effective at improving quad-
riceps strength.24 Lower extremity strengthening 
exercises are also a common component of rehabili-
tation protocols post ACL reconstruction.25 Open and 
closed kinetic chain exercises are frequently used to 
restore quadriceps strength and both appear safe in 
the early portion of a rehabilitation program.26 

Blood flow restriction (BFR) training is a relatively 
new technique for either the prevention of mus-
cle atrophy or possibly the inducement of muscle 
hypertrophy.27,28 The procedure involves placing 
an inflatable cuff or tourniquet on the proximal 
end of an extremity while progressively increas-
ing the internal pressure to the point of limiting 
arterial blood flow influx and the venous efflux.29 
Advocates of BFR claim it can be combined with 
low-intensity resistance training (LIRT) to achieve 
comparable muscle adaptations seen with higher 
intensity resistance training (HIRT).28-30 The ability 
to train at a lower intensity with diminished stress, 
load, or pain on the tibiofemoral or patellofemo-
ral joints could contribute to improved functional 
outcomes. 

During bouts of HIRT, the byproduct lactate is 
released and accumulates in muscle tissue, increas-
ing the amount of available growth hormones (GH). 
This hormone release also occurs when BFR is 
applied with LIRT despite the mechanical load being 
much lower.31-33 Growth hormone production is also 
associated with an increase in collagen synthesis. 
GH stimulates the insulin-like growth factor (IGF-
1), which utilizes satellite cells and combines them 
with muscle fibers to create new myocytes. This 
is what allows BFR training to potentially promote 
repair and hypertrophy.34-37

Blood flow restriction training may remediate the 
muscle impairments seen post ACL reconstruction 
by affecting muscle fiber recruitment, stem cell 
proliferation, and metabolic stresses. These effects 
are beneficial for healing and potentially improv-
ing recovery and functional outcomes.38 Therefore, 
the purpose of this systematic review was to analyze 
the research presented on the effect of blood flow 
restriction training on quadriceps muscle atrophy 
and circumference post ACL reconstruction 

METHODS

Literature Search Strategy
The available evidence was reviewed through Sep-
tember 2019 using the databases Google Scholar, 
PubMed, and EBSCO. Keywords included blood 
flow restriction training, ACL reconstruction, and 
quadriceps. 
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Selection Criteria 
Inclusion criteria included: English language, peer-
reviewed journals; randomized control trials; and 
articles including blood flow restriction and mea-
surement of quadriceps atrophy and circumference 
post ACL reconstruction. Exclusion criteria included 
non-English language publications; studies without 
a control group; and articles without sufficient data 
to evaluate the methodology. 

The titles and abstracts from the initial database 
search were screened by one author (DC) for rele-
vance on the topic. Then all four authors reviewed 
the potential full-text articles together using the 
above-mentioned criteria to arrive at a consensus. 
The senior author (DC) appraised the final list 
to ensure agreement among authors. The review 
included four articles with publication dates ranging 

from 2000 to 2019 and the search strategy is depicted 
in Figure 1. 

The included studies were evaluated using the Grad-
ing of Recommendations, Assessment, Develop-
ment and Evaluations (GRADE) scale to examine 
the quality of evidence. The GRADE scale assesses 
five domains: the presence of limitations, impreci-
sion of measurements, inconsistency of outcomes, 
indirectness of interventions, and publication bias. 
An overall designation of “high,’’ “moderate”, “low”, 
or “insufficient” are assigned to each article based on 
the strength of ratings of the five domains. The gen-
eral rule when downgrading or upgrading a GRADE 
rating is to move down or up one category per issue. 
For example, if the initial rating for the outcome of 
a randomized controlled trial was “high”, it could 
change to “moderate” if there was high risk for bias. It 

Figure 1. Literature Search Strategy Results.
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could further change to “low” if there was significant 
heterogeneity between groups in the study. A defini-
tion of each rating is provided in Table 1, an explana-
tion of the five criteria using for the rating system is 
provided in Table 2, and the results of the GRADE 
evaluation for each article are represented in Table 
3.39,40 After a GRADE designation was assigned, the 
following information was extracted from and com-
pared across the studies: participant demographics, 
cuff used, graft used during ACL reconstruction, tool 
used to assess muscle atrophy, protocol used, and 
conclusions. 

RESULTS

GRADE Scale Results
The four included studies were randomized control 
trials (RTCs), each having a quality of “moderate” 
according to the GRADE scale. Overall three of four 

studies showed a decrease in post-surgical muscle 
atrophy with the use of BFR combined with LIRT. 
One study did not result in an acute increase in 
quadriceps cross sectional area when measured 16 
days after surgery. 

Participant Demographics
The number of participants in the reviewed studies 
ranged from 14 to 44 with males used as subjects 
slightly more than females. Also, there was no sig-
nificant difference between experimental and con-
trol groups with regard to age, height or weight in 
all studies. Patient demographics are presented in 
Table 4. 

Cuff and Graft
Systems of blood flow restriction were not standard-
ized across all studies. The various occlusion devices 

Table 1. GRADE Quality of Evidence Ratings.

Table 2. GRADE Criteria Definitions.
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included an unspecified pneumatic occlusion cuff, 
an unspecified air tourniquet, and the Delfi person-
alized occlusion cuff. Pneumatic occlusion devices 
involve inflating a blood pressure cuff to a pre-des-
ignated pressure on a resting muscle. The Delfi Per-
sonalized Tourniquet System automatically adjusts 
its pressure to maintain a percentage of the pre-
designated percentage of occlusion. This pressure 
will adjust depending on the change in girth of the 
exercising muscle. Information related to cuff type 
is depicted in Table 5.

Measurements, Protocol, and Study Conclusions

Initiation of BFR ranged from two days to two weeks 
post-operative and graft types included a hamstring 
tendon autograft,2,28 a patella tendon autograft,45 
while one study did not specify.30 With regards to 
rehabilitation protocols, there were significant vari-
ations among the studies. Some performed BFR 

exercises multiple times a day2,30,45 while others were 
only once per day.28 There was also variation in the 
number of reported exercises performed each ses-
sion while some studies did not specify at all. One 
study did not combine any form of exercise with the 
application of BFR, but there was still a statistically 
significant reduction in atrophy of the quadriceps.30 
Three studies used MRI2,28,30 to measure changes 
in CSA while one study used a Dual-Energy X-ray 
Absorptiometry (DEXA)45 scan to measure lean 
muscle mass. Table 6 summarizes each study’s pro-
tocol and results. 

In general, the studies leaned towards significant dif-
ferences between groups that utilized BFR and LIRT 
and those that did not. Takarada had individuals 
three days’ post-op apply an occlusion cuff for two 
sessions a day without exercise. Each session con-
sisted of five minutes on and three minutes off for a 

Table 3. GRADE Scale Results.

Table 4. Participant Demographics.
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total of five repetitions. The protocol was performed 
until the14th day post-op and then quadriceps CSA 
was compared to a control group who did not use 
an occlusion cuff after surgery. While both groups 
had quadriceps atrophy on day 14, the amount of 
atrophy in the experimental group was 1.6% com-
pared to 2.2% in the control group.30 Ohta had two 
groups exercise six times per week using the same 
protocol for 16 weeks after ACL reconstruction. The 
experimental group exercised with BFR while control 
group did not. After 16 weeks, MRI revealed a statisti-
cally significant increase in knee extensor CSA in the 
group that exercised using BFR.28 Lambert had a BFR 
group and control group perform the same exercise 
protocol for 12 weeks after ACL reconstruction. Bone 
mineral density, bone mass, and lean muscle mass 
were measured with a DEXA scan pre-operatively 
and at 6 and 12 weeks post-operative. The control 
group had a significant decrease in thigh lean mass 
at 12 weeks compared to the BFR group.45 The only 
study that did not show a difference between the con-
trol and BFR group was by Iversen.2 In their study, 
the experimental group performing low load quadri-
ceps exercises with an occlusion cuff for five minutes 
followed by removal of the cuff for three minutes. 
This was repeated for five repetitions, 2x/a day. The 
control group performed the same exercises without 
occlusion stimulus. Quadriceps CSA was assessed 
using an MRI two days before surgery and 16 days 
post-operatively. Although both groups saw a statisti-
cally significant difference in quadriceps CSA, there 
was no significant difference between groups.

DISCUSSION
While the initial results regarding the use of BFR 
look promising, the physiological underpinnings of 
BFR on reducing muscle atrophy are still not fully 
understood. One possible explanation is that resis-
tance training in a BFR-induced anaerobic environ-
ment causes the release of GH, IGF-1 and satellite 
cells due to the buildup of lactate in the exercising 
muscle.30,34 GH and IGF-1 work together to produce 
new myocytes with the satellite cells and the release 
of these hormones occurs whether the level of resis-
tance intensity is high or low with the inclusion of 
blood flow restriction. However, while GH and IGF-1 
stimulate new muscle cells, they do not cause the 
protein synthesis needed for muscle hypertrophy to 
occur. So while BFR and LIRT have shown the capa-
bility to decrease atrophy and promote hypertrophy, 
the exact mechanism for how this occurs remains an 
area for future research.41-44

Differences in the methodology of the study by 
Iversen may account for the reason positive results 
were not uniformly found across all included arti-
cles in this review.2 For example, the level of post-
op muscle atrophy in Iversen’s study was distinctly 
smaller than in the other studies. Starting from a 
greater level of muscle function meant participants 
had less impairments to overcome. Additionally, 
the Iversen study used a wider cuff compared to 
other studies and also did not individually adjust the 
restrictive pressure to each individual, which likely 
did not effectively limit arterial inflow and venous 

Table 5. Cuff Use and Graft Type.
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Table 6. Protocol and Study Results. 
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outflow in the exercising muscle group. Improperly 
fitted cuffs are shown to be the biggest factor for 
ineffective arterial occlusion and needs to be taken 
into account when interpreting the results of this 
particular study. Finally, the timeframe for initia-
tion of BFR training may have affected interpreta-
tion of results. Participants in the Iversen study did 
not begin the use of an occlusion cuff until 10 days 
after surgery while participants in the other three 
studies began exercise with an occlusion cuff an 
average of two days after surgery. It is possible if the 
participants in the Iversen study began BFR train-
ing sooner, they may have had similar reductions in 
muscle atrophy. 

Diminished strength and increased muscle atrophy 
are common impairments after ACL reconstruction 
and typically 4-6 months are required for the graft to 
mature to the point it is able to tolerate loading.11,12 
During this period of recovery, a high-load rehabili-
tation program is ill-advised due to the risk of rup-
turing the reconstructed ligament.10 Multiple reports 
have demonstrated the correlation between early 
recovery of quadriceps strength after surgery and 
the improvement in knee function.13,14,16 BFR can 
be combined with exercise traditionally performed 
throughout ACL rehabilitation, whether isometric, 
concentric, eccentric, open chain or closed chain, to 
decrease stress on the knee by using only 20-30% of 

the patient’s 1RM and has been shown to increase 
femoral muscle girth, knee extensor strength, and 
maintaining bone mineral density in the affected 
limb.45 These physiological changes have the poten-
tial to limit the aforementioned quadriceps dysfunc-
tion, which may impact functional abilities such as 
gait or activities that require rapid change of direc-
tion. The addition of BFR causes similar muscular 
adaptations as higher load programs, but with less 
potential threat to the reconstructed ligament. This 
could mean earlier joint loading and recovery of 
strength. Future studies should investigate whether 
the addition of BFR to traditional ACL rehabilita-
tion protocols leads to earlier return to unrestricted 
activities or athletic competition. 

Limitations
The majority of the articles evaluated according to 
the GRADE scale were of moderate strength. This 
highlights the fact there are a limited number of 
high-quality studies in this area. The difference in 
methodologies between the four randomized control 
trials lead to differences between the authors’ meth-
ods including study duration, exercise parameters, 
and outcomes measures such as extremity girth 
or strength. This inconsistency between methods 
potentially leads to the lack of ability to apply the 
reported results. Future BFR research should focus 
on studies with increased sample sizes, consistent 

Table 6. Protocol and Study Results. (continued)
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BFR and exercise parameters, clearly defined out-
come measures, and an appropriately defined length 
of study allowing for adaptations within the muscu-
lature to occur. 

CONCLUSION
The application of an occlusion cuff and blood flow 
restriction training combined with low intensity 
resistance training may have a positive effect on 
remediating the loss the femoral muscle cross sec-
tional area after an ACL reconstruction. BFR most 
likely causes an increase in growth hormone levels 
and collagen synthesis, thereby stimulating the pro-
duction of new myocytes. However, there is a need 
for further research to fully understand the physi-
ological effects of both BFR alone and BFR combined 
with LIRT. More randomized control trials with 
larger sample sizes and long-term results should be 
completed before BFR can be recommended and cli-
nicians incorporate this intervention as part of their 
standard of care post ACL reconstruction. 
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ABSTRACT
Background: Blood flow restriction (BFR) training enhances muscular strength and hypertrophy in several populations including 
older adults and injured athletes. However, the efficacy of emerging BFR technologies on muscular adaptations, vascular health, 
and pain is unclear.

Purpose: The purpose of this study was to examine muscular performance, pain and vascular function in response to eight weeks 
of BFR compared to traditional resistance training and a control group. 

Study Design: Randomized control trial

Methods: Thirty-one overtly healthy participants (age: 23±4y, 65% female) underwent eight weeks of supervised high load resis-
tance training (RES), low load resistance training with BFR (BFR) or no training (control, CON). RES and BFR (with pneumatic 
bands) performed seven upper and lower body exercises, two to three sessions per week at 60% and 30% of one-repetition maxi-
mum (1RM), respectively. Twenty-four hours post-exercise, general muscle soreness was assessed via a visual analog scale (VAS) 
and present pain intensity (PPI) of the McGill Pain Questionnaire. At baseline and after eight weeks, participants underwent one-
repetition maximum (1RM), and flow-mediated dilation (FMD) testing.

Results: At baseline all groups exhibited similar muscle strength and endurance and vascular function. At the end of training, RES 
and BFR groups significantly increased muscle strength (1RM) to a similar magnitude as compared to the CON group (p<0.0001), 
but did not alter body composition. FMD significantly increased in RES and BFR groups compared to CON group (p=0.006). VAS 
and PPI were similar between RES and BFR groups throughout the exercise sessions until VAS decreased in the BFR group after 
the last session compared to the RES group (p=0.02).

Conclusion: Compared to RES, BFR resulted in similar muscular performance (strength and endurance) and vascular improve-
ments at a lower exercise intensity, suggesting BFR is an effective alternative to high load resistance training. Further longitudinal 
studies may gain greater understanding regarding general muscle pain and soreness when using BFR.

Level of Evidence: Therapy, Level 2

Key Words: Blood flow restriction, Movement system, Pain, Resistance training, Vascular function
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INTRODUCTION
Blood flow restriction (BFR) training has been 
applied in a variety of settings to improve strength 
and endurance while exercising at lower intensi-
ties.1,2 Emerging portable BFR training systems are 
transforming accessibility and affordability of BFR. 
The BFR technique includes several modifying fac-
tors that can influence hypertrophy and strength 
(cuff width, cuff pressure, exercise sets, repetitions, 
and intensity).2 Variance in types of BFR equip-
ment and exercise protocols along with the lack of 
efficacy and standards related to the development 
of BFR equipment systems exist throughout the lit-
erature, making evidence-based implementation of 
BFR training difficult. For example, in rehabilitation 
where patients may better tolerate a lower exercise 
intensity due to injury or disease, BFR application 
has included resistance training loads ranging from 
10-30% of one-repetition maximum (1RM).1 BFR 
application is intended to produce strength gains by 
impeding the venous inflow during lower load exer-
cises, regardless of age, fitness level, or injury status.

Resistance training is often prescribed in rehabili-
tation settings to prevent muscular atrophy that 
accompanies orthopedic injuries or aging. BFR train-
ing is an appealing alternative method compared to 
traditional resistance training because high intensity 
exercise may be contraindicated in older adults with 
sarcopenia or painful joints where joint compressive 
forces should be kept at a lower intensity.1,3 Current 
American College of Sports Medicine guidelines rec-
ommend higher training intensities (>60%1RM) for 
muscular hypertrophy and strength gains in healthy 
adults, while noting that 60% 1RM is on the low end 
of the spectrum and more applicable to individuals 
with a lower training age.4 BFR training improves 
muscle hypertrophy and strength to a greater extent 
than low load resistance training alone and pro-
duces same or similar gains in hypertrophy and 
similar gains in strength as moderate to high load 
resistance training.5,6 BStrong BFR bandsTM are a sys-
tem that reportedly allows arterial blood flow dur-
ing BFR resistance training while impeding venous 
return. The bands are pneumatic and when inflated 
utilize a “barrel” system allowing more elasticity 
and non-uniform circumferential pressure which 
mitigate risks of arterial occlusion such as ischemia-
perfusion injury or rhabdomyolysis. During BFR a 

hypoxic environment generates the accumulation of 
metabolites, a component of the theorized mecha-
nism encouraging muscle hypertrophy.7 Metabolites 
such as lactate, promote increased growth hormone 
production and fast-twitch fiber recruitment allow-
ing for hypertrophy and strength development at 
intensities as low as 20%1RM.7-9 Thus, low load BFR 
training may maximize muscular gains and exercise 
tolerance while minimizing risks of injury associ-
ated with high load resistance training.1,3

The effect of BFR training on subjective pain may 
be of interest for practitioners. Assessing pain is 
challenging to compare across the literature due to 
methodological issues including timing of measure-
ments, assessment tools, BFR method and exercise 
regimens.2,7 Pain response to BFR training has been 
less commonly studied, as most research has focused 
on single joint exercises over a limited time frame. 
Acutely, muscle pain after BFR has been reported to 
be lower than during resistance training alone, par-
ticularly in rehabilitating populations.8,10,11 Evidence 
suggests lower limb BFR training results in less or 
similar pain responses in individuals with patello-
femoral pain12,13 and knee osteoarthritis.14 Reducing 
load to prevent stress on joints reduces the potential 
for pain after exercise, an ideal strategy to improve 
exercise tolerance in rehabilitating patients.

Previous research on BFR training often focuses on 
assessment of strength while observing undesirable 
cardiovascular outcomes such as increased blood 
pressure, which is also observed in high load resis-
tance training.15,16 Similar to pain, the effect of resis-
tance training with and without BFR on vascular 
health is controversial.17-20 Endothelial dysfunction, 
a part of the pathogenesis in atherosclerosis and a 
marker of vascular health that can be assessed using 
flow-mediated dilation (FMD). Briefly, after a period 
of occlusion of a vessel, blood flow and internal wall 
shear stress increase, in turn stimulating the endo-
thelium to activate nitric oxide production and cause 
vasodilation. FMD is expressed as the change in bra-
chial artery diameter after reactive hyperemia and 
has been found to independently predict future car-
diovascular events.21 An anticipated range of FMD 
in healthy adults prior to exercise training would be 
7-10%, with a smaller change in diameter in those 
with known cardiovascular disease (2-3%). Evidence 
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were recruited via printed advertisements on various 
campus sites and word of mouth. Participants with 
known cardiovascular disease or significant medical 
condition, currently taking any chronic medications, 
blood pressure >160/100mmHg or orthopedic injury 
deemed unsafe to exercise by the researchers were 
excluded from the study. Before participating in the 
study, all participants gave written, informed con-
sent and answered no to all questions on the Physi-
cal Activity Readiness Questionnaire (PAR-Q).26 The 
study was approved by the Institutional Review Board 
of the Columbus State University.

Study Design
Data were collected at baseline and after an eight-
week resistance training program. Following 
completion of baseline testing, participants were 
randomized using a random number generator 
scheme from a website27 to one of three groups: tra-
ditional resistance training (RES), resistance train-
ing with blood flow restriction (BFR), or no training 
(i.e. control, CON). The RES and BFR groups par-
ticipated in 20 exercise sessions, at the frequency 
of two to three times per week over the course of 
eight weeks. The CON group were asked to maintain 
their current exercise and physical activity regimen. 

suggests resistance training alone increases FMD in 
healthy adults22,23 and in diseased populations in a 
dose response fashion.24 However, few studies have 
assessed FMD in BFR training. Credeur et al18 per-
formed handgrip training with BFR, resulting in a 
30% reduction FMD. Hunt et al19 found no change 
in FMD (6.5% to 5.7%) also using handgrip training 
with BFR, but demonstrated adaptations in artery 
diameter. Both studies were short term (~4 weeks), 
used different exercise intensities, and were isolated 
to upper body resistance training. BFR training may 
still have a beneficial effect on endothelial function 
due to greater shear stress during ischemic exercise 
inducing release of nitric oxide and causing vasodi-
lation.15,25 Therefore, the purpose of this study was to 
compare the effects of low load, blood flow restric-
tion training to traditional high load resistance train-
ing on muscular performance and general muscle 
pain. In addition, this study sought to evaluate vascu-
lar function after the 8-week exercise intervention.

METHODS

Participants
Thirty-one adults (11 males, 20 females) participated in 
this randomized controlled trial (Table 1). Participants 

Table 1. Baseline characteristics for participants. Most data presented as 
mean±SD, unless otherwise indicated.*
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Exercise Intervention
Exercise intervention was conducted in a health and 
wellness facility using Cybex resistance equipment 
for the bilateral exercises between 8:00am and 6:00pm. 
During the resistance training intervention, all partici-
pants refrained from any structured physical activity 
outside of the study. RES and BFR groups participated 
in a light warm-up (10-15 min treadmill or cycle) fol-
lowed by five resistance exercises (arm extension, arm 
curl, leg extension, leg curl, and heel raise). Handgrip 
training was performed using the hand dynamometer 
using the same repetition scheme for the respective 
group. Pushups were performed without the use of 
equipment. RES performed three sets of 10 repetitions 
of each exercise at 60%1RM with a two to three-min-
ute rest between exercises. Researchers were trained 
in the use of BStrong BandsTM. The BFR group applied 
a relatively narrow (5.5 cm wide for arms/7.0 cm wide 
for legs), elastic, pneumatic band (BStrong Training 
SystemsTM, Park City, UT, USA). Bands were placed on 
both the upper arms (between deltoid and biceps bra-
chii) and both upper thighs (inferior to gluteal fold), 
respectively. Bands were inflated to 250mmHg (upper 
body) or 350mmHg (lower body) for the duration of 
the exercises.  Arm bands were inflated first during 
upper body exercises and then removed, followed by 
lower body band inflation and lower body exercises. 
The bands were not deflated between sets or exercises. 
BFR exercises were carried out with a format of 3 sets 
of 30 repetitions (or to fatigue) with 30-60 seconds rest 
in between sets and two to three minutes rest between 
exercises, at 30%1RM. While there is no standard 
BFR training protocol established in the literature, 
this format was chosen based of the manufacturer’s 
recommendations to achieve the metabolic overload 
required for the benefits of BFR training. Training load 
progressed every two weeks by 10%1RM in RES and to 
a maximum of 50%1RM in BFR.

Approximately 24hrs after each exercise session, par-
ticipants reported their general perception of muscle 
soreness and muscular pain using a unidimensional 
visual analog scale (VAS) and the multidimensional 
McGill Pain Questionnaire (MPQ).29 The VAS, consist-
ing of a 10-centimeter line with terminal descriptors 
(no pain, severe pain), was used to measure general 
muscle pain severity. The MPQ was used to assess 
present pain intensity (PPI), or magnitude of pain, 
based on a 0-5 scale that best fit their symptoms at 

Approximately 48hr after the last exercise session, 
participants underwent the same data collection 
procedures performed at baseline.

Procedures
Participants arrived to the laboratory between 8:00 
and 10:00am for testing after an overnight fast of 
10-12hr. Participants refrained from alcohol and exer-
cise for 48hrs prior to any testing. Anthropometric 
data including body weight, body fat, fat-free mass 
and fat mass were assessed using air displacement 
plethysmography (BodPod®, Cosmed Inc., Concord, 
CA) following manufacturer’s instructions. Follow-
ing anthropometric measurements, brachial artery 
vascular function was assessed using FMD.28 Briefly, 
participants rested in the supine position while a 
three-lead electrocardiogram monitored the cardiac 
cycle. Resting vitals (heart rate and blood pressure) 
were measured at the end of a 30min rest period. 
FMD was induced by five minutes of forearm occlu-
sion by inflation of a pneumatic cuff (Hokanson) 
to 200mmHg, positioned ~1cm distal to the olecra-
non process. Using ultrasonography (Logiq e Ultra-
sound, GE Healthcare, WI), the brachial artery was 
imaged 30s prior to cuff release and for 3min follow-
ing return to normal, unrestricted blood flow. FMD 
was calculated as the percent change in brachial 
artery diameter. To assess muscular performance, 
measures of muscular strength and endurance were 
included. Muscular strength, defined as the external 
force that can be generated by a specific muscle or 
muscle group, was assessed using the isotonic 1RM 
test according to ACSM guidelines.4 The 1RM was 
assessed unilaterally for arm curl (standing biceps 
curl) and arm extension (overhead triceps exten-
sion), and bilaterally for leg extension (knee exten-
sion machine), leg curl (prone knee flexion machine) 
and heel raise (heel raise machine). The unilateral 
exercises, the 1RM was averaged across both limbs 
to determine a bilateral 1RM proxy measurement 
for strength. Handgrip strength, with the elbow by 
the side and flexed to 90 degrees, was assessed uni-
laterally using a handgrip dynamometer (Jamar) 
adjusted to each individual’s hand. The participants 
were asked to perform a maximal voluntary contrac-
tion, with the best of three trials recorded. Muscular 
endurance was assessed by the number of push-ups 
able to be completed in one minute.
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the given time. The levels of PPI included none, mild, 
discomforting, distressing, horrible and excruciating 
and a higher score is equivalent to higher pain. Word 
descriptors were converted to their respective value 
after each exercise session. The MPQ and VAS is a 
reliable, valid measure of the quality and quantity of 
pain and has been previously used to assess delayed 
onset-muscle soreness (DOMS).29-31

Statistics
All analyses were performed using SPSS Version 23 
(IBM Corp., Armork, NY). All data were assessed for 
normality using the Shapiro-Wilks test and presented 
as mean and standard deviation (SD). One-way ANO-
VAs was used to examine differences in outcome 
variables (body composition, muscular strength and 
endurance, and vascular measurements) between 
groups at baseline. A 2x3 (time by group) repeated 
measure ANOVA was used to determine differences 
post intervention in outcome variables. A 2x2 (time 
by group) repeated measure ANOVA was used to 
determine differences post intervention in muscle 
pain and soreness of the RES and BFR groups. Post-
hoc testing was performed using Bonferroni where 
appropriate. Significance was set a p<0.05.

RESULTS

Participant Characteristics
Body composition and vascular measurements were 
comparable between groups at baseline (Table 1). 
Males had lower body fat (18.8±10.1 vs. 33.2±9.0%, 
p<0.001) and fat mass (15.4±10.2 vs. 24.9±12.2kg, 
p=0.03) and higher fat free mass (63.7±8.5 vs. 
46.3±7.5kg, p<0.001) compared to females. Males 
also had a greater baseline and peak brachial artery 
diameter compared to females (p<0.005). No differ-
ences were observed between groups in regard to 
muscular endurance and strength (Table 2). How-
ever, males had greater handgrip strength, 1RM for 
all exercises and completed a greater number of 
push-ups compared to females (p<0.005).

Exercise Intervention
All participants completed the resistance train-
ing with the exception of one BFR participant who 
missed one exercise session due to an injury unre-
lated to the study. No adverse events occurred 
during exercise. From pre- to post-training, there 

were no differences in body composition within 
or between groups (p>0.05). Resting HR (p=0.47), 
systolic blood pressure (SBP, p=0.44) and diastolic 
blood pressure (DBP, p=0.46) were similar between 
groups after training. RES and BFR demonstrated a 
decrease in SBP from pre- to post-training (p=0.005). 
There was a significant time by group interaction 
(p=0.006) where FMD did not significantly change 
in the CON (10.5±1.9 to 10.3±1.8%), but did increase 
in RES (9.9±2.9 to 10.4±3.1%) and BFR (8.1±2.9 
to 9.7±2.9%) from pre- to post-training (Figure 1). 
Baseline and peak artery diameter were not differ-
ent within or between groups after training. A main 
effect of time was observed (p=0.01) and time by 
group (p=0.006) for FMD. However, there was no 
group effect of FMD (p=0.32).

There were significant time by group interactions 
(p<0.001) found between CON and both RES and 
BFR after training, displayed in Table 2. There was 
an increase in 1RM in all resistance exercises in 
RES and BFR post-training. Muscular endurance, 
assessed using maximal push-up repetitions, exhib-
ited the greatest change from pre- to post-training in 
RES (91% change) and BFR (51% change). Pre- and 
post-test 1RM were similar in CON after eight weeks 
(P>0.05), and saw slight, insignificant decreases in 
handgrip, arm extension, leg extension, leg curl, and 
heel raise 1RM.

Subjective Pain
No time by group interaction occurred in VAS 
(p=0.22) and PPI (p=0.23) scales over the course 
of the training intervention (Figure 2). After the 
initial exercise session, there were no differences 
in VAS (RES, 32±18 vs. BFR, 33±22mm, p=0.93) 
or PPI (RES, 1.2±0.4 vs. BFR 1.3±0.5, p=0.43). By 
session 10, the BFR group was not statistically dif-
ferent for lower VAS (p=0.14) and PPI (p=0.24) 
compared to RES overall, which continued through 
session 19. At session 20, BFR reported significantly 
less pain assessed by the VAS (p=0.02) compared to 
RES, but PPI remained was not significantly differ-
ent (p=0.15). In describing PPI across all exercise 
sessions, RES (78%) and BFR (91%) most frequently 
reported pain as “mild”. “Discomforting” PPI was 
reported less frequently in BFR (7%) compared to 
RES (20%), and no participants selected PPI as “hor-
rible” throughout the any of the interventions.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 897

 DISCUSSION
This study investigated effects of low load BFR train-
ing (30%1RM) in comparison to traditional high 
load resistance training (60%1RM) in multiple body 
regions. The results indicate that eight weeks of 
BFR training with BStrong Training SystemsTM was 
as effective improving 1RM as high load, resistance 
training in healthy adults in the measured muscle 
performances. The improvements found during BFR 
were of a similar magnitude as traditional resistance 
training, but were able to be achieved at lighter loads 
which may minimize risk of injury and overuse. BFR 
training was also able to achieve these increases in 
1RM and endurance. In the final session, general mus-
cle pain was lower in BFR compared to RES, which 
may encourage compliance to exercise regimens and 
minimize likelihood of functional limitations to exer-
cise such as delayed onset muscle soreness.

Figure 1. Mean (95% confidence interval) flow-mediated 
dilation (FMD) after eight weeks of intervention.

Table 2. Muscular strength and endurance outcomes.
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onset muscle soreness in the final session as mea-
sured by the VAS and MPQ scales, although was not 
assessed directly.

FMD improves with resistance training in healthy 
adults and diseased populations in previous stud-
ies with similar training characteristics (length, 
frequency, intensity) as were used the present 
study.33-35 Kambic et al36 observed improvements 
in FMD with BFR training of a similar magnitude 
in patients with coronary artery disease. However, 
FMD was similar between the control and BFR 
groups after eight weeks of leg extension exercise.36 
This study may have reached statistically significant 
differences in FMD due to the application of four 
limb training protocol generating a greater hypoxic 
environment throughout training. BFR training may 
create more hypoxic stress due to reduced blood 
flow,37 which may systemically stimulate the cas-
cading effects of vascular endothelial growth factor 
(VEGF). VEGF and increased growth hormone may 
lead to increased release of nitric oxide and vasodi-
lation, driving the adaptations seen in FMD. There 
were no changes in resting brachial artery diameter, 
suggesting improvements in function may occur 
before structural adaptations.20

A limitation of the present study was the use of 
young, healthy adults who were fairly fit. Such par-
ticipants may have experienced faster post-exer-
cise recovery, less pain and magnitude of strength 
development from the training intervention. Previ-
ous research has found greater strength adaptations 
in untrained individuals.2 This in turn may have 
minimized the differences seen in between group 
comparisons. The authors also acknowledge the 
instruments used to assess pain (VAS and MPQ) are 
self-report tools and subject to the participant’s opin-
ion. The control group refrained from structured 
physical activity, which may have reduced their 
overall physical activity and therefore fitness during 
the study. Exercise volumes between RES and BFR 
were not matched despite yielding similar strength 
gains, as previous research has shown that low load 
high repetition training does not demonstrate the 
same results as BFR training.5  Hypertrophy was 
not measured in this study, but literature suggests 
such adaptations may appear as early as two weeks.6 
To the authors’ knowledge this is the first study to 

Participants in this study were of similar body com-
position and fitness compared to those included in 
previous BFR research.30,32 Increased 1RM for upper 
and lower body exercises in both resistance and BFR 
training was observed in this study. Participants in 
the RES group showed greater change in 1RM in all 
exercises to a greater extent than BFR, except for 
handgrip. Changes in the RES group may have been 
driven by greater fast-twitch muscle fiber recruit-
ment and neuromuscular adaptation.7 This may also 
contribute to greater reported general muscle pain 
compared in RES as there was greater mechanical 
stress, however not significantly different from BFR. 
Many of the upper body exercises in the interven-
tion required gripping equipment, which may have 
contributed to the increase in handgrip strength in 
BFR. This study may support the theory of mech-
anism in BFR; lower mechanical stress of exercise 
in combination with an ischemic environment cre-
ated by BFR may have enhanced lactate production 
and growth hormone release. In turn, the lower 
load training still elicited a strong enough metabolic 
response to develop adaptations in strength.7

Low load BFR training may allow for resistance exer-
cise that might otherwise be painful for injured or 
frail patients.8,30 The results of the current study sug-
gest that as BFR training persists, pain may decrease 
which may be useful motivation to enhance exer-
cise tolerance and compliance. This may be due to 
the onset of resistance training being light and slow 
progression, or the effect of BFR training itself. Semi 
elastic BFR bands can reduce venous inflow to gen-
erate muscle fatigue with less mechanical damage. 
BFR participants may have experienced less delayed 

Figure 2. Reported muscle pain 24-hours post-exercise 
using mean visual analog scale (VAS) and pain intensity 
index (PPI) across the first, tenth and last exercise session.  
*Significant difference between groups (p<0.05).
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Quadriceps strengthening with and without blood 
flow restriction in the treatment of patellofemoral 
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Med. 2017;51(23):1688-1694.
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2018;13(2):e0192419.
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with partial vascular occlusion in patients with knee 
osteoarthritis: a randomized clinical trial. Knee Surg 
Sports Traumatol Arthrosc. 2016;24(5):1580-1586.

15. Horiuchi M, Okita K. Blood flow restricted exercise 
and vascular function. Int J Vasc Med. 
2012;2012:543218.

16. Miyachi M, Kawano H, Sugawara J, et al. 
Unfavorable effects of resistance training on central 
arterial compliance: a randomized intervention 
study. Circulation. 2004;110(18):2858-2863.

17. Casey DP, Pierce GL, Howe KS, Mering MC, Braith 
RW. Effect of resistance training on arterial wave 
reflection and brachial artery reactivity in 
normotensive postmenopausal women. Eur J Appl 
Physiol. 2007;100(4):403-408.

18. Credeur DP, Hollis BC, Welsch MA. Effects of 
handgrip training with venous restriction on brachial 

conduct four limb resistance training with a unique 
BFR training system, as well as measure perceived 
pain and vascular function after a longer duration 
(i.e. at least six months) training intervention.

CONCLUSION
The results of the current study suggest that BFR 
training was able to produce similar strength gains, 
as measured by 1RM (in multiple movements), 
in the trained muscles and elicited a lower pain 
response compared to resistance training alone 
at the end of the study. BFR training with BStrong 
Training SystemsTM is a safe and effective alternative 
to traditional high load resistance training. Thus, 
BFR may be an effective tool to be applied and stud-
ied in clinical populations, where greater compres-
sion on joints may be contraindicated due to health 
or injury. In addition, BFR and resistance training 
improved flow-mediated dilation, suggesting both 
may positively influence vascular health. BFR train-
ing may be appealing for practitioners interested in 
preserving and developing muscular fitness with a 
safe, unique system.
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ABSTRACT
Background: High-intensity training methods are generally recommended to increase muscle mass and strength, with training loads of 
60-70% 1RM for novice and 80-100% 1RM for advanced individuals. Blood flow restriction training, despite using lower intensities (30-50% 
1RM), can provide similar improvements in muscle mass and strength. However, studies commonly investigate the effects of blood flow 
restriction training in large muscular groups, whereas there are few studies that investigated those effects in smaller muscle groups, such 
as the muscles involved in grasping (e.g, wrist flexors; finger flexors). Clinically, smaller muscular groups should also be considered in 
intervention programs, given that repetitive stress, such as repeated strain injuries, affects upper limbs and may lead to chronic pain and 
incapacity for work. The purpose of the present study was to examine the effects of blood flow restriction training in strength and anthro-
pometric indicators of muscular volume in young women.

Hypothesis: The effect of blood flow restriction training in handgrip strength (HGS) and muscular volume of young women can be similar 
to traditional training, even with lower loads.

Methods: Twenty-eight university students, 18 to 25 years of age, were randomly assigned into two groups, blood flow restriction training (BFR, 
n=14) and traditional training (TRAD, n=14). The anthropometric measures and maximum handgrip strength (MHGS) test were performed 
before and after the intervention. The participants did three weekly sessions of dynamic concentric contraction exercises on a dynamometer 
for four weeks (12 sessions). Each session had a time length of five minutes and the intensity was established from a percentage of MHGS at 
30-35% in the first week, 40-45% in the second and 50-55% in third/fourth weeks. Three sets of 15-25 handgrip repetitions were performed 
until a failure with a 30 seconds rest for BFR training and three sets of 8-12 repetitions with one-minute rest for TRAD training. 

Results: A significant increase was found in the arm muscle circumference (20.6±2.2 vs 21.6±1.7cm) and right MHGS (32.7± 4.5 vs 34.3±4.1 
kgf) and left MHGS (28.0±5.5 vs 30.9±4.1 kgf) for the BFR training, and the left MHGS (27.6 ± 5.0 vs 31.0±6.1 kgf) for the TRAD training. 

Conclusion: Dynamometer training with blood flow restriction, performed with low to moderate loads, was more effective than the tra-
ditional training in increasing HGS and muscle volume in young women.

Level of evidence: 2b

Keywords: Blood flow restriction training, movement system, muscle strength, Resistance training, women, upper extremity 
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INTRODUCTION
High-intensity training methods are generally rec-
ommended to increase muscle mass and strength.1,2 
Such training is recommended for adults, young, and 
elderly people, since it contributes to the mainte-
nance of daily activities, prevents osteoporosis, sar-
copenia, back pain and other pathological conditions 
such as insulin resistance and Type 2 diabetes.3,4

Evidence from the American College of Sports 
Medicine (ACSM) suggests that high-intensity train-
ing methods with training loads of 60-70% 1RM for 
novice individuals and 80-100% 1RM for advanced 
individuals should be used to improve strength and 
muscle mass.2,5 However, this is often impractical for 
some populations, such as osteoarthritis patients, 
individuals who are undergoing rehabilitation and 
asymptomatic populations who need to develop 
muscle strength.6 There is a need for resistance train-
ing methods that can be safely applied to certain 
populations with physical limitations, while improv-
ing strength and muscle mass without increasing the 
risk of injury or exacerbating preexisting disorders. 

It is suggested that blood flow restriction training 
(BFR), despite using low to moderate intensity loads 
(30% to 50% of 1RM),7 promotes an increase in mass 
(hypertrophy) and strength.8,9 However, this train-
ing approach has not shown an impact on muscu-
lar power.9 The improvements in muscle mass and 
strength were previously noticed in both clinical9 
and athletic10 populations. Vascular function has also 
been shown to improve.11 BFR is a training method 
that usually consists in partially (e.g., 160 mmHg) or 
totally (e.g., 300 mmHg) restricting the limb blood 
flow during exercise using an inflatable cuff placed 
at the most proximal portion of the limb. The flow 
restriction determination is based on the resting sys-
tolic blood pressure and causes arterial blood inflow 
to be reduced and largely occludes venous return.6,12,13 
The mechanisms by which the physiological changes 
occur are not completely known; however, they seem 
to be associated with hypoxia and muscular acidosis, 
which produces a rapid and intense fatigue due to the 
lower oxygenation and high stimulation of metabo-
receptors. The poor oxygen environment may also 
increase Type II muscle fiber recruitment in order to 
maintain the intensity of contraction, which can lead 
to the strength gains previously reported.7,14

Commonly, studies investigating the effects of 
BFR training on muscle strength and hypertrophy 
use exercises for large muscle groups, such as the 
quadriceps.14–16 In this regard, investigations explor-
ing the effects of BFR training on smaller muscle 
groups, such as finger or wrist flexors, are limited. 
Most of the diseases related to repetitive stress, such 
as repeated strain injuries, affects upper limbs and 
may lead to chronic pain and incapacity for work17. 
Consequently, there is a need to explore potential 
interventions to improve upper limb strength and 
minimize the negative effects of traditional high 
intensity strength training. Maximum handgrip 
strength (MHGS) is commonly used as an outcome 
parameter in clinical practice,18 is associated with 
obesity19 and is a predictor of all-cause mortality.20,21 
The purpose of the present study was to determine 
the difference between BFR training and a tradi-
tional training regimen on MHGS and anthropomet-
ric indicators of muscular volume in young women.

METHODS

Participants
The sample consisted of 28 female university stu-
dents. Included subjects were female, untrained (i.e., 
not engaged in an exercise training program for at 
least six months), right-handed and aged between 
18-25 years old. These criteria were followed for three 
main reasons: 1) since the BFR training using hand-
grip strength had not been tested before, the authors 
attempted to first test it in clinically healthy partici-
pants; 2) given that the untrained (i.e. first starting 
the training program or coming from long periods 
without regular exercise) and health population rep-
resents a large portion of those interested in resis-
tance training, the authors anticipated that the results 
would have a larger practical application; 3) to maxi-
mize sample homogeneity22 with regards to charac-
teristics (e.g., sex, age, training level/participation) 
that could influence our results. The exclusion crite-
ria were: participants who presented with a history 
of injury/surgery in the upper limbs, had previous or 
current cardiac disease, were not able to attend the 
training sessions and were left-handed dominant. All 
participants were previously informed about the pro-
cedures to which they would be submitted. No finan-
cial incentive was provided, neither any other source 
of incentive. Volunteers signed an informed consent 
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the exercise is), Time (how long the exercise session 
took), Type (what kind of exercise it is), Volume (the 
total amount of exercise that was completed), and 
Progression (how the program was altered), known as 
the FITT-VP principles of the exercise prescription.6 

The frequency was controlled for the sessions at 
3 times per week. The intervention duration was 
four weeks (for a total of 12 sessions). The BFR and 
TRAD training participants previously scheduled 
a time of the day (8-12 a.m. or 1:30-8 p.m.) for the 
individual sessions of handgrip strength exercises. 
The baseline LHGS and RGHS were used to define 
the intensity of the training sessions for TRAD and 
BFR (intervention period) as described below. 

Training for the BFR Group
Participants performed a three minutes warm-up, 
which consisted of performing 30% of 1RM of MGHS 
contractions for one minute and thirty seconds and 
resting (i.e., passive recovery) for the remaining 
time. For vascular occlusion, the ClinicArm WCS® 
manometer (WCS®, Cardiomed, Brazil) was used with 
the arm sleeve placed at the most proximal portion 
of the upper limb. In the warm-up, the arm sleeve 
was inflated and the safety valve locked at 60mmHg, 
and during the training it was locked at 160mmHg 
for each arm throughout the study.23 Then, the par-
ticipants in the occlusion group performed the train-
ing protocol, which consisted of three sets of 15-25 
repetitions until failure with intensity between 35% 
and 55% (Table 1) in both hands, with a 30 second 

form, as determined by the National Health Council 
on Research Involving Humans Subjects and the Dec-
laration of Helsinki. The project was approved by the 
Research Ethics Committee of the Midwestern Paraná 
State University (UNICENTRO) (nº 2048694/2017). 

Procedures and data collection
The research was described in undergraduate courses 
of the Health Sciences Sector of the Midwestern Parana 
State University campus. The researchers visited the 
classes to introduce the objectives and to inform the 
inclusion and exclusion criteria for participating in 
the study. One week later, 30 interested participants 
attended the laboratory to confirm participation. In 
this visit, participants were randomly assigned by a 
computer random number generator to one of the 
training groups, blood flow restriction training group 
(BFR; n=15) or traditional group (TRAD; n=15). 

All participants underwent anthropometric and 
handgrip strength measurements before and after the 
series of training session (48 hours after). In the pre-
training assessment, participants scheduled the days 
and times for the strength training sessions following 
the procedures of each intervention group. In both 
pre- and post-training visits, participants performed 
anthropometric measurements and the MHGS test. 

Experimental design of the intervention
Interventions were planned according to the recom-
mendation of the ACSM, following the principles of 
Frequency (sessions/week), Intensity (how difficult 

Table 1. Distribution of loads for BFR and TRAD according to acronym 
FITT-VP* 
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(AMC) was calculated according to the formula pro-
posed by Gurney and Jellife26 (AMC = AC (cm) – [π * 
tricipital skinfold (cm)]) and adopted as measures of 
muscle volume. Body composition was determined by 
the anthropometric method of thickness of the skin-
fold, verified by CESCORF® compass, in the tricipital, 
subscapular, supra-iliac and medial leg regions. Body 
density was determined by the regression equations 
developed by Petroski27 and the percentage of fat was 
calculated by previously proposed equation.28

Handgrip strength test
The right (RHGS) and left (LHGS) handgrip strength 
were determined using a manual dynamometer 
(Crown®, Filizola, São Paulo, Brazil) with a capac-
ity of 50 kgF, shortly after checking the anthro-
pometric measurements and body composition. 
Before the test, all participants were instructed on 
the operation of the equipment and the procedures 
for carrying out the measurement protocol. Two 
practice attempts were used for familiarization. For 
each test, three maximal trials (approximately two 
seconds each trial) were standardized, with a one-
minute recovery interval between each trial. As a 
standard procedure, the participant was seated in 
a chair with the elbow flexed to an angle of 90º, 
tested hand holding the dynamometer and the 
other hand resting on the thigh.29 The dynamom-
eter grip adjustment was individualized for the par-
ticipant so that only the last four distal phalanges 
exerted strength on the drawbar. From this posi-
tion, the participant was directed to perform a max-
imum contraction. Then, the dynamometer was 
transferred to the other hand, in which the same 
procedure was adopted. To avoid a fatigue effect,29 
the recorded measure comprised the best trial for 
each hand, in kgF. 

Data Analysis
Statistical analysis was carried out using SPSS pro-
gram version 25.0 (Chicago, IL, USA), with a signif-
icance level of P<0.05. The normality of the data 
was tested by the Shapiro-Wilk test. Values were pre-
sented on mean and standard deviation, for the non-
parametric values median and interquartile range 
[IQR], when necessary. The results on the perfor-
mance of the handgrip test, pre and post-interven-
tion, were analyzed by ANOVA (mixed of repeated 

rest between each series. Each repetition lasted 
approximately one second in the concentric contrac-
tion and one second in the eccentric contraction. 
Participant was seated, arm at the side of the body 
with the elbow flexed at 90° holding the dynamome-
ter resting on the thigh. The training was performed 
individually in each arm, always starting with the 
left arm, and after the end of the three sets, the exer-
cise in the right arm began. There was a minute rest 
in the transition. The parameters for BFR training 
group can be found in Table 1.

Training for the TRAD Group
The training protocol was based on the general 
strength training recommendations of the ACSM.6 
After the three-minute warm-up, which consisted of 
performing 30% 1RM contractions for one minute 
and thirty seconds and resting (i.e., passive recovery) 
for the remaining time, participants performed the 
training protocol. The training for the group without 
occlusion consisted of three sets of 8-12 repetitions 
until failure, with one-minute rest between each 
series. Each repetition lasted approximately one sec-
ond in the concentric contraction and one second 
in the eccentric contraction. Participants positioned 
exactly the same as the BFR group. The training was 
performed individually in each arm always starting 
with the left arm. After the end of the three sets, the 
exercise in the right arm started. There was a one-
minute rest in the transition. The parameters for 
TRAD training group can be found in Table 1.

Anthropometric measurements
Measurements of body mass, height, arm and fore-
arm circumference, and thickness of skinfold were 
obtained in order to estimate body fat before and after 
the intervention period. The body mass obtained 
using an 100 g anthropometric scale (Welmy®, W300, 
Santa Barbará d’Oeste, SP, Brazil) and height was 
verified using a wooden stadiometer with a scale of 
0.1 cm.24 From these measurements, the body mass 
index (BMI) (kg/m²) was calculated. The arm (AC) 
and forearm (FC) circumference were taken at the 
marked level of the mid-acromial-radial level and at 
the maximum girth of the forearm, respectively.25 
For the circumference measures, the authors used an 
inextensible metric tape (Mabis®, Gulik model, Japan) 
on the right body side. Arm muscle circumference 
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measurements) or Student’s t-test for dependent and 
independent samples. The effect size (ES) (mean 
posttest - pretest mean/pretest and posttest mean 
standard deviation) was calculated to determine the 
magnitude of the intervention effects, considering 
the training groups with restriction to blood flow 
(BFR) and traditional training (TRAD). The ES was 
classified as small (0.2 to 0.49), medium (0.5 to ≤0.79) 
and large (≥0.8).30 The variation between the vari-
ables (circumferences, and handgrip strength) were 
also calculated ((post – pre/pre) * 100) and expressed 
as ∆%. The differences in ∆% were compared by the 
Mann-Whitney U test and the Eta Squared was cal-
culated for effect size between groups and classified 
as the same as the ES30

RESULTS
Two participants (one from each group) were unable 
to attend the training sessions and were excluded, 
resulting in a sample of 28 participants (BFR; n=14 
and TRAD; n=14). The characteristics of the groups 
are shown in Table 2. There were no significant dif-
ferences for any of the variables analyzed, showing 
the homogeneity among groups.

Table 3 presents the results of the anthropometric and 
performance variables in the MHGS test before and 
after the conventional training intervention (TRAD) 
and with blood flow restriction (BFR). The BFR 
group significantly increased arm circumference, 
muscle volume and grip strength, as represented by 

Table 3. Development of circumference measurements and hand pressure 
strength in young women before and after BFR and TRAD

Table 2. Age and anthropometric characteristics of participants in BFR 
and TRAD groups, compared using t test for independent samples; p<0.05
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the higher AC, AMC and the right (RHGS) and left 
(LHGS) handgrip strength. These results resulted in 
an average ES for AC (0.37), AMC (0.46) and RHGS 
(0.37), also, a large ES for LHGS (0.60).

For the TRAD group there was a significant improve-
ment of strength only for the left hand, with ES that 
varied from weak to (0.15), and moderate to strong 
for right hand strength (0.42) and left hand (0.62), 
respectively. Other variables showed a lower magni-
tude of effect from the intervention (Table 3).

Table 4 shows the comparison of the change values 
between BFR and TRAD. The values of AC, RHGS 
and LHGS were very similar between the groups. 
However, although not statistically significant (both 
were approaching statistically significant values), AC 
and AMC were slightly higher, with a marginal dif-
ference (p=0.053; ES= 0.13 and p=0.056; ES=0.14) 
for the BFR group.

DISCUSSION
The objective of the present study was to determine 
the difference between BFR and traditional training 
on MHGS and anthropometric indicators of muscu-
lar volume in young women. The results demon-
strated a significant increase of volume in the right 
arm, and mass grasp strength bilaterally in the BFR 
group and mass grasp strength only in the left hand 
for the TRAD group.

Interestingly, the magnitude of the effects of the 
intervention on handgrip strength was similar in 
both groups, but with a greater effect on training 
the left hand than the right hand. In other words, 
both handgrip strength training (BFR and TRAD) 
promoted greater effect in the limb with the lower 
pre-intervention strength level (Table 3).

The findings of the present study are in accordance 
with the literature, in which, a similar strength 
gain between BFR and TRAD has been observed in 
several populations (e.g, healthy young and mid-
dle-aged men; injured adults), even at different 
intensities.16,31–34 However, the information about ES 
suggests that high intensity training is slightly more 
efficient for strength gain when compared to flow 
restriction training.8,35,36 This may be justified by the 
greater recruitment of motor units in high-intensity 
training in relation to training in low-intensity blood 
flow restriction.37 

The tendency toward a greater AC (p=0.053; ES= 
0.13) and AMC (p=0.056; ES=0.14) delta change in 
the BFR group compared to the traditional training 
group can be justified by the adaptations that these 
fibers suffered. Some studies show that metabolic 
changes, which occur in the target muscles and 
near to the occluded part, play an important role 
in volume and strength gains.38,39 Additionally, the 
effect of occlusion in the region distal to the restric-
tion causes a bigger accumulation of metabolic 
byproducts.40 

Several mechanisms have been proposed to explain 
gains in muscle volume and strength from blood 
flow restriction to muscles. Among the mechanisms, 
the accumulation of metabolites and reactive oxy-
gen species, the elevation of anabolic hormones 
(e.g., human growth hormone) and the activation of 
tracts related to muscle remodeling and angiogen-
esis have all been suggested.40–43

Regarding the significant increase in muscle 
strength in the non-dominant hand, AC, and AMC, 
it may be justified by the fact that the BFR is able 
to generate adaptations in distant limbs or muscles 
near the occluded part.44 In addition, greater use of 
the dominant hand for daily tasks may decrease the 
effectiveness of resistance training under different 
contexts because initial strength gains are mostly 
responses to neural changes and, since the dominant 
hand is more commonly used (especially for pow-
erful grasping tasks), the increase may be relevant 
only after the hypertrophy process has occurred.45 
It has been proposed recently that strength gains 
with BFR would be a consequence of muscle hyper-
trophy rather than neural adaptations, which is 

Table 4. Comparison of magnitude variation between the 
training protocols. Values presented in median
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usually associated with traditional training.46 In this 
sense, it is worth mentioning that in the present 
study, the BFR group presented increased strength 
and AMC (muscle volume), after 12 sessions of 
dynamic concentric exercises of low to moderate 
intensity, lasting five minutes per session, which 
may be important.

The results of the current study revealed an improve-
ment of 5.0% in RHGS and 8.7% in LHGS in the BFR 
group. In the TRAD group, the increase was of 5.1% 
for RHGS and 14.9% for LHGS. Research has shown 
that BFR demonstrates a positive effect on hypertro-
phy, muscle strength and volume.47–49 Yasuda et al.50 
demonstrated that six weeks of BFR in the bench 
press exercise, using 30% 1 RM, increased the tri-
ceps strength by 8.3% and the pectoralis major by 
8.3%. Nevertheless, in a group with no blood flow 
restriction (75% 1 RM) there were higher increases 
in training with low load (BFR), both for the triceps 
(8.6%) and the pectoralis major (17.6%). In the study 
by Takarada et al.,51 using a similar methodology to 
the present study, the researchers found an increase 
in muscle strength of elbow flexors of 18.4% for BFR 
and 22.6% for no vascular occlusion in elderly peo-
ple. In addition, in another group that trained with 
50% of 1 RM (without vascular occlusion), muscle 
strength increased by 1.4%. Another study that used 
an intra-subject design (one leg vs. the other) and 
compared BFR training (>250mmHg) with tradi-
tional training (40% of maximal voluntary contrac-
tion) found an increase in strength of 9% after two 
weeks and 26% after four weeks for the occluded 
leg, while for the non-occluded leg there were no 
significant gains.52 Moreover, a recent meta-analysis 
concluded that the benefits in muscular volume and 
strength are greater when the low-intensity training 
is performed in combination with BFR, given that 
the traditional training requires higher intensities.53 
These results suggest that resistance training of low 
to moderate intensity, without occlusion, does not 
alter the magnitude of muscle strength in the same 
way as BFR.51,53

Among the limitations of this study, the rela-
tively short intervention time (30 days or 12 ses-
sions) should be highlighted. However, even with 
this scenario, there was a significant increase in 
LHGS in both groups and RHGS in the BFR group. 

Additionally, the BFR group presented an increase 
in arm muscle volume. Still as a limitation, the use 
of a manual dynamometer to perform the exercises 
restricted the possibility of some direct comparisons 
with the literature. However, the use of the dyna-
mometer allowed more precision in the prescription 
and monitoring of the training load. Furthermore, 
the fact that arm circumference measurements 
were only verified on the right side limits the pos-
sible comparisons between limbs regarding muscle 
volume gains and their effects on strength gains. 
Although, several studies evaluating muscle vol-
ume/hypertrophy have used only one side to per-
form the measurements.49–51 Future research using 
direct methods to evaluate the muscular volume is 
needed, as well as studies with different populations. 
Once that we studied young healthy individuals, our 
results cannot be applied to injured populations or 
those with pain.

CONCLUSION
BFR performed with low to moderate intensity loads 
was more effective in increasing handgrip strength 
and muscle forearm volume in healthy young 
women as compared to the traditional training. This 
study provides evidence that BFR can be an upper 
extremity muscle strength training tool, is relatively 
easy to administer, and did not have any adverse 
effects. More research is needed investigating the 
use of BFR in rehabilitation and clinical practice of 
healthcare professionals. 
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ABSTRACT
Background: Two-dimensional (2D) video analysis is a practical tool for assessing biomechanical factors that may 
contribute to running-related injury. Asymmetrical or altered coordination of transverse plane trunk movement has 
been associated with low back pain, increased vertical and horizontal ground reaction forces, and altered hip abduc-
tion torque and strength. However, the reliability and validity of 2D transverse plane upper trunk rotation (UTR) has 
not been assessed. 

Study Design: Validity and reliability study

Purpose: To determine the validity and reliability of 2D video-based, transverse plane UTR measurement during 
running. 

Methods: Sixteen runners ran at self-selected speed on a treadmill while three-dimensional (3D) and 2D motion cap-
ture occurred synchronously. Two raters measured peak UTR for five consecutive strides on two occasions. Interrater 
and intrarater reliability and the minimum detectable change was calculated for right and left peak 2D UTR measure-
ment. Concurrent validity and agreement between 2D and 3D measures were determined by calculating Pearson 
Product Correlation Coefficients (r) and Bland-Altman plots, respectively. 

Results: Using a single UTR measure per runner, intrarater and interrater reliability (ICC2,1) was excellent (intrarater 
ICC2,1 range: 0.989-0.999; interrater ICC2,1 range: 0.990-0.995) and the minimum detectable change was 0.39-1.4 
degrees. Measurements in 2D and 3D were significantly correlated for peak UTR (all r ≥ 0.986; all p-values < 0.001) 
and showed good agreement in Bland-Altman plots. 

Conclusion: Two-dimensional video-based measurement of transverse plane peak UTR is valid and reliable. 

Clinical Relevance: UTR measurement may provide clinical insight into gait deviations in the transverse plane that 
alter angular momentum and increase risk for running-related injury. 

Level of Evidence: 2B

Key Words: 2D video analysis; trunk rotation; running; validity; reliability; movement system
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INTRODUCTION
In the United States, more than 28 million people 
run on a weekly basis and approximately 56% of 
recreational runners become injured each year.1 
Individuals do not always self-select optimal gait 
mechanics and demonstrate movement patterns 
that increase risk for musculoskeletal overload (e.g., 
overstriding, increased genu valgum, contralateral 
pelvic drop, excessive hip adduction).2 Gait analysis 
has become an important clinical tool for identify-
ing faulty movement patterns and guiding individu-
alized rehabilitation programs.2 Three-dimensional 
(3D) motion analysis remains the gold standard in 
gait analysis, but presents a logistical and financial 
burden that prohibits routine use in patient care. 
This, in combination with the availability of numer-
ous inexpensive two-dimensional (2D) video cap-
ture devices, has made 2D video-based analysis of 
gait a practical alternative. 

Most research on gait analysis and retraining has 
focused on the lower extremity (LE) due to the fre-
quent occurrence of LE injuries (i.e., medial tibial 
stress syndrome, patellofemoral pain syndrome, 
iliotibial band syndrome, stress fractures, plantar 
fasciitis and achilles tendinopathy).e.g.,3,4,5 To date, 
studies on 2D video-based analysis have focused on 
determining the reliability and validity of LE param-
eters in the frontal and sagittal planes (i.e., peak hip 
adduction, peak knee abduction, contralateral pelvic 
drop, foot abduction).8-10 However, no studies have 
determined the reliability or validity of 2D trans-
verse plane measures even though some of the most 
prevalent running injuries (e.g., patellofemoral syn-
drome, medial tibial stress syndrome, iliotibial band 
stress syndrome) have been associated with abnor-
mal joint loading and movement in the transverse 
plane.9-12 Therefore, quantifying movement in the 
transverse plane such as upper trunk rotation (UTR) 
may provide valuable information in the assessment 
and treatment of injured runners and there is a need 
for a valid and reliable UTR measurement that is 
amenable to routine clinical use. 

The purpose of this study was to, 1) assess intra- and 
interrater reliability of 2D video analysis of UTR 
and, 2) determine the concurrent validity of 2D and 
3D measurements of transverse plane UTR during 
treadmill running. 

MATERIALS AND METHODS

Participants
Participants included runners who had a past his-
tory of, or were currently competing on a collegiate 
track and/or cross-country team and recreational 
runners that ran an average of 16.1 kilometers (10 
miles) per week during the previous year (Table 1). 
Participant exclusion criteria included having an 
adhesive allergy, a current injury preventing partici-
pant from running, a neurological condition or nerve 
injury, or being younger than 18 years of age. Prior 
to study participation, written informed consent was 
obtained from each participant in accordance with 
the protocol approved by the Des Moines University 
Institutional Review Board. 

Treadmill Running Protocol
Each participant was subjected to simultaneous  
3D motion and 2D video capture while running 
on a PRECOR C962i treadmill (PRECOR USA, 
 Woodinville, WA, USA) in the Des Moines Univer-
sity Human Performance Laboratory (Des Moines, 
IA, USA). All participants wore tight-fitting shorts 
and preferred running shoes; female runners wore 
sports bras. Reflective markers (14 mm diameter) 
were placed on bilateral acromioclavicular joints 
to define the upper trunk segment and on the left 
scapulae to assure right-left orientation as a part of 
a whole-body model (42 total markers). Reflective 
markers were also placed on all four corners of the 
treadmill to define the running surface orientation. 

Table 1. Characteristics of study participants reported as 
mean (± SD).  
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Each participant self-selected a running speed that 
he or she would typically sustain for running 8 km. 
Participants acclimated to this self-selected speed 
for three minutes prior to motion capture. The accli-
matization period was chosen based on previous 
findings that three to five minutes were sufficient 
for generalization of treadmill running mechan-
ics to overground running mechanics13 and that 
all study participants were experienced treadmill 
users. Simultaneous 3D and 2D motion capture com-
menced immediately following the acclimatization 
period.

3D data acquisition and analysis
Reflective marker trajectories were captured at 120 
frames per second (fps) using a 10-camera Motion 
Analysis System (Motion Analysis Corporation, Santa 
Rosa, CA). Marker trajectories were calculated and 
then low-pass filtered using a 6 Hz Butterworth filter 
with Cortex software (v6.0.0.1645; Motional Analy-
sis Corporation, Santa Rosa, CA, USA). As depicted 
in Figure 1a and 1b, respectively, right and left trans-
verse plane UTR were calculated as follows: 1) the 
angle between the line connecting reflective mark-
ers on the right and left acromioclavicular joints and 
the line connecting markers on the left front and 

rear corners of the treadmill was measured; 2) the 
measured angle was subtracted from 90 degrees to 
follow convention in reporting UTR with respect to 
the frontal plane. 

2D data acquisition and analysis
Two-dimensional video capture (12-15 seconds) 
in the transverse plane was completed using Hudl 
Technique (Hudl; Lincoln, NE, USA) on an Apple 
Ipad Air 2 tablet (Apple; Cupertino, CA, USA). The 
tablet was positioned in a tripod mount (ishot Prod-
ucts, Inc. Woodridge, IL, USA) placed 2.4 m over the 
treadmill (Figure 2). The transverse plane video was 
captured using the tablet’s front camera (60 fps), 
which enabled viewing of the capture area to assure 
that the camera was square to the treadmill during 
overhead set-up. Preliminary trials using capture 
rates of 60 and 120 fps demonstrated that the mag-
nitude of transverse plane UTR measured did not 
differ between the two capture rates. 

Kinovea software (www.kinovea.org) was used to 
identify peak UTR to the left and right for five con-
secutive strides beginning at the runner’s first initial 
foot contact after the 2D-3D synchronization point, 
which was defined by the instantaneous movement 
of a reflective calibration wand positioned in view of 
3D and 2D video capture devices. In one case, a par-
ticipant’s hair obscured the markers on the AC joints 
during one of the five consecutive strides and a sixth 

Figure 1. Peak trunk rotation to the right (A) and left (B) 
were measured as the angular excursion of a line drawn 
between reflective markers positioned on left and right acro-
mion processes with respect to the left side of the treadmill.  
Trunk rotation angles were reported with respect to the frontal 
plane.  

Figure 2. Set up for 2D transverse plane video capture in 
the clinical setting including, a) the location of the tablet 
mount above the treadmill and b) tablet front camera field of 
view used to assure proper position for video capture.  
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stride was analyzed. Once a video frame containing 
peak UTR was identified, it was saved as an image 
and imported into ImageJ software (https://imagej.
net) to measure UTR. Each image was magnified to 
300% and the angle depicted in Figure 1 was mea-
sured. UTR was reported relative to the frontal plane 
by subtracting the measured angle from 90 degrees. 
UTR was recorded along with the time stamp of the 
measured image. 

Using the method described above, two indepen-
dent raters analyzed all 2D videos on two occasions 
separated by seven days to assess intrarater and 
interrater reliability of 2D right and left peak UTR 
measurement. The two raters were physical therapy 
students; one student had one year of experience 
with 2D video-based gait analysis and the other stu-
dent had no prior experience. For the second rat-
ing, a third party not involved in the rating process 
blinded the raters to the original runner identifica-
tion numbers on the videos. During both ratings, the 
raters were blinded to the results of the other rater. 

Statistical analysis
Participant characteristics were summarized using 
the mean and standard deviation (Table 1). For 2D 
peak right and left UTR measurements, intrarater 
reliability was determined for each rater and interra-
ter reliability was determined for the first and second 
ratings using intraclass coefficients (ICC2,1, 95%CI). 
Intraclass coefficients were calculated using a single 
UTR measurement and the mean of two, three and 
five measurements for each runner. 

Measurement responsiveness was assessed using 
the standard error of measurement (SEM) according 
to the equation, SEM = SD x √ (1-ICC) and minimum 
detectable change (MDC) at the 95% confidence lim-
its according to the equation, MDC95% = SEM x 1.96 
* √2.14 All statistical analyses were completed using 
SPSS statistics Version 22 (IBM Corporation Armonk, 
NY, USA). All graphical displays were created using 
KaleidaGraph version 4.5.2 (Synergy Software, Read-
ing PA, USA). 

Concurrent validity of 2D measurements was 
assessed by calculating the Pearson Product Corre-
lation coefficients (r) for the association between 
2D and 3D peak left and right UTR measurements 

using a single measurement per runner as well as 
the mean of two, three or five UTR measurements 
per runner. The single, two, or three measurements 
used in the calculations were randomly selected by 
using a random number generator (https://www.
random.org) that would select a number 1 through 
10; the UTR measurement(s) in the step correspond-
ing to the number(s) generated were utilized in the 
calculation. 

Bland-Altman plots were generated to assess the 
agreement of 2D and 3D UTR measurements.15 The 
frequency at which each rater chose the same or 
different video frames for rating 1 and rating 2 was 
determined; when the frames chosen for ratings 1 
and 2 were different, the time difference and the dif-
ference in UTR measurement between the two dif-
ferent time points was determined. 

Magnitude of left and right peak UTR for female and 
male runners was summarized for 2D and 3D mea-
surements using the mean and standard deviation. 
Paired T-tests were performed to determine the dif-
ference in average 2D and 3D UTR measurements 
(α =0.05). Mean (SD) stride-to-stride difference in 
right and left peak UTR was determined by calcu-
lating the average difference in UTR measurement 
between five consecutive strides for all 16 runners 
(n=4 stride-to-stride differences per runner). 

RESULTS

Intrarater reliability
Excellent intrarater reliability was found for right 
and left peak UTR (Table 2). Including both raters, 
the ICC2,1 for right and left UTR ranged from 0.987 to 
0.999 when a single measurement for each runner 
was utilized (Table 2). The SEM ranged from 0.14 
to 0.5 degrees and the MCD ranged from 0.39 to 1.4 
degrees (Table 2). Compared to when a single left or 
right peak UTR measurement was used per runner, 
the intrarater ICC2,1 was increased by 0.008 at most 
when averaging two, three or five measurements of 
left or right peak UTR per runner (Table 3). Given 
the excellent intrarater reliability of the 2D UTR 
measurement when using a single measurement per 
runner, the mean absolute differences (SD) between 
measurements, SEM and MDC were calculated for 
right and left UTR using only one measurement 
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per runner (Table 2). Between ratings, the absolute 
differences between measurements for each rater 
ranged from 0.25 to 0.73 degrees, the SEM ranged 
from 0.14 to 0.5 degrees and the MDC ranged from 
0.39 to 1.4 degrees (Table 2). 

At ratings 1 and 2, 58% and 44% of the video frames 
selected by Rater 1 and Rater 2, respectively, were 
identical. For ratings 1 and 2, 100% of the frames 
selected by Rater 1 and 95% of the frames selected 
by Rater 2 were separated by 0.05 seconds or less. 
Selection of frames differing in time by 0 to 0.05 
seconds resulted in UTR measures that differed, 
on average, by 0.46 degrees (SD=0.47 degrees; 
range=0-2.92 degrees). 

Interrater reliability
Excellent interrater reliability was found for both 
right and left peak UTR (Table 4). When a sin-
gle UTR measurement was utilized, the interra-
ter ICC2,1 for right and left UTR ranged from 0.990 
to 0.995 (Table 4). When two, three or five UTR 

measurements were averaged per runner, the inter-
rater ICC2,1 for right and left UTR ranged from 0.986 
to 0.998 (Table 3). When a single UTR measure was 
utilized per runner the mean absolute difference 
between UTR measurements taken by each of the 
raters at ratings 1 and 2 ranged from 0.47 to 0.65, 
the SEM ranged from 0.31 to 0.41 degrees and the 
MCD ranged from 0.85 to 1.1 degrees (Table 4). For 
ratings 1 and 2, the raters chose the identical frames 
38.8% and 41.9% of the time, respectively. For rat-
ings 1 and 2, 93.8% and 98.8% of the frames selected 
by the two raters, differed by 0.04 seconds or less. 

Concurrent validity and agreement 
Peak left and right UTR measurements in 2D and 3D 
were significantly correlated when a single randomly 
chosen measurement was utilized per runner (all r 
≥ 0.986, all p-values < 0.001; Table 5). Bland-Altman 
plots indicate that there is good agreement between 
2D and 3D measures (Figure 3). Average peak right 
UTR measured in 3D (n=16) was 15.5 ± 4.1 (SD) 

Table 2. Intrarater reliability and responsiveness of the 2D transverse plane upper trunk 
rotation. 

Table 3. Interrater and intrarater coefficients for single, and the average of 2, 3, and 5 trunk rotation measures 
per runner (95% CI).
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degrees for males and 17.6 ± 4.7 (SD) degrees for 
females; average peak left UTR measured in 3D was 
15.3 ± 3.6 (SD) for males and 21.5 ± 2.2(SD) degrees 
for females (Figure 4). Average 2D and 3D peak UTR 
measurements were not significantly different (all 
p-values > 0.05; Figure 4). 

Across all runners the mean stride-to-stride differ-
ence (SD) in UTR measured in 3D was 1.4 (1.0) 

degrees for right UTR and 1.5 (1.3) degrees for left 
UTR, which did not differ significantly from that 
measured in 2D: 1.4 (1.1) degrees for right UTR and 
1.5 (1.3) degrees for left UTR (all p > 0.05). The 
mean stride-to-stride differences (SD) in right and 
left UTR for male and female runners are displayed 
in figure 5. 

DISCUSSION
Results indicate that 2D measurement of transverse 
plane peak UTR is reliable, valid, and feasible for 
clinical use. Transverse plane video capture only 
requires a device capable of a capture rate of 60 fps 
and a mount secured over a treadmill. A capture rate 
of 120 fps has been recommended for video analy-
sis of frontal and sagittal plane lower extremity mea-
sures,16 but the slower speed of UTR makes it possible 
to use a lower capture rate. This study utilized the 
tablet’s front camera (maximum capture rate 60 fps) 

Table 4. Interrater reliability and responsiveness of the 2D transverse plane upper trunk rotation. 

Table 5. Association between two- and three-dimensional 
peak upper trunk rotation measurements.

Figure 3. Bland Altman plots for right trunk rotation (a) and left trunk rotation (b).
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to visualize the camera’s field of view and assure it 
was squarely positioned over the treadmill (Figure 2). 

Reliability of the 2D measurement depends primar-
ily on, 1) visual selection of the video frame that 
exhibits peak UTR and 2) the manual digitization of 
measurement landmarks to determine trunk posi-
tion relative to the running surface. The amount of 
measurement error attributable to frame selection 
appears to be minimal. Of the video frames selected 
at ratings 1 and 2, 93-100% of the frames were sep-
arated by 0.04 seconds or less within or between 
raters, which corresponded to an average UTR mea-
surement difference of 0.44 ± 0.45 (SD) degrees. 
Measurement differences attributed to frame selec-
tion and the MDC for Rater 1 (Table 2), are lower 
than the average stride-to-stride variability in right 
and left UTR that was observed (right UTR: 1.4 ± 1.1 
(SD) degrees; left UTR: 1.5 ± 1.3 (SD) degrees). The 
MDC for Rater 2 were similar to the mean stride-to-
stride differences in UTR (Table 2). Rater 1’s lower 
MDC might be explained by having prior experience 
with 2D video analysis. Clinically relevant changes 
in UTR magnitude remain to be determined, but 
results indicate that deviations from normal UTR 
or from contralateral UTR > 1.5 degrees can be 
detected with confidence using 2D video analysis. 

Excellent intrarater and interrater reliability was 
achieved using only one measurement of right or 
left UTR per runner even by examiners with varied 
levels of experience. The lowest confidence interval 
for ICC2,1 based on a single measurement with a rela-
tively inexperienced examiner was 0.962. Although 
using the average of multiple measurements 
achieved slightly greater reliability, the minimal 
improvement in ICC2,1 does not appear to warrant 
taking additional measurements. 

UTR measurements may inform intervention for 
injured runners or identify factors associated with 
increased injury risk. Transverse plane movement 
of the runner’s trunk and upper extremities (UEs) 
play an important role in controlling whole body 
angular momentum and, therefore, the loading of 
joints and tissues. During running, each UE alter-
nately swings in the anteroposterior direction from 
the shoulder with the contralateral LE while the 
pelvis and upper trunk rotate in antiphase coordi-
nation in the transverse plane.17, 18 With symmetri-
cal and reciprocal motion of the UEs and LEs in the 
transverse plane, upper trunk and UE movement 
counterbalance angular momentum generated by 
the pelvis and LE’s.19, 20 When transverse plane angu-
lar impulses created by the upper and lower body 
of the runner do not cancel out, the magnitude of 
the moment that the runner applies to the ground 
through his or her foot (i.e., the free moment) must 
increase to maintain running in a straight line.21, 12 
Larger free moments create increased tibial torsion 
strain, which has been associated with increased 
risk for tibial stress fractures in retrospectives stud-
ies of female runners.22, 23 Likewise, in-phase coor-
dination of the upper trunk and pelvis is associated 
with increased vertical impact peak and braking 
impulse,24 which have been associated with plantar 
fasciitis, tibial stress fractures and patellofemoral 
pain.2 In-phase coordination has also been observed 
in runners with current or past history of low back 
pain.25 Low back pain may be due to increased com-
pressive forces in the lumbar spine when pelvic 
transverse plane motion reaches a maximum but 
UTR does not increase appropriately with increased 
speed to minimize whole body angular momen-
tum.26, 27 Lastly, UTR is inversely correlated with iso-
kinetic hip extension and hip abduction torque28 and 

Figure 4. Mean (± SD) right and left trunk rotation for male 
and female runners as measured from 3D motion capture 
and 2D video analysis (n=16).  For simplicity, only 2D mea-
surements from rater 1, rating 1 is displayed.  
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hip abduction strength deficit has been associated 
with iliotibial band syndrome.29 Therefore, a valid 
and reliable measure of UTR may assist in identify-
ing injury risk, and guiding clinical decision-making 
regarding transverse plane impairments in runners.

Limitations
The generalizability of this study is limited by the 
small number of young, healthy runners included 
in this study who ran at preferred speed for data col-
lection. Injured runners seeking clinical assessment 
may display greater gait deviations, particularly in 
the frontal plane, that may impact the reliability and 

validity of 2D UTR measurements. Although peak 
UTR provides insight into the total range of motion 
of the upper trunk in the transverse plane it does 
not provide information regarding the timing and 
coordination of UTR with respect to key phases of 
gait (i.e., initial contact, midstance) and other kine-
matic measures (i.e., pelvis rotation). The relation-
ship between upper trunk and pelvis coordination is 
not always linear as speed is increased30 and, there-
fore, the UTR measurement studied here may not be 
an indicator of the timing and coordination of trunk 
and pelvis rotation, which may be useful in guiding 
intervention.

Figure 5. Mean difference (SD) in right and left peak trunk rotation between 5 consecutive strides (n=4) for female runners 
 (a and b) and male runners (c and d). 
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CONCLUSION
Two-dimensional video-based measurements of 
peak UTR in the transverse plane is a valid and reli-
able measure to be utilized in 2D video-based analy-
ses of running gait. This study provides a foundation 
for future research that examines the relationships 
between UTR magnitude and asymmetry with spe-
cific running injuries as well as the efficacy of inter-
ventions that target transverse plane movement in 
managing running injuries. 

REFERENCES 
1.  Running USA. 2012 State of the Sport Part II: 

Running Industry Report. Available at: http:// www.
runningusa.org/2012-state-of-sport-part-2. Accessed 
Nov 14, 2016.

2.  Davis IS, Futrell E. Gait retraining: Altering the 
fingerprint of gait. Phys Med Rehabil Clin N Am. 2016; 
339-355. 

3.  Schubert AG, Kempf J, Heiderscheit BC. Influence of 
stride frequency and length on running mechanics: 
a systematic review. Sports Health. 2014; 6(3): 
210-217. 

4.  Tate, JJ, Milner, CE. Real-time kinematic, 
temporospatial, and kinetic biofeedback during gait 
retraining in patients: A systematic review. Phys 
Ther. 2010; 90(8): 1123-1134. 

5.  Van Gent RN, Siem D, van Middlekoop M, et al. 
Incidence and determinants of lower extremity 
running injuries in long distance runners: a 
systematic review. Br J Sports Med. 2007; 41: 469-480. 

6.  Dingenen B, Staes FF, Santermans L, et al. Are 
two-dimensional measured frontal plane angles 
related to three-dimensional measured kinematic 
profiles during running? Phys Ther Sport. 2017; 29: 
84-92. 

7.  Maykut JN, Taylor-Haas JA, Paterno MV et al. 
Concurrent validity and reliability of frontal plane 
motion during running. Int J Sports Phys Ther. 2015; 
10(2): 136-146. 

8.  McClay I, Manal K. The influence of foot abduction 
on differences between two-dimensional and three-
dimensional rearfoot motion. Foot Ankle Int. 1998; 
19(1): 26-31.

9.  Miller CE, Davis IS, Hamill J. Free moment as a 
predictor of tibial stress fracture in distance runners. 
J Biomech. 2007; 39(15): 2819-2825. 

10.  Noehren B, Davis IS and Hamill J. ASB clinical 
biomechanics award winner 2006 prospective study 
of the biomechanical factors associated with iliotibial 
band syndrome. Clin Biomech. 2006; 22(9): 951-956. 

11.  Stefanshyn DJ, Stergiou P, Lun VMY, Meeuwisse 
WH, Worobets JT. Knee angular impulse as a 
predictor of patellofemoral pain in runners. Am J 
Sports Med. 2006; 34(11): 1844-1851. 

12.  Willwacher S, Goetz I, Fischer KM, Brüggeman G-P. 
The free moment in running and its relation to joint 
loading and injury risk. Footwear Sci. 2016; 8(1): 1-11. 

13.  Riley PO, Dicharry J, Franz J, Della Croce U, Wilder 
RP, Kerrigan, DC. A kinematic and kinetic 
comparison of overground and treadmill running. 
Med Sci Sports Exerc. 2008; 40(6): 1093-1100. 

14.  Vincent WJ, Weir JP. Statistics in Kinesiology. 4th 
Edition. Human Kinetics, Champaign, IL. 2012. Pp: 
222-226. Chapter 13 Quantifying Reliability. 

15.  Bland JM, Altman D. Statistical methods for 
assessing agreement between two methods of 
clinical measurement. Lancet. 1986; 327(8476): 
307-310. 

16.  Souza RB. An evidence-based videotaped running 
biomechanics analysis. Phys Med Rehabil Clin N Am. 
2016; 27(1): 217-236. 

17.  Ford MP, Wagenaar RC, Newell KM. Arm constraint 
and walking in healthy adults. Gait Posture. 2007; 26: 
135-141. 

18.  Van Emmerik REA, Wagenaar RC. Effects of walking 
velocity on relative phase dynamics in the upper 
trunk in human walking. J Biomech. 1996; 29(9): 
1175-1184. 

19.  Arellano CJ, Kram R. The metabolic cost of human 
running: is swinging the arms worth it? J Expt Biol. 
2014; 217: 2456-2461. 

20.  Hinrichs R. Upper extremity function in running II: 
angular momentum considerations. Int J Sports Phys 
Ther. 1987; 3: 242-263. 

21.  Holden JP, Cavanagh PR. The free moment of 
ground reaction in distance running and its changes 
with pronation. J Biomech. 1991; 24, 887–897. 

22.  Milner CE, Davis IS, Hamill J. Free moment as a 
predictor of tibial stress fracture in distance runners. 
J Biomech. 2006; 39(15): 2819-2825. 

23.  Pohl MB, Mullineux DR, Milner CE, Hamill J, Davis 
IS. Biomechanical predictors of retrospective tibial 
stress fractures in runners. J Biomech. 2008; 41(6): 
1160-1165.

24.  Morley JJ and Traum E. The effects of dorso-lumbar 
motion restriction on the ground reaction force 
components during running. J Bodyw Mov Ther. 
2016; 20:432-440 

25.  Seay JF, Van Emmerik REA, Hamill J. Low back pain 
status affects pelvis-trunk coordination and 
variability during walking and running. Clin 
Biomech. 2011; 26: 572-578. 



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 919

29.  Mucha MD, Caldwell W, Schlueter EL, Walters C, 
Hassen A. Hip abductor strength and lower 
extremity running related injury in distance 
runners: a systematic review. J Sci Med Sport. 2017; 
20: 349-355. 

30.  Li Y, Kakar RS, Walker MA, Guan L, Simpson KJ. 
Upper trunk-pelvis coordination during running 
using the continuous relative fourier phase method. 
J App Biomech. 2018; 34: 312-319.

26.  Preece SJ, Mason D, Bramah C. How do elite 
endurance runners alter movements of the spine 
and pelvis as running speed increases? Hum Mov Sci. 
2016; 46: 132-134. 

27.  Kudo S, Fujimoto M, Isaka T, Nagano A. Quantitative 
assessment of thorax deformation during running.  
J Biomech. 2017; 59: 116-121.

28.  Ford KR, Taylor-Haas JA, Genthe K, Hugentobler J. 
Relationship between hip strength and trunk motion 
in college cross-country runners. Med Sci Sport Exerc. 
2013; 45(6): 1125-30. 



ABSTRACT
Background: The single leg triple hop (SLTH) test is often utilized by rehabilitation practitioners as a functional per-
formance measure in a variety of patient groups. Accuracy and consistency are important when measuring the 
patient progress and recovery. Administering the SLTH test on different surfaces, consistent with the patient’s sport, 
may affect the hop distances and movement biomechanics. 

Purpose: The purpose of this study was to examine the effects of court and turf surfaces on the hop distance, limb 
symmetry index (LSI), and lower extremity kinematics of a SLTH test. 

Methods: Recreationally active female participants (n=11, height 163.8±7.1cm, mass 63.1±7.1kg, age 18.9±0.9yrs), 
without injury, volunteered to participate in the study. Three maximal effort SLTH test trials on two different surfaces 
(court, synthetic turf) were collected and analyzed using 3D motion analysis techniques. Outcome variables included 
SLTH test distances and LSI values and sagittal plane kinematics including trunk, hip, knee and ankle range of motion 
(ROM) during the last two landings of each SLTH test trial. The second landing involves an absorption phase and 
propulsion phase in contrast to the final landing which involves absorption and final balance on the single leg. Paired 
t-tests were used to determine differences between surfaces in hop distance and LSI values. Two-way repeated mea-
sures ANOVA were used to determine differences between surfaces in kinematic variables. 

Results: The total SLTH test distance was not statistically different between the court (4.11±0.47m) and turf 
(4.03±0.42m, p=0.47) surfaces. LSI for the court surface was 100.8±3.0% compared to 99.7±3.0% for turf surface, 
which was not statistically different (p=0.30). Knee flexion ROM was significantly less (p=0.04) on the turf compared 
to the court surface during the second landing. Ankle flexion range of motion was also significantly less (p=0.03) 
during the second landing on turf compared to court. 

Conclusions: Type of surface influenced landing kinematics but not total SLTH test distance. When evaluating the 
quality of landings during a SLTH test, it may be warranted to observe each type of landing and the type of surface 
used during single leg tests. 

Keywords: biomechanics, landing, motion analysis, movement system, rehabilitation, return to sport
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INTRODUCTION
It is estimated that 200,000 anterior cruciate liga-
ment (ACL) injuries occur in the United States each 
year.1 Of those injured, 90% will undergo surgi-
cal ACL reconstruction (ACLR), typically resulting 
in rehabilitation for 6-12 months.2 Rehabilitation 
focuses on improving strength and symmetry dur-
ing functional tasks that begin in an isolated environ-
ment and progress toward simulating sport activity. 
A large percentage (94%) of athletes return to some 
level of sport, less than half at their previous level 
of competition, when surveyed between one and 
two years following ACLR.3 However, Paterno et al.4 
reported that 29.5% of athletes who had ACLR, and 
were cleared to return to sport, suffered a second ACL 
injury within 24 months after they returned to sport. 
Further, 30% of those second ACL injuries occurred 
within the first twenty athletic exposures after return 
to sport.4 Objective return to sport assessments and 
passing certain criterion is recommended to poten-
tially reduce the risk of second ACL injury.5 

One of the main physical performance tests used to 
inform the return to sport decision is a battery of 
single leg hop tests. The single-leg triple hop (SLTH) 
is part of this test battery and typically interpreted 
based on the calculation of a limb symmetry index 
(LSI) that compares the injured to the non-injured 
limb. An LSI of at least 90% is generally consid-
ered a sufficient threshold for return to sport.5,6 The 
SLTH test consists of three hops on a single limb for 
a maximal distance with a controlled landing on the 
final hop. There is some merit to using the LSI as 
a SLTH outcome measures as poor hop symmetry 
is predictive of an individual not playing sport two 
years post-injury.7 In addition to these performance 
outcome measures, the SLTH test also allows clini-
cians to qualitatively assess movement patterns and 
potential identify high-risk movement strategies 
such as dynamic lower extremity valgus8 and stiff-
legged landings.9,10 Consistent testing methodology 
is important when measuring recovery progress or 
improvement with performance training. However, 
different surfaces may need to be employed in clini-
cal or applied settings which may lead to altered hop 
distances or landing kinematics. 

Clinically, the SLTH test is typically performed wher-
ever clinicians have enough space for the athlete. 

This may be on a carpeted or tiled outpatient clinic 
setting, or on an athletic playing surface, such as a 
hardwood or synthetic court surface, natural grass, 
or artificial turf. However, the surface can signifi-
cantly alter individual performance and biomechan-
ics. McNitt-Gray et al.11 found that a stiff mat surface 
resulted in greater knee flexion in gymnasts during 
drop landings compared to a soft mat surface. Other 
studies12-14 have reported significant differences in 
movement and loading during a variety of move-
ments on different surfaces. Myers et al.12 reported 
normative SLTH test data from a large cohort of high 
school and college aged athletes that were tested on 
a court, rubber, or turf surface. Biomechanical differ-
ences between surfaces have been previously iden-
tified during dynamic cutting type movements and 
with mechanical impact attenuation testing.13,14 The 
differences of these movements on various surfaces 
may indicate that there would also be kinematic dif-
ferences between surfaces during a SLTH test. These 
differences may suggest that the surface chosen 
to perform a SLTH test may influence results, ulti-
mately impacting the return to sport decision and/or 
progression of rehabilitation programs. Since testing 
may occur on a variety of surfaces commonly found 
in physical therapy clinics and sport performance 
centers, quantifying the differences in SLTH test 
performance would inform clinical decisions regard-
ing return to sport. The purpose of this study was to 
examine the effects of a hardwood court and a syn-
thetic turf surfaces on the hop distance, limb sym-
metry index (LSI), and lower extremity kinematics of 
a SLTH test. Results from this study will better help 
guide clinicians as they administer return to sport 
testing batteries after ACL or lower extremity injury. 

METHODS

Participants
Recreationally active, injury-free, collegiate-aged 
females were recruited to participate in the study 
(n=11, height 163.8±7.1cm, mass 63.1±7.1kg, age 
18.9±0.9yrs). Potential participants were screened 
for eligibility and provided informed written con-
sent approved by the High Point University Institu-
tional Review Board. Inclusion criteria consisted of 
1) history of playing high school multi-directional 
sports (e.g. soccer, basketball, lacrosse), 2) currently 
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active in recreational activities, and 3) no current 
medical restrictions which would limit participa-
tion in running and jumping tasks and no history of 
lower extremity surgery. Prior to testing, height and 
body mass were collected for each participant using 
a standard stadiometer and self-reported limb domi-
nance was identified by asking the participant their 
preferred leg to kick a soccer ball.

Instrumentation
Participants were instrumented for biomechanical 
analysis with 43 retro-reflective markers (Figure 1). 
Standard footwear (adidas adipure 360.2; adidas Inter-
national, Inc., Portland, OR) was provided to all 

participants. Three-dimensional motion data were 
collected with twelve digital high-resolution cam-
eras (Raptor-12, Motion Analysis Corporation, Santa 
Rosa, CA) at 200 Hz. The capture volume was opti-
mized to include the second and third landings of 
the SLTH test. A static trial with the participant in 
anatomical position with foot placement standard-
ized was collected to determine each participant’s 
neutral alignment and anatomically define each 
body segment, by which subsequent biomechanical 
measures were referenced.

Procedures
Participants performed the SLTH test on both court 
(maple wooden basketball; Bio-Cushion Classic Rob-
bins Sport Surfaces, Cincinnati, OH), and synthetic 
turf (2.9 cm tufted pile, Polytex® USA, Calhoun, GA) 
surfaces. They were instructed to complete at least 
two, and no more than four practice trials on each 
surface. These practice trials were used to approxi-
mate the participants hopping distance to determine 
the start position for the participant. The starting 
position was important to ensure the participant’s 
second and final landings were in the motion analy-
sis capture volume. While the surfaces were large 
enough for all three landings, the capture volume 
was only able to be best optimized for two land-
ings. Therefore, the second and third landings were 
collected as they require different requirements. 
The second landing involves an absorption phase 
and propulsion phase in contrast to the final land-
ing which involves absorption and final balance on 
the single leg. Participants were instructed to per-
form three consecutive maximal forward hops on 
the same limb without hesitation (Figure 2). Other 
than a stable third and final landing, holding for two 

Figure 1. 3D Marker Locations. Anatomical landmarks at 
the sternum, sacrum, left PSIS, C7, three tracking markers on 
the upper back, and bilaterally on the shoulder, upper arm, 
elbow, wrist, ASIS, greater trochanter, midthigh, medial and 
lateral knee, tibial tubercle, midshank, distal shank, medial 
and lateral ankle, heel, posterior lateral foot, anterior lateral 
foot, and toe. 

Figure 2. Single leg triple hop (SLTH) test. Three consecutive maximal forward hops on the same limb without hesitation were 
performed. The second and third landings were analyzed kinematically.
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seconds, no restrictions were placed on arm move-
ment or required landing technique.15 Trials were 
repeated if the participant lost balance or contacted 
the ground with their opposing leg at any instance 
throughout the test. Each participant completed 
three successful SLTH test trials on each limb. The 
order of performance, including limb and surface 
were randomized for all participants. 

Data Analysis and Reduction
Total distance hopped was measured as the distance 
travelled from the toe marker during initial take off 
to toe marker after landing over the course of the 
three maximal hops. Distance hopped in the three 
trials were averaged for the dominant (limb used 
to kick a ball the furthest) and non-dominant limb, 
and used to calculate the LSI (non-dominant hop 
distance/dominant hop distance x 100%). Kinematic 
data were analyzed in Visual3D (Version 5, C-Motion 
Inc., Germantown, MD). Hip, knee and ankle joint 
centers were calculated as previously described 
from anatomically placed markers.16 Biomechanical 
data from both lower extremities and trunk17 were 
processed using MATLAB software (version 8.0, The 
Mathworks, Natick, MA). Initial foot contact for the 
second and third landings was unable to be deter-
mined using foot and ankle data since participants 
adopted either heel or toe landings during the SLTH 
test; thus, initial contact was defined as the time of 
maximal downward pelvic velocity.18 The end of the 
landing phase was determined by the lowest vertical 
position of the sacral marker.18 The sacral marker 
method is similar to other methods which identify 
whole body center of mass displacement from seg-
mental masses or force platforms.19 Biomechanical 
variables of interest included the excursion (maxi-
mum – minimum values) of ankle, knee, hip, and 
trunk sagittal joint angles during the deceleration 
landing phase of the second and third landing.

Statistical Analysis
All statistical analyses were performed using R pro-
gramming language (version 3.6.0, R Foundation for 
Statistical Computing, Vienna, Austria). The aver-
age distance and lower extremity kinematics of the 
three successful trials was used for analyses. Distance 
hopped was not statistically different (court: p=0.41; 
turf: p=0.70) between dominant and non-dominant 

limb, therefore, only the non-dominant limb was ana-
lyzed in subsequent analyses as this limb is often used 
in studies when compared to a patient group with an 
involved limb injury.20,21 Paired t-tests were used to 
determine statistical significant differences between 
surfaces in hop distance and LSI values. Two-way 
repeated measures (surface and joint) ANOVA were 
used to test for significant interactions and main effects 
during each landing (p<0.05). Post-hoc analyses were 
performed with Bonferroni adjustments and Cohen’s 
d effect sizes were calculated for each statistical com-
parison. Interpretations of effect sizes were operation-
ally defined as trivial (< 0.20), small (≥ 0.20 to < 0.50), 
medium (≥ 0.50 to < 0.80), and large (≥ 0.80).

RESULTS
The total hop distance on the non-dominant limb 
was not statistically different (p=0.47) between the 
court (4.11±0.47m) and turf (4.03±0.42m) surfaces. 
SLTH test LSI for the court surface was 100.8±3.0% 
compared to 99.7±3.0% for turf surface, which was 
not statistically different (p=0.30). 

Trunk, hip, knee and ankle total joint excursion are 
presented in Figure 3. During the second landing, a 
significant interaction (joint, surface, p=0.02) and 
main effects for joint (p<0.001) and surface (p=0.01) 
were found. Post-hoc analysis indicated significant 
differences (p<0.05) in the surfaces during the sec-
ond landing at the knee and ankle (Figure 3). Specif-
ically, there was significantly greater (p=0.04, large 
effect size 0.94) knee excursion on the court surface 
(34.9±5.3°) compared to turf surface (31.7±5.8°). 
Similarly, there was significantly greater (p=0.03, 
large effect size 1.03) ankle excursion on the court 
(25.6±7.8°) compared to turf (22.7±7.4°) surface. 
The trunk range of motion was not statistically dif-
ferent, however, a trend with a medium effect size 
during the court landing compared to turf surface 
(court 6.6±2.5°, turf 5.4±2.0°, p=0.11, effect size 
0.77). Surface differences were not found in hip flex-
ion (court 9.8±2.3°, turf 9.6±2.6°, p=0.79, effect 
size 0.08). During the final landing, a significant 
interaction (p=0.66) and main effect of surface 
(p=0.46) were not statistically significant for trunk, 
hip, knee and ankle excursion. Figure 3 illustrates 
the between participant comparison of each surface 
during the final landing. 
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DISCUSSION
The purpose of this study was to examine the effects 
of court and turf surfaces on the hop distance, limb 
symmetry index (LSI), and lower extremity kine-
matics of a SLTH test. There was not a statistically 

significant difference in total distance hopped or LSI 
values across both surfaces. However, on the more 
cushioned turf surface, decreased knee and ankle 
motion were found during the second landing of the 
SLTH test. The movement strategy to reduce ROM 
may relate to joint stiffening on a softer surface. 
During the second landing, an absorption phase and 
propulsion phase are required in contrast to the final 
landing which involves absorption and final bal-
ance on the single leg. Complex joint kinematic and 
kinetic modulation is evident during landing on dif-
ferent surfaces.11,22-25 For instance, when a softer sur-
face is used during landing, individuals will adopt a 
stiffer landing/hopping style.26 However, kinematic 
changes at the knee may not be as apparent with 
slight changes in surface and could be modulated 
primarily through ankle joint mechanics.22 Addition-
ally, a recent study found no differences in scoring 
of errors during a drop vertical jump task on three 
different surfaces.27 However, kinematics were not 
analyzed and the scoring is likely not sensitive 
enough to identify joint kinematic differences that 
we found in the current study. 

There was less than 2% difference between the 
LSI for the court and turf surface which is smaller 
than the previously established minimal detectable 
change score and not considered a significant dif-
ference in hop distance between the two surfaces.28 
The LSI would need to have a difference of at least 
10.02% to show a detectable change in distance 
jumped between the court and the turf.28 Reinjury 
after an ACLR is common among athletes.4 Return 
to sport protocols for ACLR often include the SLTH 
test.29 It was thought that reinjury may be due to 
the fact that the athlete may have had a LSI >90% 
on one surface, but may have had poor kinematics 
and <90% LSI on the athlete’s playing surface. The 
results from this study demonstrate that LSI was not 
affected between the court and the turf surfaces in 
healthy participants. This suggests that if only LSI 
was being considered for return to sport, the court 
and turf surfaces could be used interchangeable for 
testing. However, kinematic differences may exist, 
and quality of movement should be considered in 
addition to measured distances. 

The only significant kinematic differences between 
surfaces that were found were specific to the knee 

Figure 3. Effect of surface on second and final landing for 
trunk, hip, knee, and ankle excursion during the landing 
phase. Gray lines indicate the individual change for each par-
ticipant when comparing court and turf surfaces. Dot repre-
sents each participant and square represents mean with 
standard deviation black error bar. 
*p<0.05 post-hoc analysis indicated significant differences in the surface.
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and ankle flexion and occurred during the sec-
ond landing of the SLTH test. Knee flexion during 
the second landing of the SLTH test was found to 
be greater on the court surface compared to the 
turf surface. Trigsted et al.30 reported in a group of 
females (ages 18-25) with ACL reconstruction had 
less knee flexion (56.0±11.2°) compared to a control 
group (64.9±10.6°) during a single leg hop for dis-
tance (surface not described). Females, with intact 
and reconstructed ACLs, were reported to have less 
knee flexion than males during a jump-cut maneu-
ver landing on single leg.31 Decreased knee flexion, 
could increase the risk of a reinjury of the recon-
structed graft.32 Deficits in knee flexion could be a 
contributing factor to reinjury in female athletes 
who return to sport and is a compensatory strategy 
to reduce the knee extensor moment and shift proxi-
mally to the hip.33-35

Trunk flexion motion was not signficantly different 
but trended (medium effect size) towards greater 
range of motion on the court compared to the turf. 
Given our small sample size, further examination of 
trunk kinematics may be warranted. Blackburn & 
Padua36 reported that greater trunk flexion produced 
greater knee and hip flexion during drop landings. 
Trunk flexion reduces the peak vertical ground reac-
tion force and quadriceps activity, which decreases 
the load placed on the ACL during ground contact.37 
While we did not collect ground reaction force in 
this study, the increase in trunk flexion may relate 
to a response to reduce peak group reaction force 
and reduce load on the knee and ACL. 

Surface type used during SLTH test for return to 
sport measurements for athletes should also be con-
sidered. An athlete should be tested on the surface 
on which they compete before returning to sport. 
To reduce risk of injury in ACLR female patients, 
the SLTH test should be performed first on a sur-
face that promotes increased knee flexion, such as, 
a hardwood court. After the athlete has shown an 
LSI of ~90%,6 it is recommend that the athlete com-
plete the SLTH test on their sport surface. A limita-
tion to the current study was that only a court and 
turf surface were compared. Some physical therapy 
clinics may not have access to turf or court but may 
have a carpet, rubber, or other flooring surfaces. 
This study can only be generalized to athletes who 

participate in sports that compete on turf or court. 
Further research would need to be completed to 
look at other athletic surfaces (such as track, grass, 
sand, tennis court, etc.) to be able to generalize the 
findings to other sports. Another limitation in the 
study was that only young healthy adult females 
were observed. The results found in this study can-
not be generalized to males or to females of vary-
ing ages. Future studies will need to be conducted 
to further generalize the SLTH surface comparison 
results. Future studies should examine ground reac-
tion forces, joint moments, and estimates of ACL 
loading during the two landing phases of the SLTH 
test.

CONCLUSIONS
The type of surface tested in this study did not 
affect SLTH distance; however, surface does influ-
ence landing kinematics. This may be important to 
consider during SLTH testing as patients may use 
different landing kinematics to hop the same overall 
distance. Landing kinematics were not consistently 
different between surfaces from the second to third 
landing. Joint excursion kinematics, especially dur-
ing flexion at the knee and ankle, differed between 
the two surfaces. While small angular differences at 
the knee and ankle were evident between surfaces, 
it is still warranted to consider that only healthy 
participants were involved in the study and ACL 
injured participants may have greater magnitudes 
of difference in kinematics on the surfaces. Even 
though we did not examine ACL injured athletes, 
decreased knee and trunk flexion on turf surfaces 
may be especially important to consider in this pop-
ulation. When evaluating the SLTH test, it may be 
warranted to consider each hop landing and observe 
the total movement quality and the type of surface 
used before return to sport. 
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ABSTRACT
Background: Decelerating and cutting are two common movements during which non-contact anterior 
cruciate ligament (ACL) injuries occur in soccer players. Retrospective video analysis of ACL injuries has 
demonstrated that players are often in knee valgus at the time of injury.

Purpose: To determine whether prospectively measured components of valgus collapse during a deceleration and 
90° cut can differentiate between collegiate women’s soccer players who go on to non-contact ACL injury. 

Design: Secondary analysis of prospectively collected data.

Methods: 51 NCAA women’s soccer players completed motion analysis of a deceleration and 90° before the competi-
tive season. Players were classified as Injured (noncontact ACL injury during the season) or Uninjured at the end of 
the season. Differences between groups for peak hip adduction, internal rotation, and knee abduction angles, and 
knee valgus collapse were analyzed with a MANOVA.

Results: Four non-contact ACL injuries were reported at the end of the season. There was a significant dif-
ference between groups for hip adduction angle during the 90° cut (p=0.02) and deceleration (p=0.03). 
Players who went on to ACL injury were in more hip adduction.

Conclusions: Hip adduction angle is larger in players who go on to ACL injury than those who do not during two 
sport-specific tasks. The components of knee injury prevention programs that address proximal control and strength 
are likely crucial for preventing ACL injuries.

Level of Evidence: 2b

Keywords: injury, knee, movement system, soccer, training
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INTRODUCTION
Women soccer players incur anterior cruciate liga-
ment (ACL) injuries at a rate disproportionately 
higher than their male peers.1 The majority of ACL 
injuries among women occur without contact from 
another player.2 These non-contact injuries may 
result from poor on-field biomechanics and lack of 
neuromuscular control. Neuromuscular control is a 
modifiable risk factor for ACL injury, and therefore 
non-contact injuries may be preventable.3 Several 
injury prevention programs address presumed risk 
factors. These risk factors have been traditionally 
studied in the laboratory setting using tasks not spe-
cific to soccer (e.g. drop jump).3 To improve existing 
injury prevention programs and to design new ones, 
ACL injury risk factors should be studied in sport-
specific tasks.

Cutting and decelerating are two sport-specific 
movements that soccer players frequently execute. 
Planting and cutting or a sudden deceleration with a 
cut have also been identified as two of the most com-
mon mechanisms for non-contact ACL injuries.2,4,5 
Retrospective video analysis of team handball play-
ers demonstrated that the majority of non-contact 
ACL injuries occurred during a plant and cut move-
ment,6 and retrospective video analysis of women’s 
soccer players demonstrated that the second most 
common mechanism of ACL injuries was cutting.7 
Epidemiological work in the German women’s 
national soccer league also reported that seven 
out of eleven non-contact ACL injuries recorded in 
a single season resulted from a sudden change of 
direction.8 Through these observational and video 
analysis studies, several biomechanical patterns 
have been associated with non-contact deceleration 
and cutting related ACL injuries.

Sudden cutting and pivoting maneuvers in soccer are 
frequently preceded by a deceleration. Decelerating 
with the knee in close to full extension and valgus 
have been observed as antecedents to non-contact 
ACL injury.2,4,6 Cadaveric studies support this by 
demonstrating that the ACL is under greater strain 
at lower flexion angles, especially when combined 
with a valgus moment and internal tibial torque.9 
But, there is a paucity of controlled laboratory stud-
ies examining how the biomechanics of deceleration 
affect injury risk.

One of the most commonly cited biomechanical risk 
factors for ACL injury is valgus collapse.3 Valgus col-
lapse combines three motions: hip internal rotation, 
hip adduction, and knee abduction.3 In the labora-
tory setting, valgus collapse has been studied using 
a bilateral drop jump, with athletes at higher risk for 
injury demonstrating greater levels of valgus collapse 
and higher peak knee abduction moments.3 However, 
it has been estimated that only 25% of ACL injuries 
among women’s soccer players occur during jump 
landings.10 Observational studies have indicated that 
during deceleration and cutting related injuries the 
knee is frequently collapsed medially.6,7,11 Several 
studies have attempted to bridge this gap by examin-
ing whether there is a relationship between valgus 
collapse measured during landing tasks and cutting 
tasks.12–14 Although moderate to strong correlations 
between knee abduction angles measured during a 
cut and bilateral and unilateral drop jump landings 
respectively have been found,12,13 other comparisons 
between bilateral drop jumps and pre-planned cutting 
have demonstrated weak relationships.12,15 No research 
yet has used injury data to directly examine whether 
valgus collapse measured prospectively during a cut 
differentiates between players who go on to non-con-
tact ACL injury and those who do not go on to injury. 

Without establishing whether there is a direct associa-
tion between the biomechanics of the sport-specific 
tasks of decelerating and cutting and ACL injury risk, 
it is difficult to design effective injury prevention pro-
grams to make these tasks safer. It is also challenging to 
interpret the impact of injury prevention programs on 
a player’s on-field movement strategies if there is not 
a direct, quantifiable relationship between the biome-
chanics of sport-specific tasks and injury. Therefore 
the purposes of this exploratory study were to iden-
tify whether prospectively measured components of 
valgus collapse: peak hip adduction, hip internal rota-
tion, and knee abduction angles during a declaration 
and a 90° cut differentiate soccer players who go on 
to ACL injury from those who do not, and whether 
these components of valgus collapse are associated 
with future ACL injury in collegiate women’s soccer 
players. The hypothesis was that participants who 
went on to ACL injury would demonstrate greater hip 
adduction, hip internal rotation, and knee abduction 
angles, and more knee valgus collapse, on both tasks 
than participants who did not go on to ACL injury. 
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Nexus (v 1.85 VICON, Oxford Metrics Ltd, London, 
England) and Visual 3D (C-Motion Inc., German-
town. MD). Makers were labelled in Nexus and gaps 
in the markers less than five frames were filled using 
Nexus’s spline-based algorithm. If gaps were greater 
than five frames for either task, participants were 
excluded from the analysis.  Kinematic and kinetic 
data were low pass filtered at 6Hz and 40Hz respec-
tively. Inverse dynamics and rigid body analysis were 
then completed in Visual 3D using custom written 
scripts. Peak hip and knee kinematics and kinetics 
were exported from Visual 3D. Only the second and 
third trials of both the 90° cut and deceleration were 
analyzed secondary to higher reliability (Appendix 1). 

STATISTICAL METHODS
An innovative measure was used to analyze changes 
in lower extremity valgus, which was termed “knee 
valgus collapse”. Since valgus collapse is a compos-
ite of hip adduction, hip internal rotation, and knee 
abduction, it was assessed at peak knee flexion as a 
global measure. The equation used for this was Knee 
Valgus Collapse=hip adduction angle + hip internal 
rotation angle + (knee abduction angle x -1), with (-) 
values indicating less knee valgus collapse and (+) 
values indicating more knee valgus collapse.16

After accounting for marker dropout during both 
the 90° cut and the deceleration, 51 participants had 
complete data sets. Participants were divided into 
two groups: ACL injury, “Injured” (N=4) and no ACL 
injury, “Uninjured” (N=47). Independent t-tests were 
used to determine whether there were differences 
between Injured and Uninjured participants for 

METHODS
Three NCAA Division I and II women’s soccer teams 
were invited to participate in this research as part of 
a larger study. Sixty-eight participants were enrolled.  
This study was approved by the institution’s internal 
review board and all participants provided informed 
consent before participation. Participant demograph-
ics and injury histories were collected during motion 
analysis testing. Preseason motion analysis of two 
tasks was completed: a deceleration and a 90° cut. Six 
marker clusters and twenty-two retroreflective mark-
ers were placed on bony prominences by a single 
investigator (AA). Individual markers were placed 
bilaterally on the: acromion, iliac crest, greater tro-
chanter, medial and lateral femoral condyle, medial 
and lateral malleolus, base of the fifth metatarsal, 
base of the first metatarsal, and the posterior cal-
caneus, and the rigid marker clusters were placed 
on the: trunk, pelvis, thighs, and shanks. For the 
deceleration, participants were given a demonstra-
tion of the task and instructed to: “Accelerate over a 
10-meter distance to full speed and decelerate as the 
lower extremity strikes the center of the force plate.  
Ensure that your foot lands in the center of the plate 
and your heel does not touch the perimeter of the 
plate”.  For the 90° cut, participants were also given a 
demonstration of the task and instructed to, “Quickly 
run forward, plant your entire foot straight forward 
on the force plate, turn your hip 90°, and continue 
your run. Ensure that your entire foot lands on the 
center of the plate.” Participants completed three tri-
als of each task on the dominant and non-dominant 
limbs. Limb dominance was defined by which foot 
a participant would kick a ball with. Kinematic and 
kinetic data were recorded simultaneously using 
an eight-camera motion system (Vicon, Nexus) and 
an embedded force plate (Bertec Worthington, OH) 
sampling at 240Hz and 1080Hz respectively. 

During the soccer season, each team’s athletic 
trainer recorded injuries for their respective team. 
Injury data were shared with study investigators 
postseason, and four non-contact, grade 3 sprain 
ACL injuries were reported. Two ACL injuries on 
dominant limbs were reported and two ACL injuries 
on non-dominant limbs were reported. 

Post-processing of motion capture data for the 90° 
cut and for the deceleration was completed in Vicon 

Table 1. Comparison between limbs for kinematic 
variables.
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90° Cut
The MANOVA for the 90° cut was not significant 
(p=0.15). There was a significant difference between 
groups for hip adduction angle (p=0.02), with the 
Injured participants in greater hip adduction than the 
Uninjured participants (Injured mean: -0.02±3.96°, 
Uninjured mean: -5.75±4.73°) (Figure 1). There 
were no significant differences between groups for 
hip internal rotation angle (p=0.43, Injured mean: 
7.60±2.58°, Uninjured mean: 9.94±5.75°) knee 
abduction angle (p=0.89, Injured mean: -3.66±1.68°, 
Uninjured mean: -3.84±2.68°), or for knee valgus col-
lapse (p=0.86, Injured mean: -9.02±11.63°, Uninjured 
mean: -8.20±8.72°).

Deceleration 
The MANOVA for the deceleration was not signifi-
cant (p=0.17).  There was a significant difference 
between groups for hip adduction angle (p=0.03), 
with the Injured participants in greater hip adduc-
tion than the Uninjured participants (Injured mean: 
8.63±4.12°, Uninjured mean: 1.66±5.98°) (Figure 
2). There was also a significant difference between 
groups for knee valgus collapse (p=0.04), with 
Injured participants in more knee valgus collapse 
than the Uninjured participants (Injured mean: 
8.57±8.34°, Uninjured mean: 0.65±6.90°). There 
were no significant differences between groups for 
hip internal rotation angle (p=0.92, Injured mean: 
7.98±6.66°, Uninjured mean: 8.22±4.59°) or knee 
abduction angle (p=0.77, Injured mean: -2.03±3.28°, 
Uninjured mean: -1.66±2.38°). 

height, weight, and age. Paired samples t-tests were 
used to determine whether there were significant dif-
ferences between the dominant and non-dominant 
limbs of Uninjured participants for peak hip and 
knee kinematics. There were no significant differ-
ences between limbs, except for dominant limb knee 
valgus collapse (Table 1). So, peak hip and knee kine-
matics were averaged across limbs for Uninjured par-
ticipants so each Uninjured participant contributed a 
single healthy limb to the statistical model, and each 
Injured participant contributed a single ACL injury 
limb. Participants with previous history of ACL recon-
struction were excluded from this analysis.17 All data 
were analyzed in SPSS for Windows, version 25 (SPSS 
Inc. Chicago, IL). MANOVAs were used to determine 
whether there were significant differences between 
the Injured and Uninjured groups for peak hip inter-
nal rotation, hip adduction, and knee abduction 
angles and knee valgus collapse. Separate MANOVAs 
were used for the 90° cut and deceleration tasks. 

RESULTS
There were no significant differences between 
Injured and Uninjured participants for height, 
weight, or age (Table 2). 

Figure 1. A visual comparison between Injured and Unin-
jured players of peak components of valgus collapse during a 
90 degree cut.

Figure 2. A visual comparison between Injured and Unin-
jured players of peak components of valgus collapse during a 
deceleration.

Table 2. Demographic variables for Injured and Unin-
jured participants.
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DISCUSSION
The primary finding of this study was that women 
soccer players who incurred an ACL injury were in 
less hip abduction during preseason testing of two 
sport-specific tasks than women who did not incur 
ACL injury. These results partially supported the 
hypothesis. Participants who went on to ACL injury 
were in more hip adduction than those who did 
not go on to injury, however, hip internal rotation 
and knee abduction angles did not differ between 
players who went on to injury and those who did 
not. And, participants who went on to ACL injury 
were in more knee valgus collapse during the decel-
eration task than participants who did not go on to 
ACL injury. However, this difference did not exceed 
conservative measures of the smallest detectable 
change (SDC) for knee valgus collapse (Appendix 1).

These results partly confirm that components of 
valgus collapse measured during the soccer-specific 
tasks of decelerating and cutting may distinguish 
between players who will go on to ACL injury. The 
statistically significant differences between groups 
for both tasks exceeded the SDC values for hip adduc-
tion (Appendix 1), indicating the changes exceed 
noise in the signal. Hip internal rotation, another 
component of valgus collapse, did not differentiate 
between players who went on to injury and those 
who did not. This follows previous research which 
has indicated a lack of relationship between hip inter-
nal rotation and knee abduction angles while cutting, 
and has also suggested that hip internal rotation may 
not be predictive of ACL injury.18  Another interest-
ing finding of this analysis was that peak knee abduc-
tion angle during a 90° cut and deceleration also did 
not differentiate between Injured and Uninjured 
players. Knee abduction angle has been hypothe-
sized as a risk factor for ACL injury during cutting 
and decelerating.2,4,3 Although knee abduction angle 
did not differentiate between groups in this prospec-
tive cohort, high knee abduction angles while cut-
ting and decelerating are still likely a risk factor for 
ACL injury secondary to the increased load placed 
on the ACL.19,9 And, previous research has reported 
that knee abduction angle and hip adduction angle 
are highly correlated among women’s soccer play-
ers during a 90° cut.18  Therefore, reduction of hip 
adduction and knee abduction angles while deceler-
ating and cutting may lead to lower non-contact ACL 

injury risk. For this study, hip adduction may dif-
ferentiate between players who go on to ACL injury 
and those who do not because there may be more 
room for physiologic variability in this component 
of valgus collapse during a deceleration or 90° cut 
when compared to hip internal rotation and knee 
abduction angles. Identification of hip adduction as a 
risk factor for non-contact ACL injury helps confirm 
that reducing hip adduction angle with neuromus-
cular training is a favorable biomechanical change. 
And, identification of this modifiable biomechanical 
variable as a discriminating factor for players who 
go on to ACL injury can lead to improvements in the 
design of injury prevention programs.

Although this is the first study to analyze whether 
prospectively measured hip adduction angles during 
two soccer-specific tasks can differentiate between 
players who go on to ACL injury and those who 
do not, several studies have examined gender dif-
ferences in hip adduction angle during unilateral, 
athletic tasks. In both a randomly cued cutting task 
and a single leg landing task, women demonstrated 
a tendency toward greater hip adduction angles than 
men.20,21 Since women soccer players incur non-con-
tact ACL injuries at a rate higher than men,22 these 
studied gender differences, along with this study’s 
prospectively measured group differences, confirm 
the need for women’s participation in neuromus-
cular training to address this modifiable risk fac-
tor.  Hip adduction angle can be modified through 
exercises focused on proximal control.23-24  Inclusion 
of exercises addressing proximal control is a key 
factor in designing effective injury prevention pro-
grams.25 Descriptions of proximal control exercises 
to reduce knee valgus vary, but strengthening of 
the hip abductors and core and functional stability 
exercises with a focus on biomechanical alignment 
may be effective for reducing hip adduction angle 
during dynamic tasks.24,25 The results of this study 
affirm that increased hip adduction during deceler-
ating and cutting may be a risk factor for ACL injury 
and should be addressed through participation in an 
injury prevention program that focuses on proximal 
neuromuscular control and on biomechanical tech-
nique.25–27 As a biomechanical variable, hip adduc-
tion angle during these tasks may be modifiable 
through strengthening of the hip abductor muscles 
and participation in neuromuscular training.28–30
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there is potential for these tasks to be developed into 
tests to screen athletes for injury risk. Future work 
should examine these tasks in a larger cohort to fur-
ther explore their screening properties. 
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Several studies have expressed the need for a sport-
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CONCLUSION
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used to determine whether there were pre-season 
differences between the players who went on to 
sustain a non-contact, time loss, lower extremity 
injury during the season 5. One MANOVA was cal-
culated for the dominant limb and one MANOVA 
was calculated for the non-dominant limb for 
each task. Neither the MANOVA for the dominant 
(p=0.52) or non-dominant (p=0.24) limb for the 
90° cut was statistically significant. And, neither the 
MANOVA for the dominant (p=0.86) or non-domi-
nant (p=0.69) limb for the deceleration was statis-
tically significant. If the mean difference between 
injured and uninjured players exceeded the SDC, 
this was considered to be a MID6. MID= (Injured 
player mean- uninjured player mean) > SDC.  
*19 participants had usable 90° cut data, and 15 par-
ticipants had usable deceleration data.
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APPENDIX 1. 

Smallest Detectable Change (SDC) and 
Minimal Important Difference (MID) 
Calculation Methods
Smallest detectable change (SDC) and minimal 
clinical difference (MDC) values were calculated 
to determine whether biomechanical changes were 
clinically meaningful. Interclass correlation coef-
ficients were calculated to assess between trial 
reliability. Only the second and third trials of the 
cutting task were analyzed secondary to higher 
reliability between trials1,2. Interclass correlation 
coefficients (ICCs) demonstrated good to excellent 
reliability (>0.75-0.91) for all variables except dom-
inant knee valgus collapse and non-dominant hip 
adduction angle, which demonstrated moderate 
reliability (>0.5-0.75)3. ICCs were used to calculate 
the standard error of the mean (SEM), which was 
then used to calculated the SDC for each variable 
using the equation: SDC=SEM*1.96* 1,4. 

Minimal important differences (MID) were also cal-
culated. Injury logs across the soccer season were 
provided for one soccer team (N=19*) by the team’s 
athletic trainer. Study investigators verified that the 
soccer team was not participating in a structured 
injury prevention program, as this hypothetically 
would have altered injury risk.  MANOVAs were 

Smallest Detectable Change and Minimal Important 
Difference Values. 



ABSTRACT
Background: Emergent linkages between musculoskeletal injury and the nervous system have increased interest to 
evaluate brain activity during functional movements associated with injury risk. Functional magnetic resonance 
imaging (fMRI) is a sophisticated modality that can be used to study brain activity during functional sensorimotor 
control tasks. However, technical limitations have precluded the precise quantification of lower-extremity joint kine-
matics during active brain scanning. The purpose of this study was to determine the validity of a new, MRI-compatible 
motion tracking system relative to a traditional multi-camera 3D motion capture system for measuring lower extrem-
ity joint kinematics. 

Methods: Fifteen subjects (9 females, 6 males) performed knee flexion-extension and leg press movements against 
guided resistance while laying supine. Motion tracking data were collected simultaneously using the MRI-compatible 
and traditional multi-camera 3D motion systems. Participants’ sagittal and frontal plane knee angles were calculated 
from data acquired by both multi-camera systems. Resultant range of angular movement in both measurement planes 
were compared between both systems. Instrument agreement was assessed using Bland-Altman plots and intraclass 
correlation coefficients (ICC).

Results: The system demonstrated excellent validity in the sagittal plane (ICCs>0.99) and good to excellent validity 
in the frontal plane (0.84< ICCs < 0.92). Mean differences between corresponding range of angular movement mea-
surements ranged from 0.186° to 0.295°.

Conclusions: The present data indicate that this new, MRI-compatible system is valid for measuring lower extremity 
movements when compared to the gold standard 3D motion analysis system. As there is growing interest regarding 
the neural substrates of lower extremity movement, particularly in relation to injury and pathology, this system can 
now be integrated into neuroimaging paradigms to investigate movement biomechanics and its relation to brain 
activity. 

Level of Evidence: 3

Keywords: Biomechanics, fMRI, lower extremity, motion analysis, movement system

IJ
SP

T ORIGINAL RESEARCH

VALIDITY OF AN MRI-COMPATIBLE MOTION 
CAPTURE SYSTEM FOR USE WITH LOWER EXTREMITY 
NEUROIMAGING PARADIGMS 
Manish Anand, PhD1

Jed A. Diekfuss, PhD1,8,10

Scott Bonnette, PhD1

Ian Short2

Matthew Hurn3

Dustin R. Grooms, PhD4,5,6

Gregory D. Myer, PhD, FACSM, CSCS*D1,7,8,9,10,11

1 The SPORT Center, Division of Sports Medicine, Cincinnati Children’s Hospital 
Medical Center, Cincinnati, Ohio, USA

2 University of Cincinnati Biomedical Engineering, Cincinnati, OH, USA
3 University of Cincinnati College of Medicine, Cincinnati, OH, USA
4 Ohio Musculoskeletal & Neurological Institute, Ohio University, Athens, OH, USA
5 Division of Physical Therapy, School of Rehabilitation and Communication 

Sciences, College of Health Sciences and Professions, Ohio University, Athens, 
OH, USA

6 Division of Athletic Training, School of Applied Health Sciences and Wellness, 
College of Health Sciences and Professions, Ohio University, Athens, OH, USA

7 Department of Pediatrics and Orthopaedic Surgery, University of Cincinnati, 
Cincinnati, OH, USA

8 Emory Sport Performance and Research Center, Flowery Branch, GA, USA
9 Emory Sports Medicine Center, Atlanta, GA, USA

The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 936
DOI: 10.26603/ijspt20200936

CORRESPONDING AUTHOR
Manish Anand
The SPORT Center, Division of Sports 
Medicine, Cincinnati Children’s Hospital 
Medical Center, Cincinnati, Ohio, USA
E-mail: manand.wk@gmail.com

10 Department of Orthopaedics, Emory University School of Medicine, Atlanta, 
GA, USA

11 The Micheli Center for Sports Injury Prevention, Waltham, MA, USA

Conflict of interest: All authors declare no conflicts of interests.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 937

BACKGROUND
Functional magnetic resonance imaging (fMRI) 
is one of the most commonly utilized methods 
for studying brain activity, particularly as a mea-
surement tool to identify activity of brain regions 
important for motor control. Historically, fMRI was 
constrained to studying small scale upper extrem-
ity motor tasks (due to technological limitations 
and associated head motion artifact), but recent 
advancements have permitted fMRI to be used with 
lower extremity motor tasks, including leg flexion/
extension movements,1–5 leg press exercises against 
resistance,1,6 stepping tasks,7,8 and cycling.9 Though 
these studies have provided foundational knowledge 
of brain mechanisms driving lower extremity motor 
control, associated movement deficits are not simul-
taneously quantified as traditional motion capture 
systems contain ferromagnetic materials unsafe for 
MRI (i.e., as they become kinetic projectiles created 
through magnetic forces) and produce data artifacts. 

Typically, lower-extremity fMRI motor task para-
digms rely on external cues to ‘standardize’ move-
ments, (e.g., metronome, voice, or visual cues),1–5 
and with a few exceptions,10,11 do not objectively 
quantify the subjects’ movements or verify task com-
pliance via visual confirmation. Obtaining objec-
tive measures of performance—such as joint angle 
kinematics and range of motion—simultaneous with 
brain activation for within and between sessions in 
longitudinal trials is of particular concern to charac-
terize intervention and pathology effects related to 
lower extremity movements (e.g., cerebrovascular 
accidents,12 anterior cruciate ligament reconstruc-
tion (ACLR),13 Parkinson’s,14 Huntington’s15). Com-
pared to controls, differences in lower-extremity 
movement patterns associated with injury and/or 
pathology are well documented outside the con-
straints of the fMRI (i.e., in traditional motion cap-
ture laboratories)13,16–23 For example, patients who 
undergo ACLR—and even for those who are healthy 
but later go on to ACL injury—exhibit notably differ-
ent lower extremity kinematics during loading tasks 
like the drop vertical jumps (DVJ) or leg press.13,16–18 
Emergent evidence using fMRI further indicates 
that patients with ACLR also demonstrate increased 
visuomotor-related brain activity compared to non-
injured controls during knee flexion and extension 

movements (theorized to occur because of patients’ 
enhanced visual reliance for movement).3 Though 
considerable pre-testing practice combined with a 
relatively simple movement (a single joint move-
ment guided by a metronome-paced auditory cue) 
likely minimized any within or between group kine-
matic differences, patients and controls each com-
pleted these knee movements ~72 times with the 
assumption that movement characteristics were 
equivalent within trial blocks and between the two 
groups. The well-documented movement differ-
ences known to be present between these groups 
(ACLR vs. healthy controls measured via traditional 
laboratories) suggests there may still have been 
some differential movement (e.g., subtle differences 
in total range of motion), which may have partially 
contributed to the reported differences in brain acti-
vation. Developing a system to precisely quantify 
movements during fMRI would supplement such 
paradigms by providing a critical covariate for the 
neuroimaging analyses. Further, if notable move-
ment differences are observed even with standard-
ization and pre-testing practice (possibly more likely 
during complex, multi joint fMRI paradigms), such a 
system could also provide online kinematic biofeed-
back to guide and/or correct movement in real-time –  
akin to systems successfully developed outside the 
constraints of MRI.24–28

Although ‘MRI-safe’ multi-camera motion capture 
systems have been used successfully,29–31 these sys-
tems occupy significant infrastructural resources 
within the constraints of an MRI room and require 
considerable calibration and setup. A single camera 
MRI compatible motion tracking system (High Field 
Moiré phase tracking by Metria Innovation Inc. [Mil-
waukee, WI]) has been successfully used for prospec-
tive head motion correction during fMRI. In brief, 
this system consists of an in-bore camera unit (with 
VGA resolution) tracking a single32–34 or double35 pat-
terned and reflective marker, placed on the patient’s 
head. A similar system, shown in Figure 1, was 
custom developed for quantifying lower extremity 
movement during fMRI capable of tracking a maxi-
mum of up to four markers.* A previous study tested 
the reliability of a similar retro-grate reflector (RGR) 
based motion capture system with a 1.3 megapixel 
sensor, by measuring orientations during a land and 
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cut task with two markers aligned with the sagittal 
plane of the leg.36 Results of this study demonstrated 
that while tracking knee movement, the RGR sys-
tem was within 0.2° (sagittal plane) and 0.5° (frontal 
plane) of a standard multicamera motion capture 
system. However, the camera hardware used in this 
previous study was limited to a single knee with the 
camera axis perpendicular to the sagittal plane of 
the body. Tracking bilateral knee movements in the 
fMRI would require the camera axis to be oriented 
perpendicular to the frontal plane of the body to 
track both thighs and shanks. 

The purpose of this study was to determine the valid-
ity of a new, MRI-compatible motion tracking sys-
tem relative to a traditional multi-camera 3D motion 
capture system for measuring lower extremity joint 
kinematics. Three lower extremity motor tasks were 
utilized during active brain scanning (unilateral 
leg flexion/extension,2,3 unilateral leg press against 
resistance,1,6 bilateral leg press against resistance) to 
determine the validity of the MRI-compatible sys-
tem for use with future fMRI research. Congruent 
with previous literature that positioned the camera 
perpendicular to the sagittal plane,36 the authors 
hypothesized that the MRI-compatible system would 
produce comparable and valid joint kinematics to 
those produced with a traditional motion capture 
system when the MRI-compatible camera was posi-
tioned facing the frontal plane. 

METHODS

Participants
Fifteen subjects (9 females, 6 males; Mean age 
(years): 23.73, SD 4.91; Height (cm) 174.53 SD: 8.22; 
Weight (Kg) 75.06 SD: 13.15) from a convenience 
sample of staff and interns volunteered to partici-
pate in this study. Approval by the institutional 
review board of Cincinnati Children’s Hospital 
Medical Center was received for the study protocol 
and participants provided informed consent before 
testing.

Equipment
Standard 3D motion capture data was collected 
at 240 Hz using a 44-camera motion tracking sys-
tem (Motion Analysis Corp., Santa Rosa, CA). An 
MRI-compatible system (Figure 1a), custom devel-
oped by Metria Innovation Inc. (Milwaukee, WI) 
simultaneously captured movement data at 85 Hz. 
Standard optoelectronic spherical 9 mm reflective 
markers were used with the Motion Analysis sys-
tem. The MRI-compatible system uses four mark-
ers (Figure 1b) which are 55mm x 55mm x 10mm in 
dimension. The system measures the position and 
orientation of the markers and by extension the leg 
segment they are attached to. 

Data Collection
Measurements made with standard motion capture 
system were in the global (lab) coordinate system. 
Three standard optoelectronic spherical markers 
were also placed on each of the three perpendicu-
lar faces of the MRI-compatible camera module to 
approximate the orientation of the camera mod-
ule’s axes in the global coordinate system. These 
values were used to transform the measurements 
in the MRI-compatible camera coordinates to the 
global coordinates. All participants were fitted with 
standard spherical motion tracking markers on the 
lower extremity and four MRI-compatible markers. 
Standard spherical motion tracking markers were 
placed on the greater trochanter, mid lateral thigh, 
lateral and medial knee, tibial tubercle, mid shank 
and distal shank of both legs. The MRI-compatible 
markers were fitted in a cross-frame with four stan-
dard spherical motion tracking markers on the ends 
of the cross-arms, as shown in Figure 2a. Thus, each 

Figure 1. (a) Camera unit with camera axis overlaid.  
(b) Marker for the MRI compatible motion capture system, 
overlaid with its axes.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 939

cross-frame referenced the MRI-compatible markers 
to the lab coordinate system. 

A static capture was performed with subjects in 
neutral standing position to establish segment 
coordinate system and transformation matrices 
for tracking markers on the cross frames attached 
to the respective leg segments. Following this, the 
subjects laid supine, with an angular pad supporting 
participants in knee flexion, and the MRI-compat-
ible camera unit was positioned with the camera’s 
z-axis perpendicular to the frontal plane (i.e. camera 
facing the frontal plane) of the subject and approxi-
mately three feet superior to their leg at maximum 
flexion. The subjects performed eight complete uni-
lateral leg flexion-extension movement cycles on 
each leg (Figure 2b, top), individually. Next, the sub-
jects were positioned into the leg press (Figure 2b, 
bottom), where they performed eight complete uni-
lateral press-release movement cycles on each leg 
followed by eight complete bilateral press-release 
movement cycles. Participants complete all move-
ments at their own pace. All data were processed in 
MATLAB (MathWorks, Natick, MA).

Data Analysis
Marker trajectories from the standard and MRI-
compatible motion capture systems, and orienta-
tions from the MRI-compatible system were filtered 
using a low-pass fourth order Butterworth filter with 
a cutoff frequency of 12 Hz. The standard spheri-
cal markers on the cross-frame arms were used as 

tracking markers for the standard motion capture 
system. Trials were repeated if over three simultane-
ous frames were missing from the MRI-compatible 
motion capture system. Missing frames were spline 
interpolated. The static capture was used to define 
segment coordinate systems using the anatomi-
cal markers, and segment transformation matrices 
between the tracking markers and segment coor-
dinate system. Transformation matrices were also 
defined between the coordinate system of each 
MRI-compatible marker and the respective segment 
coordinate system. The knee joint sagittal and fron-
tal plane angles were calculated from the standard 
motion capture tracking data using joint coordinate 
system approach37 utilizing standard biomechanics 
procedures.38 

To temporally align the data from the two systems, 
first, the angle (θ) between the vectors normal to 
the plane of the standard motion capture system 
marker group of the cross frames for each leg was 
calculated, then the angle (ϕ) between the normal to 
the MRI-compatible markers were computed. θ and 
ϕ were compared and served as reference to align 
the data temporally between the two motion capture 
systems. The data from standard motion capture sys-
tem was interpolated at 85 Hz and was aligned with 
the MRI-compatible system’s data for the remaining 
steps. 

The MRI-compatible system reports the origin 
and pose of the markers in the camera coordinate 

Figure 2. (a) Subject wearing the MRI compatible markers fitted in the cross frame and flanked by standard motion capture 
markers. (b) (Top) Right knee flexion-extension and (bottom) left unilateral leg press against resistance are shown for reference.
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system. To transform the data to the lab coordinate 
system, the estimated axes of the camera coordinate 
system were calculated in the lab coordinate system 
using the normal to the planes of the camera. The 
estimated x-axis and the xy-plane were used to cal-
culate the orthonormal axes of the MRI-compatible 
camera in the lab coordinate system. The marker 
orientations were converted from camera coordi-
nates to the lab coordinates. Using the transforma-
tions from the static capture, the orientation of the 
MRI-compatible markers were used to calculate 
the orientation of the segment coordinate system. 
Finally, the frontal and sagittal plane angles were 
calculated as in the previous steps. 

Range of motion for each cycle was obtained by tak-
ing the difference of the maximum and minimum 
measures per cycle in the sagittal and frontal plane, 
where the cycle was defined by the sagittal plane 
angles. The mean of the range of motion across the 
8 cycles was obtained. This measurement from both 
systems was compared and presence of any system-
atic bias between the two measurements was eval-
uated with Bland-Altman plots and outliers were 
determined with 95% limits of agreement (LoA) and 

95% confidence interval (CI) limits.39,40 Intra-class 
correlation coefficients (ICC) using two-way, mixed 
effect absolute agreement single measurements 
were calculated along with the corresponding 95% 
CI limits.41 Excellent agreement was inferred at ICC 
above 0.90, good if between 0.75 and 0.90, moderate 
if between 0.50 and 0.75 and poor if below 0.50.42

Results
Mean difference between measurements from the 
standard motion capture system and MRI-compati-
ble system, associated standard deviations and 95% 
CI, ICCs and corresponding 95% CI lower and upper 
limits for ICCs are presented in Table 1. The larg-
est mean difference was observed for sagittal plane 
knee angle during the unilateral leg press at an error 
of 0.295°, and the largest variability was observed in 
the frontal plane knee angle with a standard devia-
tion of 1.196°. All ICCs calculated were >0.99 for sag-
ittal plane angles and >0.84 for frontal plane angles 
indicating a high level of agreement between the 
measurements obtained from the two motion cap-
ture systems. Bland-Altman plots for knee flexion, 
unilateral leg press and bilateral leg press exercises 
are presented in Figure 3. The plots show absence 

Table 1. Mean differences and standard deviations in degrees between 
standard motion capture and MRI compatible motion capture system for 
each leg task along with intraclass correlation coefficient (ICC) and corre-
sponding 95% confidence interval.
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of magnitude dependent bias in the measurement 
difference.

Discussion
With fMRI-based examination of brain function as it 
relates to movement-based motor tasks, kinematic 

quantification of the motor tasks being studied is 
crucial to enhance mechanistic linkages between 
the brain and body. Though previous studies have 
succeeded in associating brain function with injury- 
and/or pathology-related movement character-
istics (or just for differentiating brain function for 

Figure 3. Bland-Altman plots of knee sagittal and frontal plane angles for all exercises. Mean of the measured angles by both 
systems is plotted along x-axis and the respective differences along y-axis. The bold horizontal line represents the mean of the dif-
ference between the two systems and the dashed lines represent 95% LoA.
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populations known to elicit dysfunctional biome-
chanics [e.g., ACLR]), they have been limited by 
modalities that preclude whole-brain, ecologically 
valid examination of brain activity during actual 
lower extremity movement assessment (e.g., rest-
ing-state EEG/fMRI, transcranial magnetic stimu-
lation function).43–52 There is limited knowledge 
related to the potentially unique subcortical and 
cortical neural correlates important for eliciting dif-
ferential movement characteristics – even in task-
based lower-extremity fMRI paradigms for which 
movement is theoretically standardized (i.e., subtle 
intra- and inter-subject movement reasonably exist). 
Such cohesive quantification of movement kinemat-
ics during fMRI could facilitate the improvement of 
proposed and existing injury prevention and reha-
bilitation programs aimed to simultaneously elicit 
injury resistant movement and enhanced brain 
function.1,48,53,54 Integrated assessment tools pro-
vide the next fundamental step in bridging the gap 
between traditional lab-based biomechanical obser-
vations for quantifying motor performance simulta-
neously with brain function. These tools could allow 
for the discovery of the most salient neural mecha-
nisms underlying movement dysfunction to supple-
ment recent recommendations calling for clinicians 
to leverage neuroplasticity to enhance movement-
based, musculoskeletal rehabilitation.55–58 The cur-
rent data indicate that the evaluated MRI-compatible 
motion capture affords the possibility to bridge these 
gaps by simultaneously quantifying movement kine-
matics with associated brain activity.

The goal of this study was to evaluate the utility 
and validity of the MRI-compatible motion capture 
system by testing it against a gold standard, the 3D 
Mo Cap Motion Analysis system (i.e. a multi-camera 
motion capture system). The results of the present 
study revealed excellent agreement for sagittal plane 
measurements (ICC > 0.99) and good to excellent 
agreement for frontal plane angle measurements 
(0.84 < ICC < 0.92). Average mean differences 
in both planes of movements were less than one 
degree between the two systems. The MRI-compat-
ible measurement system tracked joint movements 
throughout the range of movement in these tasks, 
the highest of which was measured to be ~72° in 
the sagittal plane during bilateral leg press as seen in 

Figure 3(e). The high level of agreements in Table 1 
imply high consistency between the system’s mea-
surements, with mean differences between the 
two systems measuring less than one degree. Clini-
cally, concurrent quantification of lower extremity 
kinematics and brain activity could reveal new and 
unique neural correlates of movements and pathol-
ogies – possibly more so than previous, isolated 
approaches that do not provide simultaneous data 
collection. For example, simply differences in time 
of day, testing location, participant motivation, and 
differential rates of movement versus neurologic 
recovery could all be considered confounds. The 
MRI-compatible motion capture system could be a 
significant tool for assessing the neural mechanis-
tic drivers associated with adaptations from injury 
prevention training and rehabilitation programs by 
quantifying the effectiveness of these methods with 
simultaneous brain function assessment. Further, 
clinicians could customize training programs to tar-
get specific neurologic dysfunction to illicit a fur-
ther optimized behavioral response, particularly to 
address neuroplasticity associated with injury.1,53,54 

A previous study with a similar system and motion 
tracking technology (i.e. Moiré phase tracking) 
but different camera unit36 was validated against 
a standard motion capture system. With a camera 
positioned parallel to sagittal plane knee flexion, 
analysis of maximum and minimum kinematic 
angles during single leg landing and cutting tasks 
produced similar, valid findings to the present study. 
The current data extend these findings by further 
demonstrating the MRI-compatible measurement 
system’s ability to track multiplanar motion from 
a single camera oriented towards the frontal plane. 
The current study validated the use of four markers 
simultaneously and showed minimal differences in 
measurements from the gold standard, despite a dif-
ference in the location of the plane of movement of 
the markers relative to the camera (perpendicular to 
frontal plane knee flexion).

One limitation of the experiment was that the exer-
cises by design did not accentuate large frontal 
plane displacement during the task. However, from 
an kinematic perspective during functional tasks, 
a mere 8° differentiates high vs low risk for future 
ACL injury when assessed during a dynamic landing 
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task13 and 4.1° frontal plane increased frontal plane 
knee motion differentiated those at high risk for 
secondary injury.59 Thus, even relatively, small 
changes in frontal knee ROM could be associated 
with increased susceptibility to movement error and 
are highly clinically relevant in ranges captured in 
this investigation. While the mean frontal and sagit-
tal plane measurement error between the two sys-
tems were comparable for each task, sagittal plane 
measurements produced relatively higher agree-
ment (Figure 3). As the included exercises were pri-
marily in the sagittal plane (supported by relatively 
larger ROM kinematics), agreement data indicate 
that the MRI compatible motion capture system 
may be more accurate for tracking the plane of 
movement with greater relative excursion. Though 
the present exercises still produced clinically mean-
ingful frontal plane movement, smaller excursions 
may have precluded more accurate tracking by the 
MRI compatible system (albeit agreement was still 
‘good’). It is reasonable to hypothesize that exercises 
engaging greater frontal plane motion would be 
tracked with even further accuracy by the MRI com-
patible system. As kinematic data were not collected 
during frontal plane exercises due to the majority 
of lower extremity neuroimaging paradigms engag-
ing sagittal plane motion, future research that tests 
different planar movements is warranted to further 
validate the MRI compatible system. Another limi-
tation of the MRI-compatible system is that it can 
track a maximum of four markers and as such only 
four segments per frame. Therefore, concurrent 
bilateral measurements of hip or foot movement in 
addition to knee movement would not be directly 
possible. Also, occasionally the range of movement 
of the markers was more than +/- 60°, sometimes 
resulting in lost tracking due to limited field of 
view of the camera, and required a repetition of the 
trial, a scenario less likely with multi-camera MRI 
compatible systems. Markerless motion tracking 
systems, though not available for MRI compatible 
applications, could overcome limitations of tracking 
markers, though most current systems struggle with 
tracking individual segments when all body seg-
ments are not in view,60 which is the case for fMRI as 
an individual’s torso is inside the bore of the scanner 
and thus occluded from a camera, while individual 
markers for a segment may still be visible. Future 

work to develop multi marker units are warranted 
to expand this line of research to more functional 
movement assessments. Last, we collected kine-
matic data using different sampling rates between 
the two systems (240Hz for standard motion capture 
vs. 85 Hz for MRI-compatible motion capture). How-
ever, as the frequency of subjects’ movements were 
less than 2 Hz and the kinematic variable of interest 
was range of motion, one would expect any differ-
ences to be insignificantly small as this would only 
trivially affect the minimum and maximum values 
used for calculation (i.e., a large range of motion 
would still be a large range of motion). While vali-
dation using matched or derivative-based sampling 
rates between the two systems may have been ideal, 
the present data still indicated that the MRI-compat-
ible system provided accurate and valid kinematic 
measurements. This system will be valuable to 
accelerate future research aiming to quantify lower 
extremity movement during neuroimaging to better 
understand the neural substrates of movement and 
pathology. 

CONCLUSION
The results of the current investigation demonstrate 
that the single-camera MRI-compatible motion 
tracking system provides highly consistent and 
valid results compared to the gold standard, a multi-
camera motion analysis system. These data provide 
assurance this MRI-compatible motion tracking sys-
tem will produce valid kinematic results with high 
fidelity to that of standard biomechanical assess-
ments. As this custom system is also MRI-safe, these 
data further support its integration with lower-
extremity neuroimaging paradigms to discover how 
brain function contributes to dysfunctional human 
movement. 

REFERENCES
1.  Grooms DR, Kiefer AW, Riley MA, et al. Brain-

behavior mechanisms for the transfer of 
neuromuscular training adaptions to simulated 
sport: Initial findings from the train the brain 
project. J Sport Rehabil. 2018;27(5):1-5.

2.  Grooms DR, Page SJ, Onate JA. Brain activation for 
knee movement measured days before second 
anterior cruciate ligament injury: Neuroimaging in 
musculoskeletal medicine. J Athl Train. 
2015;50(10):1005-1010.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 944

3.  Grooms DR, Page SJ, Nichols-Larsen DS, Chaudhari 
AMW, White SE, Onate JA. Neuroplasticity 
associated with anterior cruciate ligament 
reconstruction. J Orthop Sports Phys Ther. 
2017;47(3):180-189.

4.  Raisbeck LD, Diekfuss JA, Grooms DR, Schmitz R. 
The effects of attentional focus on brain function 
during a gross motor task. J Sport Rehabil. 
2020;29(4):441-447.

5.  Lepley AS, Grooms DR, Burland JP, Davi SM, 
Kinsella-Shaw JM, Lepley LK. Quadriceps muscle 
function following anterior cruciate ligament 
reconstruction: systemic differences in neural and 
morphological characteristics. Exp Brain Res. 
2019;237(5):1267-1278.

6.  Grooms DR, Diekfuss JA, Ellis JD, et al. A novel 
approach to evaluate brain activation for lower 
extremity motor control. J Neuroimaging. 
2019;29(5):580-588.

7.  Jaeger L, Marchal-Crespo L, Wolf P, Riener R, Kollias 
S, Michels L. Test-retest reliability of fMRI 
experiments during robot-assisted active and passive 
stepping. J Neuroeng Rehabil. 2015;12(1):102.

8.  Jaeger L, Marchal-Crespo L, Wolf P, Riener R, 
Michels L, Kollias S. Brain activation associated with 
active and passive lower limb stepping. Front Hum 
Neurosci. 2014;8: 828. doi:10.3389/fnhum.2014.00828.

9.  Fontes EB, Okano AH, De Guio F, et al. Brain activity 
and perceived exertion during cycling exercise: an 
fMRI study. Br J Sports Med. 2015;49(8):556-560.

10.  Shanahan CJ, Hodges PW, Wrigley T V., Bennell KL, 
Farrell MJ. Organisation of the motor cortex differs 
between people with and without knee 
osteoarthritis. Arthritis Res Ther. 2015;17(1):164.

11.  MacIntosh BJ, Mraz R, Baker N, Tam F, Staines WR, 
Graham SJ. Optimizing the experimental design for 
ankle dorsiflexion fMRI. Neuroimage. 2004;22(4): 
1619-1627.

12.  Bohannon RW. Gait performance of hemiparetic 
stroke patients: selected variables. Arch Phys Med 
Rehabil. 1987;68(11):777-781.

13.  Hewett TE, Myer GD, Ford KR, et al. Biomechanical 
measures of neuromuscular control and valgus 
loading of the knee predict anterior cruciate 
ligament injury risk in female athletes: A 
prospective study. Am J Sports Med. 2005;33(4): 
492-501.

14.  Blin O, Ferrandez AM, Serratrice G. Quantitative 
analysis of gait in Parkinson patients: increased 
variability of stride length. J Neurol Sci. 1990;98(1): 
91-97.

15.  Hausdorff JM, Cudkowicz ME, Firtion R, Wei JY, 
Goldberger AL. Gait variability and basal ganglia 

disorders: Stride-to-stride variations of gait cycle 
timing in parkinson’s disease and Huntington’s 
disease. Mov Disord. 1998;13(3):428-437.

16.  Scarvell JM, Smith PN, Refshauge KM, Galloway H, 
Woods K. Comparison of kinematics in the healthy 
and ACL injured knee using MRI. J Biomech. 
2005;38(2):255-262.

17.  Feiring DC, Ellenbecker TS. Single versus multiple 
joint isokinetic testing with ACL reconstructed 
patients. Isokinet Exerc Sci. 1996;6(2):109-115.

18.  Esfandiarpour F, Shakourirad A, Talebian 
Moghaddam S, Olyaei G, Eslami A, Farahmand F. 
Comparison of kinematics of ACL-deficient and 
healthy knees during passive flexion and isometric 
leg press. Knee. 2013;20(6):505-510.
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ABSTRACT
Background: Hamstring strain injuries are common in many sports. Following a hamstring injury, deficits in peak 
and explosive strength may persist after return to sport potentially affecting sprint performance. Assessment of 
repeated-sprint ability is recognized as an important part of the return to sport evaluation after a hamstring injury. 

Purpose: This purpose of this exploratory cross-sectional study was to compare sprinting performance obtained dur-
ing a repeated-sprint test between football players with and without a previous hamstring strain injury. 

Methods: Forty-four fully active sub-elite football players, 11 with a previous hamstring strain injury during the pre-
ceding 12 months (cases; mean age, SD: 25.6 ± 4.4) and 33 demographically similar controls (mean age, SD: 23.2 ± 
3.7), were included from six clubs. All players underwent a repeated-sprint test, consisting of six 30-meter maximal 
sprints with 90 seconds of recovery between sprints. Sprint performance was captured using high-speed video-record-
ing and subsequently assessed by a blinded tester to calculate maximal sprint velocity, maximal horizontal force, 
maximal horizontal power, and mechanical effectiveness.

Results: A significant between-group difference was seen in favor of players having a previous hamstring injury over 
6 sprints for maximal velocity (mean difference: 0.457 m/s, 95% CI: 0.059-0.849, p=0.025) and mechanical effective-
ness (mean difference: 0.009, 95% CI: 0.001-0.016, p=0.020) 

Conclusion: Repeated-sprint performance was not impaired in football players with a previous hamstring strain 
injury; in fact, higher mean maximal sprinting velocity and better mechanical effectiveness were found in players 
with compared to without a previous hamstring injury. The higher sprinting velocity, which likely increases biome-
chanical load on the hamstring muscles, in previously injured players may increase the risk of recurrent injuries.

Level of evidence: 3b

Keywords: Hamstring injury, return to play, repeated-sprint performance, injury prevention, re-injury, soccer
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INTRODUCTION
Hamstring strain injuries are common in many 
sports, constituting up to 37% of all muscle inju-
ries encountered in professional football.1 Conse-
quently, the burden of hamstring strain injuries 
results in substantial lay-off times for players 
potentially leading to reduced team performance.2 
Hamstring strain injuries are thought to occur dur-
ing the late swing phase or early stance phase of 
maximal sprint running, which are characterized 
by peak hamstring musculotendon strain or large 
ground reaction forces, respectively.3 Following 
a hamstring strain injury, previous research has 
documented deficits in peak eccentric hamstring 
muscle strength,4 rate of torque development,5 
and hamstring muscle fatigue resistance6 as well 
as alterations in hamstring muscle activation 
patterns.7,8 

In football (soccer), sprinting performance, both 
acceleration9 and at maximal velocity,10 is crucial 
for match performance. During sprinting, the ham-
string muscles work by eccentrically decelerating 
knee extension during the swing phase, followed 
by a hip extension and knee flexion moment in 
the stance phase to generate horizontal forces.11,12 
Thus, previous studies have found associations 
between sprint performance with 1) eccentric ham-
string strength and biceps femoris long head activa-
tion,11 and with 2) explosive knee flexion torque.13 
These observations highlight the importance of the 
hamstring muscles for sprinting performance.14,15 
Consequently, neuromuscular deficits as a conse-
quence of a hamstring injury16 could impair sprint 
performance.11,13 In line with this, some studies have 
observed reduced horizontal force production dur-
ing both a single sprint17 and repeated sprinting18 
in football players with a previous hamstring strain 
injury indicative of impaired sprint acceleration. 
However, comprehensive analysis of sprinting per-
formance in football players with a hamstring strain 
injury involving both acceleration and maximal 
velocity measures, have not been conducted but is 
considered important for return to play decisions.19 
Therefore, the purpose was to compare sprinting 
performance obtained during a repeated-sprint test 
between football players with and without a previ-
ous hamstring strain injury. 

METHODS

Study design
This pre-registered (ClinicalTrials.gov ID: 
NCT03306511) exploratory cross-sectional study com-
pared mechanical sprint variables related to sprint 
acceleration performance and peak sprint velocity20 
assessed during a repeated 30-meter sprint test in foot-
ball players with and without a self-reported previous 
hamstring strain injury in the preceding 12 months. 
Participants included in the study were Sub-elite 
senior football players from six football clubs located 
in the Greater Copenhagen area by convenience sam-
pling. The reporting adheres to the Strengthening the 
Reporting of Observational Studies in Epidemiology.21 
Approval was obtained from the Danish Ethics Com-
mittee of the Capital Region (Identifier: 17018805). 
All participants gave their informed written consent 
according to the Declaration of Helsinki.

Study setting
All data were collected at the facilities of the respec-
tive football clubs located in the Greater Copenha-
gen area between 19th of October 2017 and 23rd of 
November 2017. Sprint performance measures were 
performed outdoor on either artificial turf or natural 
grass depending on the facilities of the specific foot-
ball club. Participants wore football boots during test-
ing. Prior to sprint testing, all participants underwent 
a standardized and supervised warm-up procedure 
consisting of running and sprinting drills with pro-
gressive intensity for a duration of 15-minutes. Prior 
to testing players were asked if they felt ready for 
maximal sprinting, and if not they were instructed to 
perform an additional few sprints as warm-up until 
ready. All participants were instructed to refrain from 
high-intensity physical activity 24-h prior to testing.

Participants. To be eligible for inclusion, partici-
pants had to participate fully in football training 
and be available for match play at the time of test-
ing (minimum three training/match sessions per 
week). Participants were categorized as players with 
a previous hamstring injury if they reported a previ-
ous hamstring strain injury (acute onset of pain to 
the posterior thigh) resulting in time-loss from regu-
lar football training or football matches in the pre-
ceding 12 months. Injury severity was categorized 
as mild (<1 week), moderate (1-4 weeks), or severe 
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Bias
To reduce potential bias related to sampling of par-
ticipants, at least one player with and without a pre-
vious hamstring injury in each club were included.

Sample size considerations
Due to the convenience sampling and explorative 
nature of this study, an a priori sample size calcu-
lation was not performed. Thus, the sample size 
was based on the number of initial contacted clubs 
and participants who accepted to participate in the 
study.

Statistical analyses
Data analyses was performed in SPSS (v. 23, IBM 
Corporation, New York, USA). Mean differences 
in mechanical sprint variables (FH0, V0, Pmax, DRF) 
obtained during the repeated-sprint test was ana-
lyzed using a mixed model analysis of variance 
(Mixed ANOVA) to test for interaction between 
groups (players with versus without a previous ham-
string injury) and time (repeated sprints). As Mauch-
ly’s test of sphericity was violated for all variables, 
the Greenhouse-Geisser correction was applied to 
adjust p-values for all interaction effects. If no signif-
icant interaction effect was observed, main effects 
of group was analyzed to investigate if an overall 
mean difference existed between groups. Indepen-
dent t-tests were applied to test between-group dif-
ferences in FH0 and V0 extracted from the first sprint. 

Effect sizes were calculated for main effects using 
Cohen’s d as  and interpreted 
as trivial (d<0.2), small (d≥0.2), medium (d≥0.5), 
and large (d≥0.8).26 A significance level of 0.05 was 
applied for all statistical tests. Data are presented as 
mean values (SD, standard deviation), unless other-
wise stated.

RESULTS

Participants
Forty-four sub-elite football players were included 
in the study from six football clubs during the   
in-season football period between October 2017 
and November 2017. Thirty-three players reported 
no previous hamstring strain injury in the preced-
ing 12 months, whereas eleven players reported a 
time-loss hamstring strain injury in the preceding 

(>4 weeks).22 Exclusion criteria for both players with 
and without a previous hamstring injury  were: Any 
self-reported longstanding injury other than ham-
string injury (>6 weeks) in the lower extremities or 
trunk in the preceding 12 months; any pain in the 
lower extremity, pelvis, or spine during testing. Fur-
thermore, to increase the generalizability of the find-
ings to outfield players, goal keepers were excluded.

Outcome measures
Due to the explorative study design, the outcome 
variables follow a flat outcome structure. Outcomes 
of interest were the between-group (players with 
versus without a previous hamstring injury) differ-
ence in mechanical sprint variables obtained dur-
ing a repeated-sprint test consisting of 6 x 30-meter 
maximal sprints. Mechanical sprint variables were: 
maximal horizontal force production (FH0; N/kg), 
maximal theoretical sprinting velocity (V0; m/s), 
maximal horizontal power output (Pmax; W/kg), 
and mechanical effectiveness measured as the rate 
of decrease (slope) in ratio of force with increasing 
speed (DRF).

20 Furthermore, we also analyzed the 
between-group difference in horizontal force pro-
duction and maximal theoretical sprinting velocity 
extracted from the first sprint, since a single sprint 
effort is also considered important for match play.10

Data collection
Thirty-meter repeated sprint performance was mea-
sured using a high-speed 240 Hz iPhone 6 camera 
(Apple Inc., USA) and the MySprint application.23 
MySprint has shown high inter-tester reliability 
(intraclass correlation coefficient (ICC): 0.998) and 
concurrent validity with timing photocells (Pearson’s 
product-moment correlation (r): 0.989-0.999) and 
radar gun measurement (r: 0.974-0.999).23 Partici-
pants performed a repeated sprint test consisting of 
6 × 30-meter maximal sprints, while starting from a 
crouched position (staggered-stance) with one hand 
placed on the starting line.23 Each sprint trial was sep-
arated by 90 seconds of rest to ensure adequate recov-
ery of heart rate and thus facilitate maximal intensity 
in each sprint trial.24 A rater blinded to previous ham-
string strain injury history, analyzed sprint data in 
the MySprint application, which then automatically 
calculated the mechanical sprint variables (FH0, V0, 
Pmax, DRF) for each trial using a field-based method.25 
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Main effects of groups showed a significant mean 
difference, corresponding to a medium effect size, 
for mean maximal theoretical sprinting velocity 
(V0) in favor of players with a previous hamstring 
strain injury (mean difference: 0.45 m/s, 95% CI 
[0.06;0.85], p=0.025, d=0.77) and for mechanical 
effectiveness (Drf) (mean difference: 0.009, 95% CI: 
0.001-0.016, p=0.020, d=0.50) (Table 3). The remain-
ing variables showed no significant main effects 
with trivial to moderate effect sizes (p=0.099-0.853, 
d=0.06-0.51) (Table 3).

DISCUSSION
The results of the current study indicate that no 
interaction was present between football players 
with and without a previous self-reported ham-
string strain injury for mechanical sprint variables 
obtained during a repeated 30-meter sprint test. This 
indicates that sprint acceleration performance (FH0), 
maximal theoretical sprinting velocity (V0), maxi-
mal horizontal power output (Pmax), and mechani-
cal effectiveness behaved similarly from first to 
last sprint regardless of a previous hamstring strain 

12 months; most injuries (81.8%) being of moderate 
severity. One to three players with a previous ham-
string injury in each club and corresponding two 
to 10 players without a previous hamstring injury 
were included. At the time of testing, all participants 
had an average of 3-5 football training sessions each 
week including one match. An overview of demo-
graphic data, playing position, and injury severity is 
reported in Table 1.

Mechanical sprint variables
Sprint performance of the first sprint showed no 
between-group difference for horizontal force pro-
duction (mean difference: -0.27 N/kg [-0.67; 0.13], 
d=0.35, p=0.174) or maximal sprinting velocity 
(mean difference: 0.43 m/s [-0.19; 1.04], d=0.77, 
p=0.155). An overview of absolute values is pro-
vided in Table 2. 

For the repeated-sprint test, no significant interac-
tions between groups and time were observed for 
any of the mechanical sprint variables (p=0.682-
0.860) (Figure 1 A-D, Table 2).  

Table 1. Demographic data, playing positions, and hamstring strain injury 
severity of included football players (n=44).
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hamstring strain injury seem to maintain a higher 
maximal sprinting velocity during repetitive sprint-
ing, whereas no difference seem to exist for sprint 
acceleration, strength and power.  

Sprint acceleration performance
Sprint performance is considered an important 
parameter for football players9 with assessment 
recommended as a vital part of the return to play 
criteria after a hamstring strain injury.19 Few stud-
ies have investigated single and repeated-sprint 

injury. Despite no interaction effect, we observed a 
significant main effect of group, that is a between-
group mean difference for repeated sprints, for 
maximal theoretical sprinting velocity (V0) and 
mechanical effectiveness favoring the group of play-
ers with a previous hamstring strain injury (higher 
V0 compared to controls). For the remaining vari-
ables, no main effects of group were observed for 
horizontal force production (d=0.51), maximal hori-
zontal power production (d=0.06). Collectively, 
these findings indicate that players with a previous 

Table 2. Interaction effect of mechanical sprint performance variables during repeated sprints between 
football players with and without a previous hamstring strain injury (HSI) in the preceding 12 months.
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injured players corresponding to a small effect 
size (d=0.35). Since the time from return to play 
is unknown in the present study, this may explain 
the discrepancy between study findings.17 Interest-
ingly, the potential deficit in horizontal force pro-
duction observed in the present study was more 
pronounced during the repeated-sprint test with a 
medium (d=0.51) between-group difference. Thus, 
it could be speculated if a single sprint effort is ade-
quate to capture potential performance deficits after 
injury. Røksund et al.27 observed a higher drop in 

performance in football players following a ham-
string strain injury.17,18,27 Mendiguchia et al.17 
observed a large deficit (d=0.85) in horizontal force 
production during a single sprint effort at the time 
of return to football after a hamstring strain injury 
compared to non-injured players; however, this was 
normalized after two months indicating that regular 
football play is sufficient to restore sprint accelera-
tion performance. In the present study the authors 
observed a lower, but non-significant, horizontal 
force production in the first sprint in previously 

Figure 1. Repeated sprint performance in players with (dotted lines) and without (thick lines) a previous hamstring strain injury 
measured during 6 30-meter sprint. A) Maximal horizontal force production; B) Maximal theoretical sprint velocity; C) Maximal 
horizontal power output; D) Rate of decrease in ratio of force (mechanical effectiveness). Error bars depict 95% Confidence Inter-
vals.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 953

muscle strength in the beginning of the season com-
pared to players with no or less severe hamstring 
injuries.45 Since most injuries in the present study 
were classified as moderate severity (one to four 
weeks) with only one injury > four weeks,  sprint 
performance in more severe cases was unable to be 
analyzed.

Surprisingly, no interaction between groups on hori-
zontal force production were observed, indicating 
that players with a previous hamstring strain injury 
did not show different sprint acceleration perfor-
mance over time compared to the control group. 
This is in contrast to previous studies but may be 
explained by the longer rest period of 90 seconds 
between each sprint in the present study compared 
to only 24-30 seconds in previous studies.18,27 Lon-
ger rest periods could minimize metabolic muscle 
depletion and fatigue from first to last sprint com-
pared to shorter rest periods.24 

Maximal sprinting velocity
No interaction for maximal theoretical sprinting 
velocity were observed, indicating that maximal 
velocity did not change differently from first to 
last sprint between groups. Despite this, a signifi-
cantly higher mean maximal theoretical sprinting 
velocity was observed over the six repeated sprints 
in players with a previous hamstring strain injury; 
a similar difference, although not significant, 
was also observed for the first sprint (first sprint 

20-meter sprint performance from the first to last 
sprint during eight repetitive sprints in players with 
a previous hamstring strain injury compared to con-
trols. Lord et al.18 observed a greater loss of hori-
zontal force production, indicating impaired sprint 
acceleration ability, in previously injured Australian 
football players following a repeated-sprint test con-
sisting of ten 6-second sprints. Greater loss of sprint 
acceleration performance during repetitive sprint-
ing after a hamstring strain injury, could be linked 
to the essential role of the hamstring muscles to 
generate forward oriented ground reaction forces.28 
In that regard, lower maximal eccentric hamstring 
strength,4 early knee-flexion rate of torque develop-
ment,5 and biceps femoris long head activation in 
the late swing-phase 29 have been observed after a 
hamstring strain injury; factors that could all neg-
atively affect sprint acceleration performance.11,13 
Additionally, altered hamstring muscle activation 
have also been documented during fatiguing exer-
cises8 leading to reduced fatigue resistance.6 Since 
maximal sprinting is associated with substantial 
hamstring muscle activation,30 it can be speculated 
if repeated maximal sprint efforts may amplify neu-
romuscular deficits in the previously injured leg,31 
leading to reduced sprint performance.18,27 Further-
more, it could be speculated if injury severity - being 
the duration from onset of injury until return to 
sport – could affect sprint performance. Thus, foot-
ball players with a hamstring injury lasting > three 
weeks have considerably lower eccentric hamstring 

Table 3. Main effect of group on mechanical sprint performance variables during repeated 
sprints between football players with and without a previous hamstring strain injury (HSI) in the 
preceding 12 months.
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Clinical implications
Hamstring reinjury rate is estimated to be approxi-
mately 13% within a two month period from return 
to football play,34 and more than 50% of reinjuries 
occur within the first month after return to football 
play with 79% being in the same anatomical location 
as the index injury.35 This suggests incomplete heal-
ing of the tissue, which may predispose an athlete 
to increased risk of reinjury. Most acute hamstring 
strain injuries happen during high-speed running36 
with large and rapid increases in high-speed running 
load, likely present in the initial phase after return 
to play, predisposing the athlete to the potential for 
a hamstring injury.37 The combination of high maxi-
mal sprinting velocity and neuromuscular deficits 
after a hamstring injury could likely put players at 
increased risk of sustaining a recurrent injury due to 
the high musculotendon load/strain associated high 
sprinting velocity.38 Thus, lower eccentric hamstring 
strength is often found after injury,4 which could 
lower the capacity of the muscle fibers to absorb 
energy before failure occurs.39 Furthermore, lower 
electromyography activity has been reported during 
sprinting in athletes with a previous hamstring strain 
injury,29 potentially increasing the susceptibility to 
injury due to a lower tolerance of the myotendinous 
junction to withstand force.40 This means that post-
injury deficits may not necessarily be manifested 
as impaired sprint performance after return to play 
as observed in the present study. Thus, preventions 
programs such as the Nordic Hamstring protocol, 
that have been shown to lower the risk of recurrent 
hamstring injuries by up to 85%,41,42 should be consid-
ered essential after return to play despite no appar-
ent reductions in sprint performance. In addition, 
focusing on gradually improving sprinting capacity 
by exposing the athlete to maximal sprinting velocity 
during rehabilitation to prepare return to sport, may 
also be a viable way to improve the resilience of the 
hamstring muscles, and potentially target the muscle 
activation deficits.30,43 Based on the present study, it 
could also be speculated if football players with a 
higher sprinting velocity is at increased risk of initial 
hamstring injury, due to the higher biomechanical 
load associated with higher sprinting velocity.38,44 For 
such players, improving hamstring capacity using 
both high-load exercises and regular exposure to 
high-speed running may be essential.

d=0.77 vs. repeated sprint d=0.77). This could 
indicate that a single sprint effort is sufficient to 
assess maximal sprinting velocity after injury. 
The observation of no deficit in maximal theoreti-
cal sprinting velocity in previously injured play-
ers are consistent with previous research reports; 
in Røksund et al.,27 football players with a previ-
ous hamstring strain injury showed slightly lower, 
although not significant, sprint time (5.25 s vs. 5.35 
s) during a 40-meter sprint, whereas only a small 
deficit in maximal theoretical sprinting velocity 
seem to exist at the time of return to play after a 
hamstring injury in football players.17 Collectively, 
these data suggest that players with a previous 
hamstring strain injury do not seem to be severely 
affected on maximal sprinting velocity.17,27 From 
a performance point-of-view, this is an important 
observation considering that the majority of goals 
in football are preceded by a maximal or near-
maximal sprint effort of the scoring or assisting 
player.10 Given the role of the hamstring muscles 
during sprinting it may, however, seem surprising 
that maximal sprinting velocity appear to be unaf-
fected by a previous hamstring strain injury in our 
cohort despite likely impairments in maximal4 and 
explosive5 hamstring strength. Several explanations 
may account for this observation; from the sprint 
acceleration phase to the maximal velocity phase, 
the body transits from a crouched position to an 
upright position potentially limiting the hamstring 
muscles in effectively applying horizontal forces 
onto the ground to increase sprinting velocity. In 
that regard, lack of association has been observed 
between maximal and explosive hamstring muscle 
torque and maximal sprinting velocity,13 while 
contradicting data exists for the role of hamstring 
muscle strength training on sprint performance 
at long distances (>30 meter).14,32 Thus, the abil-
ity to rapidly transfer horizontal propulsive force 
onto the ground at high sprinting velocity could 
likely rely on other muscle groups as well33 or be 
achieved by improved technical ability of the ath-
lete rather than exclusively reflecting hamstring 
muscle function per se.20 In line with this, slightly 
better mechanical effectiveness, that is less loss of 
horizontal force application with increasing sprint-
ing velocity,20 were observed in players with a pre-
vious hamstring strain injury.  
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14. Krommes K, Petersen J, Nielsen MB, Aagaard P, 
Holmich P, Thorborg K. Sprint and jump 
performance in elite male soccer players following a 
10-week Nordic Hamstring exercise Protocol: a 

Methodological considerations
The present study is not without limitations: first, 
due to the explorative approach no a-priori sample 
size calculation was performed, and instead eligi-
ble players were recruited based on convenience 
sampling from clubs in the Greater Copenhagen 
area. Thus, the present study may be under-pow-
ered to detect differences between groups. Based 
on previous findings of lower horizontal force 
production/sprint acceleration performance after 
a hamstring injury17,18,27 it could be speculated if 
the lower (d=0.51), but non-significant (p=0.099), 
horizontal force production observed in the pres-
ent study may represent a type-2 error. Second, 
due to the cross-sectional design, no causal infer-
ence can be made between previous hamstring 
injury and sprinting performance. Third, since 
all injuries were self-reported and obtained retro-
spectively the present study is prone to recall bias. 
Fourth, although all players participated fully in 
football training and matches at the time of test-
ing, the variation in injury duration and time since 
return to play may have influenced their sprinting 
ability.17 

CONCLUSION
Football players with and without a previous ham-
string strain injury did not differ on sprint accelera-
tion performance and maximal horizontal power 
whereas higher mean maximal theoretical sprinting 
velocity and better mechanical effectiveness dur-
ing six repeated sprints were found for the players 
with a previous injury. Thus, common post-injury 
deficits are not manifested as impaired performance 
cross-sectionally compared to matched controls. 
The combination of higher sprinting velocity and 
neurophysiological deficits commonly found after a 
hamstring injury may increase the risk of recurrent 
injuries.
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ABSTRACT

Background: Despite abundant literature, the treatment of iliotibial band syndrome (ITBS) in cyclists 
remains complicated as it lacks evidence-based recommendations. 

Purpose: The aim of this study was to develop a musculoskeletal modelling approach that investigates 
three potential biomechanical determinants of ITBS (strain, strain rate and compression force) and to use 
this approach to investigate the effect of saddle setback. 

Design: Cross-sectional

Methods: An existing 3D lower-body musculoskeletal model was adapted to cycling and to the computation 
of three putative pathomechanisms responsible for ITBS: ITB strain, ITB strain rate, and compression force 
between ITB and the lateral femoral epicondyle (LFE). Lower limb kinematics recorded from ten well-
trained healthy cyclists served as input data of the model. Cyclists pedalled at a steady state (90rpm and 
200W) on an ergometer, and three different saddle setback conditions were tested. The theoretical com-
bined influence of hip and knee joint angles on ITBS was investigated and analysed through the lens of 
individual pedalling technique. 

Results: ITB-LFE compression force was the only parameter significantly affected by saddle setback and 
supports the hypothesis that compression force is likely to be a determinant factor in ITBS etiology. Fur-
thermore, results showed that ITB-LFE compression force increases in individuals whose pedalling tech-
nique exacerbates hip extension-adduction and/or knee extension-internal rotation. 

Conclusion: This approach has the potential to be advantageously implemented as an additional tool to 
help diagnose/correct potentially harmful sport techniques and optimize equipment setup/design.

Level of evidence: 3b

Keywords: bike fitting, biomechanics; knee; overuse injury; simulation
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INTRODUCTION
Bike fitting is a fast-growing industry with new com-
panies steadily getting into the market. Bike fitting 
relates to bicycle ergonomics and can be defined as 
the process of setting-up specific bicycle parameters 
to best suit an individual and optimize the position-
ing of the cyclist. The ultimate goal is to improve 
a cyclist’s performance while preserving his or her 
health since an incorrect bicycle configuration may 
predispose cyclists to overuse injuries.

Among the parameters that are adjusted, saddle set-
back position is known to influence variables related 
to performance and pedalling effectiveness, but its 
effect on overuse injuries such as cartilage/bone 
degradation and tendinopathies remains incon-
clusive.1–4 Saddle setback refers to its fore-aft posi-
tion, it is defined here as the horizontal distance 
between the center of the bottom bracket and the 
rear of the saddle.5 This implies that an increased 
saddle setback involves a more backward position of 
the saddle.5 Knee functional disorders are one of the 
most common lower extremity non-traumatic inju-
ries reported by well-trained cyclists (about 50% of 
injured cyclists).6 Iliotibial band syndrome (ITBS), 
a commonly identified clinical condition character-
ized by focal lateral knee pain, comprises 15% of 
cycling overuse injuries.7 

Numerous studies including several literature reviews 
have been conducted on ITBS etiology which is com-
monly acknowledged as “multifactorial”.8–11 Since 
Renne’s study it has been widely believed that friction 
resulting from the ITB sliding over the lateral femoral 
epicondyle (LFE) of the femur during repetitive knee 
flexion-extension is the major cause of pain.12 On 
the contrary,  anatomical observations indicate that 
the ITB is securely anchored onto the distal femur 
in a way that the ITB cannot create frictional forces 
by moving forward and backward over the LFE.13,14 
Those authors argued in favour of a compression 
syndrome (pain would result from repetitive com-
pression of the highly innervated fatty tissue beneath 
the distal aspect of the iliotibial band) rather than a 
friction syndrome.15 Others have suggested that ITB 
strain or strain rate may be a contributing factor.16–18 
Thus, the evidence of a single key parameter respon-
sible for developing ITBS remains inconclusive and 
several biomechanical determinants may contribute.

In order to prevent the occurrence of ITBS in cycling, 
several recommendations have been made regard-
ing body position and bicycle setup.1,7,19,20 These 
recommendations are based on epidemiological 
studies rather than on the analysis of biomechani-
cal determinants.19 Previous experimental research 
have tried to establish a link between ITBS and sport 
movements has mostly relied on kinematic analyses. 
Contradictory results were observed on the effect of 
hip adduction in running.21,22 One single experimen-
tal study addressed the etiology of ITBS in cycling 
and the authors suggested that the repetition of knee 
flexion-extension movement close to 30° of knee 
flexion may be the primarily leading cause.23 This 
last result was based on a retrospective evidence (the 
hypothetical impingement/friction zone around 30° 
knee flexion) and should, as such, be considered 
carefully.12 In addition, given the biarticular nature 
of the ITB, a more thorough analysis of combined 
effects of all degrees of freedom of the hip and knee 
joints is necessary.24 Furthermore, kinematic analy-
sis alone fails to apprehend musculoskeletal solici-
tations. The analysis of musculoskeletal parameters 
(e.g. muscle length/velocity, muscle/joint forces) 
is more relevant but, because direct measurement 
during physical activity is impossible, musculoskel-
etal modelling is necessary.25

The aim of this study was to develop a musculo-
skeletal modelling approach that investigates three 
potential biomechanical determinants of ITBS 
(strain, strain rate and compression force) and to 
use this approach to investigate the effect of saddle 
setback. Also, the theoretical combined influence of 
hip and knee joint angles on ITB-LFE compression 
force was investigated and analyzed through the 
lens of individual kinematic differences.

METHODS

Participants
Ten well-trained cyclists without history of knee 
pain or injury volunteered to participate in the study 
(age: 30.9 ± 8.6 years, height: 1.75 ± 0.05 m, weight: 
65.2 ± 8.3 kg). Participants were informed of the 
procedures, methods, benefits, and possible risks 
involved in the study before their written consent 
was obtained. The study protocol was approved by 
the Ethics Committee of the University of Poitiers 
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and met the requirements of the Declaration of Hel-
sinki for research involving human participants.

Musculoskeletal modelling
A 3D musculoskeletal model of the lower body was 
adapted based on existing models.26,27 Specifically, 
ITB force-length properties and attachment sites 
(origin on the iliac crest, intermediate insertion on 
the lateral femoral epicondyle (LFE) and termina-
tion on Gerdy’s tubercle) reflected the most recent 
anatomical description of the ITB.16,28 Analogous to 
the wrapping surface added by Miller’s study, the 
LFE was modelled as an additional body whose 
surface was flush against the outer surface of the 
distal-lateral part of the femur.17 The two bodies 
connected with a weld joint (0 degree of freedom) 
so that the interaction force between ITB-LFE was 
entirely transmitted to the LFE-femur joint. ITB-
LFE force could then be computed as the LFE-femur 
joint force. This astuteness allowed overcoming the 
absence (in Opensim software) of direct output of 
interaction force between a musculotendinous unit 
(e.g ITB) and an intermediate point (e.g LFE).

Kinematics data collection
A stationary cycle ergometer SRM “Indoor Trainer” 
(SRM, Schoberer, Germany) whose seat and han-
dlebar position were fully adjustable was used. A 
20-camera motion analysis system (Vicon Motion 
Analysis Inc., Oxford, UK) was used to acquire 
three-dimensional kinematics. The marker set (28 
markers on the pelvis, lower limb and ergometer) 
followed Opensim and the International Society of 
Biomechanics recommendations (Figure 1).29,30 

Details regarding marker placements are provided 
in Appendix 1. 

Experimental protocol
Three saddle positions were compared: a recom-
mended setback condition that standardised values of 
saddle height and setback (distance between the rear 
of saddle and the axis of the chainset) based on indi-
vidual anthropometric measurements, a backward 
(10% more backward) and a forward (10% more for-
ward) setback conditions.31 The actual sitting position 
(location of the center of pressure on the saddle) was 
tracked during pedalling using a force sensor inte-
grated within the seat post. This ensured the cyclist 

did not adjust their position on the saddle to minimize 
the changes associated with different saddle setbacks.4 
For each of the three setback conditions (randomised 
order), participants were instructed to perform a three-
minute trial while keeping cadence (90rpm) and power 
(200W) constant using visual feedback. Only the last 
30 seconds of pedalling were analysed, normalised to 
pedalling cycle, and averaged. A minimum of three 
minutes of active recovery rest at freely chosen power 
and cadence between trials was given to the partici-
pants to avoid any confounding effect of fatigue.

Data analysis
Similarly to Hamill’s study, markers’ data served 
as input to the model for the computation of joint 
angles, ITB strain, strain rate and ITB-LFE compres-
sion force.16 The calculation of ITB strain and strain 

Figure 1. Illustration of the placement details for the marker 
set used on the pelvis, lower extremity, and foot/shoe.
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rate resulted from the recommended OpenSim calcu-
lation steps: 1) the model (i.e. segment lengths, mass 
distribution, muscle attachment sites) was scaled to 
match each participant’s anthropometry based on 
experimentally measured markers placed on ana-
tomical landmarks and location of joint centres indi-
vidualised using a functional method; 2) joint angles 
were calculated with a global optimization-based 
inverse kinematics procedure; 3) ITB strain and 
strain rate were calculated as ITB length (meters) 
and lengthening/shortening velocity (meters per 
second), respectively, based on joint angles and 
moment arm at each degree of freedom.29,32,33 

A constant unit (1 Newton) ITB force was set for all 
participants and conditions. ITB-LFE compression 
force was calculated as the norm of the resulting LFE-
femur joint reaction force component perpendicular 
to the sagittal plane of the femur and expressed as a 
percentage of ITB force.

Similarly, ITB-LFE force was computed for all com-
binations of hip and knee joint angles with the same 
procedure. Three participants were chosen to illus-
trate the potential influence of individual pedalling 
technique on ITB-LFE force.

Statistical analysis
Skewness, kurtosis, and the Shapiro Wilk test 
were used to establish data normality. All vari-
ables were normally distributed (Shapiro Wilk test 
p-value > 0.05, skewness between -2 and +2 and 
kurtosis between -2 and +2). A one-way analysis of 
variance (ANOVA) with repeated measures was per-
formed on peaks of all hip and knee joint angles and 
on ITB strain, strain rate, and compression force. 
Subsequent post hoc analyses (Tukey least differ-
ence multi-comparison test) were used to determine 
significant differences among setback condition. All 
data are presented as mean (± standard deviation).

RESULTS
First it was verified that instructions were followed 
by the subjects. The 10% variation of saddle setback 
resulted in an average value of 29.60 ± 3.3 cm in the 
backward saddle condition and 23.75 ± 3.7 in the 
forward saddle condition (~6 cm change). 

There was no effect of saddle setback on peak of 
hip joint angles and peak of knee external/internal 

rotation. There was a significant effect of saddle set-
back on the peak of knee flexion/extension angle 
(p < 0.05) such that in the backward condition, the 
peak knee extension angle (37.5 ± 11.8°) was lower 
than in the forward condition (39.9 ± 10.5°). In 
other words, there was a 7% difference in knee flex-
ion angle between the two extreme saddle setback 
conditions. ITB strain, strain rate, and compression 
force are illustrated in Figure 2. There was no effect 
of saddle setback on the peak ITB strain and strain 
rate (p=0.8 and p=0.25, respectively, Table 1). The 
peak of ITB strain and strain rate were 0.53 ± 0.03 m 
and 0.23 ± 0.04 m.s-1 (average across all three condi-
tions), respectively. The peak of ITB strain occurred 
around 194.1 ± 3° of pedalling cycle (e.g shortly 
after the bottom dead center), simultaneously with 
the time of the peak of hip extension angle (Figure 
2). There was a significant effect of saddle setback 
on the peak compression force (p < 0.05) such as 
in the backward condition, peak compression force 
(5.05 ± 1.85 % of ITB force) was greater than in 
the forward condition (4.67 ± 1.74 %) (p < 0.05). 
These results are reported in Table 1. The time of 
peak compression force occurred at 150.3 ± 2 ° of 
the pedalling cycle simultaneously with the peak of 
knee extension (39.1 ± 11.1°, mean across partici-
pants and conditions).

Results of the simulation showed that the intensity 
of compression force was higher when the hip was 
extended and adducted (Figure 3) and when the 
knee was extended and internally rotated (Figure 
4). One pedalling cycle of three cyclists (using their 
own preferred bike setup) is also drawn to illustrate 
the importance of individual pedalling technique. 
Maximal hip extension was 40°, 55° and 70°, maxi-
mal adduction was -15°, -10° and -5°, and the maxi-
mal compression force was 11%, 6%, and 3 % for 
participants 2 (solid black), 5 (dashed white) and 8 
(dotted grey), respectively. Maximal knee extension 
was -20°, -40° and -70°, maximal knee internal rota-
tion was 8°, 1°, and -3° (external rotation), and max-
imal compressive forces was 2.8%, 2.6%, and 2.4%, 
respectively.

DISCUSSION
Researchers have suggested that saddle setback 
might have an influence on the occurrence of 



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 962

ITBS, but to date, no experimental study had 
demonstrated a link between saddle position and 
biomechanical determinants.1,3,7 Therefore, this 
study offers an original approach to investigate 
the putative underlying mechanisms of ITBS and 
their association with bike setup and pedalling 
technique.

Kinematics (increased knee joint flexion and/or 
hip joint abduction) was proposed as being related 
to ITBS but no link had been established with the 
putative biomechanical determinants of ITBS put 
forward by researchers. Using a musculoskeletal 
model, the method developed here brings new inter-
pretation of kinematic data related to cycling.

Figure 2. Iliotibial band (ITB) strain, iliotibial strain rate, compression force between iliotibial band and lateral femoral epicon-
dyle (ITB-LFE), hip and knee flexion angle. Black line represents the mean across all participants, conditions and cycles. Vertical 
dotted grey line and blue dashed line highlight the peak of hip extension (flexion is positive) and the peak of knee extension respec-
tively (0° corresponds to maximal knee extension) during the pedalling cycle.

Table 1. Peak (mean ± SD) of the iliotibial band (ITB) strain, the iliotibial band 
(ITB) strain rate and the compression force between iliotibial band and lateral 
femoral epicondyle (ITB-LFE) observed while pedaling in the three saddle setback 
conditions: backward, recommended, and forward.
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Significant changes were found in knee flexion angle 
in a way that decreasing saddle setback (moving the 
saddle closer to the handle bar) limited minimal 
flexion angle of the knee joint. Despite being statis-
tically significant, the differences between the two 
extreme conditions were small (~3°). This is likely 
due to the fact that adjustment of saddle setback 
was limited (6cm) to remain realistic with changes 
that cyclists may actually do. Similarly, Bini’s study 
reported a ~5° difference in knee joint angle associ-
ated with a 9 cm amplitude change (tracked using 
a reflective marker fixed on the sacrum) in sitting 
fore-aft position.34 Previous studies reported that 
bike adjustments of professional cyclists are very 
small and lead to limited changes in aerodynamics 
as well.35 However, those limited changes can make 
a difference on the overall performance and may 
similarly have a significant effect on injury risk.36

Although ITB strain and strain rate were suggested 
to be related to ITBS in runners in a similar study, 
the current results did not reveal any influence of 
saddle setback on those parameters. Hamill’s study 
compared runners suffering from ITBS against a 
control group and found that runners with ITBS 
exhibited a greater ITB strain and strain rate.16 This 
discrepancy likely origintates from the different 
kinematics observed in running vs. cycling. Also, 
in the current study, a constant unit (1N) ITB force 
was prescribed instead of using a static optimization 

or electromyography-driven approach as used by 
Hamill and Miller. This modelling choice was made 
to focus solely on the influence of kinematics. This 
is a limitation as in reality ITB force is not constant 
across the pedalling cycle but this also dismisses 
uncertainties brought by the estimation of ITB force 
from inverse or forward dynamics.16,17,37 Overall, the 
significant effect of saddle setback on ITB-LFE force 
supports the idea of compression force being a bio-
mechanical determinant of ITBS and confirms pre-
vious studies by Falvey et al. and Fairclough et al.14,15 
Moreover, maximal compression force occurred 
when knee flexion was minimal, i.e. approximately 
30°, which corresponds to the joint posture that 
exacerbates pain in patients with ITBS.7,12,14,15,38

In order to better understand the combined influence 
of hip and knee joint angles on compression force, 
ITB-LFE force was computed for all possible combina-
tions of joint angles throughout the ranges of motion 
observed in cycling. The simulation revealed a strong 
influence of knee rotation, for example, 30 degrees 
of knee flexion combined with 10 degrees of internal 
(or external) rotation increased compression force by 
24% compared to 0 degree rotation. Hip joint angles 
have a stronger influence: for example, 40° hip flexion 
(minimum flexion observed during a pedalling cycle) 
combined with 10° adduction increases compression 
force 100% compared to 40° flexion associated with a 
10° abduction. The kinematics of three participants 

Figure 3. Simulated compression force between the iliotibial 
band and the lateral femoral epicondyle (ITB-LFE) (Newton) 
for combined knee flexion/extension [35, 110°] and abduc-
tion/adduction [-20, 10°] angles. Solid black, dashed white 
and dotted grey lines illustrate the kinematics of participant 2, 
5, and 8 respectively.

Figure 4. Simulation compression force between the iliotib-
ial band and the lateral femoral epicondyle (ITB-LFE) (New-
ton) for combined knee flexion/extension [-140, 0°] and 
external-internal rotation [-20, 20°] angles. Solid black, 
dashed white and dotted grey lines illustrate the kinematics of 
participant 2, 5, and 8 respectively.
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were drawn over the simulation graphs to illustrate 
this finding and show, for example, that participant 2 
(solid black line) might be at a greater risk of devel-
oping ITBS than the other two. This participant had 
indeed a smaller hip adduction - which is beneficial 
- but this was counteracted with potentially detrimen-
tal higher hip extension and knee internal rotation 
that lead to an overall greater ITB-LFE compression 
force. As illustrated here, large inter-individual kin-
ematic differences were found on all degrees of free-
dom. Therefore, individual pedalling technique, more 
than saddle setback, could be related to injury risk.

Limitations
Several limitations of the present study should be 
noted. Most importantly, there were no direct meas-
ures of strain, strain rate, or compression force. 
Each of these parameters were determined based 
on a model driven by the 3-D kinematics that were 
used as input into the model. Validation of these 
data would be difficult without invasive instrumen-
tation placed within the ITB. Most of the model-
ling method was previously published and despite 
the numerous parameters accounted for, it cannot 
reproduce all the complexity of ITB attachments on 
the femur and tibia. Also, the model accounts for an 
individual’s anthropometry (e.g. segments length, 
natural knee varus/valgus), but it does not address 
specific anatomical variations that may exist such as 
muscle imbalances or abnormal iliotibial band width 
or length which could exacerbate symptoms.14 

There is no consensus of opinion regarding best 
practice in the treatment of ITBS.14 Conservative 
therapy, including rest, cryotherapy, stretching exer-
cises, etc. and the use of anti-inflammatory medica-
tions, has been effective in helping athletes return 
to full competition, but they still miss much time 
in their sport (4-6 weeks) and the risk of re-injury is 
high. Complementary to these treatments, and given 
the limited influence of pedalling technique, this 
study strongly encourages the correction of individ-
ual pedalling technique from feedback on the whole 
lower limb kinematics rather than to limit to bicycle 
adjustments. In this perspective, physical therapy 
may also be useful to identify and improve limited 
ranges of motion (e.g. hip flexion). The simulation 
also offers biomechanical evidence for the potential 
use of stretching and strengthening exercises which 

could help minimize abnormal knee internal rota-
tion and hip adduction. 

CONCLUSION
The combined experimental-simulation approach 
developed in this study provides new insights into 
the pathomechanics of ITBS in cyclists and supports 
the hypothesis that compression force between ITB 
and LFE may be a leading cause. Saddle setback 
and more importantly individual pedalling tech-
nique seem to play a critical role. Further studies 
may include longitudinal investigation of knee pain 
before and after pedalling kinematics correction to 
confirm these findings. Finally, in the context of 
bike fitting, this study offers a valuable tool to help 
identify and correct potentially harmful sport tech-
niques and optimize equipment setup/design.
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Appendix 1. Description of Marker set.



ABSTRACT 

Background: Standardized testing of hip muscle strength and fatigue in the sagittal plane is important for 
assessing, treating and preventing a number of trunk and lower extremity pathologies. Furthermore, indi-
viduals displaying asymmetries of muscle strength between limbs are more likely to sustain an injury. 

Purpose: To evaluate the test-retest reliability of isometric strength and isokinetic fatigue measurements of 
the hip flexor and hip extensor muscles, and to examine whether there is a significant limb dominance 
effect on strength, fatigue and flexor-extensor ratios.

Study design: Cross-sectional study.

Methods: To evaluate reliability, 30 healthy individuals (33.2 +/- 13.1 years) were included. On a separate 
occasion, 24 healthy individuals (29.0 +/- 10.3 years) participated to assess between-limb differences. Reli-
ability was established using intraclass correlation coefficients (ICCs), standard error of measurements 
(SEM) and minimal detectable change (MDC). Isometric strength (best peak torque of three maximal con-
tractions; Nm/kg), isokinetic fatigue (total work of 20 consecutive maximal concentric flexor-extensor 
contractions at 120°/s; Joule/kg), and flexor-extensor ratios, were recorded using a Biodex dynamometer.

Results: Reliability was good-to-excellent (ICCs>0.83) and measurement errors were acceptable 
(SEM<13.6% and MDC%<37.8%). No significant between-limb differences in strength, fatigue and flexor-
extensor ratios were detected.

Conclusions: Isometric strength and isokinetic fatigue of the hip flexor and hip extensor muscles can be 
reliably assessed in healthy individuals using the Biodex dynamometer. Limb dominance did not signifi-
cantly affect strength, fatigue or flexor-extensor ratios.

Level of Evidence: 2b

Key words: Fatigue, hip joint, limb dominance, muscle strength, reproducibility 
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INTRODUCTION
Reduced hip flexor (HF) and hip extensor (HE) 
 muscle strength, as well as fatigue, have been identi-
fied as important components in a number of trunk 
and lower extremity pathologies. Weakness of the 
HE muscles has been found in patients with low 
back pain, patellofemoral pain and Achilles tendi-
nopathy.1-7 Decreased HF strength has been shown 
in patients with symptomatic femoroacetabular 
impingement and anterior cruciate ligament recon-
struction.8,9 Furthermore, strength deficits in both 
HF and HE were reported in patients with hip osteo-
arthritis (OA).10,11 Reduced HF and HE strength, as 
well as endurance, were found in patients who had 
undergone knee surgery.12 Thus, to evaluate the 
changes in strength and fatigability of the HF and 
HE muscles following resistance training, reliable 
measurement techniques are needed. 

Isokinetic dynamometry is widely used in both 
 clinical and research settings. The usefulness of an 
isokinetic dynamometer, however, depends upon 
the reproducibility of the measurements taken. In 
the literature, most studies using isokinetic dyna-
mometry have focused on the knee flexors and 
extensors, and less attention has been directed to 
the hip joint.13,14 In a systematic review, isokinetic 
concentric and eccentric HF and HE strength mea-
surements, using a wide range of angular velocities, 
showed moderate to excellent reliability.15 However, 
only a few studies have examined the test-retest reli-
ability of isometric HF and HE strength measure-
ments using an isokinetic dynamometer. Isometric 
testing has the advantage of producing less stress 
on the musculoskeletal system and can be used to 
monitor rehabilitation when pathologies are pres-
ent. In a study to assess muscle strength in patients 
with hip OA and healthy controls, Arokoski et al. 
reported moderate to high ICC values of isometric 
HF and HE strength measurements and moderate 
to good measurement errors (CV% ranged between 
7.5% and 14.1%).16 Steinhilber et al. reported simi-
lar measurement errors when testing isometric HF 
and HE strength in hip OA patients and healthy 
controls.17 Meyer et al. investigated the test-retest 
reliability of hip strength measurements in healthy 
individuals.18 They used an innovative test setup 
with a leg brace worn on the tested leg to optimize 
pelvis and trunk stability. Reliability measures of 

isometric HF and HE strength measurements were 
excellent, but systematic bias was found for isomet-
ric HF strength measurements. Divergent results 
between studies emphasize the need for standard-
ized assessment protocols of isometric HF and HE 
strength measurements. 

Muscle fatigue is a complex phenomenon  resulting 
from a combination of impairments throughout the 
neuromuscular system. It can be defined as “exercise-
induced decrease in the ability to produce force”.19 
Neuromuscular fatigue can be evaluated using a 
variety of test protocols and assessment methods, 
for example stimulation of the nerve or muscle to 
whole-body exercises. Measurements of muscle 
fatigue using an isokinetic dynamometer refer to the 
capacity of a muscle to produce force over a series 
of consecutive isokinetic contractions.13,20 The vari-
ables most commonly used to examine isokinetic 
fatigue include total work as well as losses of peak 
torque and work.21-23 In the lower limb,  isokinetic 
fatigue testing has focused on the knee flexors and 
extensors as well as the ankle plantarflexors and dor-
siflexors.21,23-27 However, only one study has examined 
the reliability of HF or HE fatigue measurements 
using an isokinetic dynamometer.28 In that study, 
reliability of HF fatigue measurements, evaluated 
as total work of 20 continuous eccentric/concentric 
contractions at an angular velocity of 150º/s, was 
found to be poor (ICC<0.10). The authors specu-
late that the poor reliability may be due to difficulty 
with maintaining a consistent effort at the chosen 
 angular velocity.

The use of unilateral measures (compared between 
sides) enables clinicians and sport coaches to 
assess whether a side-to-side strength asymmetry 
exists. It has been suggested that a 15% or greater 
disparity between limbs is considered a substantial 
asymmetry in athletes and could increase the risk 
of injury.29 Also, lower extremity strength deficit of 
less than 10% on the affected side compared with 
the uninjured side is considered a reference value 
before returning to sport after an injury.30 Studies 
evaluating the effects of limb dominance on HF 
and HE strength, using an isokinetic dynamometer, 
have reported contradictory results. No significant 
side-to-side difference was shown in healthy adults 
and ice hockey players.31-34 However, a significant 
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limb dominance effect on HF strength was detected 
in baseball pitchers, indicating a sport-related 
asymmetry.35 Furthermore, isometric HE strength 
was 15.8% higher on the right side than on the left 
side in a healthy control group of men aged 47-64 
years.16 

In addition, imbalance in the agonist/antagonist 
muscular strength ratio may increase the likelihood 
of injury.36 Values of hip flexor-extensor strength 
ratios reported in previous studies showed that HF 
produce 55% to 76% of the torque values gener-
ated by HE.20,34,37,38 Numerous factors are presumed 
to influence the ratio, for example age, sex, limb 
dominance, physical activity level and velocity of 
movement.36 

The aims of this study were to evaluate the test-
retest reliability of isometric strength and isokinetic 
fatigue measurements of the HF and HE muscles 
and to examine whether there is a significant limb 
dominance effect on strength, fatigue and flexor-
extensor ratios. 

METHODS

Participants
To examine the test-retest reliability, a total of 30 
participants (15 men and 15 women) volunteered 
to participate in the study (test-retest group, TRG), 
Table 1. On a separate occasion, 24 participants 
(12 men and 12 women) were recruited to assess 
between-limb differences of HF and HE strength 
and fatigue (between-limb group, BLG), Table 1.

All participants in TRG and BLG were in good health 
and participated regularly in recreational sports. 
A   baseline questionnaire, the modified six-graded 
Saltin-Grimby Physical Activity Level Scale, was 
completed to ascertain the physical activity habits 
of the participants.39 Activity levels of each groups 
are shown in Table 1. Exclusion criteria for participa-
tion were neuromuscular dysfunction in the back or 
lower extremities within the past year. Limb domi-
nance was determined by asking the participants 
“If  you would shoot a ball on a target, which leg 
would you use to shoot the ball?”.40 All participants 
preferred the right leg.

Written informed consent was obtained from each 
individual. Additionally, participants under the 
age of 18 had informed consent from their legal 
guardians before participation. The study was 
approved by the Advisory Committee for Research 
Ethics in Health Education, Lund University and 
the principles of the Declaration of Helsinki were 
followed.

Sample size calculations 
To assess the test-retest reliability, a total of 30 par-
ticipants were included.41,42 The sample size used to 
examine differences between the dominant and the 
non-dominant limb was based on the assumption that 
side differences were < 10 %. Based on α = 0.05 and 
b = 0.80, a minimum sample size of 23  participants 
was required. Considering a potential loss of partici-
pants, 24 participants were recruited.

Table 1. Characteristics of participants in the test-retest reliability 
group (TRG) n=30 and the between-limb difference group (BLG) n=24. 
Means ± standard deviation (range) and median (range).
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Test protocol
Throughout the study, all tests were administered 
by the same two raters to ensure a high level of stan-
dardization of the test procedures. Each participant 
in TRG underwent two identical test sessions sched-
uled approximately at the same time of the day, 
with seven days apart. Only the dominant limb was 
assessed. To assess differences between the domi-
nant and non-dominant side, the limbs of the partici-
pants in BLG were tested in a random order.

Test procedures followed the same routine in TRG 
and BLG. Isometric strength tests were always 
performed prior to the isokinetic/fatigue tests. A 
five-minute warm-up period on a cycle ergometer 
(100  W for women and 150 W for men) was per-
formed before testing. Thereafter, the participants 
performed two sub-maximal isometric HF contrac-
tions. After a  two-minute rest, three maximal iso-
metric HF contractions were executed. Participants 
were instructed to hold the contraction for five sec-
onds, each contraction separated by a rest period of 
12 seconds. Following a one-minute rest, the isomet-
ric HE strength was assessed in the same manner 
as HF. The participants were given visual feedback 
by observing the force curve displayed on the Bio-
dex computer screen, but no verbal encouragement. 
After the isometric tests were conducted, partici-
pants rested for five minutes before proceeding to 
the isokinetic fatigue test of the same limb. 

To familiarize participants with the isokinetic fatigue 
testing they were asked to perform three submaxi-
mal concentric flexion-extension contractions at 
120°/s. After a two-minute rest, they executed 20 
consecutive maximal concentric flexor-extensor 
contractions at 120°/s. Participants were instructed 
to pull and to push “as hard and as fast as possible”, 
and to complete the full range of motion.43 Strong 
verbal encouragement was given during the last five 
contractions. No visual feedback was given, and par-
ticipants were not informed as to how many repeti-
tions to perform prior to the test. For participants 
in BLG, a rest period of eight minutes was allowed 
before the opposite limb was tested. 

Statistical analyses
Data are shown as mean ± standard devia-
tion.  Normality of the data was tested with the 

Test equipment
All tests were performed using the Biodex® Multi-
Joint System 4 isokinetic dynamometer (Biodex 
Medical Systems Inc. Shirley, New York, USA). 
Before testing each participant, the dynamometer 
was calibrated according to the manual. The stan-
dard Biodex equipment with the provided Velcro 
straps was used.

Setup positioning
Participants were instructed to lie in supine position 
(Figure 1). The rotational axis of the dynamometer 
was aligned with the greater trochanter of the femur, 
and the dynamometer pad was fixed at the lower 
end of the thigh about 4 cm proximal to the lateral 
femoral condyle.

The non-tested limb was placed on a stool. The body 
was stabilized on the bench with a strap over the 
pelvis and two straps diagonally from the shoulder 
to the opposite hip. Participants were instructed to 
cross their arms over the chest. Prior to the tests, 
each participant’s limb was weighed by the  isokinetic 
dynamometer to allow correction for gravity. 

For the isometric strength testing, the angles of 
the hip and knee joints were set at 60° hip flexion 
and 90° knee flexion. The end-range setting for the 
fatigue tests was standardized for all participants 
from 15° to 110° of hip flexion.

Figure 1. Position of a participant during testing of hip 
 flexors and hip extensors.
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Shapiro-Wilk test, and the Levene’s test was used 
to assess homogeneity of variance between groups. 
All dependent variables were normally distributed, 
and the use of parametric statistics was considered 
appropriate (paired and unpaired Student’s t tests). A 
one-way within-subject multivariate analysis of vari-
ance, MANOVA, was used to examine the effect of 
limb dominance; an independent variable with two 
levels (dominant and non-dominant) was tested on 
four dependent variables (HF strength, HE strength, 
HF fatigue and HE fatigue). Mann-Whitney U test 
was used to examine differences in physical activity 
level of the participants in TRG and BLG. 

The relative consistency between measurements 
was examined by the ICC2,1.

44 A two-way analysis of 
variance (ANOVA) random effect model, absolute 
agreement, was used and the 95% confidence inter-
val (95% CI) for ICC2,1 was obtained from the ANOVA 
tables. In general, reliability coefficients are sug-
gested to exceed 0.80, but the values could be higher 
or lower depending on the precision needed for clin-
ical evaluation.45 For the interpretation of reliability, 
various ICC cut-off points have been proposed such 
as: excellent (1.00-0.90), good (0.89 -0.75), moderate 
(0.74-0.50) and poor (<0.50).45

Absolute reliability describes the within-subject 
variability for repeated measures and quantifies the 
measurement error in the same unit as the original 
measurement. The standard error of measurements 
(SEM) represents the limit for the smallest change 
that indicates a real change for a group of individu-
als. SEM was defined as the square root of the within 
subjects mean square error term from the ANOVA.44,46 
The SEM% was defined as: SEM% = (SEM/mean) x 
100, where mean is the mean for all the observations 
from test sessions 1 and 2. This value represents the 
change in relative terms. The minimal detectable 
change (MDC) was also calculated, representing the 
minimum amount of change outside of the mea-
surement error that reflects a real improvement, or 
a deterioration, for a single individual.44,46 The MDC 
for the 95% CI was calculated as: MDC = 1.96 x SEM 
x √ 2 . The value 1.96 is the z score associated with 
the 95% CI and √ 2 is used to account for the variance 
of two test sessions. The MDC was also expressed as 
a percentage value, MDC%, which is independent of 
the units of measurement (in analogy with SEM%). 

The MDC% was defined by: MDC% = (MDC/mean) 
x 100, where mean is the mean for all observations 
from test sessions 1 and 2. Systematic error between 
test sessions was assessed by evaluating the F ratios 
from the repeated-measures ANOVA. 

The difference between isometric HF and HE 
strength in the dominant limb vs non-dominant 
limb was calculated as: (dominant limb - nondomi-
nant limb)/non-dominant limb, and expressed as 
a percentage. The same procedure was used for 
 isokinetic HF and HE fatigue. 

Peak torque (PT) was used to evaluate maximal 
isometric strength. The highest PT value of three 
maximal contractions was used for calculations. Iso-
metric strength measures were normalized to body-
weight and reported as Newton-meters per kg (Nm/
kg). Total work was used to evaluate fatigue for the 
entire set, and normalized fatigue measures were 
expressed as Joules per kg (J/kg).21,24

All statistical measures were performed using 
IBM SPSS Statistics version 25.0 (IBM Corporation, 
Armonk, New York, USA). Probability values < 0.05 
were considered statistically significant.

RESULTS
Table 1 shows the characteristics of the participants 
in TRG (n=30) and BLG (n=24). There were no sig-
nificant differences in age, height, weight or physi-
cal activity level between the two groups. 
In Table 2, the test-retest reliability study results are 
reported. There was no systematic error between 
test session 1 and 2 (p>0.05). The ICC values for all 
measurements were good to excellent, and ranged 
between 0.83 and 0.96. The 95% CIs for ICC were 
acceptable for all measurements, but wider for iso-
kinetic HE fatigue measurements (0.67-0.92). SEM 
ranged from 0.08 to 0.37 Nm/kg for the isometric 
strength measurements, and 1.76 to 7.22 J/kg for the 
isokinetic fatigue measurements. SEM% were lower 
for HF strength and fatigue (4.5 % and 6.2 %) than 
HE strength and fatigue (11.0 % and 13.6%). The 
MDC% values ranged from 12.5 to 30.5% for HF and 
HE strength, and 17.1 to 37.8% for HF and HE fatigue.

In Table 3, isometric strength and isokinetic 
fatigue of HF and HE muscles in the dominant and 
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non-dominant limbs are presented. No significant 
between-limb difference was found between limbs in 
HF strength (5.3%), as well as HF fatigue (5.4%). Also, 
there was no significant difference between limbs in 
HE strength (13.4%) and HE fatigue (12.3%). Flexor-
extensor strength ratios were not significantly differ-
ent between limbs; 56% ± 11% and 55% ± 14% for 
the dominant and non-dominant limb, respectively. 
No significant between-limb differences were found in 

Table 2. Table 2. Normalized isometric strength (Nm/kg) and normal-
ized isokinetic fatigue (J/kg) of the hip flexors and hip extensors at two 
test sessions (n=30).

Table 3. Normalized isometric strength (Nm/kg) and normalized isokinetic 
fatigue (J/kg) of the hip flexors and hip extensors in the dominant and 
non-dominant limb, and the corresponding bilateral differences, (n=24). 
Values are expressed as mean ± standard deviation (range).

flexor-extensor fatigue ratios; 56% ± 12% ( dominant 
limb) and 54% ± 9% (non-dominant limb).

DISCUSSION 
The results of the study show that isometric strength 
and isokinetic fatigue measurements of the HF and 
HE muscles could be reliably assessed in healthy 
individuals. No differences between limbs for iso-
metric strength, isokinetic fatigue or flexor- extensor 
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results of the measurement errors. The present 
study, and the study by Meyer et al. used the Biodex 
equipment, while Lido® and Isomed 2000 was used 
in the two other studies.16-18 Thus, the finding in this 
study indicates that isometric HF strength measure-
ment, using the Biodex dynamometer and a stan-
dardized test protocol, is considered highly reliable 
and can be used to detect real changes in  isometric 
HF strength on a group level.

The ICC value of isometric HE strength measure-
ment in the present study demonstrated excellent 
reliability (ICC=0.90), which corresponds to values 
found in other studies.16,18 In addition, the 95% CI 
for ICC was narrow and no systematic change in 
the mean between test sessions was found. These 
results indicate that isometric HE strength can be 
reliably measured and used to identify improve-
ments following an intervention for a group of indi-
viduals. However, higher SEM% values for isometric 
HE measurements than for HF (11.0% and 4.5%, 
respectively) were detected. This phenomenon is 
well known, and has been reported in several stud-
ies using the supine position during testing, espe-
cially when testing HE in the isokinetic mode.15-18,32 
During measurements of HE strength, the direction 
of the limb downwards can result in a lift of the pel-
vis and potentially change the axis of rotation which 
can cause errors. Thus, to achieve reliable results 
of HE strength testing it is important to firmly sta-
bilize the entire dorsum against the bench of the 
dynamometer. 

To detect a real change in isometric HF and HE 
strength for an individual, the MDC% values were 
calculated. The results showed that the size of the 
relative change (MDC%) should exceed 12.5 % and 
30.5 % for HF and HE, respectively, to indicate a 
real change. In the study by Meyer et al., MDC% 
values were slightly higher, as well as and lower, for 
HF and HE:16.8% and 23.0%, respectively.18 Muscle 
strength improves as a result of resistance training 
and strength gains of approximately 20% to 40% after 
a short period of resistance training is not unusual 
for untrained, and moderately trained, individuals.47 
Thus, this study shows that MDC% values are suffi-
ciently small to detect true changes in  isometric HF 
and HE strength for a single individual.

ratios were found. This supports the use of isokinetic 
dynamometers when assessing the hip which makes 
it possible to detect changes that indicate real 
improvements.

Isokinetic dynamometry is a useful tool to assess 
muscle performance. However, the overall results 
can be influenced by the accuracy of the dyna-
mometer, the test procedures, the reproducibility of 
the measurement parameters, and subject-related 
 factors.13 In the current study, the ICC value of iso-
metric HF strength measurement was 0.96, indicat-
ing an excellent reliability according to Portney.45 
Moderate to high ICC values (>0.71) have also been 
reported in other reliability studies of isometric HF 
strength measurements, using an isokinetic dyna-
mometer and the supine subject positioning.16,18 In 
addition, the 95% CI for ICC in the present study 
was acceptable, and no systematic bias between test 
sessions was found. However, Meyer et al. reported 
that measurements of isometric HF strength tended 
to be larger at the second test occasion than those 
from the first.18 When systematic bias between test 
sessions occur, it may be due to a significant learn-
ing effect. Therefore, great care should be taken to 
let participants familiarize themselves before the 
real trials.46 Although the ICC value in this study 
indicated excellent reliability, it is well known that 
several statistical methods and indices are required 
to fully evaluate reliability. High ICC values do not 
necessarily imply that a test is suitable for clinical 
use. Moreover, the ICC is highly influenced by the 
heterogeneity (or spread) of the sample and can 
display high values that may be biased.44,46 Measure-
ment errors in absolute and relative terms are often 
more useful for clinicians. In the current study, the 
measurement error for isometric HF strength was 
low (SEM%=4.5%). This value is smaller than SEM% 
values reported for healthy individuals by Arokoski 
et al. (CV%=14.1%), Steinhilber et al. (SEM% ~ 
7% from recalculated SEM values) and Meyer et al. 
(SEM%=6.0%).16-18 The contradictive findings may 
be due to differences of the hip joint angle used dur-
ing testing. In this study, 60° hip flexion was cho-
sen as an appropriate hip angle, whereas lower hip 
angles were selected in other studies: 0° hip flexion, 
20° hip flexion and 45° hip flexion.16-18 Differences in 
test procedures, as well as using different isokinetic 
devices, may also have contributed to the varying 
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In the present study, differences in isometric HF and 
HE strength between the dominant (right) and non-
dominant (left) sides were small: 5.3% and 13.4% 
respectively. According to the SEM% values pre-
sented in this study, the between-limb differences 
should exceed 4.5% and 11%, respectively, to repre-
sent a real difference in isometric strength between 
limbs. Although the differences between sides 
exceeded the measurement errors, no significant 
difference between the dominant and non-dominant 
side was found. Also, the side-to side strength differ-
ence was less than 15%. Limb strength imbalance of 
15% or more has been associated with higher injury 
rates. 29 However, studies evaluating side differences 
in isokinetic HF and HE fatigue measurements are 
limited. Emery et al. used total work as the outcome 
criterion, and reported a side difference of 8.0 % 
between limbs (3292 Nm on the right side and 3049 
Nm on the left side) for HF fatigue.28 There was no 
report whether the difference between limbs was 
significant. In the present study, the difference 
between the dominant and non-dominant limb for 
isokinetic HF and HE fatigue was 5.4% and 12.3%, 
respectively, and not significant. Thus, as the reli-
ability of isokinetic fatigue measurements of HF 
and HE was high, and the between-limb differences 
small and non-significant, it is shown that the con-
tralateral limb can be used as a reference in the 
fatigue assessment. 

In the current study, hip flexor-extensor isometric 
strength ratio was 56% in the dominant limb and 
55% in the non-dominant limb. These results are 
slightly lower than those reported by Calmels et al. 

who found that the flexor-extensor torque ratios in 
healthy individuals ranged between 58% to 61% in 
the eccentric mode, and 68% to 75% in the concen-
tric mode.38 Alexander examined top-level sprinters 
and reported hip flexor-extensor strength ratios of 
66% to 75% in the eccentric mode and 61% to 76% in 
the concentric mode.37 In professional and amateur 
ice hockey players, hip flexor-extensor ratios ranged 
between 55% to 71% in the concentric mode.34 The 
varying results may be due to differences in types of 
contractions and differences in the sporting  levels 
of the populations. Similar to previous studies, this 
study found no significant difference in flexor- 
extensor strength ratio between limbs.34,37,38 Also no 

The ICC values of the isokinetic HF and HE 
fatigue testing in this study were good to excellent 
(ICC>0.83), and measurement errors were accept-
able (SEM% < 13.6 and MDC% < 37.8). No systematic 
bias between test and retest was detected. This lack 
of systematic change indicates no learning effect 
and suggests that a single-session test can be used 
to identify clinically relevant changes in muscle 
fatigue. Thus, the findings in the present study imply 
that HF and HE fatigability can be reliably assessed, 
both for groups and a single individual. However, 
95% CIs for isokinetic HE fatigue measurements 
were wider than for HF and measurement errors 
were larger. Moreover, reliability measures of iso-
kinetic fatigue measurements were lower compared 
with isometric strength measurements. A possible 
explanation is that isokinetic measurements of HF, 
and especially HE, are more difficult to perform than 
isometric contractions, since stabilizing the pelvis 
and trunk is more difficult under dynamic condi-
tions. Therefore, the test position in this study was 
standardized and the pelvis and upper trunk were 
firmly secured using the Velcro straps provided by 
Biodex. Additional equipment or leg braces were 
avoided because the intention was to create a simple 
test protocol. Also, recommendations by Zapparoli 
and Riberto were used to increase reliability of the 
isokinetic measurements, (i.e. supine position, the 
dynamometer axis aligned with the greater trochan-
ter, and the lever arm in the most distal region of the 
thigh).15 In a previous study, Emery et al. reported 
that fatigue measurements of HF torque measure-
ments were not reliable (ICC<0.10).28 Their poor 
reliability may have been due to the complexity of 
the selected eccentric/concentric continuous HF 
repetitions, which were unfamiliar to the partici-
pants and difficult to perform. They used a narrow 
range-of-motion (ROM) during testing from 0° to 
70 of hip flexion. Furthermore, many participants 
were not able to maintain a consistent effort at the 
selected angular velocity (150° /s). In this study, a 
lower angular velocity (120° /s) and a wider range 
(15° to 110° of hip flexion) were used. This ROM 
may be a better representative of frequently used 
movements in daily living and during sport activi-
ties. Testing through a ROM which excludes the end 
points can also be more applicable in the clinic, for 
example to persons with hip OA.
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muscle strength and muscle cross sectional area 
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Reproducibility of concentric isokinetic and 
isometric strength measurements at the hip in 
patients with hip osteoarthritis: A preliminary study. 
Isokinet Exerc Sci. 2011;19:39-46. 

18. Meyer C, Corten K, Wesseling M, et al. Test-retest 
reliability of innovated strength tests for hip 
muscles. PLoS ONE. 2013;8(11):e81149.

19. Wan JJ, Qin Z, Wang PY, et al. Muscle fatigue: 
general understanding and treatment. Exp Mol Med. 
2017;49(10):e384 

significant difference in flexor-extensor fatigue ratio 
between limbs (56% in the dominant limb and 54% 
in the non-dominant limb) was found. In conclusion, 
the hip flexor-extensor strength and fatigue ratios 
are considered useful reference points to detect hip 
muscle imbalances in the contralateral side.

The present study included an adequate sample 
size to determine reliability and detect side-to-side 
strength and fatigue differences. However, only 
healthy individuals were included which limits the 
generalizability to individuals with trunk or lower 
extremity pathologies.

CONCLUSION
Isometric strength and isokinetic fatigue of the HF 
and HE muscles can be reliably assessed in healthy 
individuals using the Biodex dynamometer. Test-
retest agreements were good to excellent and mea-
surement errors were acceptable. The SEM% and 
MDC% values were sufficiently sensitive to detect 
a real change in muscle strength and fatigue over 
time, or after an intervention, both for a group of 
individuals or a single individual. No between-limb 
differences in isometric strength, isokinetic fatigue 
or flexor-extensor ratios were found which support 
the use of the non-injured limb as a reference.
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ABSTRACT
Background: Sports rehabilitation professionals often prescribe unstable objects for balance training. Unfortunately, 
there is a lack of measurement of balance confidence when incorporating these objects. Currently, there is no 
 consensus on the optimal balance confidence measure or proposed progression of unstable objects. Understanding 
the influence of balance confidence on task performance using unstable objects may help professionals better 
 prescribe a balance training program. 

Purpose: The primary purpose of this investigation was to explore the correlation between anticipated and actual 
balance confidence on different unstable objects during static double leg and single leg stance. The secondary  purpose 
was to explore the correlation between anticipated and actual unstable object difficulty rankings. 

Study Design: Repeated measure observational, controlled trial. 

Methods: Sixty-five active, healthy adults (M=35, F=30) (mean age=24.38 ± 3.56) underwent two testing sessions. 
During session one, participants took an online survey, rating their anticipated balance confidence after observing 
images of different unstable objects. During session two, participants stood on each unstable object under two condi-
tions (static double leg stance and single leg stance) and rated their actual balance confidence. The main outcome 
measure was an ordinal balance confidence score adapted from the activities-specific balance confidence scale. 
 Statistical analysis included subject demographic calculations and appropriate non-parametric tests. 

Results: For the double leg stance and single leg stance conditions, there was a very strong correlation between antici-
pated and actual balance confidence scores on the stable surface (ρ =1.0, p= <.001). There was a weak correlation 
between scores for foam pad, air-filled discs, Bosu® (dome up), Bosu® (dome down), and wobble board for both condi-
tions. For unstable object rankings, there was a very strong correlation between scores (ρ=1.0, p= <.001). The 
objects were ranked by perceived difficulty as follows: Level 1 (easy)- ground, Level 2- foam pad, Level 3- air-filled 
discs, Level 4- Bosu®, and Level 5 (difficult)- wobble board. 

Conclusion: Study findings suggest that actual measures of balance confidence may provide insight into a patient’s 
confidence level and may help with prescribing and progressing their program. The suggested unstable object diffi-
culty rankings may help professionals better match the objects to their patients to produce optimal outcomes.

Key Words: Balance, fall, motor control, proprioception, risk
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INTRODUCTION
Balance training is a common intervention used dur-
ing sports rehabilitation. Athletes or active individu-
als with musculoskeletal injury or concussion may 
undergo balance rehabilitation or an injury preven-
tion program to improve their balance performance, 
postural control, and balance confidence.1,2,3 For 
lower extremity rehabilitation and injury preven-
tion, unstable objects are often incorporated into bal-
ance training programs.4,5 Common unstable objects 
used include the Bosu® ball, air-filled discs, foam 
pads, and wobble boards.6 These objects are meant 
to create an unstable condition that challenges the 
individual’s balance systems (visual, vestibular, 
somatosensory) during static and dynamic tasks and 
under different conditions (e.g. double and single 
leg stance).6,7

Several authors have examined the effects of pro-
gressive balance programs that were based upon 
task performance (e.g. advance when proficient at 
exercise) for injured and active healthy individu-
als.1,8,9,10 Evidence suggests that the level of difficulty 
(instability) of the unstable object is not indicative 
of balance improvements; thus, individuals may 
demonstrate improvements on different unstable 
objects.11,12 While task performance is a good clini-
cal marker for progression, these studies did not 
 consider the influence of an individual’s balance 
confidence when using the different unstable 
objects. Low balance confidence can be a barrier 
to an individual’s balance performance when the 
unstable object becomes more difficult.11,12 

Balance confidence (i.e., perceived postural stabil-
ity) can be anticipated or actual (during the task).13 
Balance confidence has been a popular measure 
among community-dwelling older adults14 and older 
adults with medical conditions.15,16,17,18,19,20 There are 
several validated patient outcomes that use antici-
pated situational questions designed for older adults 
(e.g. walking up and down stairs). These types of 
questions may not capture the actual confidence 
level of the individual during the task. Individuals 
may answer questions based upon prior experience 
or estimated performance if they have not recently 
performed the activity.13 A lack of balance confi-
dence is a high predictor of falls among older indi-
viduals.13 Furthermore, these outcomes may have a 

ceiling effect with active, younger adults since most 
can successfully perform the tasks presented in the 
questions.21,22 

Rehabilitation professionals may progress indi-
viduals on unstable objects according to their own 
preferred methods or the patient’s physical per-
formance without addressing balance confidence. 
Currently, there is no universal consensus on the 
optimal progression of unstable objects for younger 
active, healthy adults and injured patients.23 Con-
sidering the influence of balance confidence on a 
patient’s performance during their balance or injury 
prevention program is a novel concept to consider. 
To date, there are no investigations that have exam-
ined this topic. Most studies of this population have 
focused on return to play confidence or psycho-
logical readiness among individuals returning from 
lower extremity injuries.24,25 Addressing balance 
confidence during a training program may improve 
an individual’s return to play confidence and pro-
vide insight into the appropriate programming 
progressions.

The first step in understanding the influences of 
balance confidence is to explore the correlation 
between anticipated and actual balance confidence 
and determine the best method to measure this 
 construct. For example, an injured individual may 
demonstrate low balance confidence right before 
trying an unstable object (anticipated) but may gain 
higher confidence after they successfully perform a 
task on the object (actual). The rehabilitation pro-
fessional may benefit from knowing which method 
is best for measuring balance confidence and from 
being able to rank the unstable objects based upon 
the patient’s confidence level. The primary purpose 
of this investigation was to explore the correlation 
between anticipated and actual balance confidence 
on unstable objects during static double leg and 
single leg stance. The secondary purpose was to 
explore the correlation between anticipated and 
actual unstable object difficulty rankings. 

METHODS

Subjects 
Sixty-five young, active, healthy adults (M=35, 
F=30) (leg dominance: right= 57, left= 7) (mean 
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(floor of research lab: “ground”) and four different 
unstable objects (a foam pad, air-filled discs, Bosu®, 
and wobble board) (Figure 1). The survey was preset 
to randomize questions for each participant. 

After seeing a picture of each object, participants 
rated their predicted balance confidence (for each 
surface/object and stance condition) during double 
leg stance and single leg stance.27 Balance confi-
dence was assessed using a numeric self-reported 
balance confidence score ranging from 0 to 100 scale 
(0-no confidence, 100-high confidence) (Figure 2). 
The numeric rating scale was adapted from the 
 ordinal scale used in the Activities-specific Balance 
Confidence scale (ABC) questionnaire.27 The ABC is 
one of several validated patient outcomes that use 
situational questions designed for older adults.13 
Ordinal type scales are reliable and valid outcomes 
commonly used to measure pain28,29,30 or other 
patient characteristics such as satisfaction rating or 
education level.31 The balance confidence score pro-
vides the professional with a simple numeric rating 
(e.g. 10, 20, ..100) of the individual’s balance confi-
dence before or during a task while standing on an 
unstable object. For the last question of the survey, 
participants ranked the difficulty level of the stable 
surface and each object from level 1 (“easy”) to level 
5 (“difficult”) after completing each data collection 
session.

age 24.38 ± 3.56 years) were recruited via conve-
nience sampling (e.g., flyers). Recruited subjects 
reported participating in weekly recreational fitness 
activities (e.g. walking)26 and being familiar with 
common unstable objects. All participants reported 
using some type of unstable object as part of their 
fitness activities within the past 18 months of this 
study. Exclusion criteria included the presence of 
any musculoskeletal, neurologic, systemic, or meta-
bolic disease that would affect balance or lower 
extremity function; the inability to avoid medica-
tions that may affect testing; or any other poten-
tial issue or factor that would prevent participation. 
This investigation was approved by the Institutional 
Review Board (IRB) at California State University 
Dominguez Hills (IRB # 19-143).

Procedures
Two investigators collected data for this  investigation. 
Prior to data collection, a two-session pilot training 
was conducted to ensure consistency among the 
investigators. The primary investigator is a doc-
toral level physical therapist with over 13 years of 
experience and board certified in orthopedics. The 
second investigator is a doctoral level kinesiology 
researcher.

For data collection, all eligible participants signed 
the IRB-approved consent form before testing. All 
participants underwent two sessions of testing and 
were blinded from the results and other participants 
enrolled in the study. For Session 1 (anticipated), 
participants completed an online survey where they 
were shown pictures of unstable objects and then 
rated their anticipated balance confidence for each 
object. They then ranked the ground and unsta-
ble objects from easy to most difficult. All partici-
pants completed the survey and then underwent a 
5 day “wash out” period of no testing. Participants 
then completed testing in Session 2 (actual) by rat-
ing their balance confidence while standing on the 
ground and unstable objects.

Session 1: Anticipated
For Session 1, a 20-item online survey (SurveyMon-
key® www.surveymonkey.com) included questions 
on participant demographics and questions related 
to five standing conditions: on a flat stable surface 

Figure 1. Unstable objects used within the study.

Figure 2. Balance confidence score.
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Statistical Analysis 
Statistical analysis was performed using SPSS ver-
sion 25.0 (IBM SPSS, Armonk, New York, USA). Sub-
ject descriptive data was calculated and reported 
as the mean and standard deviation (SD) for age, 
height, body mass, and body mass index (BMI). The 
correlation between Session 1 and Session 2 balance 
confidence scores and ranking of objects were cal-
culated using the Spearman Rank correlation coef-
ficient (95% confidence interval).35 The criteria for 
evaluating the correlation coefficient was as fol-
lows: 0.00-0.10 = negligible correlation; 0.10-0.39 = 
weak correlation; .40-.69 = moderate correlation; 
0.70-0.89 = Strong correlation; and 0.90-1.00 = very 
strong correlation. Statistical significance was estab-
lished at p<.05 for all measures.36 

RESULTS 
Sixty-five participants completed the study (Table 1). 
There were no adverse events or participant attri-
tion during data collection. 

Balance confidence scores: anticipated and actual 
The relationship between both anticipated (Session 
1) and actual (Session 2) balance confidence scores 
for the ground and unstable objects were calculated 
for the static double leg and single leg stance condi-
tions. For double leg stance, there was a very strong 
correlation between anticipated and actual scores 
for standing on the ground (ρ=1.0, p= <.001). 
There was a weak correlation between scores for the 
foam pad (ρ=0.12, p= 0.34), air-filled discs (ρ=0.20, 
p= 0.11), Bosu® (dome up) (ρ=0.15, p= 0.23), Bosu® 
(dome down) (ρ=0.13, p= 0.30), and wobble board 
(ρ=0.20, p= 0.10) (Table 2).

For single leg stance, there was a very strong 
 correlation between anticipated and actual scores 
for standing on the ground (ρ=1.0, p= <.001). 
There was a weak correlation between scores for the 
foam pad (ρ=0.08, p= 0.54), air-filled discs (ρ=0.16, 
p= 0.21), Bosu® (dome up) (ρ=0.20, p= 0.11), Bosu® 

Session 2: Actual
For Session 2 (actual), participants were tested in the 
kinesiology laboratory using the same conditions on 
the ground and unstable objects they responded to in 
Session 1. Testing was conducted between the hours 
of 10 A.M. and 2 P.M.; participants were instructed to 
refrain from any strenuous activity for three hours 
prior to testing and from taking any medication that 
would interfere with testing. Participants wore com-
fortable clothing and athletic shoes during testing. 
Prior to data collection, the investigator reviewed the 
testing protocol with each participant and answered 
any questions. There were no practice trials con-
ducted. For testing, the participants first stood on 
the ground and then on each of the four objects 
under the two static conditions: double and single 
leg stance. For double leg stance, participants stood 
with feet 12 inches apart and arms at their sides. For 
single leg stance, participants stood on their domi-
nant leg (e.g. kicking leg) in a standard position with 
arms at their sides.32 Participants were not asked to 
focus their vision on any location but were asked 
to refrain from talking during testing. Participants 
completed one trial of each condition for the ground 
and four objects. Each condition lasted a total of 30 
seconds in order to allow the participant to adjust to 
the unstable object.33,34 There was a 30-second rest 
period between conditions. The investigator was in 
immediate proximity to assist the participant if they 
lost their balance. If a loss of balance occurred, the 
participant could touch down the opposite lower 
extremity or reach out to the examiner for support. 
The examiner stopped the timer and immediately 
assisted participants until they regained their bal-
ance on the object. Testing resumed until 30 seconds 
was complete for each condition. Immediately fol-
lowing testing, participants rated their balance con-
fidence for each condition; participants then ranked 
the ground and unstable objects from easy to most 
difficult. The unstable objects and conditions were 
randomized for each participant’s testing session.

Table 1. Subject demographics (N=65).
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(dome down) (ρ=0.14, p= 0.27), and wobble board 
(ρ=0.15, p= 0.23) (Table 3). 

Difficulty ranking of objects
Upon completion of both sessions, participants 
ranked the unstable objects for easiest to hardest. 
Statistical analysis revealed an excellent relationship 
between both sessions for the unstable object rank-
ings (ρ=1.0, p= <.001). The object rankings were 
based on the conditions with the highest agreement 
among participants for both sessions. The rank-
ings were: level 1 (easy)- ground, level 2- foam pad, 

level 3- air-filled discs, level 4- Bosu®, and level 5 
( difficult)- wobble board (Table 4).

DISCUSSION 
Sports rehabilitation professionals utilize unstable 
objects as part of a progressive balance program for 
injury rehabilitation and prevention. Professionals 
may prescribe a progressive balance program based 
on their preferred method without considering the 
influence of balance confidence. Low balance confi-
dence can be a barrier to an individual’s performance 
when the unstable object becomes more difficult.11,12 

Table 2. Table 2. Double leg stance: relationship among BCS scores (Session 
1 and Session 2).

Table 3. Single leg stance: relationship among BCS Scores (Session 1 and 
Session 2).

Table 4. Unstable object rankings of difficulty
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also apply to active individuals who are using these 
objects for the first time. 

Difficulty ranking for objects
A secondary analysis provided insight into indi-
vidual perceptions about the difficulty of specific 
unstable objects under static standing conditions 
(double and single leg). This analysis identified an 
excellent relationship between both anticipated and 
actual  sessions with the object difficulty rankings. 
Participants did not change their perception of the 
difficulty level of the unstable objects after com-
pleting both sessions. Subjective difficulty rankings 
from patients may help provide insight into their 
current perceptions about using specific unstable 
objects. However, not every patient may follow a 
standard progressive program due to their unique 
needs, physical abilities, balance confidence, and 
program goals. 

Limitations
This investigation was considered exploratory. 
There are specific limitations to this investiga-
tion. First, this investigation tested young, active, 
healthy adults which limits the study generaliz-
ability. Second, the ABC questionnaire and adapted 
numeric rating scale have not been validated in 
healthy, young adults. Third, the unstable objects 
used in this study may not represent all the balance 
devices available in the rehabilitation setting. Differ-
ent objects may have produced different outcomes 
among participants. Nevertheless, the study design 
was based on using objects that would not have a 
global floor or ceiling effect among the participants. 
Third, while the anticipated and actual balance con-
fidence score and object rankings were studied, the 
interaction between balance confidence and task 
performance on each of the unstable objects was 
not studied. Fourth, this study only examined bal-
ance confidence using static double and single leg 
stance. Dynamic movements on the stable surface 
and unstable objects may have  produced different 
outcomes among participants.

Clinical Relevance and Future Research
Considering the influence of balance confidence 
during injury rehabilitation, prevention, and perfor-
mance programs using unstable objects is a novel 

Balance confidence scales typically measure the 
anticipated balance confidence and do not capture 
the actual confidence level of the individual during 
the task.13 Rehabilitation professionals should con-
sider measuring actual balance confidence while 
patients perform tasks on unstable objects. 

Balance confidence scores: anticipated versus 
actual
This study measured the relationship between 
anticipated and actual balance confidence scores 
for stable and unstable surfaces. For standing on 
ground, there was a very strong correlation between 
anticipated and actual scores for both the double leg 
and single leg stance conditions (ρ=1.0, p= <.001). 
This suggests that individuals may feel confident 
when anticipating and when standing on the ground 
during both conditions. There was a weak correla-
tion within the four unstable objects (ρ=0.08-0.20, 
p= 0.10-0.54) for both the double leg stance and 
single leg stance conditions. This suggests that indi-
viduals may not accurately anticipate their balance 
confidence. This can be a safety concern for patients 
with a pre-existing injury or poor balance who want 
to use an unstable object but may not have the 
physical abilities to do so safely. Similar situations 
have been reported in the fitness setting where indi-
viduals experience injuries from overexertion and 
improper use of equipment which may be from an 
inaccurate estimation of confidence.37,38 

Based on the results of this study, rehabilitation 
professionals should have their patients perform 
a task on an unstable object and immediately rate 
their confidence while under direct supervision 
to ensure safety. Anticipated balance confidence 
may provide an inaccurate level of actual balance 
performance for certain patients. The ordinal bal-
ance confidence score may offer a simple method 
of documenting and tracking a patient’s confidence 
before and during a standing task on an unstable 
object. Balance confidence may be the best deter-
minant of patient performance and may help to 
build the patient’s return to activity confidence. 
This is especially important with individuals recov-
ering from musculoskeletal injury since they may 
already demonstrate low confidence with challeng-
ing activities due to fear of reinjury.11,12 This can 
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concept. Sports rehabilitation professionals should 
consider measuring actual balance confidence prior 
to initiating balance exercises. An ordinal balance 
confidence score may provide an easy method of 
documenting a tracking a patient’s progress as they 
use different objects under different conditions 
(e.g. static double or single leg stance). 

Future research should explore the validity and reli-
ability of the ordinal balance confidence score with 
different patient populations using unstable objects. 
Actual balance confidence during dynamic move-
ments on unstable objects should also be studied 
since this investigation only measured static condi-
tions. Future research should also explore the cor-
relation between actual balance confidence, task 
performance, and return to play confidence among 
younger, active adults with different musculoskel-
etal injuries and concussions.

CONCLUSION 
This was the first investigation to explore the 
 relationship of balance confidence and unstable 
objects under different static conditions. A very 
strong correlation was found between anticipated 
and actual confidence on level ground for double 
and single limb stance in healthy adults; however, 
a weak correlation was found between anticipated 
versus actual confidence for the unstable object con-
ditions. This novel topic should be considered by 
sports rehabilitation professionals when prescribing 
a balance program using these objects for different 
patients. An ordinal balance confidence score may 
offer an easy way to document and track a patient’s 
progress with different objects. Measuring a patient’s 
balance confidence may help rehabilitation profes-
sionals better prescribe and progress their balance 
training program. 
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ABSTRACT
Background and Purpose: Dynamic knee valgus has been associated with patellofemoral pain (PFP) during high-level 
tasks, however, repeated lower-level stresses may be an alternative pain mechanism. The primary purpose of the current 
study was to examine the consistency of dynamic knee valgus and task-elicited pain demonstrated by females with PFP 
across four common functional tasks (stair ascent, stair descent, sit-to-stand, and stand-to-sit). A secondary purpose was to 
assess the correlation between the clinical test of single-limb squat and functional tasks. 

Hypothesis: Females with patellofemoral pain will demonstrate a positive relationship in magnitude of dynamic knee val-
gus and task-elicited pain across functional tasks. Individuals who demonstrated greater dynamic knee valgus and task-
elicited pain during the clinical test of single-limb squat would demonstrate greater dynamic knee valgus and task elicited 
pain during stair ascent/descent and sit-to-stand/stand-to-sit tasks.

Study Design: Cross-sectional study; secondary analysis of a feasibility intervention study.

Methods: Twenty-three women with patellofemoral pain (age: 21.8 SD 3.7 years; BMI: 22.2 SD 2.0 kg/m2) participated. 
Three-dimensional kinematic data were captured during task completion. Hip and knee frontal and transverse plane angles 
at 45° of knee flexion, and pain using a visual analog scale, were assessed during single-limb squat, stair ascent/descent, 
and sit-to-stand. Pearson product-moment correlation coefficients were calculated to examine between-task relationships 
for each variable at the pre-intervention assessment.

Results: Correlation coefficients between tasks ranged from 0.23-0.76 for hip frontal plane measures (7/10 significant rela-
tionships, p<0.02), 0.31-0.90 for hip transverse plane measures (7/10 significant, p<0.01), 0.87-0.95 for knee frontal plane 
measures (10/10 significant, p<0.01), and 0.54-0.86 for knee transverse plane measures (10/10 significant, p<0.01). Correla-
tions spanned 0.59-0.85 for pain during tasks (10/10 significant, p<0.01).

Conclusion: Females with patellofemoral pain demonstrated positive correlations in dynamic knee valgus kinematics and 
task-elicited pain across five tasks. Movement and pain during the clinical test of single-limb squat test also was correlated 
with movement and pain during the functional tasks of stair ascent/descent and sit-to-stand.

Level of Evidence: Level 2b.

Key Words: patellofemoral pain, movement impairments, sit-to-stand, stair ascent/descent, movement system.
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INTRODUCTION
Dynamic knee valgus has been described as a com-
bination of hip adduction, hip medial rotation, knee 
abduction, and knee lateral rotation.1,2 Dynamic 
knee valgus or its components have been identified 
as movement impairment risk factors for the devel-
opment of a variety of musculoskeletal pain prob-
lems.1,3-5 Often, dynamic knee valgus is studied in an 
athletic population, examining whether it is a con-
tributing factor to pain problems in different sports 
and different knee pain conditions.4,6-9 Assessment 
frequently occurs during clinical tests or sports-
related tasks that may more closely mimic the 
demands placed on the knee during sports or other 
higher intensity activities. Examples include single-
limb squat,2 running,10 or vertical drop jump.11-13 The 
information gathered from these tests is valuable, 
particularly given dynamic knee valgus demon-
strated during such tasks is considered a risk factor 
for an acute injury, such as an anterior cruciate liga-
ment tear, that occurs during sport activity.14,15 

Dynamic knee valgus, however, also is thought to be 
a potential contributing factor to insidious or chronic 
knee pain conditions such as patellofemoral pain 
(PFP).16 Furthermore, chronic pain conditions, such 
as PFP, exist in elite athletes, recreational athletes, and 
non-athletes.17-19 Patellofemoral pain also has been 
reported in lower-level activities of daily living such as 
prolonged sitting, squatting, and stair negotiation.17,20 

It has been hypothesized that the cumulative effects 
of movement impairments performed throughout 
the day during functional tasks may contribute to 
the development or persistence of chronic muscu-
loskeletal pain problems.21,22 If dynamic knee valgus 
is present throughout the day during routine func-
tional tasks, the repetitive dynamic knee valgus 
may result in increased accumulation of stress at 
the patellofemoral joint, contributing to the develop-
ment of PFP. This stress may compound the stresses 
already present due to participation in sports related 
activities, and lead to pain during a variety of low-
intensity, functional tasks. 

While dynamic knee valgus has been associated with 
PFP during tasks such as the vertical drop jump and 
single limb squat, the assessment of dynamic knee 
valgus in previous studies has typically compared 

individuals with PFP to individuals without PFP 
and assessed only one or two tasks at a time. What 
is unknown is whether individuals demonstrate 
a similar movement pattern of dynamic knee val-
gus across a variety of functional tasks such as stair 
ascent/descent, sit-to-stand or stand-to-sit performed 
throughout the day. It also is unknown whether indi-
viduals report a similar pain pattern across tasks. For 
example, does a patient who reports higher pain dur-
ing one task (e.g. stair descent) report higher pain in 
other tasks (e.g. stand-to-sit). Knowledge of the con-
sistency of dynamic knee valgus and task- elicited 
pain across common daily tasks would provide 
insight into the movement-related mechanisms of 
pain development and inform potential movement-
based interventions for women with PFP. 

The primary purpose of the current study was to 
examine the consistency of dynamic knee valgus and 
task-elicited pain demonstrated by females with PFP 
across four common functional tasks (stair ascent, 
stair descent, sit-to-stand, and stand-to-sit). The 
authors hypothesized that the dynamic knee valgus 
kinematics demonstrated during one task would be 
correlated with the dynamic knee valgus kinematics 
demonstrated during all other tasks. Likewise, pain 
during one task was expected to be positively corre-
lated with pain during all other tasks. 

A secondary purpose was to assess the correlation 
between the clinical test of single-limb squat and 
functional tasks. The authors hypothesized that 
individuals who demonstrated greater dynamic 
knee valgus and task-elicited pain during the clinical 
test of single-limb squat would demonstrate greater 
dynamic knee valgus and task elicited pain during 
stair ascent/descent and sit-to-stand/stand-to-sit 
tasks. A better understanding of how well clinical 
tests relate to functional tasks with respect to move-
ment and task-elicited pain may provide clinicians 
with the confidence to use clinical tests in place of 
functional tasks when time, space, or equipment 
restraints limit assessment of a variety of tasks. 

METHODS
These data are a subset of data from a prospective, 
within-group, double-baseline, feasibility interven-
tion trial.20 Data reported in this cross-sectional 
study are from pre-treatment assessment.
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4 reflective markers were affixed to the lateral mid-
thigh and mid-shank regions bilaterally.

Following donning of all reflective markers, par-
ticipants performed a standing calibration trial, fol-
lowed by single-limb squat, stair ascent/descent, 
sit-to-stand/stand-to-sit in randomized order. Due to 
set-up, if stair ascent or descent was chosen, stair 
descent or ascent was next, respectively. This also 
was true for sit-to-stand and stand-to-sit. Participants 
performed single-limb squat on the involved or more 
painful limb; the involved side was analyzed during 
stair ascent/descent and the sit-to-stand/stand-to-
sit tasks. For single-limb squat, participants were 
instructed to keep their arms at their side while bend-
ing the knee to at least 60° (visually confirmed by 
investigator). For stair ascent/descent, participants 
were instructed to ascend/descend the three-step 
staircase (6” riser; 12” tread) step over step, leading 
with the involved limb (ascent) or uninvolved limb 
(descent), using their usual pattern and pace. For sit-
to-stand, participants were seated on a rigid bench, 
with the seat height adjusted such that their hips 
and knees were flexed to 90°. They were instructed 
to face straight ahead and keep their arms at their 
sides or rest their hands on their thighs as they stood 
up. They were not allowed to use the chair or their 
thighs for upper extremity support. For stand-to-sit, 
participants stood in front of the bench using a self-
selected foot placement. Participants were given the 
same instructions regarding orientation and use of 
upper extremities as with sit-to-stand. During all 
tasks, participants were instructed to perform each 
task at their usual pace, except for single limb squat, 
in which they were instructed to complete a full 
squat (down and up) in ~4 seconds.10 No additional 
instructions were given to the participant about the 
position of the knee relative to the foot or hip. Partic-
ipants completed three trials of each task after being 
allowed several practice trials to become familiar 
with the task. 

Pain during each task (task-elicited pain) was 
assessed using a visual analog scale (VAS). The VAS 
was a 100mm line with a left anchor of “no pain,” 
and a right anchor of “worst imaginable pain.” After 
completion of each condition, participants rated 
their average pain along the VAS during that particu-
lar condition by placing a hash mark on the line. 

Participants
Twenty-three women with PFP (mean age: 21.8 SD 
3.7 years; body mass index: 22.2 SD 2.0 kg/m2) par-
ticipated. Twenty participants reported bilateral 
pain; three participants reported unilateral pain. Par-
ticipants qualified for the study if they reported pain 
behind or around the patella for at least two months 
duration23 and a minimum average pain during the 
prior week of a 3/10 using a verbal pain rating scale 
(0 represents no pain, 10 represents severe pain). 
Pain had to be reproducible with two of the three 
following tests: resisted isometric quadriceps con-
traction performed with the knee in approximately 
10° of flexion, single-limb squat, or stair descent.24 
Women with PFP also had to demonstrate an observ-
able dynamic knee valgus during the descent phase 
of a single-limb squat test.25 Dynamic knee valgus 
was considered observable if the researcher visu-
ally observed the participant demonstrate a change 
of 10° or greater in the angle between the line that 
bisects the thigh and a line that bisects the lower leg, 
during descent of single-limb squat. Potential partici-
pants were excluded if they reported a (1) body mass 
index greater than 30 kg/m2 to minimize potential 
additional error due to excessive skin movement 
over bony landmarks, (2) history or current report 
of knee ligament, tendon, or cartilage injury; patel-
lar instability or dislocation; or prior knee surgery,  
(3) known pregnancy, or (4) neurological involve-
ment that would influence movement. All par-
ticipants read and signed an informed consent 
approved by the Saint Louis University institutional 
review board (IRB# 24433). The study protocol, also 
approved by the institutional review board, followed 
federal and state regulations and the Declaration of 
Helsinki guidelines protecting human participants. 

Procedures
Three-dimensional kinematic data were captured 
with an 8-camera motion analysis system (Vicon, 
Oxford Metrics LTD, Oxford, England) using meth-
ods described previously.2 Prior to data collection, 
reflective markers were placed bilaterally over the 
iliac crests, anterior superior iliac spines, posterior 
superior iliac spines, medial and lateral femoral con-
dyles, medial and lateral malleoli, posterior calca-
nei, lateral and anterior midfoot regions, and 1st and 
5th metatarsal heads. Thermoplastic shells each with 
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transverse plane angles, and pain during each con-
dition. Pearson product-moment correlation coef-
ficients were calculated to examine relationships 
between conditions for each individual variable. A  
p value less than 0.05 was considered significant. 

RESULTS

Descriptive statistics
Descriptive statistics for hip frontal and transverse 
plane angles, knee frontal and transverse plane 
angles, and pain during each condition are provided 
in Table 1. 

Pearson Product-Moment Correlations
Hip frontal plane: Pearson product-moment corre-
lations between conditions ranged from r=0.23 to 
r=0.76 with 7 of 10 relationships being statistically 
significant at p<0.05 or lower (Table 2). 

Hip transverse plane: Pearson product-moment cor-
relations between conditions ranged from r=0.31 to 
r=0.90 with 7 of 10 relationships being statistically 
significant at p<0.01 or lower (Table 3).

Knee frontal plane: Pearson product-moment corre-
lations between conditions ranged from r=0.87 to 
r=0.95 with 10 of 10 relationships being statistically 
significant at p<0.01 or lower (Table 4).

Knee transverse plane: Pearson product-moment cor-
relations between conditions ranged from r=0.54 to 
r=0.86 with 10 of 10 relationships being statistically 
significant at p<0.01 or lower (Table 5).

Task-elicited pain: Pearson product-moment corre-
lations between conditions ranged from r=0.59 to 
r=0.85 with 10 of 10 relationships being statistically 
significant at p<0.01 or lower (Table 6).

DISCUSSION
The primary purpose of the current study was to 
examine the consistency of dynamic knee valgus 
and task-elicited pain demonstrated by females with 
PFP across a variety of functional tasks. The authors 
hypothesized there would be a strong relationship 
between the different functional tasks with respect 
to kinematics and pain. A secondary purpose was 
to assess the correlation between the clinical test of 
single-limb squat and functional tasks. The authors 

Pain levels were calculated as the distance in mil-
limeters measured from the left anchor to the point 
where the hash mark crossed the line.

Data Processing
All 3D kinematic data were processed using 
 Visual3DTM software (C-Motion, Inc., Rockville, MD, 
USA). The marker trajectories were low-pass filtered 
using a 4th-order Butterworth filter with a 6 Hz cutoff 
frequency. A six degrees of freedom model incorpo-
rating the pelvis (CODA model, Charnwood Dynam-
ics Ltd., UK), thigh, shank, and foot was used for 
data processing.2,26 

The thigh frontal plane was defined at the proximal 
end by the hip joint center and at the distal end 
by the two femoral epicondyle markers. The shank 
frontal plane was defined at the proximal end by 
the thigh distal endpoint and at the distal end by the 
two malleolus markers. The foot frontal plane was 
defined at the proximal end by the two malleolus 
markers and at the distal end by the projection on 
the floor of the two malleolus markers. The local 
coordinate system of each segment was located at 
the proximal endpoint of each segment. The fron-
tal plane defined the orientation of the x-axis (sag-
ittal plane rotation). The z-axis (transverse plane 
rotation) was aligned so that it passed through the 
proximal endpoint and the distal endpoint of the 
segments. The y-axis (frontal plane rotation) was 
oriented orthogonal to both x and z axes.26 The ref-
erence frame of the proximal segment was used 
to calculate all hip and knee angles, measured to 
1/100th of a degree. Flexion, adduction, and medial 
rotation at both joints were calculated in the posi-
tive direction. For all movement tasks, hip and 
knee angles were calculated at 45º of knee flexion 
to allow assessment of frontal and transverse plane 
angles when the knee was in a similar sagittal plane 
position. The average of the three trials for each 
task was used for further data analysis.

Data Analysis
Data were analyzed with IBM SPSS Statistics version 
24 (IBM SPSS Statistics for Windows, Armonk, NY, 
USA). Descriptive statistics were calculated to deter-
mine the mean and standard deviation of the hip 
frontal and transverse plane angles, knee frontal and 
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a positive relationship in movement patterns and 
task-elicited pain across functional tasks. Further-
more, females with PFP who demonstrate greater 
dynamic knee valgus and pain during the clinical 
test of single-limb squat would demonstrate greater 
dynamic knee valgus and pain during stair ascent/
descent and sit-to-stand/stand-to-sit. 

hypothesized that individuals who demonstrated 
greater dynamic knee valgus and task-elicited pain 
during the clinical test of single-limb squat would 
demonstrate greater dynamic knee valgus and task-
elicited pain during stair ascent/descent and sit-to-
stand/stand-to-sit tasks. The results of the current 
study indicate that females with PFP demonstrate 

Table 1. Descriptive variables presented as Mean (SD) for pain and hip and knee frontal and 
transverse plane angles at 45º of knee flexion during single-limb squat, stair ascent, stair 
descent, sit-to-stand, and stand-to-sit. In the frontal plane, a positive value indicates adduc-
tion, a negative value indicates abduction; in the transverse plane a positive value indicates 
medial rotation, a negative value indicates lateral rotation.  

Table 2. Hip frontal plane Pearson product-moment correlations between single-limb 
squat, stair ascent, stair descent, sit-to-stand, and stand-to-sit. 
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Powers et al1,27 modeled the potential contribution 
of an impaired movement pattern on the stress 
at the knee joint, arguing an impaired movement 
contributes to the development of increased stress 
and, subsequently pain. Dye28 describes how load 
applied to the patellofemoral joint that is in excess 
of what is allowable to maintain tissue homeostasis 
can result in increased stress on tissues and the per-
ception of pain. Given the demands placed on the 
knee across the day during routine daily activities 

Existing literature2,4,6-10 pertaining to movement pat-
terns in people with knee pain/injury conditions 
provides information about behavior during single 
tasks or high intensity activities leading to recogni-
tion of components of dynamic knee valgus as a risk 
factor for patellofemoral and other knee pathologies. 
However, the repetition of a movement pattern per-
formed during functional tasks throughout the day, 
despite being a lower level of intensity could have a 
cumulative effect on stress at the knee joint. 

Table 3. Hip transverse plane Pearson product-moment correlations between single-limb 
squat, stair ascent, stair descent, sit-to-stand, and stand-to-sit.

Table 4. Knee frontal plane Pearson product-moment correlations between single-limb 
squat, stair ascent, stair descent, sit-to-stand, and stand-to-sit. 
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suggests a potential for cumulative microtrauma 
across the day, potentially contributing to the devel-
opment or persistence of PFP. This concept has sup-
port from findings observed in the lumbar spine. 
Marich et al29 reported that people with low back 
pain adopted consistent movement patterns when 
performing a variety of functional tasks. These pat-
terns, different from those of pain-free individuals, 
were associated with greater functional limitations. 

such as sit-to-stand or ascending/descending stairs, 
recognizing impaired movement patterns during 
daily tasks may provide insight into the cumula-
tive microtrauma placed on tissues throughout the 
day. This microtrauma may potentially contribute 
to knee pain. The results of the current study indi-
cate individuals with greater dynamic knee valgus 
during one task may demonstrate greater dynamic 
knee valgus across a variety of functional tasks. This 

Table 5. Knee transverse plane Pearson product-moment correlations between single-limb 
squat, stair ascent, stair descent, sit-to-stand, and stand-to-sit. 

Table 6. Pearson product-moment correlations between single-limb squat, stair ascent, 
stair descent, sit-to-stand, and stand-to-sit for pain as reported during each task.
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was behind the stance limb. Khuu and Lewis33 have 
shown that the position of the non-weight bearing 
limb influences the kinematics of the weight bearing 
limb during a single-limb squat. Perhaps the ante-
rior position of the non-weight bearing limb during 
stair descent contributed to the lack of associations 
among hip kinematics during the other tasks.

There are several clinical implications of the cur-
rent findings. If routine low-level daily tasks are 
performed throughout the day with an impaired 
movement pattern that might contribute to PFP, 
rehabilitation interventions might need to focus on 
improving limb alignment during repeated practice 
of various daily tasks, and emphasize education on 
the importance of maintaining improved limb align-
ment throughout the day. Results from the larger 
primary feasibility study investigating a task-spe-
cific movement training intervention in women 
with PFP20 supports this strategy; wherein hip and 
knee kinematics as well as pain improved follow-
ing the intervention.20 Another implication is that 
movement during a single-limb squat, a commonly 
used clinical screening test, may be an indicator of 
movement during daily activities, thus providing 
clinicians with a representative and informative 
screening tool for dynamic knee valgus. Further, 
while the magnitude of pain might be higher during 
the single limb squat than in less demanding tasks, 
the level of pain a person has during the squat may 
be indicative of the level of pain they have during 
daily activities, again supporting the single limb 
squat as an informative clinical screening tool. It 
is possible a different task such as bilateral partial 
squat, which may cause less pain, could be used as 
a screening tool. Additional study to explore alter-
native, less painful screening tools that correlate to 
functional tasks would be beneficial. 

There are several limitations of the current study. 
First, there was no pain-free comparison group to 
confirm that the participants with PFP demonstrated 
a greater degree of dynamic knee valgus than pain-
free individuals during the functional tasks. The 
primary study from which this subset of data was 
derived from was an intervention study where pain-
free participants were not included. However, it 
has been previously reported in the literature that 
females with PFP, compared to pain-free individuals, 

Another primary finding of this study is the positive 
relationship between conditions in the task-elicited 
pain reported by participants. On average, par-
ticipants who reported higher pain in one activity 
reported higher pain in other activities as well. This 
has potential negative ramifications in that women 
with PFP may elect to limit participation in basic 
activities of daily living because of pain. Studies 
have shown that higher pain levels in people with 
musculoskeletal pain are associated with greater 
perceived interference in functional activities30 and 
greater disability.31 While it is not clear that there 
is a one-to-one relationship between the level of 
pain and degree of dynamic knee valgus during a 
task, there is evidence that increasing dynamic knee 
valgus results in an immediate increase in PFP in 
women who performed a single-limb squat task.2 As 
such, dynamic knee valgus as a proposed mecha-
nism of PFP in women is plausible. 

Interestingly, the positive correlations observed 
were stronger in the knee kinematic variables than 
in those of the hip (knee coefficients ranged from 
0.54 to 0.94 and ten out of ten relationships were 
statistically significant). One explanation for this 
finding may be that frontal and transverse plane 
movement at the knee is more “fixed” than at the 
hip. Women with PFP may be able to alter their hip 
kinematics more readily, choosing slightly different 
movement strategies at the hip joint depending on 
the task, whereas the knee strategies are less vari-
able (e.g. the knee exhibits a similar kinematic pat-
tern regardless of the task). Reduced variability of 
movement patterns may contribute to injury, pain 
and poor task performance.32 Perhaps this is one 
explanation for why pain manifests at the patello-
femoral joint.

Among the five tasks, stair descent had the lowest 
correlations among the hip kinematic variables, with 
stair ascent having the only positive association with 
stair descent. This finding is difficult to interpret, as 
stair descent was not the only single-limb task per-
formed nor was it the only eccentric task (e.g. single 
limb squat). However, stair descent and single-limb 
squat differed in the location of the non-weight bear-
ing limb as the task was performed. During stair 
descent, the non-weight bearing limb was in front 
of the stance limb, whereas during the squat task it 
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7. Alentorn-Geli E, Myer GD, Silvers HJ, et al. 
Prevention of non-contact anterior cruciate ligament 
injuries in soccer players. Part 2: a review of 
prevention programs aimed to modify risk factors 
and to reduce injury rates. Knee Surg Sports 
Traumatol Arthrosc. 2009;17(8):859-879.

8. Hewett TE, Myer GD, Ford KR, et al. Biomechanical 
measures of neuromuscular control and valgus 
loading of the knee predict anterior cruciate 
ligament injury risk in female athletes: a prospective 
study. Am J Sports Med. 2005;33(4):492-501.

9. Petersen W, Rembitzki I, Liebau C. Patellofemoral 
pain in athletes. Open Access J Sports Med. 2017;8: 
143-154.

10. Willson JD, Davis IS. Lower extremity mechanics of 
females with and without patellofemoral pain across 
activities with progressively greater task demands. 
Clin Biomech. 2008;23(2):203-211.

11. Galloway RT, Xu Y, Hewett TE, et al. Age-dependent 
patellofemoral pain: Hip and knee risk landing 
profiles in prepubescent and postpubescent female 
athletes. Am J Sports Med. 2018;46(11):2761-2771.

12. Joseph M, Tiberio D, Baird JL, et al. Knee valgus 
during drop jumps in National Collegiate Athletic 
Association Division I female athletes: the effect of a 
medial post. Am J Sports Med. 2008;36(2):285-289.

13. Ford KR, Myer GD, Hewett TE. Valgus knee motion 
during landing in high school female and male 
basketball players. Med Sci Sports Exerc. 
2003;35(10):1745-1750.

14. Mehl J, Diermeier T, Herbst E, et al. Evidence-based 
concepts for prevention of knee and ACL injuries. 
2017 guidelines of the ligament committee of the 
German Knee Society (DKG). Arch Orthop Trauma 
Surg. 2018;138(1):51-61.

15. McLean SG, Walker K, Ford KR, et al. Evaluation of a 
two dimensional analysis method as a screening and 
evaluation tool for anterior cruciate ligament injury. 
Br J Sports Med. 2005;39(6):355-362.

16. Powers CM, Witvrouw E, Davis IS, et al. Evidence-
based framework for a pathomechanical model of 
patellofemoral pain: 2017 patellofemoral pain 
consensus statement from the 4th International 
Patellofemoral Pain Research Retreat, Manchester, 
UK: part 3. Br J Sports Med. 2017;51(24):1713-1723.

17. Smith BE, Selfe J, Thacker D, et al. Incidence and 
prevalence of patellofemoral pain: A systematic 
review and meta-analysis. PloS one. 
2018;13(1):e0190892.

18. Fukuda TY, Melo WP, Zaffalon BM, et al. Hip 
posterolateral musculature strengthening in 
sedentary women with patellofemoral pain 
syndrome: a randomized controlled clinical trial 

demonstrate greater dynamic knee valgus compo-
nents during stair descent,34 single-limb squat35-37 
and across progressively higher intensity activities 
including single-limb squatting, running, and single-
limb jumping.10 Further study would be necessary to 
determine whether the level of dynamic knee valgus 
demonstrated during all functional tasks is greater 
than in pain-free individuals. A second limitation of 
this study is that only females were included. While 
females with PFP and dynamic knee valgus may 
represent an important phenotype of people with 
PFP, the information collected here may not be gen-
eralizable to men; further study would be necessary 
to assess this same question in men. 

CONCLUSION
Females with PFP demonstrated a positive relation-
ship in dynamic knee valgus kinematics and task-
elicited pain across five functional tasks. The clinical 
test of single-limb squat was representative of move-
ment patterns and pain during the functional tasks.

REFERENCES
1. Powers CM. The influence of abnormal hip 

mechanics on knee injury: a biomechanical 
perspective. J Orthop Sports Phys Ther. 2010;40(2): 
42-51.

2. Salsich GB, Graci V, Maxam DE. The effects of 
movement pattern modification on lower extremity 
kinematics and pain in women with patellofemoral 
pain. J Orthop Sports Phys Ther. 2012;42(12): 
1017-1024.

3. Raisanen AM, Pasanen K, Krosshaug T, et al. 
Association between frontal plane knee control and 
lower extremity injuries: a prospective study on 
young team sport athletes. BMJ Open Sport Exerc 
Med. 2018;4(1):e000311.

4. Willy RW, Manal KT, Witvrouw EE, et al. Are 
mechanics different between male and female 
runners with patellofemoral pain? Med Sci Sports 
Exerc. 2012;44(11):2165-2171.

5. Ferber R, Noehren B, Hamill J, et al. Competitive 
female runners with a history of iliotibial band 
syndrome demonstrate atypical hip and knee 
kinematics. J Orthop Sports Phys Ther. 2010;40(2): 
52-58.

6. Joseph MF, Rahl M, Sheehan J, et al. Timing of lower 
extremity frontal plane motion differs between 
female and male athletes during a landing task. Am J 
Sports Med. 2011;39(7):1517-1521.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 994

28. Dye SF. The pathophysiology of patellofemoral pain: 
a tissue homeostasis perspective. Clin Orthop Relat 
Res. 2005(436):100-110.

29. Marich AV, Hwang CT, Salsich GB, et al. Consistency 
of a lumbar movement pattern across functional 
activities in people with low back pain. Clin Biomech. 
2017;44:45-51.

30. Talaei-Khoei M, Ogink PT, Jha R, et al. Cognitive 
intrusion of pain and catastrophic thinking 
independently explain interference of pain in the 
activities of daily living. J Psychiatr Res. 2017;91: 
156-163.

31. Stommen NC, Verbunt JA, Gorter SL, et al. Physical 
activity and disability among adolescents and young 
adults with non-specific musculoskeletal pain. 
Disabil Rehabil. 2012;34(17):1438-1443.

32. Hodges PW, Smeets RJ. Interaction between pain, 
movement, and physical activity: short-term 
benefits, long-term consequences, and targets for 
treatment. Clin J Pain. 2015;31(2):97-107.

33. Khuu A, Lewis CL. Position of the non-stance leg 
during the single leg squat affects females and males 
differently. Hum Mov Sci. 2019;67:102506.

34. McKenzie K, Galea V, Wessel J, et al. Lower 
extremity kinematics of females with patellofemoral 
pain syndrome while stair stepping. J Orthop Sports 
Phys Ther. 2010;40(10):625-632.

35. Nakagawa TH, Moriya ET, Maciel CD, et al. Trunk, 
pelvis, hip, and knee kinematics, hip strength, and 
gluteal muscle activation during a single-leg squat in 
males and females with and without patellofemoral 
pain syndrome. J Orthop Sports Phys Ther. 
2012;42(6):491-501.

36. Song CY, Huang HY, Chen SC, et al. Effects of 
femoral rotational taping on pain, lower extremity 
kinematics, and muscle activation in female patients 
with patellofemoral pain. J Sci Med Sport. 
2015;18(4):388-393.

37. Willson JD, Davis IS. Utility of the frontal plane 
projection angle in females with patellofemoral pain. 
J Orthop Sports Phys Ther. 2008;38(10):606-615.

with 1-year follow-up. J Orthop Sports Phys Ther. 
2012;42(10):823-830.

19. Magalhaes E, Fukuda TY, Sacramento SN, et al. A 
comparison of hip strength between sedentary females 
with and without patellofemoral pain syndrome.  
J Orthop Sports Phys Ther. 2010;40(10):641-647.

20. Salsich GB, Yemm B, Steger-May K, et al. A 
feasibility study of a novel, task-specific movement 
training intervention for women with patellofemoral 
pain. Clin Rehabil. 2018;32(2):179-190.

21. Sahrmann SA. Diagnosis and Treatment of Movement 
Impairment Syndromes. St. Louis, MO, USA: Mosby; 
2002.

22. Sahrmann SA. Movement System Impairment 
Syndromes of the Extremities, Cervical, and Thoracic 
Spines: Considerations for Acute and Long-Term 
Management. St. Louis, MO, USA: Elsevier Mosby; 
2011.

23. Kannus P, Natri A, Paakkala T, et al. An outcome study 
of chronic patellofemoral pain syndrome. Seven-year 
follow-up of patients in a randomized, controlled trial. 
J Bone Joint Surg Am. 1999;81(3):355-363.

24. McConnell J. The management of chondromalacia 
patellae: a long term solution. Aust J Physiother. 
1986;32:215-223.

25. Harris-Hayes M, Steger-May K, Koh C, et al. 
Classification of lower extremity movement patterns 
based on visual assessment: reliability and 
correlation with 2-dimensional video analysis. J Athl 
Train. 2014;49(3):304-310.

26. Di Staulo AM, Scholtes SA, Salsich GB. A descriptive 
report of the variability in 3D hip and knee 
kinematics during a single limb squat in women who 
have patellofemoral pain and visually classified 
dynamic knee valgus. Physiother Theory Pract. 
2019:1-10.

27. Powers CM. The influence of altered lower-extremity 
kinematics on patellofemoral joint dysfunction: A 
theoretical perspective. J Orthop Sports Phys Ther. 
2003;33(11):639-646.



ABSTRACT
Background: Quadriceps weakness is a predictor of long-term knee function and strength recovery can vary from months to years 
after anterior cruciate ligament reconstruction (ACLR). However, few studies evaluate quadriceps strength and self-reported func-
tion within the first several weeks after ACLR. 

Hypothesis/Purpose: To examine changes over time in quadriceps strength symmetry, quadriceps peak torque, and self-reported 
knee function prior to and at six, 12, and 24 weeks post-ACLR. The hypotheses were 1) quadriceps strength symmetry, bilateral 
quadriceps peak torque, and patient-reported function would improve over time from pre-ACLR to 24 weeks post-ACLR and 2) 
significant improvements in patient-reported function, but not strength symmetry, would occur between time points.

Study Design: Prospective, cohort study

Methods: Thirty participants completed four testing sessions: pre-surgery and six, 12, and 24 weeks post-ACLR. Isometric quadri-
ceps strength testing was performed at six weeks and isokinetic quadriceps strength was measured at all other testing points. 
Quadriceps index was calculated to evaluate between limb quadriceps strength symmetry. The Knee injury and Osteoarthritis 
Outcome Score (KOOS) and International Knee Documentation Committee Subjective Knee Evaluation Form (IKDC) were admin-
istered at each time point. A repeated-measures analysis of variance evaluated changes over time, with post-hoc comparisons to 
determine at which time-point significant changes occurred. 

Results: Quadriceps strength symmetry, involved limb quadriceps peak torque and all patient-reported outcome scores increased 
over time (p<0.02). Post-hoc tests showed that neither self-reported outcomes, nor quadriceps index improved between pre-sur-
gery and six-weeks post-ACLR. From six to 12 weeks post-ACLR, scores on IKDC and KOOS Pain, Symptoms, Quality of Life, and 
Sport subscales improved (p≤0.003). From 12 to 24 weeks post-ACLR, quadriceps strength symmetry, involved limb quadriceps 
peak torque, KOOS-Symptoms, Quality of Life, and Sport subscales and the IKDC improved (p≤0.01). Uninvolved limb quadriceps 
peak torque did not change across any time point (p≥0.18).

Conclusion: Patient-reported knee function increased between six and 24 weeks post-ACLR, while increases in involved limb 
quadriceps strength and quadriceps strength symmetry were not noted until 12-24 weeks post-ACLR. 

Level of Evidence: 2b, individual cohort study 

Key Words: Anterior Cruciate Ligament Reconstruction, Quadriceps Strength Symmetry, Self-Reported Outcomes, Movement System
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INTRODUCTION
Tens of thousands of athletes every year suffer an 
anterior cruciate ligament (ACL) injury resulting in 
devastating functional outcomes.1 ACL reconstruc-
tion (ACLR) is the primary management strategy 
to restore knee joint stability and facilitate return 
to sports. Gait abnormalities, changes in neuro-
muscular activation patterns, loss of knee motion, 
and quadriceps muscle weakness are characteristic 
impairments after acute ACL injury.2-9 Even after 
ACLR and extensive, criterion-based rehabilitation, 
these impairments persist and can significantly 
inhibit high-level knee function.10-13

The acute loss of quadriceps strength is omnipres-
ent following acute ACL rupture14,15 and is negatively 
associated with pre-operative10,11,16 and post-operative 
knee function.7,11,13,17,18 Quadriceps strength symmetry 
less than 85% are associated with reduced dynamic 
knee stability,10,13 reduced knee joint excursions 
and external knee flexion moments during gait,19-21 
and poorer self-reported knee function.7,11,13 How-
ever, athletes who sustain unilateral ACLR demon-
strate similar impairments on the contralateral limb, 
including decreased quadriceps strength22 and activa-
tion,23 lower knee extension moments during gait,24 
and decreased performance on unilateral functional 
tasks.25-29 Therefore, additional attention to changes in 
individual limb strength changes may provide clarity 
in recovery of quadriceps strength symmetry. 

Quadriceps weakness is a predictor of worse long-
term knee function30,31 and strength recovery can 
vary from months to years after ACLR.10,17,18,32-34 
Few studies evaluate quadriceps strength and self-
reported function within the first several weeks 
after ACLR.35-37 The majority of current longitudinal 
data examine changes in strength and function after 
ACLR beginning three to six months post-opera-
tively,10,11,16,19,38-41 and indicate that 27-52% of patients 
do not recover symmetrical quadriceps strength by 
six months post-operatively, with 12-21% not able 
to achieve strength symmetry milestones even 12 
months after ACLR.16,42 Athletes who do not meet 
strength symmetry milestones may present with 
impaired knee biomechanics,19 dynamic knee func-
tion,13 and importantly, may be at risk for a sec-
ond injury.43 Multiple studies have demonstrated 
that pre-operative quadriceps strength predicts 

post-operative outcomes7,30 and therefore, it is pos-
sible to consider that early quadriceps strength 
metrics post-ACLR may also affect long term post-
operative outcomes. Due to the significant negative 
prognostic implications, further investigation of the 
recovery of quadriceps strength and knee-related 
function in the early post-operative phases of reha-
bilitation may help to identify individuals who are 
not meeting rehabilitation milestones and help pre-
vent delayed quadriceps strength recovery. Addition-
ally, patient perception of function does not always 
reflect knee function;44,45 therefore, early evaluation 
of these metrics may provide insight to patient’s 
perception of knee function and help clinicians pro-
vide appropriate education during the early phase of 
recovery. The purpose of this study was to examine 
changes over time in quadriceps strength symme-
try and knee-related function pre-operatively and 
at six, 12, and 24 weeks post-ACLR. The hypotheses 
were 1) quadriceps strength symmetry, bilateral 
quadriceps peak torque, and patient-reported func-
tion would improve over time from pre-ACLR to 24 
weeks post-ACLR and 2) significant improvements 
in patient-reported function, but not strength sym-
metry, would occur between time points.

METHODS
Participants: Individuals with acute primary, unilat-
eral ACL ruptures between the ages of 14-50 years 
were recruited from a larger randomized controlled 
trial for this prospective cohort study. The Ohio State 
University Human Subjects Review Board approved 
this study protocol and all eligible participants and/
or guardians provided written informed consent. For 
the larger randomized controlled trial, ACL rupture 
was confirmed through positive Lachman, anterior 
drawer, or pivot shift tests and magnetic resonance 
imaging findings and participants were scheduled 
for ACLR. For this study, individuals were eligible 
if they participated in IKDC Level I/II cutting, piv-
oting, jumping, and lateral movement sports for at 
least 50 hours per year prior to their injury,46,47 and 
had no previous lower extremity or lumbar spine 
injury history. Individuals were excluded if they 
presented with the following concomitant injuries: 
contralateral ACL rupture, chondral defects requir-
ing surgical treatment, or concurrent grade III liga-
mentous injuries. 
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chest and waist straps, femoral straps secured the 
distal femur, and a tibial strap secured two finger-
widths superior to the medial malleoli. 

At six weeks post-ACLR, isometric quadriceps 
strength testing was performed with the knee fixed 
at 90° of flexion. Two practice test repetitions were 
performed prior to five test repetitions. Participants 
were verbally encouraged to “kick, kick, kick,” dur-
ing each isometric contraction for five seconds with 
20 seconds of rest between repetitions. Two test sets 
were performed, first on the uninvolved limb fol-
lowed by the involved limb. The highest peak torque 
values from each limb were normalized to body 
weight and used to calculate quadriceps index (QI) 
[(involved limb peak torque/uninvolved limb peak 
torque) x 100%].

Isokinetic testing was performed at pre-ACLR and 
at 12 and 24 weeks post-ACLR. Participants were 
instructed to actively extend and flex the knee with 
maximal effort between 10° of knee extension to 
100° of knee flexion “as hard and as fast” as they 
could. Two practice repetitions were conducted fol-
lowed by two test sets consisting of five repetitions 
of knee flexion and extension at 60°/second. Each 
test set was followed by 90 seconds of rest. This pro-
cedure was performed first on the uninvolved limb 
and then the involved limb. Testers provided strong 
verbal encouragement to the subject during each 
test to “kick, kick, kick,” during quadriceps activa-
tion to elicit maximal effort during extension repeti-
tions. Quadriceps peak torque values were recorded 
for both test sets. For each test limb, the highest peak 
torque values of the two sets for knee extension was 
used in data analysis to represent the subject’s best 
effort. The highest peak torque values from each 
limb were normalized to body weight and were used 
to calculate QI. 

Self-Reported Outcome Measures: To measure knee-
related function, two patient-reported outcome 
measures were administered at each testing session. 
The Knee injury and Osteoarthritis and Outcome 
Score (KOOS) evaluated knee-related function in the 
areas of symptoms and stiffness (Symptoms), pain 
(Pain), activities of daily living (ADL), sport and rec-
reation (Sport), and quality of life (QOL) with each 
subset scored independently (0-100). The KOOS is 

Surgery and Post-Operative Rehabilitation: ACLR 
was performed by one of three sports medicine 
 fellowship-trained surgeons in an ambulatory set-
ting. Arthroscopic anatomic single bundle ACLR 
was performed using a hamstring autograft. Femo-
ral fixation was achieved using a cortical button and 
tibial fixation was performed with an interference 
screw. Tourniquets were not used during the pro-
cedure. No post-operative bracing was used. Sub-
jects initiated formal rehabilitation within one week 
of surgery. Rehabilitation was standardized using 
ACLR criterion-based rehabilitation guidelines based 
on the Multicenter Orthopedic Outcomes Network 
(MOON) recommendations.48-50 The rehabilitation 
guidelines in the acute phase of recovery focuses on 
reducing pain and effusion, restoring knee exten-
sion range of motion, initiating quadriceps activa-
tion and strength, and normalizing gait. Effusion 
management, quadriceps strengthening and restora-
tion of full, symmetrical active knee range of motion 
continues through the sub-acute phase, while late 
phase rehabilitation focuses on power generation 
through quadriceps, hamstrings and gluteus muscu-
lature as well as incorporating unilateral dynamic 
stability tasks. Athletes were individually progressed 
through rehabilitation based on achievement of spe-
cific clinical criteria. 

Quadriceps Strength Testing Procedures: The testing 
sessions were conducted at The Ohio State Univer-
sity Sports Medicine Research Institute and four 
testers were trained on the assessment protocols. 
Quadriceps strength was quantified with isometric 
and isokinetic dynamometry (Biodex System III, Bio-
dex Medical Systems, Shirley, NY) with procedures 
shown to provide reliable and valid measures of 
quadriceps strength after ACL injury and ACLR.32,51,52 
For this study, concentric isokinetic testing of the 
quadriceps (60°/second) was used pre-ACLR and at 
12 and 24 weeks post-ACLR to record peak torque 
(ft/lbs). In order to prevent excessive strain on the 
ACL graft at the 6-week post-ACLR testing session, 
isometric testing of the quadriceps with the knee 
flexed to 90° was used to measure peak volitional 
torque. Participant positioning was the same for 
both isokinetic and isometric testing procedures. 
Participants were seated on the dynamometer with 
the hips at 90° of flexion and pelvis secured with 
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least one testing session and 23 participants (76.7%) 
completed all testing time-points (Figure 1). 

Quadriceps Peak Torque (Table 2, Figure 2): Six-week 
data were not included in this analysis given the 
different testing modes (isokinetic versus isomet-
ric) and impact on peak torque. From pre-ACLR 
to 24 weeks post-ACLR, involved quadriceps peak 
torque improved (p = 0.019). There was no change 
in involved quadriceps peak torque from pre-ACLR 
to 12 weeks post-ACLR (1.39-1.36 Nm/Kg, p =0.59). 
Involved limb quadriceps peak torque significantly 
increased from pre-ACLR to 24 weeks post-ACLR 
(1.39 to 1.54 Nm/Kg; p=0.03; ES=0.30) and from 12 
to 24 weeks post-ACLR (1.36-1.54 Nm/Kg; p=0.01; 
ES=0.35). There was no significant change in 

a validated outcome measure for use with athletes 
after ACLR to document change in perceived func-
tion with higher scores representing higher func-
tional status53 and was used to assess the different 
aspects of function after ALCR. The International 
Knee Documentation Committee Subjective Knee 
Evaluation Form (IKDC) evaluated knee-related 
function with higher scores indicating higher func-
tion (0-100). The IKDC is a validated and reliable 
functional outcome tool for athletes after ACLR as 
well as healthy individuals.54,55 The IKDC was admin-
istered in addition to the KOOS to capture values for 
overall knee-related function and for comparative 
analysis with currently published ACLR research. 

STATISTICAL ANALYSIS
Mean and standard deviations were calculated for 
quadriceps peak torque for each limb, QI and all 
patient-reported outcomes at each time point (pre-
operative, 6 weeks, 12 weeks, and 24 weeks post-
ACLR). Repeated measures analysis of variance 
(ANOVA) determined whether mean values of quad-
riceps peak torque (pre-ACLR, 12 and 24 weeks post-
ACLR only), QI, KOOS subscales and IKDC score 
changed over time. If appropriate, post-hoc testing was 
performed with paired t-tests to determine the time 
point at which significant changes in quadriceps peak 
torque, QI, KOOS, and IKDC occurred. Statistical sig-
nificance was defined as a p-value less than 0.05, with 
adjustments made for multiple comparisons using a 
Bonferroni correction. Effect sizes (ES) were also cal-
culated at each time point (small d=0.2; medium: 
d=0.5; large: d=0.8).56 All available data were used in 
the analysis of change over time, including early time 
point data from subjects lost to later follow-up. 

Required sample size was estimated a priori using 
G-power 3.1 (http://www.psycho.uni-duesseldorf.
de/abteilungen/aap/gpower3/) and previous work36 
reporting early changes in patient-reported func-
tion post-ACLR. Using an alpha level of 0.05 and 
desired power of 0.90, 16 subjects were needed to 
demonstrate significant change over time in patient-
reported function. 

RESULTS
Thirty individuals (Table 1) participated. Over the 
course of the study, seven participants missed at 

Table 1. Subject Demographics.

Figure 1. Participation flow chart.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 999

uninvolved limb quadriceps peak torque over time 
(p = 0.57). 

Quadriceps Strength Symmetry (Table 2, Figure 
3): Across all study visits, QI improved over time 
(p<0.0001) and at final follow-up was an average 
of 84 ± 19%. Post-hoc analysis showed that QI did 
not improve from pre-ACLR (78 ± 21%) to six weeks 
post-ACLR (71 ± 27%; p =0.17) or from six to 12 
weeks post-ACLR (74 ± 19%; p = 0.65). At six- and 
12-weeks post-ACLR, 10% and 18% of participants, 
respectively, met 90% QI indicating nearly symmet-
rical quadriceps strength symmetry. A significant 
increase in QI was observed from 12 weeks to 24 
weeks post-ACLR (p = 0.005; ES = 0.53), with 44% 
of participants demonstrating 90% QI at 24 weeks 
post-ACLR. Mean QI at 24 weeks post-ACLR was not 
different from the mean pre-operative QI (p=0.057). 

Table 2. Strength and patient-reported function from pre-ACLR to 24 weeks post-ACLR.

Figure 2. Changes in Quadriceps Peak Torque Over Time. 
Changes in quadriceps peak torque (Newton Meters/Kilo-
gram) for involved and uninvolved limb from pre-ACLR to 24 
weeks post-ACLR. *Significant changes in quadriceps peak 
torque between adjacent time points (p≤0.05)
# Significant change in involved quadriceps peak torque from 
pre-ACLR to 24 weeks post-ACLR (p≤0.05).
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improved on the IKDC (p≤0.0001; ES=0.97), KOOS-
Symptoms (p=0.0001; ES=0.68), QOL (p=0.001; 
ES=0.45), and Sport (p=0.001; ES=0.97). IKDC 
scores and all KOOS subscales improved from pre-
ACLR to 12-weeks post-ACLR (p≤0.001), from six to 
24-weeks post-ACLR (p≤0.001) and from pre-ALCR to 
24 weeks post-ACLR (p≤0.001). 

DISCUSSION
The purpose of this study was to evaluate the changes 
in quadriceps strength symmetry, bilateral quadri-
ceps peak torque, and knee-related function prior to 
ACLR and at six, 12, and 24 weeks post-ACLR. The 
hypothesis was that quadriceps peak torque, quad-
riceps symmetry, and self-reported knee function 
would improve over time and significant improve-
ment in patient-reported knee function, but not 
strength symmetry, would be observed at each time 
point. Consistent with the study hypothesis, all vari-
ables improved over time. Significant improvements 
in patient-reported knee function occurred from six 
to 12 weeks and 12 to 24 weeks post-ACLR while 
improvements in quadriceps symmetry did not 
occur until the 12-24-week time point.

The loss of quadriceps strength is pervasive after 
ACL injury.14,15 The vast majority of literature begins 
to evaluate strength at 24 weeks post-ACLR10,16,38,57,58 

Self-Reported Outcomes (Table 2, Figures 4 and 5): 
The KOOS subscales and IKDC score improved over 
time (p≤0.0001). Post-hoc analysis showed that IKDC 
score and KOOS subscales did not change between 
the pre-operative and 6-week post-ACLR time points 
(p ≥ 0.6). Significant improvements were observed 
from six to 12 weeks post-ACLR in IKDC scores 
(p≤0.0001; ES = 1.2) and KOOS-Pain (p=0.003; 
ES=0.80), Symptoms (p=0.0002; ES=0.86), QOL 
(p=0.003; ES= 0.54) and Sport subscales (p=0.0001; 
ES= 1.7). From the 12 to 24-week time points, scores 

Figure 3. Changes in Quadriceps Index over time. Changes 
in QI Over Time. Changes in Quadriceps Index (QI) from pre-
ACLR to 24 weeks post-ACLR. β Significant change from six 
weeks post-ACLR to 24 weeks post-ACLR. (p ≤ 0.005), *Sig-
nificant changes in QI denoted from 12 to 24 weeks post-
ACLR (p ≤ 0.005). 

Figure 4. Changes in the International Knee Documenta-
tion Committee subjective knee form from pre-ACLR to 24 
weeks post-ACLR. *Significant changes denoted between six 
and 12 weeks and 12 and 24 weeks post-ACLR (p ≤ 0.001). 

Figure 5. Changes in the Knee injury and Osteoarthritis 
Outcomes Score over time. Changes in Knee Injury and Osteo-
arthritis Outcomes Score (KOOS)-Activities of Daily Living 
(ADL), Pain, Sport, Quality of Life (QOL) and symptoms sub-
scales from pre-ACLR to 24 weeks post-ACLR; *Significant 
changes in KOOS- Pain subscales from six to 12 weeks (p = 
0.003); *Significant changes in KOOS-Symptoms, Sport and 
QOL subscales (p ≤ 0.002)
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recovery between limbs over time. In this cohort, 
improvements in involved limb quadriceps strength 
mimicked improvements in QI and uninvolved limb 
peak torque did not significantly change over time. 
However, the inability to compare strength measures 
at six weeks to adjacent time points due to change 
in strength testing mode, may explain why unin-
volved limb strength changes were not observed. 
The varied results in the literature continue to make 
clinical decision making difficult for rehabilitation 
specialists. However, a recent study by Wellsdandt 
et al63 utilized pre-ACLR strength values of the unin-
volved limb at all strength testing time points to cal-
culate QI which better predicted second ACL injury. 
Results of this study demonstrated that this method 
of comparison may eliminate the variability in unin-
volved limb strength recovery and improve the cli-
nician’s ability to determine if sufficient involved 
limb strength has been restored. If pre-ACLR data is 
not available, utilizing age, sex, and gender-matched 
normative values should be considered as well. 

Studies examining the changes in knee-related 
function early in the post-ACLR rehabilitation pro-
cess are limited. Contrary to the study hypothesis, 
participants did not demonstrated improvements 
in patient-reported function from pre-ACLR to six 
weeks post-ACLR which may be due to the addi-
tional joint trauma that is incurred with surgery.64 
However, this cohort six and 12 week data are 
consistent with work by Chmielewski et al.65 who 
reported significant improvements in the Global 
Rating score (GRS) between six and 12 weeks post-
ACLR and Christensen et al.36 who reported sig-
nificant improvements in IKDC scores at four and 
eight weeks post-ACLR. Consensus on what is con-
sidered a successful outcome after ACLR is lack-
ing. Patient-reported knee function scores between 
85 and 90 have been recommended in the litera-
ture.66 In this cohort, KOOS- Pain, Symptoms, ADL 
subscales and IKDC scores met the recommended 
threshold, which is consistent with other six-month 
post-ACLR literature.16,44,58 Hartigan et al.16 reported 
scores on the Knee Outcome Survey Activities of 
Daily Living (KOS-ADL) and Global Rating Scale of 
Perceived Knee Function (GRS) greater than 90 and 
Logerstedt et al.58 reported scores of 97, 93 and 87 
on the KOS-ADL, GRS, and IKDC respectively. In 

while little is known about quadriceps recovery in 
the early post-operative phase. Only two other stud-
ies35,37 have evaluated changes in strength in the first 
three months after ACLR. In this cohort, there were 
no significant improvements in QI from pre-ACLR to 
six weeks post-ACLR or six to 12 weeks post ACLR. 
Similarly, quadriceps peak torque did not improve 
from pre-ACLR to 12 weeks post-ACLR. Harput et al.37  
observed significant improvements in involved 
quadriceps strength at four, eight and 12 weeks post-
ACLR with significant improvements in QI between 
four and eight weeks but not between eight and 12 
weeks post-ACLR. Similarly, Chmielewski et al.35 
observed QI improvements between one and six 
weeks post-ACLR but not between six and 12 weeks 
post-ACLR. Varied restoration of quadriceps strength 
after ACLR makes it difficult to predict timelines 
for full recovery.10,17,18,33,34 The lack of progressive 
improvement is interesting considering rehabilita-
tion efforts focus on improving quadriceps strength 
during this time frame. This may indicate that reha-
bilitation efforts during this phase of recovery are 
insufficient or it may represent the slower natural 
recovery of the quadriceps muscle following ACLR. 
These findings are remarkable considering recent 
studies indicate that joint loading and joint mechan-
ics are altered with QI scores less than 80% and 85% 
respectively.19 The mean QI at 12 weeks post-ACLR 
for our cohort was 74%. Therefore, initiation of high 
impact activities, which typically occurs during this 
time frame,59,60 may not be appropriate for some ath-
letes in our cohort. This highlights the importance 
of objectively measuring quadriceps strength during 
early rehabilitation to better direct rehabilitation. 

Limb symmetry indexes are routinely used to deter-
mine when sufficient quadriceps strength has been 
restored in the involved limb. However, deficits in 
the uninvolved limb after ACLR have been docu-
mented in the literature.22,24,26,27,29,61 In this cohort, 
uninvolved limb quadriceps strength did not change 
over time which is not consistent with other litera-
ture. Harput et al.37 found significant improvement 
in uninvolved limb quadriceps strength between 
four, eight, and 12 weeks post-ACLR. Thomee  
et al.62 evaluated involved and uninvolved quadriceps 
power at pre-ACLR, six, 12 and 24 months post-ACLR 
and demonstrated asymmetrical quadriceps power 
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12 to 24 weeks post-ACLR and the delayed improve-
ments in strength symmetry, reinforce the concept 
that even though an athlete may perceive a high 
level of function, it does not mean that they dem-
onstrate resolution of impairments or other deficits. 
Specific patient education should be provided to 
prevent inappropriate knee joint stress and to estab-
lish appropriate patient expectations. 

There are several limitations to this study. In order to 
capture and compare quadriceps strength changes at 
six weeks post-ACLR, isometric testing was utilized 
to protect the graft. There are limitations in compar-
ing isokinetic and isometric testing; therefore, indi-
vidual limb strength comparisons were not included 
in this analysis, but felt quadriceps strength symme-
try metrics were valuable to the study. Quadriceps 
strength continues to improve beyond six months 
after ACLR10 but this analysis did not assess QI or 
self-reported knee function beyond this time point; 
therefore this analysis does not provide a complete 
illustration of quadriceps and functional recovery 
as it relates to return to sport success or long-term 
knee function. Finally, there was loss of participants 
during the follow-up period, particularly at the final 
24-week follow-up. This attrition has some poten-
tial to bias the results at this time point, but the 
relatively consistent findings with prior time points 
make this unlikely. 

CONCLUSIONS
This study focused on evaluating quadriceps strength 
and functional recovery early in the rehabilita-
tion process. Based on these results, there are no 
changes in quadriceps peak torque and quadriceps 
symmetry from pre-ACLR to 12 weeks post-ACLR. 
However, patient-reported knee function improves 
as early as six weeks post-ACLR. Specifically, signifi-
cant improvements were observed in KOOS-Pain, 
Symptoms, Sport, QOL subscales and IKDC scores. 
Continued examination of the association between 
quadriceps strength and patient-reported knee func-
tion in this early post-operative time-frame may 
provide valuable insight to long-term recovery vari-
ability. Specifically, additional research to deter-
mine if early quadriceps strength metrics predict 
post-operative outcomes at six and 12 months post-
ACLR is warranted. 

this cohort, KOOS-Sport and QOL subscales (83 and 
68 respectively) did not meet the recommended 
threshold. This is consistent with work by Ingel-
srud et al.,44 who found that subjects who perceived 
their symptoms as “acceptable” at six months had 
KOOS Sport and QOL subscales of 69 and 72, 
respectively. This may indicate that what an ath-
lete feels is acceptable may not be consistent with 
what medical practitioners deem as acceptable 
which reinforces the need to use multiple metrics 
to determine progression of activity and return to 
sport. 

Variation in quadriceps recovery and patient-
reported knee function scores demonstrate that not 
all aspects of the athletes’ function recover at the 
same rate after ACLR. This cohort further illustrates 
this as the percentage of athletes that reach recovery 
milestones varies between each outcome measure. 
Less than 50% of this cohort achieved QI of 90% at 
six months post-ACLR while the percentage of ath-
letes scoring >90 on the KOOS Sport and IKDC were 
61% and 52% respectively. The only outcome mea-
sure in which 100% of the cohort achieved 90% was 
the KOOS-ADL. 

Understanding the progression of strength and self-
reported knee function in the first six months after 
ACLR is imperative to directing post-operative reha-
bilitation and patient expectations. Additionally, 
these data support other studies67,68 reporting that 
current rehabilitation efforts to restore symmetry 
may be inadequate and that modifications to reha-
bilitation guidelines may be necessary in order to 
maximize quadriceps strength recovery. Objective 
and serial strength testing early in the rehabilita-
tion process may be beneficial to quickly identify 
athletes who are not meeting strength milestones 
and establish a more rigorous set of guidelines to 
augment the timing of quadriceps recovery. This 
would direct rehabilitation specialist to modify 
treatment in order to prevent prolonged mus-
cle weakness and delayed recovery of long-term 
function. More focused quadriceps strengthening 
including neuromuscular electrical stimulation and 
isolated progressive resistive quadriceps exercises 
may continue to be necessary during this time-
frame. Furthermore, the significant improvement 
in patient-reported knee function from six to 12 and 
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ABSTRACT
Background: A recently published Dutch practice guideline emphasizes criterion-based rehabilitation after anterior cruciate liga-
ment reconstruction (ACLR) instead of time-based. As a consequence of this criterion-based rehabilitation, return to play is only 
suggested when athletes meet specific return to play (RTP) criteria.

Purpose: The goal of this prospective observational study was to analyze if physical therapists adhere to ACLR practice guideline 
RTP criteria for testing and return to sport decisions, and to explore whether there is a difference in adherence between physical 
therapists specialized in sports versus those who are not.

Methods: When the treating physical therapist cleared an athlete for RTP after ACLR, the primary researcher performed RTP mea-
surements according to the ACLR practice guideline to investigate if all nine quantitative and qualitative RTP criteria were met.

Results: Of the 158 athletes (54 females and 104 males, mean age 24±6 years, 12±3 months after surgery), 69 (44%) had per-
formed the RTP measurements with their primary physical therapist. Of the athletes tested by their primary physical therapist 
23% met all RTP criteria compared to 10% of the athletes who were not tested at all by their primary physical therapist (p=0.026). 
Of the athletes rehabilitating with a sports physical therapist, 52% had been tested by their primary physical therapist compared 
to 34% of the athletes rehabilitating with a non-sports physical therapist (p=0.024).

Conclusion: Only 44% of the athletes were tested according to the guideline RTP criteria and only 23% of them were given an RTP 
advice consistent with the ACLR guideline. Although sports physical therapists adhered to the guideline more often than non-
sports physical therapists, the adherence is still alarmingly low. More attention for the implementation of ACLR guidelines and 
RTP criteria is needed.

Level of evidence: Therapy, level 2b.

Keywords: anterior cruciate ligament reconstruction, guideline, return to play, sports physical therapist
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INTRODUCTION
For most pivoting athletes return to pre-injury sport 
level after anterior cruciate ligament reconstruction 
(ACLR) is the desired rehabilitation endpoint.1 A 
recently published Dutch practice guideline empha-
sized criterion-based rehabilitation after ACLR 
instead of time-based. As a consequence of this 
criterion-based rehabilitation, return to play is only 
allowed when meeting specific criteria.2,3

Even though several experts recommend to use 
criterion based RTP decisions, many athletes after 
ACLR are cleared for return to pivoting sports with-
out meeting these criteria. In Sweden, only 20% of 
adults and 28% of adolescents who already returned 
to play met quantitative RTP criteria 12 months after 
ACLR, while in the USA only 14% of adolescent ath-
letes met quantitative RTP criteria when cleared for 
RTP.4,5 Those quantitative RTP criteria are the same 
as described in the Dutch ACLR practice guideline. 
Besides using RTP measurements for movement 
quantity (strength tests and single-leg hop tests), the 
Dutch ACLR practice guideline also highlights using 
movement quality measurements (single-leg hop-
and-hold and double-leg countermovement jump) 
as RTP criteria to decrease second ACL injury risk.6-9

The ACLR practice guideline was commissioned 
by the Royal Dutch Society for Physical Therapy 
(KNGF) and should therefore be used by every 
Dutch physical therapist, regardless of their experi-
ence with pivoting athletes recovering from ACLR.3 
However, it remains to be seen whether the guide-
line have been properly implemented in day-to-day 
practice so that every Dutch physical therapist is 
able to work according to the guideline.

Therefore, the first aim of this study was to ana-
lyze if physical therapists adhere to ACLR practice 
guideline RTP criteria for testing and return to sport 
decisions. The hypothesis is that almost all Dutch 
physical therapists are able to use RTP measure-
ments and know when to clear an athlete for RTP, 
since the practice guideline was implemented by 
the KNGF in 2014, making it publicly available to 
all Dutch physical therapists. The second aim was 
to explore whether there is a difference in adher-
ence between physical therapists specialized in 
sports versus those who are not. The hypothesis is 
that sports physical therapists more often use RTP 

measurements, because, in the Netherlands, they 
have had additional education about pivoting ath-
letes and RTP.

METHODS

Design and Participants
In this prospective observational cohort study, piv-
oting athletes with an ACL rupture (pre-injury Teg-
ner Activity Scale (TAS) ≥ 6)10, aged 16-50 years, and 
scheduled for an ACLR between October 2014 and 
December 2016 were asked to participate. Athletes 
were excluded if they had undergone revision ACLR 
surgery, had a contralateral ACL injury or contra-
lateral ACLR in the past. All included participants 
signed an informed consent form. ACLR surgery 
was performed by five experienced high-volume 
orthopaedic surgeons at Clinic ViaSana (Mill, the 
Netherlands) using an ipsilateral semitendinosus 
quadruple autograft and TLS® femoral and tibial 
fixation with all-inside technique (FH Orthopedics, 
Heimsbrunn, France). 

Athletes were allowed to choose their own physical 
therapist. They notified their choice of physical ther-
apist to the primary researcher (NM), who consecu-
tively contacted the physical therapist by phone or 
email to provide the nine RTP criteria that needed to 
be performed at the end of rehabilitation before the 
athlete was cleared for return to play (Table 1, Appen-
dix A). The physical therapist was informed that in 
the Netherlands an online version of the guideline, 
including the nine RTP criteria, is freely accessible. 
In addition, the athlete provided a paper copy of the 
guideline to their own (primary) physical therapist. 

Table 1. Return to play criteria according to the 
anterior cruciate ligament reconstruction practice 
guideline.2,3
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this was considered as the primary physical therapist 
not adhering to the guideline. This study was part 
of a larger prospective study approved by the Medi-
cal Ethics Committee of the Radboudumc Nijmegen, 
the Netherlands (registration number 2013/368).

PARTICIPATING PHYSICAL THERAPISTS
Physical therapists who participated in this study 
were asked to report their level of expertise. The 
specialization level of expertise of the physical ther-
apist as recorded in the Dutch national registry was 
noted. Distinction was made between registration 
as a sports physical therapist or not (in this study 
referred to as non-sports physical therapist). In the 
Netherlands, instruction regarding return to play 
or criterion-based rehabilitation are not a common 
part of bachelor level physical therapy education. 
To become a registered sports physical therapist in 
the Netherlands one must follow additional three- 
to four-year education at the Master level regarding 
aspects of sport specific training and return to play.

Table 2 lists the similarities and differences between 
sports physical therapists and non-sports physical 
therapists.11,12 In this study it was therefore expected 

Physical therapists were not additionally educated 
on how to perform RTP tests. Athletes who did not 
return to pivoting sports at the end of rehabilitation 
were also required to meet all RTP criteria, because 
their knee needed to be able to react to high-demand 
activities of daily life, including landing from jumps 
or unexpected movements.

At the end of the rehabilitation period, as judged 
by the primary physical therapist, the primary 
researcher was notified that the athlete had been 
judged ready for return to play, but actual results 
of RTP measurements were not corresponded to the 
primary researcher. Then, within one to four weeks, 
the primary researcher independently performed 
the RTP measurements as described in the ACLR 
practice guideline (Table 1) and thus re-evaluated 
the physical therapist’s judgement on whether or 
not the athlete was able to return to play.2,3 Addi-
tionally, the athlete was asked if he/she was famil-
iar with the RTP measurements, to check whether 
the primary physical therapist had performed RTP 
measurements at the end of the treatment when he 
or she decided that return to play was safe. When 
a patient was not familiar with RTP measurements, 

Table 2. Similarities and differences (in italics) between a physical therapist with and without specialization 
in sports in the Netherlands.11,12
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To address the first aim, which focussed on adher-
ence to the practice guideline, athlete characteris-
tics were analyzed using descriptive statistics and 
an independent samples T-test was performed to 
analyze differences between athletes tested by their 
primary physical therapist and those not tested. For 
all RTP measurements means and standard devia-
tions, as well as the number and percentages of ath-
letes meeting the RTP criteria were calculated with 
descriptive statistics. There were no missing values. 
Crosstabs with a chi-square test were used for the 
percentage of athletes meeting the RTP criteria, com-
paring athletes that were already tested with those 
not yet tested by their primary physical therapist.

To address the second aim, exploring the differ-
ence in practice guideline adherence between 
sports physical therapists and non-sports physical 
therapists, an independent samples T-test was per-
formed to analyze differences in baseline character-
istics between athletes treated by a sports physical 
therapist and a non-sports physical therapist. Addi-
tionally, crosstabs with a chi-square test were used 
to compare the number of athletes already tested 
between sports physical therapists and non-sports 
physical therapists.

RESULTS
One-hundred-and-fifty-eight pivoting athletes were 
included (54 females, 104 males; mean age 24±6 
years) all of whom completed RTP testing at Clinic 
ViaSana, at a mean of 12±3 months after ACLR. Char-
acteristics of the pivoting athletes are listed in Table 
3. There were no differences in baseline characteris-
tics between athletes tested by their primary physi-
cal therapist and those not tested (Table 3). The TAS 
post-rehabilitation decreased compared to the preop-
erative TAS (8.6±0.8 respectively 7.8±1.7; p<0.001).

Of the 158 participating athletes, 25 (16%) met all 
nine RTP criteria when the primary researcher (NM) 
performed the tests. The 158 athletes rehabilitated 
with 108 different physical therapists, of whom 49 
were registered sports physical therapists. 

INFLUENCE OF GUIDELINE ADHERENCE
Of the 158 participating athletes that were tested by 
the primary researcher, 69 (44%) had already been 
tested by their own physical therapist. Of these 69 

that sports physical therapists would perform RTP 
measurements more often than non-sports physical 
therapist.

A single physical therapist may have rehabilitated more 
than one pivoting athlete participating in this study.

MEASUREMENT PROCEDURES
To address the first aim, which focused on adherence 
to the guideline, an athlete was labeled as tested by 
their primary physical therapist as ‘yes’ or ‘no’ and 
having met the RTP criteria ‘yes’ or ‘no’ (both dichot-
omous variables). For the second aim, exploring the 
difference in practice guideline adherence between 
sports physical therapists and non-sports physical 
therapists, the athlete was labeled as having had 
rehabilitation with a sports physical therapist ‘yes’ 
or ‘no’ (dichotomous variable). 

ACLR practice guideline criteria consist of seven 
movement quantity tests and two movement qual-
ity tests.2,3,6-9 All quantitative and qualitative RTP cri-
teria can be found in Table 1 and are described in 
detail in Appendix A. Isokinetic dynamometry is the 
gold standard for strength measurements, but only 
accessible for a small group of Dutch physical ther-
apists due to issues with portability and cost-effec-
tiveness. Therefore, to make sure all Dutch physical 
therapists were able to perform these tests in daily 
practice, strength tests for knee and hip muscles 
were executed with a MicroFET2® hand-held dyna-
mometer (ProCare, the Netherlands). 

Meeting the RTP criteria was recorded as ‘yes’ or ‘no’ 
(dichotomous variable). To score a ‘yes’ all nine quan-
titative and qualitative RTP criteria had to be met.

All RTP measurements after discharge from the 
primary physical therapist were performed by the 
primary researcher (NM) at Clinic ViaSana. The pri-
mary researcher is a sports physical therapist with 
ten years of experience, specialized in ACL rehabili-
tation, who teaches how to perform RTP measure-
ments to Dutch physical therapists and physical 
therapy students, and the first author of the Dutch 
ACLR practice guideline.

STATISTICAL METHODS
Data analysis was performed with IBM SPSS Statis-
tics 21.0 (IBM, Armonk, NY). 
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athletes, 16 (23%) met all RTP criteria when mea-
sured at Clinic ViaSana, compared to nine (10%) 
of those not tested by their own physical therapist 
(p=0.026) (Table 4).

Thirty athletes (19%) met the RTP criteria for all 
seven quantitative measurements and 81 athletes 
(51%) met the RTP criteria for both qualitative 
measurements (Table 5). Except for isometric knee 
flexor strength (p=0.049), there were no differences 
between athletes that were already tested by their 
primary physical therapist and those that were not 
tested by their primary physical therapist in terms of 
quantitative RTP measurements. However, athletes 
that were already tested by their primary physical 
therapist more often met both qualitative RTP crite-
ria (67% versus 39%; p=0.001) (Table 4).

The most common LESS errors were a knee flexion 
angle under 30° at initial contact, the presence of 
lateral trunk flexion at initial contact, a non-sym-
metrical initial foot contact, and the presence of 
knee valgus during landing (Table 5).

INFLUENCE OF PHYSICAL THERAPIST
There were no differences in baseline characteris-
tics between athletes that rehabilitated with a sports 
physical therapist or non-sports physical therapist 
(Table 6). Eighty-seven athletes rehabilitated with a 
sports physical therapist and 45 of them (52%) had 
performed RTP measurements with their primary 

sports physical therapist. Seventy-one athletes reha-
bilitated with a non-sports physical therapist and 
24 of them (34%) had performed the RTP measure-
ments with their primary non-sports physical thera-
pist (p=0.024) (TABLE 7).

DISCUSSION
The result regarding whether Dutch physical thera-
pists adhere to the provided ACLR practice guideline 
is disappointing; only 44% of the pivoting athletes 
were tested by their primary physical therapist. The 
result concerning whether therapists were advising 
regarding return to sport using the RTP measure-
ments is even more alarming; only 16 (23%) of the 
69 athletes who were tested by their primary physi-
cal therapist received an advice consistent with the 
ACLR guideline, based on the RTP measurements 
conducted by the primary researcher. An important 
finding was that athletes who rehabilitated with a 
sports physical therapist were more commonly 
tested regarding the ACLR guideline than athletes 
who rehabilitated with a non-sports physical thera-
pist, 52% versus 34% respectively. This shows that 
sports physical therapists have a better adherence to 
the ACLR practice guideline than non-sports physi-
cal therapists. However, the percentage of sports 
physical therapists adhering to the guideline still 
remains low.

Even after the publication and implementation of 
the Dutch ACLR practice guideline by the KNGF in 

Table 3. Characteristics of the participating pivoting athletes and comparison between athletes already tested 
or not tested by their primary physical therapist.
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therapists with a specialization compared to those 
without with regard to treatment for knee osteoar-
thritis and low back pain.13,14

It is quite strange that RTP criteria are underutilized, 
since two previously published studies found that 
pivoting athletes that passed quantitative RTP crite-
ria including strength and hop tests had a strongly 
reduced risk of sustaining a second ACL injury in 
the first two years after ACLR.15,16 Concerning move-
ment quality previous authors have found that 
altered hip and knee biomechanics when landing 
from a jump are predictors of a second ACL injury 

2014, Dutch physical therapists still struggle with 
using RTP measurements and deciding when to 
clear their pivoting athletes for RTP, since only 44% 
of the athletes had performed RTP measurements 
with their primary physical therapist. This might be 
caused by lack of equipment or limited knowledge 
about tests or guideline content.

These findings are consistent with previous stud-
ies on guideline adherence in other diagnoses in 
physical therapy both in Belgium and the United 
States.13,14 The authors of these studies also found 
better adherence to published guidelines in physical 

Table 4. Results on the return to play (RTP) measurements for all athletes (N=158) and comparison of results 
between athletes tested by their primary physical therapist (N=69) and those not tested by their primary physi-
cal therapist (N=89).
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Considering this, the athletes who do not pass the 
RTP criteria (84% in this study) but still return to 
their preinjury sport, might have a higher chance of 
a second ACL injury in the near future. 

after ACLR rehabilitation and RTP.17,18 The use of 
qualitative RTP criteria might be not as common 
as the use of quantitative criteria, but they are also 
important in the RTP decision.

Table 5. Countermovement Jump with Landing Error Scoring System (LESS) analysis and number of 
athletes having the error condition per LESS item.9

Table 6. Comparison of athlete characteristics between athletes rehabilitating with a sports physical thera-
pist or non-sports physical therapist.
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CONCLUSION
Fifty-six percent of pivoting athletes were cleared 
for RTP by their physical therapist without using 
criterion-based decisions as advised in the Dutch 
ACLR practice guideline. Sports physical therapists 
more often adhered to the practice guideline than 
non-sports physical therapists (52% versus 34%), 
but with only half of them adhering, this percentage 
remains far too low.

Only 16% of pivoting athletes actually met all RTP 
criteria, but athletes who were already tested by 
their own physical therapist more commonly met 
all RTP criteria (23% versus 10%), indicating those 
not tested might have a higher chance for a second 
ACL injury. Interestingly, 77% of the athletes tested 
by their primary physical therapist were given RTP 
advice, which was inconsistent with the ACLR prac-
tice guideline. Based on these results, more atten-
tion needs to be paid to implementing the ACLR 
practice guideline and ACLR rehabilitation and RTP 
measurements need to be incorporated into general 
physical therapy education.
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Appendix: Return to play (RTP) measurements
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Appendix: Return to play (RTP) measurements (continued)
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Appendix: Return to play (RTP) measurements (continued)



ABSTRACT
Background: Inability to maintain proper alignment of the pelvis and femur due to gluteal muscle weakness has been 
associated with numerous lower extremity pathologies. Therefore, many lower extremity rehabilitation and injury 
prevention programs employ exercises that target gluteal muscle strength and activation. While information regard-
ing muscle activation during exercises that are typically done in the beginning stages of rehabilitation is available, 
evidence regarding the gluteal muscle activity during more functional and advanced exercises used during later 
stages of rehabilitation is sparse. 

Purpose: To explore the recruitment of the gluteal muscles during jumping tasks in healthy participants to determine 
which jumping exercise best elicits gluteal muscle activation. 

Study Design:  Prospective cohort design 

Methods: Eighteen healthy recreational athletes (23.5±3.8 years, 8M/10F, 67.56±3.2 inches, 66.73±9.5 kg) com-
pleted three trials of four jumping tasks: hurdle jump, split jump, V2 lateral jump, and cross-over jump in random 
order. Surface EMG electrodes were placed on each participant’s bilateral gluteus medius (GMed) and maximus 
(GMax) to measure muscle activity during the jumping tasks. Maximal voluntary isometric muscle contraction 
(MVIC) was established for each muscle group in order to express each jumping task as a percentage of MVIC and 
allow standardized comparison across participants. EMG data were analyzed for all jumps using a root-mean-square 
algorithm and smoothed with a 62.5 millisecond time reference. Rank ordering of muscle activation during jumping 
tasks was performed utilizing the peak percent MVIC recorded during each jumping task.

Results: Three of the jumping tasks produced greater than 70% MVIC of the GMed muscle. In rank order from highest 
EMG value to lowest, these jumping tasks were: crossover jump (103% MVIC), hurdle jump (93.2% MVIC), and V2 
lateral jump (84.7% MVIC). Two of the exercises recruited GMax with values greater than 70% MVIC. In rank order 
from highest EMG value to lowest, these jumping tasks were: hurdle jump (76.8% MVIC) and split jump (73.1% 
MVIC). Only the hurdle jump produced greater than 70% MVIC for both GMed and GMax muscles.

Conclusions:  The jumping task that resulted in greatest activation of the GMed was the crossover jump, while hur-
dle jump led to the greatest activation of the GMax. The high %MVIC for the GMed during the crossover jump may 
be attributed to lack of maximal effort or lack of motivation during performance of maximal contractions during the 
manual muscle testing. Alternatively, substantial co-contraction of core muscles during the crossover jumping task 
may have led to higher values.

Level of Evidence: 2b Individual Cohort Study

Keywords: Electromyography, gluteus maximus, gluteus medius, jumping 
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INTRODUCTION
There is little evidence that a particular type of 
exercise for the gluteal muscles is any better than 
another.1 Gluteal muscle weakness is associated 
with several common orthopedic injuries includ-
ing patellofemoral pain syndrome, anterior cruciate 
ligament (ACL) sprains, and chronic ankle instabil-
ity.2-7 Weakness of both the gluteus medius (GMed) 
and maximus (GMax) may influence joint-loading 
patterns and lower extremity muscular control. 
Lower extremity injury prevention programs com-
monly use exercises that target the gluteal muscles 
but a wide range of exercises are used in the clinic 
and the implementation of these exercises varies by 
clinician. Electromyography (EMG) is often used to 
evaluate the muscle activity occurring during move-
ments or exercises in order to determine the poten-
tial for muscle strengthening effects. 

Ekstrom et al. investigated EMG activation during 
nine rehabilitation exercises that target the core, 
trunk, hip and thigh muscles in thirty healthy adults.1 
The exercises chosen included exercises commonly 
used in the clinic: side bridge, unilateral-bridge, 
lateral step-up, quadruped arm/lower extremity 
lift, active hip abduction, using the Dynamic Edge 
device for lateral motion that mimics slalom skiing, 
forward lunge, bridge, and prone-bridge. In healthy 
subjects, the vastus medialis was best recruited by 
the lateral step-up (85% ±17) and lunge exercise 
(76% ±19); the side-bridge was effective for activa-
tion of the GMed (74% ±30) and external oblique 
muscles (69% ±26), and the quadruped arm/lower 
extremity lift exercise may provide a strengthening 
stimulus for the GMax muscle (56% ±22). Active 
hip abduction, bridge, prone-bridge, and using the 
Dynamic Edge device each produced less than 45% 
MVIC in the GMax and GMed indicating less benefit 
in terms of activation levels for strengthening and 
more for endurance activities.1  

Authors have suggested that returning an athlete to 
sport (RTS) is one of the most challenging, complex, 
and difficult decisions that are made by a sports 
medicine team.8 Authors suggest that the majority 
of the literature indicates that a battery of tests are 
necessary to assess various outcome parameters and 
establish criterion-based clinical reasoning for RTS. 
Three of the items that are included by researchers 

specifically related to ACL injury/surgery and RTS 
are jump tests, hop tests, and sport-specific test-
ing.8 The differences noted by the researchers were 
that jump tests should be done first before hop tests 
as jump tests involve using both legs to jump and 
a concentration should be on controlling propul-
sive forces for the eccentric deceleration landing. 
This is commonly stated in the clinic as trying to 
land softly. In contrast, hop tests use only one leg. 
Recently, Buckthorpe suggested that factors in need 
of more exploration in RTS decision-making include: 
1. Explosive neuromuscular performance; 2. Move-
ment quality deficits associated with re-injury risk, 
particularly the need to re-train optimal sport-spe-
cific movement patterns; 3. The influence of fatigue; 
and 4. Sport-specific re-training prior to RTS, with 
particular attention to an insufficient development 
of chronic training load.9 Buckthorpe suggests that it 
is likely that most rehabilitation approaches are not 
comprehensive enough, do not provide sufficient 
intensity or are not specific enough to fully prepare 
an athlete for the demands of their sport.9 

As gluteal muscle weakness is associated with 
 several common orthopedic injuries and many 
lower extremity rehabilitation and injury preven-
tion programs employ exercises that target gluteal 
muscle strength and activation, the purpose of the 
current study was to explore the recruitment of the 
gluteal muscles during jumping tasks in healthy par-
ticipants to determine which jumping exercise best 
elicits gluteal muscle activation. It was hypothesized 
that the crossover jump would generate greater 
 gluteal activation due to the eccentric aspects asso-
ciated with this jump. 

METHODS

Participants
This study used a prospective design to explore the 
gluteal recruitment in 18 healthy recreational ath-
letes. The participants were recruited from the 
Northern Arizona University community and volun-
teered to participate. Participants were required to be: 
between 18 to 45 years old, recreationally active, par-
ticipate in physical activity at least 60 minutes, three 
days per week, and be proficient in English in order to 
complete the Kinesiophobia outcome questionnaire. 
Exclusion criteria were currently pregnant, current 
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The researcher then demonstrated and explained 
the jumping tasks (hurdle jump, split jump, V2 
lateral jump, and cross-over jump) as described in 
 Appendix A. The jumping tasks were randomized 
using a random pattern generator in order to avoid 
any order bias due to fatigue. Participants performed 
six repetitions of each jumping task, one practice and 
five repetitions that were used for data collection. To 
ensure proper jumping technique, each participant 
was allowed one good practice task prior to data col-
lection and any necessary verbal and tactile cues by 
the instructing researcher. Three sets of five repeti-
tions were chosen to reduce the effects of fatigue 
while providing enough trials to ensure reliability of 
EMG data. Two minutes of rest was given between 
the performances of each jumping task. If the par-
ticipants did not display proper performance during 
a plyometric exercise set, the trial was  discarded and 
repeated.

Data Analyses
Data were recorded bilaterally for each of the four 
muscles, rectified and smoothed individually using 
a root mean-square algorithm, and smoothed with a 
62.5 millisecond (msec) time reference. Peak ampli-
tudes were averaged over a 125 msec window of 
time, 62.5 msec prior to peak and 62.5 msec after 
the peak.

To determine MVIC, the middle 3/5th time for each 
manual muscle test trial was isolated and the peak 
value determined. The highest peak value out of 
the three sets of five repetitions was recorded and 
determined to be the MVIC.15 In order to establish 
%MVIC for each exercise performed by an indi-
vidual participant, data were collected for the last 

bout of lower extremity or back pain in the prior six 
months, recent history of lower extremity surgery 
(within the prior two years), or current symptoms of 
injury or pain when performing exercises over the 
prior three months. Participants meeting study cri-
teria were provided information about the purpose 
of the research and the potential risks. Participants 
provided written informed consent prior to participa-
tion and the protocol for this study was approved by 
the Northern Arizona University Institutional Review 
Board. The Kinesiophobia outcome questionnaire 
was used to ensure there was no reluctance by the 
participant to perform plyometric exercises due to 
the fear of movement from a previous musculoskel-
etal injury. The privacy of the participants was main-
tained when applying and removing the electrodes. 

Testing Procedures
The participants were first prepared for EMG elec-
trode placement by abrading the skin and cleaning 
the skin with 70% isopropyl alcohol wipes in order 
to maximize the electrode adherence to the skin and 
minimize skin impedance.10 The EMG electrodes 
(DelSys, Inc., Boston, MA, USA: interelectrode dis-
tance 10 mm; amplification factor 1000 (20–450 
Hz); CMMR @ 60 Hz N 80 dB; input impedance > 
1015//0.2 Ω//pF) were placed bilaterally over the 
GMed and GMax muscles, approximately parallel 
to the muscle fiber orientation in accordance with 
SENIAM (surface EMG for a non-invasive assessment 
of muscles) guidelines (Figure 1).11,12 Electrodes were 
secured using a double-sided adhesive skin interface 
to minimize motion artifact and ensure consistent 
electrode placement throughout testing. Placement 
was confirmed by viewing EMG signals while sepa-
rately activating each muscle.13,14 Participants then 
completed a five minute warm-up on a stationary 
cycle ergometer at a self-selected pace. Following a 
practice session, a five-second MVIC was performed 
three times in the standard manual muscle testing 
protocol positions for each gluteal muscle with one 
minute of rest between each contraction.13 A strap 
was secured around the distal femur during muscle 
testing for both muscles to ensure standardization 
of resistance.15 Verbal encouragement to concen-
trate on the muscle contraction was given with each 
MVIC trial.16 Order of MVICs was counterbalanced 
to avoid any potential neuromuscular fatigue.

Figure 1. Electrode positioning on the left gluteus maximus 
(1-A) and gluteus medius (1-B) muscles.
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RESULTS
Eighteen healthy recreational athletes (23.5±3.8 
years, 8M/10F, 67.56±3.2 inches, 66.73±9.5 kg) 
participated in the study. All participants success-
fully completed the jumping tasks. The reliability 
analysis across the three repetitions for each jump-
ing task resulted in ICC values ranging from .894 
to .969, with standard error of measurement (SEM) 
values between 5% and 12% MVIC for the GMed. 
The GMax data resulted in ICC values ranging from 
.620 to .954, with SEM values between 6% and 28% 
MVIC (Table 1). These data suggest moderate to high 
reliability across trials for both muscles during each 
jumping task. 

There was a significant difference observed among 
the four jumping tasks for the GMed mean muscle 
activity (F5,102 = 11.4, p<.0001). Three of the jumping 
tasks produced greater than 70% MVIC of the GMed 
muscle. In rank order from highest EMG value to 
lowest, these jumping tasks were: crossover jump 
(103% MVIC), hurdle jump (93.2% MVIC), and V2 
jump (84.7% MVIC) (Table 2). Normalized mean 
amplitudes for the GMax muscle activity during the 
four jumping tasks are shown in Table 3. A signifi-
cant difference was observed for GMax mean ampli-
tudes among the four jumping tasks (F5,102 = 11.2, 

three repetitions of each exercise. If it was difficult 
to determine a repetition starting and stopping point 
on visual analysis of EMG data, then the middle 3/5th 
of the total time to perform the three repetitions was 
analyzed. The highest peak out of the three repeti-
tions was then divided by MVIC to yield %MVIC for 
that participant.

Statistical Analyses
To determine %MVIC values for rank ordering of 
jumping tasks, the %MVIC for each muscle was 
averaged between all participants for each exercise. 
Normalized mean EMG signal amplitudes were com-
pared among jumping tasks using a repeated-mea-
sures 1-way analysis of variance (ANOVA), with an a 
priori level of significance of 0.05 for both muscles. 
In addition, a reliability analysis was conducted 
using intraclass correlation coefficients (ICCs) 
across the three repetitions of each jumping task to 
confirm that the EMG measures were stable within 
participants. An ICC less than 0.40 indicated poor 
reliability, 0.40 to 0.74 indicated moderate-to-good 
reliability, and greater than 0.75 indicated excellent 
reliability. SPSS, Version 25.0 (SPSS Inc, Chicago, IL) 
was used for all statistical analysis.17 A sample of 
18 participants allowed us to detect a power of .794 
with an α of 0.05.

Table 1. Results for gluteus maximus and medius reliability analysis for each 
jumping task (n=18).

Table 2. Results for gluteus medius recruitment, %MVIC and rank for all jumping tasks 
(n=18).
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p<.0001). Two of the exercises recruited GMax with 
values greater than 70% MVIC. In rank order from 
highest EMG value to lowest, these jumping tasks 
were: hurdle jump (76.8% MVIC) and split jump 
(73.1% MVIC) (Table 3). Only hurdle jump produced 
greater than 70% MVIC for both GMed and GMax 
muscles. 

DISCUSSION
The objective of this study was to explore the recruit-
ment of the gluteal muscles during jumping tasks 
in healthy participants to determine which jump-
ing exercise best elicits gluteal muscle activation. In 
the current study, the greatest activation of both the 
GMed and GMax muscles during jumping in healthy 
participants occurred during the hurdle jump. Mod-
erate to high reliability occurred for all jumping 
activities suggesting the gluteal recruitment was 
repeatable across all participants and therefore can 
be used in the clinic. When considering specific glu-
teal muscle recruitment, the GMed demonstrated 
the greatest activation with the crossover jump and 
the GMax demonstrated the greatest activation with 
the hurdle jump. These recruitment levels may be 
explained by the relative differences in the exter-
nal moments developed during the lower extremity 
movement against gravitational force in different 
planes. The high MVIC for the GMed muscle dur-
ing the crossover jump may be attributed to lack 
of maximal effort or lack of motivation during per-
formance of maximal contractions while doing the 
manual muscle testing. This may also be true for 
other jumping tasks used in the study. Alternatively, 
substantial co-contraction of core muscles during the 
crossover jumping task may have led to higher val-
ues. Co-contraction of core muscles may substitute 

for inadequate GMax and GMed recruitment during 
jumping tasks. 

Several researchers have reported gluteal muscle 
weakness associations with several common ortho-
pedic injuries to include ACL prevention programs,18 
patellar femoral pain syndrome,19,20 overuse injuries 
at the knee,21 patellofemoral osteoarthritis,22,23 ilio-
tibial band syndrome,24 meniscal injury,25 and low 
back pain.26 When considering the association of 
gluteal muscle weakness with these conditions, it is 
not known when a patient presents to the clinic if 
the patient had the gluteal muscle weakness prior 
to injury which may need to be a focus to prevent 
injury, but it is known that the patient presents with 
gluteal weakness during the rehabilitation process. 
The results of the current study provide clinicians 
with exercises that specifically target the gluteal 
muscles that could be used to prevent injuries or in 
the later stages of rehab when the individual is pre-
pared for progressive RTS exercises. When consider-
ing the different conditions associated with gluteal 
muscle weakness, inappropriate gluteal recruitment 
needs to be addressed by matching the appropriate 
exercise to the needs of an individual.

Throughout rehabilitation, emphasis is placed on 
improving gluteal activity as this reduces the knee 
valgus motion by controlling hip adduction and hip 
internal rotation.27-31 Ground reaction forces during 
walking and running is thought to reach 1.5 and 2.5 
times the individual’s body weight32 whereas in jump-
ing, ground reaction forces can reach up to seven 
times the individual’s body weight.33 In patients that 
collapse into knee valgus with landing, the result 
may include body weight forces beyond what the 
medial knee can handle. Preventing knee valgus 

Table 3. Results for gluteus maximus recruitment, %MVIC and rank for all jumping tasks 
(n=18).
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Buckthorpe et al suggested that the GMax acts as a 
tri-planar stabilizer in movement and functions in 
conjunction with GMed and gluteus minimus to sta-
bilize the hip. Collectively, the gluteal muscles pro-
duce large amounts of force and power to contribute 
to hip extension and therefore need to be recruited 
at high levels for athletic activities. Buckthorpe et al 
provide a holistic approach that the authors of the 
current study recommend to the reader. 

Limitations
This study has some limitations. The participants in 
the current study were recreationally active so spe-
cific application to athletes that routinely make these 
types of jumps may be limited. Future studies could 
investigate athletes that routinely jump within their 
sport. There is always a possibility of cross talk using 
surface electrodes, however the authors attempted 
to minimize the error by following the standardized 
methods of applying and securing the surface elec-
trodes. The variability of the EMG signal found in 
the current study, while acceptable, may indicate 
the dynamic nature of these multiplanar jumping 
tasks. Additionally, it is difficult to determine if the 
participants generated a true maximal voluntary 
contraction for each muscle tested secondary to lack 
of effort. Efforts were made to encourage maximal 
effort for each participant verbally to improve par-
ticipation. Lastly, even though EMG is useful to gain 
knowledge about muscle activation patterns and to 
observe differences in the muscle activity, caution 
should be used with interpretation of these results. 
Collection of more detailed kinematics and kinetics 
data would have strengthened the EMG interpreta-
tion of the difference in activity levels among jump-
ing tasks. 

CONCLUSIONS
Multiple orthopedic conditions result in gluteal 
weakness or inhibition. In the early stages of reha-
bilitation, gluteal activation needs to be initiated 
and progressed. In the current study, the jumping 
task that showed the maximal GMed muscle acti-
vation was the crossover jump, while hurdle jump 
led to the greatest activation of the GMax. The rank 
ordered list provided in this study may help form 
exercise selections during the latter stages of the 
rehabilitation. Incorporating plyometric exercises 

limits the forces directed to the medial knee.27-29,31 
The GMed specifically has been targeted in many 
studies as it plays a role in pelvic stability in weight-
bearing activities27,34,35 and combined with the GMax, 
comprises 33% of the hip musculature36 in terms of 
cross sectional area and both muscles are essential 
for athletic, non-athletic, and post-surgical rehabili-
tation.37 The progression of weight-bearing activities 
needs to be specific to the patient but should also be 
advanced from the early stages of rehabilitation to 
the latter stages in accordance to the SAID (Specific 
Adaptation to Imposed Demands) principle.38

Several authors have investigated common thera-
peutic exercises such as bridging that are typically 
performed in the clinic during the early stages of 
rehabilitation.1,15,39-41 Jumping activities or plyomet-
rics are considered important as patient’s progress 
through rehabilitation and enter the return to sport 
phase of rehabilitation. Specifically jumping exer-
cises are thought to improve landing and cutting by 
increasing muscle activation and improving neu-
romuscular effectiveness in terms of recruitment 
timing of the muscles that are specific to sport.42 
Stepping and cutting exercises that are performed in 
the frontal plane have been shown to recruit the glu-
teals better than similar exercises that are performed 
in the sagittal plane.43,44 There are limited studies 
investigating plyometrics that are done in multiple 
planes.43-45  Struminger et al found that single-leg 
sagittal plane plyometrics produced the greatest 
activation of the GMed and GMax compared to 180 
degree jumps.18 The researchers specifically looked 
at preparatory and loading phases of the plyometrics 
and found that the GMax was activated more during 
the landing phase of the jumps. The researchers sug-
gested that more muscle fibers of the GMax are best 
recruited to perform hip extension during the sagit-
tal plane exercises.18 More research needs to be done 
to investigate specific plane plyometrics to assist in 
the latter stage of rehabilitation. 

In the latter stage of rehabilitation, current approaches 
regarding exercise progression do not always facili-
tate the patient to RTS. Buckthorpe has suggested 
that most rehabilitation approaches do not provide 
a comprehensive approach and do not provide suf-
ficient intensity or specificity to prepare an athlete 
for the demands of sport.9 In a recent commentary, 
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moving the non-dominant limb backward and imme-
diately the dominant limb forward onto the landing 
area, landing in a lunge position. On the next beat of 
the metronome, the subject jumps as high as possible 
and switched the legs back to the starting position.

V2 Jumps
V2 skate jumps consists of three different phases. 
Starting position is standing on one leg with the other 
leg slightly abducted. The participant then jumps 
horizontally and aims to land on the white mark 
which is 131 cm from the starting position for females 
and 165 cm from the starting position for males. The 
participant should land on the opposite mark on the 
opposite leg and upon landing conducts a small hop 
vertically into the air. On landing of the small hop, 
the participant will jump horizontally to land on the 
opposite leg on the starting marker and resume the 
start position.

APPENDIX A

Single leg sagittal plane hurdle hop
The subject is instructed to start standing on the 
dominant foot behind a line a distance 30% of his/
her height from the end line. A 10.16 cm tall hurdle 
is placed halfway between the subject’s feet and the 
(end line). The subject jumped forward over the 
hurdle in the sagittal plane. The subject lands with 
the dominant foot on the end line and is not allowed 
to touch down with the non-dominant leg. On the 
next beat of the metronome, the subject jumps back-
ward over the hurdle and returns to the initial start-
ing position.

Split Squat Jump 
The subject is instructed to begin in a lunge position 
with the non-dominant leg immediately lateral to 
the landing area and the dominant limb behind the 
non-dominate leg. The subject jumps in the air while 



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 1028

Crossover Skate Jumps  
Starting position is established by crossing the jump-
ing leg over the other leg with the hip externally 
rotated so that the heel is abducted father than the 

toes. The participant then jumps horizontally off of 
the jumping leg as far as possible. The participant 
lands on the opposite leg with the knee flexed about 
20 degrees in an athletic position. 



ABSTRACT
Purpose: Dance is a physically demanding activity, with 50-85% of dancers suffering injury during a single performance 
season. The majority of dancers’ injuries are in the lower extremity (LE) and chronic in nature. These injuries often arise 
when causal factors are not identified early and addressed before they ultimately result in an injury. Practitioners often use 
movement screens such as the Functional Movement Screen (FMS) to detect and quantify kinetic chain dysfunction. 
Prior researchers have suggested that these screens can stratify at-risk individuals and allow practitioners to devise targeted 
interventions to reduce their injury risk. However, whether the FMS can identify at-risk dancers remains unclear. Thus, 
the purpose of this study was to examine whether FMS scores predicted injury risk in collegiate dancers. 

Methods: In this prospective study, 43 collegiate dance majors (34 female, 9 male; 18.3±0.7yrs; 163.9±7.3cm; 
60.8±8.1kg) in a program which emphasizes modern dance were scored on the seven FMS movements (scale 0-3, 
total maximum score=21) where 3=movement completed without compensation, 2=movement completed, but 
with compensation(s), 1=unable to complete movement, 0=pain during movement or during clearing tests as 
described in prior literature at the start of the academic year. An in-house certified athletic trainer documented 
dancer’s overall and LE injuries over an academic year (40 weeks).  Separate Receiver Operator Characteristic (ROC) 
curve analyses examined whether composite FMS score predicted (1) Overall or (2) LE injury status. 

Results: The subjects FMS scores were 16.2+1.7 (range=11–19). Twenty dancers were injured, whereas 23 remained 
injury-free. Injured dancers had 55 overall (1.28 injuries/dancer) and 44 LE injuries (1.02 LE injuries/dancer). FMS 
score did not predict overall (AUC=.28, SE=.08, p=.02, 95%CI=.13-.43) or LE injury risk (AUC=.38, SE=.1, p=.21, 
95% CI=.21-.56). 

Discussion: While nearly half of the dancers in this group suffered from injury over the year, composite FMS scores 
did not predict overall or LE injury risk in collegiate dancers. Dancers face unique and challenging physical demands 
that distinguish them from traditional sport-athletes including greater ranges of movement during performance. 
Thus, the FMS may not be sensitive enough to distinguish ‘appropriate’ from ‘excessive’ mobility and adequately 
identify injury risk in dancers. Overall, it is suggested that practitioners should use caution before using the FMS as 
a primary screening mechanism to identify collegiate dancers at overall or LE injury risk.

Level of Evidence: 2 

Key Words: Aesthetic Athlete, Dance Medicine, Injury Prevention, Movement System, Screening Tool
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INTRODUCTION
Distinct due to its aesthetic nature and expressiv-
ity, dance remains a physically demanding activ-
ity, with 50-85% of dancers suffering injury during 
a single performance season.1–4 A majority of these 
injuries are to the lower extremity and chronic in 
nature.5–7 These overuse injuries are thought to arise 
from the cumulative effects of microtrauma, mani-
festing when causal factors, such as inefficient or 
compensatory movement patterns and altered bio-
mechanics, are not identified and addressed.8–10

The Functional Movement Screen (FMS) is a 
popular screening tool consisting of seven movement 
tasks intended to identify and quantify appropriate, 
dysfunctional, and/or painful movement.8,11,12 It was 
designed to challenge the interactions of kinetic 
chain mobility and stability necessary for adequate 
performance of basic, functional movement patterns; 
bridging the gap between individual muscle or joint 
assessments such as range of motion or manual mus-
cle testing and performance testing.8,11,13,14 Given the 
cost and consequences of musculoskeletal injury and 
its sequelae,15,16 common applications of the FMS 
have included attempts to predict performance17–19 
and injury.12,20–24 While other uses exist, the ability to 
stratify individuals at higher risk of potential injury 
and allow for targeted interventions to address iden-
tified deficits would be beneficial to the sports medi-
cine community and beyond. Indeed, the FMS has 
been used in this capacity among athletes at the high 
school,25 collegiate,20,23,26,27 and professional levels.12,28 
Active populations where reduction in injury rates 
would also prove valuable, such as in public safety 
and the military have also examined the potential of 
the FMS to predict injury.29–31 

Conflicting reviews of the predictive value of the FMS 
may be due to the variety in sample sizes, settings, 
injury definitions, and statistical techniques used in 
various studies.16,32,33 One population where proper 
identification of functional movement insufficiencies 
with a screen such as the FMS and appropriate subse-
quent intervention could have a significant and posi-
tive impact is that of dancers. The etiology of some 
dance injuries may stem from the unique demands 
inherent to the activity itself, such as the repetitive 
movement patterns and extreme ranges of motion 
often required of the performer. The overwhelming 

majority of these injuries manifest as chronic issues 
in the lower extremity. Overall, despite dancers being 
an active population at risk for sustaining injury, and 
regardless of extensive research using the FMS to 
screen for risk of injury, it remains unknown whether 
or not this tool is capable of predicting injury among 
collegiate dancers. Thus, the objective of this study 
was to examine whether FMS scores predicted injury 
in collegiate dancers.

METHODS

Experimental Approach to the Problem
This research utilized a prospective cohort study 
design to examine composite FMS scores and 
documented injuries in collegiate dancers over a 
40-week academic year. Injuries were recorded by 
an in-house certified athletic trainer. The FMS test-
ing was performed in a single session as part of an 
annual physical fitness assessment. The same inves-
tigator performed the FMS on all participants. This 
tester was certified in using the FMS and had two 
years’ experience using the tool as part of standard 
practice of care. 

Participants
Forty-three collegiate dancers (34 female, 9 male; age 
= 18 + 0.7 years; height = 162.6 + 5.9 cm; mass = 
59.4 + 7.1 kg, dance experience = 12.7 + 3.8 years) 
participated in the study. Participants were dance 
majors in a program that emphasizes modern dance, 
but all dancers had prior experience in other dance 
styles including, but not limited to ballet, jazz, and 
hip-hop dance. Participants danced 25.6 + 5.6 hours 
weekly (including dance classes, rehearsals, and per-
formances). Researchers collected dancers’ anthro-
pometric data; age was recorded to the nearest whole 
year, height was measured to the nearest millimeter 
using a Seca 216 Stadiometer (Scale Co. Inc, Brook-
lyn, NY), and body mass to the nearest 0.1kg using 
a digital scale (Precision Digital Bathroom Scale, 
HealthTools LLC, Mahwah, NJ).  The George Mason 
University’s Institutional Review Board approved 
the study, and all participants gave their written, 
informed consent before taking part in the study.

Injury Definitions
Injuries were defined based on prior recommen-
dations for surveillance of dance injuries as ‘any 
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injury. Injured dancers had 55 overall (1.28/dancer) 
and 44 LE injuries (1.02/dancer). The FMS score 
did not predict either overall (AUC=.28, SE=.08, 
p=.02, 95%CI=.13-.43) or LE injury risk (AUC=.38, 
SE=.1, p=.21, 95%CI= .21-.56). (Figures 1-2)

DISCUSSION

Primary Findings
Given that dancers are at risk for injury, and with 
prior reports suggesting the use of the FMS to 
identify at-risk individuals, researchers examined 
whether the FMS could predict injury risk in col-
legiate dancers. However, FMS scores did not dem-
onstrate the ability to predict overall or LE injury 
risk in this cohort of collegiate dancers. 

Comparisons with Prior Literature
Despite some prior literature suggesting that higher 
composite FMS scores were associated with 
decreased injury risk,12,20 FMS scores did not pre-
dict overall or lower extremity injury risk in the 
current group of university dancers. These findings 
are consistent with other reports that suggest the 
FMS is not useful as a predictor of musculoskel-
etal injury risk.21,22,24,35,36 While challenges exist with 

physical complaint sustained by a dancer resulting 
from company performance, rehearsal, or technique 
class and resulting in a dancer injury report and triage, 
irrespective of the need for medical attention or time-loss 
from dance activities’.5,34 All injury data were recorded 
over a 40-week academic year by the healthcare 
team. Anatomical locations of all injuries were 
specified, and we included both overall and LE inju-
ries (toes-foot, ankle-lower leg, knee, and hip-thigh) 
in the present study. The same athlete may have 
incurred multiple injuries throughout the academic 
year, potentially at the same anatomical location. 

The Functional Movement Screen (FMS)
The same, certified investigator performed the FMS 
screen for all participants. The FMS was conducted 
based on previously published protocols.8,11 Briefly, 
researchers examined the seven FMS movements: 
Deep Squat, Hurdle Step, In-Line Lunge, Active 
Straight Leg Raise, Rotary Stability, Shoulder Mobil-
ity, and Trunk Stability Push-Up. All seven tasks were 
able to be executed up to three times and the best 
of the three trials was scored. Of the bilateral tests, 
if there was a difference in scores from left to right 
side, the lower of the two scores was accepted and 
the asymmetry noted. Researchers also conducted 
bilateral Yocum’s tests, spinal flexion, and spinal 
extension clearing tests to assess for pain indicative 
of pathology. Positive clearing tests override FMS 
scores for their associated movement tasks, as a score 
of 0 is given if pain is indicated. Each movement was 
scored on a 0-3 scale, where 3=movement completed 
as requested without compensation, 2=movement 
completed, but with compensation(s), 1=unable to 
complete movement as requested, 0=experienced 
pain during movement or clearing test, for a total 
composite score of up to 21.

Statistical Analyses
Separate Receiver Operator Characteristic (ROC) 
curve analyses examined whether FMS scores 
could predict (1) overall or (2) LE injury status. An 
0.05 a priori alpha level was set for all tests, and SPSS 
24.0 was used to conduct all analyses.

RESULTS
Dancers scored 16.2+1.7 on the FMS (range 11-19). 
Over the study period 20/43 dancers suffered an 

Figure 1. Receiver Operator Characteristics (ROC) Curve 
examining ability of composite FMS scores to predict overall 
injury risk in collegiate dancers
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A more recent systematic review with meta-analysis 
concluded the strength of association between com-
posite FMS scores and subsequent injury does not 
support its use in a predictive capacity.22 In agree-
ment with this review, this study also found that 
composite FMS scores were not able to predict 
injury risk in our sample of collegiate dancers.

FMS Scoring
While reliability has been well-established with scor-
ing the FMS,6,32,37–39 significant concerns remain 
regarding the validity of the instrument.22,32 Valid-
ity is defined in this case based on the ability of the 
screening tool to identify deficiencies in movement 
patterns.13,14,32 Although not designed with this spe-
cific application in mind, the composite score is 
often used in evaluating injury risk.7,33 This com-
posite FMS score utilized by practitioners to deter-
mine those at higher risk for injury ranges from 0-21 
and, as previously described, is the summed total 
of seven individual movement tasks.9,40 This scoring 
interpretation assumes a stable factor structure and 
unidimensionality of the FMS.7,41,42

The factor structure of a scale, particularly one being 
interpreted as single, unidimensional construct, is 
important and can be evaluated using exploratory 
factor analysis.7,40 A recent study found the FMS 
composite score did not present a gestalt measure 
of movement quality.43 This observation –  and the 
observations by multiple other authors examining 
different populations (youth athlete, elite athlete, 
and military personnel) – call into question the 
construct validity of a single summed value, provid-
ing evidence against the unidimensionality of the 
FMS.40,42–44 Overall, these findings caution against 
traditional use of a composite FMS score as a pre-
dictor for future injury risk.

Limitations and Future Recommendations 
There are limitations in this study. The sample is 
from a single institution and thus may not be repre-
sentative of all dancers and genres at the collegiate 
level. Ideally, examination of multiple sites and pro-
grams, different genres, and varying levels of dance 
would provide better ability to generalize results. A 
strength of this study is that we had the same, trained 
individual score the FMS for all participants. This 
individual was also part of the healthcare team that 

interpretation of the composite FMS score,16 gen-
erally, previous authors have suggested that those 
who achieve a composite FMS score above 14 have 
a decreased risk of experiencing injury compared to 
those who score at or below this level.6,7,9,12,20,27,29,31 
Due to the differences in statistical methodology, 
population, and injury definitions used in various 
studies, whether or not there is a ceiling of discrim-
inative ability at a composite score of 14 remains 
unknown.

While some studies have used slightly higher cut-off 
scores,13,14,37 the findings are mixed. Prior research-
ers found that a composite FMS score below 17 
was associated with an increased risk of sustaining 
injury,26 whereas others21,24 using cut-off scores of 17 
and 15, respectively, found limited prognostic accu-
racy – indicating that FMS aggregate score was not 
useful in predicting musculoskeletal injuries. At least 
one cut-off point below the more commonly used 
score of 14 has also been reported in a sample of pro-
fessional rugby players.10 It is worth noting that this 
lower cut-off score of 13 was found by considering 
only severe injuries that excluded player participation 
in either practice or competition for at least 28 days.10 

Figure 2. Receiver Operator Characteristics (ROC) Curve 
examining ability of composite FMS scores to predict lower 
extremity injury risk in collegiate dancers
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kept in-house medical care records throughout the 
duration of the study.

A previously examined FMS confounding factor45 
that may have impacted this study is that of per-
formers’ knowledge, given the sample of collegiate 
dancers. Participants adapt their movement based 
on their understanding of the instructions given and 
their experience or familiarity with the tasks.45  Spe-
cifically, while the verbal instructions of “descend 
as far as you can into a squat position”13 may be ade-
quate for certain athletes to perform the requested 
action, the same might not be true for another group 
of participants (e.g. dancers without the training 
experiences more common to traditional sports like 
football or basketball). How this factor may have 
affected FMS scores warrants further study. 

PRACTICAL APPLICATIONS 
Movement screening tests such as the FMS have 
gained popularity as simple, objective methods to 
quantify dysfunctional movement patterns and 
determine injury risk.40 These screening tools are 
suggested to aid in performance enhancement 
and educational efforts, as well as assist in making 
return-to-play or return-to-performance decisions. 
Dancers face unique physical demands intrinsic to 
their craft which distinguishes them from traditional 
athletes, more commonly the subjects of studies 
that utilize the FMS to predict injury. For example, 
greater ranges of movement are often necessary to 
properly perform; however, the FMS is unable to 
distinguish ‘appropriate’ from ‘excessive’ mobility - 
something which would be important to identify in 
this population. These findings suggest the FMS 
may not be sensitive enough to adequately capture 
dysfunctional movement predictive of injury in this 
particular population. The implications of these 
results suggest that practitioners should exercise 
caution before using the FMS as a measure to iden-
tify dancers at increased injury risk.

CONCLUSIONS 
Overall, although nearly half of the dancers suf-
fered from injury, composite FMS score did not 
predict overall or LE injury risk in collegiate danc-
ers. Thus, the FMS may not be sensitive enough 
to adequately identify injury risk in collegiate danc-
ers. Practitioners should use caution before using 

the FMS as a primary screening mechanism to 
identify collegiate dancers at increased overall or 
LE injury risk. Further, it is recommended that the 
practical use of the FMS be limited to assessment 
of movement quality in dancers.
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ABSTRACT
Purpose: Dance is a physically demanding activity, with 50-85% of dancers suffering injury during a single performance 
season. The majority of dancers’ injuries are in the lower extremity (LE) and chronic in nature. These injuries often arise 
when causal factors are not identified early and addressed before they ultimately result in an injury. Practitioners often use 
movement screens such as the Functional Movement Screen (FMS) to detect and quantify kinetic chain dysfunction. 
Prior researchers have suggested that these screens can stratify at-risk individuals and allow practitioners to devise targeted 
interventions to reduce their injury risk. However, whether the FMS can identify at-risk dancers remains unclear. Thus, 
the purpose of this study was to examine whether FMS scores predicted injury risk in collegiate dancers. 

Methods: In this prospective study, 43 collegiate dance majors (34 female, 9 male; 18.3±0.7yrs; 163.9±7.3cm; 
60.8±8.1kg) in a program which emphasizes modern dance were scored on the seven FMS movements (scale 0-3, 
total maximum score=21) where 3=movement completed without compensation, 2=movement completed, but 
with compensation(s), 1=unable to complete movement, 0=pain during movement or during clearing tests as 
described in prior literature at the start of the academic year. An in-house certified athletic trainer documented 
dancer’s overall and LE injuries over an academic year (40 weeks).  Separate Receiver Operator Characteristic (ROC) 
curve analyses examined whether composite FMS score predicted (1) Overall or (2) LE injury status. 

Results: The subjects FMS scores were 16.2+1.7 (range=11–19). Twenty dancers were injured, whereas 23 remained 
injury-free. Injured dancers had 55 overall (1.28 injuries/dancer) and 44 LE injuries (1.02 LE injuries/dancer). FMS 
score did not predict overall (AUC=.28, SE=.08, p=.02, 95%CI=.13-.43) or LE injury risk (AUC=.38, SE=.1, p=.21, 
95% CI=.21-.56). 

Discussion: While nearly half of the dancers in this group suffered from injury over the year, composite FMS scores 
did not predict overall or LE injury risk in collegiate dancers. Dancers face unique and challenging physical demands 
that distinguish them from traditional sport-athletes including greater ranges of movement during performance. 
Thus, the FMS may not be sensitive enough to distinguish ‘appropriate’ from ‘excessive’ mobility and adequately 
identify injury risk in dancers. Overall, it is suggested that practitioners should use caution before using the FMS as 
a primary screening mechanism to identify collegiate dancers at overall or LE injury risk.

Level of Evidence: 2 

Key Words: Aesthetic Athlete, Dance Medicine, Injury Prevention, Movement System, Screening Tool
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INTRODUCTION
Distinct due to its aesthetic nature and expressiv-
ity, dance remains a physically demanding activ-
ity, with 50-85% of dancers suffering injury during 
a single performance season.1–4 A majority of these 
injuries are to the lower extremity and chronic in 
nature.5–7 These overuse injuries are thought to arise 
from the cumulative effects of microtrauma, mani-
festing when causal factors, such as inefficient or 
compensatory movement patterns and altered bio-
mechanics, are not identified and addressed.8–10

The Functional Movement Screen (FMS) is a 
popular screening tool consisting of seven movement 
tasks intended to identify and quantify appropriate, 
dysfunctional, and/or painful movement.8,11,12 It was 
designed to challenge the interactions of kinetic 
chain mobility and stability necessary for adequate 
performance of basic, functional movement patterns; 
bridging the gap between individual muscle or joint 
assessments such as range of motion or manual mus-
cle testing and performance testing.8,11,13,14 Given the 
cost and consequences of musculoskeletal injury and 
its sequelae,15,16 common applications of the FMS 
have included attempts to predict performance17–19 
and injury.12,20–24 While other uses exist, the ability to 
stratify individuals at higher risk of potential injury 
and allow for targeted interventions to address iden-
tified deficits would be beneficial to the sports medi-
cine community and beyond. Indeed, the FMS has 
been used in this capacity among athletes at the high 
school,25 collegiate,20,23,26,27 and professional levels.12,28 
Active populations where reduction in injury rates 
would also prove valuable, such as in public safety 
and the military have also examined the potential of 
the FMS to predict injury.29–31 

Conflicting reviews of the predictive value of the FMS 
may be due to the variety in sample sizes, settings, 
injury definitions, and statistical techniques used in 
various studies.16,32,33 One population where proper 
identification of functional movement insufficiencies 
with a screen such as the FMS and appropriate subse-
quent intervention could have a significant and posi-
tive impact is that of dancers. The etiology of some 
dance injuries may stem from the unique demands 
inherent to the activity itself, such as the repetitive 
movement patterns and extreme ranges of motion 
often required of the performer. The overwhelming 

majority of these injuries manifest as chronic issues 
in the lower extremity. Overall, despite dancers being 
an active population at risk for sustaining injury, and 
regardless of extensive research using the FMS to 
screen for risk of injury, it remains unknown whether 
or not this tool is capable of predicting injury among 
collegiate dancers. Thus, the objective of this study 
was to examine whether FMS scores predicted injury 
in collegiate dancers.

METHODS

Experimental Approach to the Problem
This research utilized a prospective cohort study 
design to examine composite FMS scores and 
documented injuries in collegiate dancers over a 
40-week academic year. Injuries were recorded by 
an in-house certified athletic trainer. The FMS test-
ing was performed in a single session as part of an 
annual physical fitness assessment. The same inves-
tigator performed the FMS on all participants. This 
tester was certified in using the FMS and had two 
years’ experience using the tool as part of standard 
practice of care. 

Participants
Forty-three collegiate dancers (34 female, 9 male; age 
= 18 + 0.7 years; height = 162.6 + 5.9 cm; mass = 
59.4 + 7.1 kg, dance experience = 12.7 + 3.8 years) 
participated in the study. Participants were dance 
majors in a program that emphasizes modern dance, 
but all dancers had prior experience in other dance 
styles including, but not limited to ballet, jazz, and 
hip-hop dance. Participants danced 25.6 + 5.6 hours 
weekly (including dance classes, rehearsals, and per-
formances). Researchers collected dancers’ anthro-
pometric data; age was recorded to the nearest whole 
year, height was measured to the nearest millimeter 
using a Seca 216 Stadiometer (Scale Co. Inc, Brook-
lyn, NY), and body mass to the nearest 0.1kg using 
a digital scale (Precision Digital Bathroom Scale, 
HealthTools LLC, Mahwah, NJ).  The George Mason 
University’s Institutional Review Board approved 
the study, and all participants gave their written, 
informed consent before taking part in the study.

Injury Definitions
Injuries were defined based on prior recommen-
dations for surveillance of dance injuries as ‘any 
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injury. Injured dancers had 55 overall (1.28/dancer) 
and 44 LE injuries (1.02/dancer). The FMS score 
did not predict either overall (AUC=.28, SE=.08, 
p=.02, 95%CI=.13-.43) or LE injury risk (AUC=.38, 
SE=.1, p=.21, 95%CI= .21-.56). (Figures 1-2)

DISCUSSION

Primary Findings
Given that dancers are at risk for injury, and with 
prior reports suggesting the use of the FMS to 
identify at-risk individuals, researchers examined 
whether the FMS could predict injury risk in col-
legiate dancers. However, FMS scores did not dem-
onstrate the ability to predict overall or LE injury 
risk in this cohort of collegiate dancers. 

Comparisons with Prior Literature
Despite some prior literature suggesting that higher 
composite FMS scores were associated with 
decreased injury risk,12,20 FMS scores did not pre-
dict overall or lower extremity injury risk in the 
current group of university dancers. These findings 
are consistent with other reports that suggest the 
FMS is not useful as a predictor of musculoskel-
etal injury risk.21,22,24,35,36 While challenges exist with 

physical complaint sustained by a dancer resulting 
from company performance, rehearsal, or technique 
class and resulting in a dancer injury report and triage, 
irrespective of the need for medical attention or time-loss 
from dance activities’.5,34 All injury data were recorded 
over a 40-week academic year by the healthcare 
team. Anatomical locations of all injuries were 
specified, and we included both overall and LE inju-
ries (toes-foot, ankle-lower leg, knee, and hip-thigh) 
in the present study. The same athlete may have 
incurred multiple injuries throughout the academic 
year, potentially at the same anatomical location. 

The Functional Movement Screen (FMS)
The same, certified investigator performed the FMS 
screen for all participants. The FMS was conducted 
based on previously published protocols.8,11 Briefly, 
researchers examined the seven FMS movements: 
Deep Squat, Hurdle Step, In-Line Lunge, Active 
Straight Leg Raise, Rotary Stability, Shoulder Mobil-
ity, and Trunk Stability Push-Up. All seven tasks were 
able to be executed up to three times and the best 
of the three trials was scored. Of the bilateral tests, 
if there was a difference in scores from left to right 
side, the lower of the two scores was accepted and 
the asymmetry noted. Researchers also conducted 
bilateral Yocum’s tests, spinal flexion, and spinal 
extension clearing tests to assess for pain indicative 
of pathology. Positive clearing tests override FMS 
scores for their associated movement tasks, as a score 
of 0 is given if pain is indicated. Each movement was 
scored on a 0-3 scale, where 3=movement completed 
as requested without compensation, 2=movement 
completed, but with compensation(s), 1=unable to 
complete movement as requested, 0=experienced 
pain during movement or clearing test, for a total 
composite score of up to 21.

Statistical Analyses
Separate Receiver Operator Characteristic (ROC) 
curve analyses examined whether FMS scores 
could predict (1) overall or (2) LE injury status. An 
0.05 a priori alpha level was set for all tests, and SPSS 
24.0 was used to conduct all analyses.

RESULTS
Dancers scored 16.2+1.7 on the FMS (range 11-19). 
Over the study period 20/43 dancers suffered an 

Figure 1. Receiver Operator Characteristics (ROC) Curve 
examining ability of composite FMS scores to predict overall 
injury risk in collegiate dancers
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A more recent systematic review with meta-analysis 
concluded the strength of association between com-
posite FMS scores and subsequent injury does not 
support its use in a predictive capacity.22 In agree-
ment with this review, this study also found that 
composite FMS scores were not able to predict 
injury risk in our sample of collegiate dancers.

FMS Scoring
While reliability has been well-established with scor-
ing the FMS,6,32,37–39 significant concerns remain 
regarding the validity of the instrument.22,32 Valid-
ity is defined in this case based on the ability of the 
screening tool to identify deficiencies in movement 
patterns.13,14,32 Although not designed with this spe-
cific application in mind, the composite score is 
often used in evaluating injury risk.7,33 This com-
posite FMS score utilized by practitioners to deter-
mine those at higher risk for injury ranges from 0-21 
and, as previously described, is the summed total 
of seven individual movement tasks.9,40 This scoring 
interpretation assumes a stable factor structure and 
unidimensionality of the FMS.7,41,42

The factor structure of a scale, particularly one being 
interpreted as single, unidimensional construct, is 
important and can be evaluated using exploratory 
factor analysis.7,40 A recent study found the FMS 
composite score did not present a gestalt measure 
of movement quality.43 This observation –  and the 
observations by multiple other authors examining 
different populations (youth athlete, elite athlete, 
and military personnel) – call into question the 
construct validity of a single summed value, provid-
ing evidence against the unidimensionality of the 
FMS.40,42–44 Overall, these findings caution against 
traditional use of a composite FMS score as a pre-
dictor for future injury risk.

Limitations and Future Recommendations 
There are limitations in this study. The sample is 
from a single institution and thus may not be repre-
sentative of all dancers and genres at the collegiate 
level. Ideally, examination of multiple sites and pro-
grams, different genres, and varying levels of dance 
would provide better ability to generalize results. A 
strength of this study is that we had the same, trained 
individual score the FMS for all participants. This 
individual was also part of the healthcare team that 

interpretation of the composite FMS score,16 gen-
erally, previous authors have suggested that those 
who achieve a composite FMS score above 14 have 
a decreased risk of experiencing injury compared to 
those who score at or below this level.6,7,9,12,20,27,29,31 
Due to the differences in statistical methodology, 
population, and injury definitions used in various 
studies, whether or not there is a ceiling of discrim-
inative ability at a composite score of 14 remains 
unknown.

While some studies have used slightly higher cut-off 
scores,13,14,37 the findings are mixed. Prior research-
ers found that a composite FMS score below 17 
was associated with an increased risk of sustaining 
injury,26 whereas others21,24 using cut-off scores of 17 
and 15, respectively, found limited prognostic accu-
racy – indicating that FMS aggregate score was not 
useful in predicting musculoskeletal injuries. At least 
one cut-off point below the more commonly used 
score of 14 has also been reported in a sample of pro-
fessional rugby players.10 It is worth noting that this 
lower cut-off score of 13 was found by considering 
only severe injuries that excluded player participation 
in either practice or competition for at least 28 days.10 

Figure 2. Receiver Operator Characteristics (ROC) Curve 
examining ability of composite FMS scores to predict lower 
extremity injury risk in collegiate dancers
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kept in-house medical care records throughout the 
duration of the study.

A previously examined FMS confounding factor45 
that may have impacted this study is that of per-
formers’ knowledge, given the sample of collegiate 
dancers. Participants adapt their movement based 
on their understanding of the instructions given and 
their experience or familiarity with the tasks.45  Spe-
cifically, while the verbal instructions of “descend 
as far as you can into a squat position”13 may be ade-
quate for certain athletes to perform the requested 
action, the same might not be true for another group 
of participants (e.g. dancers without the training 
experiences more common to traditional sports like 
football or basketball). How this factor may have 
affected FMS scores warrants further study. 

PRACTICAL APPLICATIONS 
Movement screening tests such as the FMS have 
gained popularity as simple, objective methods to 
quantify dysfunctional movement patterns and 
determine injury risk.40 These screening tools are 
suggested to aid in performance enhancement 
and educational efforts, as well as assist in making 
return-to-play or return-to-performance decisions. 
Dancers face unique physical demands intrinsic to 
their craft which distinguishes them from traditional 
athletes, more commonly the subjects of studies 
that utilize the FMS to predict injury. For example, 
greater ranges of movement are often necessary to 
properly perform; however, the FMS is unable to 
distinguish ‘appropriate’ from ‘excessive’ mobility - 
something which would be important to identify in 
this population. These findings suggest the FMS 
may not be sensitive enough to adequately capture 
dysfunctional movement predictive of injury in this 
particular population. The implications of these 
results suggest that practitioners should exercise 
caution before using the FMS as a measure to iden-
tify dancers at increased injury risk.

CONCLUSIONS 
Overall, although nearly half of the dancers suf-
fered from injury, composite FMS score did not 
predict overall or LE injury risk in collegiate danc-
ers. Thus, the FMS may not be sensitive enough 
to adequately identify injury risk in collegiate danc-
ers. Practitioners should use caution before using 

the FMS as a primary screening mechanism to 
identify collegiate dancers at increased overall or 
LE injury risk. Further, it is recommended that the 
practical use of the FMS be limited to assessment 
of movement quality in dancers.
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ABSTRACT

Background: Dual-task assessments can identify changes in postural control during recovery from a con-
cussion. However, developing postural control in children presents a challenge when using adult balance 
assessments to examine children.

Purpose: The purpose of this study was to investigate the reliability of a cognitive dual-task postural control 
testing protocol among a youth sample with no history of concussion or exposure to head impacts. 

Study Design: Reliability pilot study. 

Methods: Testing comprised nine 120 second trials of standing on a force plate collecting data at 250 Hz. 
Test conditions included no dual-task, counting backwards by 2, counting backwards by 3, listening, and 
the Stroop test. Subjects completed each test with open and closed eyes, except for the Stroop test. The 
force plate was used to measure the subjects’ center of pressure (COP) trajectory. 

Results: Nine healthy, youth subjects (average age: 11.6 ± 0.5 years) with no history of concussion or expo-
sure to head impacts participated. Reliability was good (>0.6) or excellent (>0.75) for COP speed, sway, 
and sample entropy measures for several test conditions. The eyes open, no task condition produced the 
lowest COP measures. No differences were observed between the other dual-task conditions. 

Conclusion: Given its high measures of reliability, this dual-task protocol might be able to detect postural 
control changes in concussed youth athletes.

Evidence Level: 2

Keywords: Balance, cognitive, force plate, pediatric
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INTRODUCTION
Up to 1.9 million sports-related concussions occur 
annually within the United States’ youth popula-
tion.1,2 One of the most common symptoms associ-
ated with a concussion is balance dysfunction during 
quiet standing.3-7 These alterations are transient but 
serve as a key marker when evaluating a patient’s 
neurologic health post-concussion.3,4,8 Developing 
postural control in children presents an additional 
challenge in using postural sway assessments in 
these instances.9 This continued development pre-
vents the use of measures and protocols that have 
been examined for reliability in adults without first 
assessing their reliability in children.10-13 

Postural control assessments using a force plate tradi-
tionally consist of measures taken during quiet stand-
ing.14,15 Some researchers have made use of cognitive 
dual-tasks during postural sway assessments.16-20 The 
addition of a cognitive dual-task prevents the brain from 
allocating all of its resources towards balance and may 
provide a more sensitive testing protocol for assessing 
patient health post-concussion than quiet standing.21 
In concussed adolescent and adult athletes, for whom 
cognitive and postural control deficits have been noted, 
the effect of performing cognitive dual-tasks is more 
pronounced than during quiet standing.18-20,22,23 

Several postural sway measures and cognitive dual-
tasks were explored to identify a reliable combination 
for the potential assessment of youth football players 
immediately post-concussion, as well as during ath-
lete recovery. The development of this protocol was 
predicated on two key outcomes: 1) test conditions 
must be reliable for individual subjects over time, and 
2) variation in performance between subjects must be 
observed. Between-subject variation implies that the 
protocol is sensitive to differences in postural control. 
With these two outcomes met, the testing protocol 
would have the potential to differentiate COP mea-
sures of concussed athletes relative to their baseline 
values. The purpose of this study was to investigate 
the reliability of a cognitive dual-task postural control 
testing protocol among a youth sample with no his-
tory of concussion or exposure to head impacts. 

METHODS
Nine youth male athletes (mean ± standard devia-
tion age: 11.6 ± 0.5 years; height: 1.50 ± 0.07 m; 

mass: 40.4 ± 7.9 kg) were recruited to participate 
in this pilot study. Male subjects were included 
because the primary target application for the pro-
tocol developed in this study is youth football. The 
athletes were not actively involved in a contact sport 
during the study period and did not have a history 
of concussion. This study was approved by Virginia 
Tech’s institutional review board, and all subjects 
provided verbal assent while their parents or guard-
ians provided written consent. 

Subjects completed four identical testing sessions 
spaced a week apart. During each session, postural 
sway was measured in nine test conditions, each 
of which had a duration of 120 seconds. Subjects 
were given a minimum rest period of 30 seconds 
between trials and completed each task with either 
eyes open or eyes closed. During the eyes open 
conditions, subjects were instructed to look at a tar-
get on a computer screen placed at eye level at a 
distance of 1 m. The five dual-task conditions were 
no task, count backwards from 100 by two, count 
backwards from 100 by three, count the instances 
of a word in a passage read to the subject by the 
investigator, and the Stroop test. Each of the tasks 
were conducted with the subjects’ eyes opened and 
closed, with the exception of the Stroop test, which 
was only conducted with the subjects’ eyes open. 
The Stroop test involved reciting the color in which 
a word was written.24 The no task trials were con-
ducted first each session, with the remaining trials 
randomized to account for possible effects due to 
test order. For all tests, subjects were instructed to 
stand facing forward with their feet together and 
touching, arms at their side, and to try to remain as 
still as possible.

During all trials, ground reaction forces and moments 
under the feet were sampled at 250 Hz using a force 
plate (AMTI, Watertown, MA). Center of pressure 
(COP) coordinates were then determined and used 
to compute eight COP-based measures of postural 
sway. 

Four traditional sway measures were calculated. 
COP standard deviation in the anterior-posterior 
(AP) and medial-lateral (ML) directions were calcu-
lated along the respective axis. COP mean speed was 
calculated as the overall COP path length divided by 
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test condition. ICC values were interpreted using 
the following criteria: 0.00-0.39 poor, 0.40-0.59 fair, 
0.60-0.74 good, and 0.75-1.00 excellent.29 A metric or 
test condition could have a high ICC value, or reli-
ability, while failing to differentiate subjects from 
each other. Between-subject and within-subject vari-
ability, as well as the ratio of between-subject vari-
ability to within-subject variability, were computed 
to account for this. Between-subject variability was 
calculated as the standard deviation of mean subject 
performance for each measure within each test con-
dition. Within-subject variability was calculated as 
the standard deviation of subject performance stan-
dard deviation for each measure within each test 
condition. Test conditions and measures with high 
ICC values, higher measures of between-subject 
variability and lower levels of within-subject vari-
ability are desirable for a healthy population. This 
would indicate that these experimental conditions 
and measures are reliable indicators of intra-subject 
balance performance and are sensitive to inter-sub-
ject differences. 

RESULTS
None of the traditional sway measures exhibited 
a session by test condition interaction effect (p = 
1.000) or a main effect for session (p > 0.3099). 
ML standard deviation (p = 0.0039) and COP mean 
speed (p < 0.0001) exhibited a main effect for test 
condition, but 95% confidence ellipse area (p = 
0.0547) and AP standard deviation (p = 0.3401) did 
not (Figure 1). The eyes open, no task condition was 
associated with the lowest measures. In general, 
more sway was observed along the AP axis than the 
ML axis across all test conditions.

None of the entropy measures exhibited a session 
by test condition interaction effect (p > 0.2082) 
or a main effect for session (p > 0.0888). Entropy 
measures did not differ between test conditions or 
session (p > 0.05), with the exception of Shannon 
Entropy (Condition: p < 0.0001; Session: p = 0.858). 
For this measure, the eyes closed, no task condition 
was associated with higher entropy than each of the 
eyes open conditions, with the exception of the eyes 
open, no task condition, and the eyes open, listening 
condition was associated with lower entropy than 
each of the eyes closed test conditions (Figure 2). 

the test duration (120 seconds). Additionally, the 
COP 95% confidence ellipse area was calculated as

 2
05 2 2

2 2 2pF SD SD SDN AP ML AP ML. , , − −−( )  (1)

where F N. , ,05 2 2−  represented the value of the F sta-
tistic for a bivariate distribution of N data points 
at a confidence level of 95%, SDAP  was standard 
deviation in the AP direction, SDML  was standard 
deviation in the ML direction, and SDAP ML− was the 
covariance between the AP and ML directions.14

Four entropy measures were calculated. Sample 
AP and ML entropy assessed the variability of the 
COP trajectory along each direction. Sample entropy 
was determined by comparing a given data vector 
template from the COP trajectory to all other vec-
tors within the trajectory and counting all those 
that were within a defined similarity range.25 Renyi 
Entropy and Shannon Entropy were also calcu-
lated using graphical representations of the COP 
data. More specifically, these involved developing 
a grid that is divided based on the standard devia-
tion in the AP and ML directions.15,26 The number 
of points within each subunit of the grid were then 
summed, with the probability of a COP coordinate 
residing in a particular subunit serving as the input 
parameter for computing both Renyi and Shannon 
Entropy. Detailed background on the algorithm is 
available.27,28 In general, higher entropy values are 
associated with less repeatable or predictable COP 
trajectories, which would be representative of poorer 
postural control. 

ANOVA was used to investigate the effect of ses-
sion, test condition, and their interaction on COP 
measures with a significance level of 0.05. Tukey’s 
Honest Significant Difference test was used to assess 
specific differences in these factors. ANOVA was also 
used on a subset of the data to determine the effect 
of test order on COP measures by test condition. 
Since the eyes open and eyes closed, no task condi-
tions were always conducted first and second, they 
were not included in this subset analysis to assess 
the effect of test order. 

Test-retest reliability over the four weeks of test-
ing was defined by computing the intraclass corre-
lation coefficient [ICC(3,4k)] for each measure and 
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or excellent reliability and was observed to vary by 
test condition (Table 2). The eyes closed, no task test 
condition was associated with good or excellent test-
retest reliability (ICC > 0.7) for each of the five mea-
sures, as well as a ratio of between-within subject 
variability exceeding 3.0 for all measures. Among 
the measures and test conditions investigated here, 
AP Entropy and ML Entropy during the Stroop test 
exhibited the highest reliability (> 0.90) and ratio of 
between-within subject variance (> 8.0). 

DISCUSSION
This study assessed the reliability of a dual-task 
postural control testing protocol among a group of 
youth male athletes without a history of concus-
sion or recent exposure to head impacts. Traditional 
COP measures and COP entropy measures were 
investigated during different cognitive dual-tasks 
to identify a reliable combination for the potential 

Further, test order was not associated with perfor-
mance (p > 0.05) for any of the measures or test 
conditions. 

Reliability varied across measures when including 
all test conditions (Table 1). Renyi Entropy, Shan-
non Entropy, and 95% ellipse area exhibited poor 
to fair reliability (ICC < 0.6). These measures were 
also associated with lower ratios of between-subject 
variability to within-subject variability when com-
pared to the other measures investigated in this 
study. AP Entropy (ICC = 0.761 [0.683-0.827]) and 
ML Entropy (ICC = 0.809 [0.745-0.864]) were asso-
ciated with excellent test-rest reliability, while AP 
standard deviation, ML standard deviation, and COP 
mean speed were observed to have good test-retest 
reliability (Table 1).

Test-retest reliability for each test condition was 
assessed for the five measures that exhibited good 

Figure 1. Box plots illustrating spatially varying metrics over the four testing sessions, separated by test condition.  The eyes 
open, no task test resulted in the lowest COP measures of all test conditions.  AP standard deviation was greater than ML standard 
deviation.  The black line in each box represents the median; boxes, the interquartile range; and black dots, the outliers.  The 
whiskers are defined as 1.5 times the interquartile range from the first of third quartile and served as the threshold for defining 
outliers.  EONT = eyes open, no task; ECNT = eyes closed, no task; EO2 = eyes open, count backwards by 2; EC2 = eyes closed, 
count backwards by 2; EO3 = eyes open, count backwards by 3; EC3 = eyes closed, count backwards by 3; EOL = eyes open, 
listening; ECL = eyes closed, listening; STR = Stroop.
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exhibited excellent reliability for the highest num-
ber of sway measures. AP Entropy and ML Entropy 
were observed to have the highest reliability (ICC >  
0.90), as well as the highest ratio of between-subject 
variability to within-subject variability, for the Stroop 
test condition. This combination of reliability and 
variability suggests the capacity for this test condi-
tion to be sensitive to differences between subjects, 
which could potentially include concussion-related 
differences. 

Postural control testing with youth populations has 
largely assessed subjects during quiet standing with-
out the addition of a cognitive task. During eyes 
open and eyes closed testing with youth subjects, it 
has been observed that healthy and concussed popu-
lations have differing measures of postural control.30 
Renyi Entropy values have ranged from 4.5-5.5, 
which was consistent with values reported here.30 
COP mean speed values have also been observed 
to vary from 1.5-3.5 cm/s in a healthy, youth 

assessment of concussion among youth football 
players. Our results indicated that selected measures 
and testing conditions exhibited excellent reliability 
(ICC > 0.75). More specifically, AP Entropy and ML 
Entropy exhibited excellent reliability for the high-
est number of test conditions, while the eyes closed, 
no task and eyes closed, listening test conditions 

Figure 2. Entropy metrics by test condition.  Performance did not vary between conditions or session for the entropy measures 
calculated in this study, with the exception of Shannon Entropy.  The black line in each box represents the median; boxes, the 
interquartile range; and black dots, the outliers.  The whiskers are defined as 1.5 times the interquartile range from the first of 
third quartile and served as the threshold for defining outliers.  EONT = eyes open, no task; ECNT = eyes closed, no task; EO2 
= eyes open, count backwards by 2; EC2 = eyes closed, count backwards by 2; EO3 = eyes open, count backwards by 3; EC3 = 
eyes closed, count backwards by 3; EOL = eyes open, listening; ECL = eyes closed, listening; STR = Stroop.

Table 1.  Intraclass correlation coefficients for each 
metric.
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observed in this study. Lastly, test order was deter-
mined to not be a significant factor in the measures 
of COP used in this study. With nine trials lasting 
120 seconds, the potential existed for fatigue to affect 
those test conditions towards the end of the testing 
protocol. By giving subjects time to rest between 
each test condition, the risk for fatigue was miti-
gated. Moreover, the future implementation of these 
measures and test conditions should be limited to 
those that exhibited good to excellent reliability, and 
thus reduce the number of trials required. 

In addition to test-retest reliability, between-subject 
and within-subject variation were also computed for 
each COP measure and test condition combination 
(Table 2). A viable measure would be one in which 
within-subject variation was low, especially when 
compared to between-subject variation. This would 
mean that individual subjects’ performance varied 
from each other while each individual subject’s per-
formance did not vary over time. If individual pos-
tural control were compromised due to concussion, 

population during quiet standing.31 Though postural 
control is still developing in the youth population, 
previous research with this population has shown 
good to excellent measures of reliability for static 
postural control testing.32 The COP and reliability 
values measured in the present study for the no task 
test conditions were in the same range as previous 
research utilizing quiet standing protocols.

At least one COP measure for each test condition 
was observed to vary from the eyes open, no task 
test condition (Figures 1 and 2). The addition of a 
cognitive task and the elimination of visual feedback 
independently or combined resulted in elevated 
measures for the COP measures utilized in this 
study. Performance was not tied to session for this 
subject pool. These youth subjects were not exposed 
to head impacts during the testing timeframe and it 
would not be expected for their postural control, as 
measured by static standing trials, to change. As sub-
ject performance did not consistently improve over 
time for any test conditions, no learning effect was 

Table 2. Summary of reliability and variation for a subset of metrics by test condition.  ICC values 
exceeding 0.75 are shaded, while those between 0.6 and 0.75 are shown in bold.
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some of whom may experience a clinically-diag-
nosed concussion. 
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ABSTRACT
Background: Active straight leg raising (ASLR) is commonly performed to test fundamental movement competency. 
Head control or positioning can affect the abdominal muscle activity during movements. 

Purpose: To investigate whether abdominal muscle activity differs when the head is extended or when deep neck 
flexor (DNF) muscles are selectively activated during the ASLR.

Study Design: Cross-sectional

Methods: Participants were included based on the following criteria: 1) age>17 years; 2) no spinal or lower extremity 
pain in the prior month; 3) the vertical line of the malleolus in an elevated the lower limb resides below the knee joint 
line of a non-moving lower limb during ASLR and above during a passive straight leg raising in each lower limb; and 
4) no history of diagnosed spinal deformities or central nervous system disorders. Participants with >39% reference 
voluntary contraction in the sternocleidomastoid muscle during the craniocervical flexion test (CCFT) of 24 mmHg 
target were excluded from the analyses. Right ASLR was repeated in each of the following three head conditions in a 
random order: 1) neutral head position, 2) head extended by 25°, and 3) CCFT maintained with a 24 mmHg target. 
Among the three head conditions, the relative latency for the onset of the right rectus femoris (RF) muscle during the 
right ASLR and the muscle activity amplitude for 50ms were compared after the onset of RF muscular activity in the 
following muscles: left rectus abdominis (RA), bilateral external obliques, bilateral internal obliques, and left gluteus 
maximus muscles.

Results: Data from 31 participants (21 women and 10 men, mean age=22.5 years) were analyzed. The relative latency 
of the left RA (Hedges’ g=0.39, p=.038) was higher in the CCFT condition (mean±SD=112.1ms±86.0ms) than that 
in the neutral head condition (82.9ms±58.6ms). However, no difference (all p>.05) was observed in other measures 
between the groups. 

Conclusion: In people with impaired movement competency in ASLR, head extension did not alter the abdominal 
muscle activities in ASLR. However, selective activation of the DNF muscles delayed the onset of RA muscle activity 
during the ASLR.

Level of Evidence: 4

Key Words: Cranio-cervical flexion, Muscle activity, Movement system, Rectus Abdominis
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INTRODUCTION
Active straight leg raising (ASLR) is a common 
movement test to evaluate multi-segmental control,1 
including the trunk, the hip raising a lower limb, 
and the hip supporting a base. Competency in ASLR 
is considered fundamental because of its wide sup-
port base to obtain movement control in a narrow 
base of support, such as that seen during standing.2 
Recently, a valid and reliable system3,4—the Func-
tional Movement System (FMSTM)—has been devel-
oped for grading movement competency,2 most 
commonly used for injury risk assessment in pro-
fessional athletes.5 In ASLR of the FMSTM, a score of 
1 indicates impaired movement competency and is 
assigned when the vertical line of the malleolus in 
an elevated the lower limb resides below the knee 
joint line of a non-moving lower limb that remains 
in the neutral position.2 In those who score a 1 in 
the ASLR of the FMSTM, there are two potential sub-
groups: 1) patients with limitations in both ASLR 
and passive straight leg raising (PSLR), and 2) those 
with limitation in ASLR but not in PSLR. In the latter 
subgroup, the mechanisms underlying the limited 
ASLR likely include stability or motor control dys-
function (SMCD) of the trunk and the hip muscles2 
and thus their ASLR was named ASLR-1-SMCD.

During movement, the muscle activity in one region 
of the human body can affect the muscles in other 
regions; such a relationship can be observed between 
the head and neck regions and the lumbopelvic 
region. The influence of trunk control based on head 
conditions has been observed in the hook-lying posi-
tion6 and during lifting,7 abdominal hollowing,8 and 
prone bridging.9 One head position that potentially 
influences trunk control is head extension, and 
another is upper cervical flexion.7-9 Selective acti-
vation of the deep neck flexor (DNF) muscles that 
contribute to the segmental control of the cervical 
spine results in upper cervical flexion and is often 
included in postural correction stability training dur-
ing physiotherapy.10 Falla et al11 demonstrated that 
the DNF muscles and lumbar multifidus muscles 
are coactivated with a specific postural correction 
instruction while sitting, a procedure designed for 
the selective activation of the DNF muscles. Among 
the trunk muscles, previous authors have consis-
tently reported that abdominal muscle activities are 
altered with different head and neck conditions.6-9 

Therefore, selective activation of the DNF muscles 
was hypothesized to influence the activation of the 
abdominal muscles during movements.

Specific exercises are necessary to change the motor 
control of the abdominal muscles.12 Participants with 
ASLR-1-SMCD require a specific exercise to change 
the feedforward control of the abdominal muscles 
and to enhance ASLR and other movement compe-
tencies (corrective exercise). If head and neck con-
trol /position influences the feedforward control of 
the abdominal muscles, head control may be impor-
tant in corrective exercises. Therefore, the aim of 
this study was to investigate whether abdominal 
muscle activity differs when the head is extended 
or when deep neck flexor (DNF) muscles are selec-
tively activated during the ASLR.

METHODS

Design
This cross-sectional study used superficial electro-
myography (EMG) to perform assessments in three 
head conditions (Figure 1) in a random order. The 
study protocol was approved by the institutional 
research ethics committee (Saitama Prefectural Uni-
versity, #29028). All the participants provided writ-
ten consent before data collection.

Participants
Using convenience sampling, participants with 
ASLR-1-SMCD were recruited via advertisements 
placed throughout the university. The inclusion cri-
teria included: 1) age > 17 years; 2) no spinal or 
lower extremity pain in the previous month; 3) the 
vertical line of the malleolus in an elevated the lower 
limb resides below the knee joint line of a non-mov-
ing lower limb during ASLR and above during PSLR 
in each lower limb (an FMSTM ASLR score of “1”); 
and 4) no history of diagnosed spinal deformities or 
central nervous system disorders. The exclusion cri-
teria included: 1) any pain during right or left ASLR 
and 2) right ASLR score of 0, 2, or 3 in the FMSTM, 
as confirmed by an author (HT) certified for FMSTM 
level 1. The participants who exhibited > 39% of the 
reference voluntary contraction (RVC) in the sterno-
cleidomastoid (SCM) muscle activity during the cra-
niocervical flexion test (CCFT) of 24 mmHg target 
were excluded from the analyses because selective 
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activation of the DNF muscles in the CCFT was not 
guaranteed, considering an upper threshold of 95% 
confidence intervals in healthy individuals (39.18 % 
RVC) in a previous study.13

Procedures
The participants’ arms were placed beside their 
trunk with palms facing up. Head movement was 
monitored with an inertial measurement unit (IMU) 
of myoMOTION™ system (Noraxon, U.S.A., Inc., 
AZ, USA), which was attached on the forehead. The 
participants raised their right lower limb without 
knee flexion to their end range of hip flexion from 
a relaxed supine lying position. We asked the par-
ticipants to raise their right lower limb to their end 
range for 1 s immediately after they saw the light-
ing that was set in front of their face. The timing 
of the lighting was random, ranging from 10 to 15 
s. The participants repeated the ASLR 20 times in 
each position so that the researchers could obtain at 
least 10 clear electromyography (EMG) datasets for 

optimal accuracy evaluation of muscle activity onset 
in each of the following three head conditions: 1) 
neutral head position, 2) head in the extension posi-
tion, and 3) CCFT with 24 mmHg target. 

In the neutral head condition, the frontal plane of the 
face was horizontal. In the head extension condition, 
the frontal plane of the face was tilted to 25° from the 
measurement table. The participants held this head 
position during measurement. The 25° extension 
was selected throughout pilot testing, considering its 
feasibility across the participants, minimum effort 
for the task, and negligible influence on the activity 
of the abdominal muscles. In the CCFT condition, 
the participants performed the craniocervical flex-
ion and increased the pressure on the Chattanooga 
Stabilizer Pressure Biofeedback (DJO, LLC, USA), 
which was placed suboccipitally, from 20 mmHg to 
24 mmHg with minimum activity of the superficial 
neck flexors. The lighting was shown while the par-
ticipants maintained the 24 mmHg pressure. 

Figure 1. Schema of measurement conditions. ASLR, active straight leg raising; CCFT, craniocervical flexion test.
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The participants rested for 10 min in the supine posi-
tion between performing the three head conditions. 
At the beginning of the measurement in each condi-
tion, the participants practiced ASLR for three to five 
times to establish the speed of raising the right lower 
limb. Furthermore, each participant practiced the 
CCFT for less than five minutes prior to the CCFT 
condition.

After the EMG data were collected during ASLR in the 
three head conditions, the participants performed 
three reference contractions for three seconds in 
each recorded muscle to be able to standardize the 
amplitude of the muscle activity. For the SCM, cra-
niocervical flexion and the head-lift procedure were 
used as RVC, according to a previous study.13 For the 
other muscles, maximum voluntary contraction was 
performed according to the standard procedures.14

The CCFT
An author (HT) experienced in the CCFT con-
ducted the test in accordance with an established 
procedure15 and gave verbal instructions as well as 
allowed visual feedback (from the pressure biofeed-
back) to the participants in order to attempt to main-
tain the 24 mmHg pressure. The CCFT is a reliable 
and valid procedure to assess performance of the 
DNF muscles,13,16,17 thus, it was chosen as a condition 
to provide selective activation of the DNF muscles. 
The pressure target of 24 mmHg was selected, con-
sidering its feasibility in most of the participants.18

Measurements
The primary outcome measures included the fol-
lowing: 1) relative latency of the onset of the right 
rectus femoris (RF) muscle activation and 2) the 
muscle activity during an early phase of ASLR in the 
left rectus abdominis (RA) muscle, bilateral exter-
nal oblique (EO) muscles, bilateral internal oblique 
(IO) muscles, and the left gluteus maximus (GM) 
muscle. Considering the asymmetry of movements 
and force production during right ASLR and limited 
sensors, the left RA and the left GM muscles as well 
as bilateral IO and EO muscles were selected. The 
onset of muscle activity was detected with raw EMG 
data using the visual detection method that has high 
inter-session reliability.19 In order to blind the asses-
sor to the signal, a research assistant randomized 
the order of data presentation for each participant 

and masked the labels of the muscles in the EMG 
data during analyses. An assessor zoomed the data 
in order to identify the EMG onset based upon the 
following criteria: 1) a rise in the EMG amplitude 
above baseline levels, 2) recruitment of additional 
motor units, or 3) increased firing rate of active 
motor units. When the timing of onset was unclear 
because of overlap with other noises [e.g., electro-
cardiographic (ECG) complex] or earlier onsets of 
muscle activity than a trigger of a light, all EMG 
analysis for that trial was not undertaken. For the 
amplitude of muscle activity, amplitude data 50 ms 
after the onset of RF muscle activity were calcu-
lated, considering the potential differences among 
the three head conditions found during pilot testing. 
The mean of the first 10–15 datasets was used for 
statistical analyses of both primary measures.

The secondary outcome measures included the fol-
lowing: 1) demographics (age, sex, and body mass 
index), 2) time to reach 95% of the hip flexion range, 
and 3) amplitude of SCM activity during 50 ms (25 
ms before and 25 ms after the trigger of lighting) for 
exclusion of the participants who did not selectively 
activate the DNF muscles. The IMU sensors of myo-
MOTION™ system were attached on the pelvis and 
the right thigh to monitor the movement of the right 
lower limb. Motion data of the head and right lower 
limb were captured and processed using myoMO-
TION™ system with sampling frequency of 100 Hz 
that was synchronized in the EMG system and an 
external trigger of a light. 

EMG processing
Following standardized skin preparation as per the 
SENIAM recommendations, self-adhesive Ag/AgCl 
electrodes (ECG electrodes 2009111-150, CareFusion, 
Finland) were attached at standardized positions of 
the right SCM, left RA, bilateral EO, bilateral IO, right 
RF, and left GM muscles with 20-mm inter-electrode 
distance. In particular, for the SCM muscle, the elec-
trodes were placed on the sternal portion of the 
muscle, with the electrode center 1/3 of the distance 
between the mastoid process and the sternal notch.20 
For the RA muscle, the electrode was placed 4 cm 
lateral to the navel and vertically with the lower bor-
der of the caudal electrode at navel level.21 For the 
EO, the electrodes were placed over a line extending 
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from the most inferior point of the costal margin to 
the opposite pubic tubercle, where a lateral elec-
trode was placed 14 cm lateral to the median line, 
lower the level of 1 cm above umbilicus.22 For the 
IO muscle, a lateral electrode was placed at 2 cm 
lower than the most prominent point of the anterior 
superior iliac spine (ASIS), and a medical electrode 
was placed inclined 6° inferomedially to the hori-
zontal line.22 For the RF muscle, the electrodes were 
placed at 50% on the line between the ASIS and the 
superior part of the patella as per the SENIAM rec-
ommendations. For the GM muscle, the electrodes 
were placed at 50% on the line between the sacral 
vertebrae and the greater trochanter as per the 
SENIAM recommendations.

EMG data were collected and processed using myo-
MUSCLE™ system (Noraxon, U.S.A., Inc., AZ, USA) 
with a sampling frequency of 1500 Hz. The ampli-
tude of the muscle activity was evaluated by reduc-
ing the ECG complex, filtering the EMG data with 
20–500-Hz band pass filter,23 and calculating the root 
mean square with 100 ms sliding window.

Analyses

Sample size estimation
Sample size was estimated using an internal pilot 
study24 of 12 participants. One participant was 
excluded because of incorrect CCFT, and the data 
of 11 participants indicated potential differences in 
the relative latency of left RA onset (effect size f = 
0.24). G*Power 325 estimated that 30 participants 
were required to detect statistical significance with 
α = .05 and β = .8. Considering a potential exclu-
sion rate of 20%,18 36 participants were needed, and 
an additional 24 participants were recruited because 
there was no methodological change from the pilot 
study.

Statistics
Descriptive analyses were used for demographic 
measures, and one-way repeated measures ANOVA 
was used for other variables with IBM SPSS version 
25 (IBM Corp, Armonk, New York). Statistical sig-
nificance was set at 5%, and the effect size of f was 
calculated from partial η2-values using G*Power 
3.25 The following criteria of f-value were used: .10 
= small effect size, .25 = medium effect size, and 

.40 = large effect size.26 Greenhouse-Geisser correc-
tion was undertaken when Mauchly’s sphericity test 
denied the assumption of sphericity. Bonferroni cor-
rections were used for post-hoc comparisons. Effect 
size of Hedges’ g was calculated, where the follow-
ing criteria were used for interpretation: .2 = small 
effect, .5 = medium effect, and .8 = large effect.26

RESULTS
From the included 36 participants, five were excluded 
from the analyses because of incorrect CCFT (n = 3) 
or a technical problem during data collection (n = 2). 
The data of 31 participants (21 women and 10 men) 
were analyzed; their mean and standard deviation 
(SD) values for their age and body mass index were 
22.5 (5.6) years and 21.1 (2.2) kg/m2, respectively.

Table 1 presents the relative latency of the onset of 
muscles to the onset of the right RF muscle in ASLR. 
A statistically significant difference with a large 
effect size was detected only in the left RA (p = .043, 
f = 0.47). In the post-hoc analysis, the p-value (.038) 
was not less than an adjusted statistically significant 
level using the Bonferroni correction (.05/3). How-
ever, there was an effect size approaching medium, 
with a greater value in the CCFT than in the neutral 
condition (Hedges’ g = 0.39).

Table 2 presents the amplitude of the muscle activi-
ties for 50 ms after the onset of the right RF muscle 
in ASLR. There were no significant differences (all 
p > .05).

The difference in the time taken to reach 95% of the 
hip flexion range among the three head conditions 
was not significantly different (p = .879, f = 0.05), 
with the mean (SD) time of 0.7 (0.2) sec in all head 
conditions, namely, neutral, head extension, and 
CCFT. The mean (SD) amplitude of the right SCM 
activity was 3.9 (2.8) %RVC, 4.4 (3.2) %RVC, and 8.1 
(4.6) %RVC in the neutral head, head extension, and 
CCFT conditions, respectively. 

DISCUSSION
During movement, the muscle activity in one region 
of the human body can affect the muscles in other 
regions. Previous authors have reported that abdomi-
nal muscle activities were altered with different head 
and neck conditions.6-9 Therefore, it was hypothesized 
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that head extension or selective activation of the 
DNF muscles could change the firing pattern of the 
abdominal muscles during lower limb movements. 

Contrary to the research hypothesis, abdominal 
muscle activities during ASLR were not altered dur-
ing the head extension condition as compared to that 
in the neutral head condition. Previous authors have 
shown the influence of head extension on abdomi-
nal muscles during functional tasks7,8 that included 
> 35° of head extension. Therefore, it could be pos-
sible that the 25° of head extension in this study 
was not enough to change the firing pattern of the 
abdominal muscles.

With almost medium effect size, the CCFT condi-
tion increased only the relative latency of the left 
RA muscle to the onset of the right RF muscle in 
ASLR as compared to that in the neutral head con-
dition. A potential reason for the increased relative 
latency of the left RA muscle to the onset of right 
RF muscle during the CCFT may be associated with 
a hypothesized reciprocal relationship between the 
inhibited outer muscles (e.g., RA muscles) and the 
facilitated inner muscles (e.g., transversus abdomi-
nis); however, this hypothesis cannot be proved in 
the absence of EMG data for transversus abdominis. 
A previous study has demonstrated that the cra-
niocervical flexion increased the amplitude of the 

Table 1. Relative latency of the onset of muscles to the onset of rectus femoris 
muscle in active straight leg raising. Values are presented with mean ± SD, positive 
values indicate delayed onset from the onset of rectus femoris muscle.

Table 2. Amplitude of muscle activities for 50msec after the onset of rectus femoris 
muscle in active straight leg raising. Values are presented with mean ± SD.
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inner abdominal muscles with a large effect size in 
the hook-lying position,6 suggesting facilitation of 
the transversus abdominis muscles by craniocervi-
cal flexion. Hodges and Richardson27 demonstrated 
that a normal firing pattern during hip flexion of the 
onset of the transversus abdominis followed by the 
RA muscle was reversed in people with LBP. Fur-
ther studies that assess the onset of the transverse 
abdominis muscles are necessary to confirm this 
hypothesis.

The primary measures in this study could have been 
affected by the speed of the lower limb movement. 
However, no difference was observed in the time to 
reach 95% of the hip flexion range, suggesting that 
a confounding factor was controlled. Further, the 
mean (SD) amplitude of the right SCM activity was 
8.1 (4.6) %RVC in the CCFT condition. A previous 
study13 using a nasopharyngeal electrode for assess-
ment of the DNF muscles demonstrated that the 
mean %RVC was 16.74% in the SCM and 45.46% in 
the DNF muscles during the CCFT with 24 mmHg 
target. Therefore, selective activation of the DNF 
muscles can be assumed during the CCFT with 24 
mmHg target in this study, although direct evidence 
on the use of nasopharyngeal electrode in the DNF 
muscles was not attempted. 

The results of the current study suggest the need 
for further investigations on the following points for 
better understanding of effective corrective exer-
cises and reliable physical screening. First, whether 
the altered muscle firing pattern of the left RA due 
to the selective activation of the DNF muscles would 
be useful or harmful as a corrective exercise for the 
ASLR. When the selective activation of the DNF 
muscles would be useful as a corrective exercise for 
a low score on the ASLR, the relative latency in the 
left RA muscle would be more delayed during the 
right ASLR or the left RA amplitude would be less at 
an early phase of the right ASLR in participants with 
ASLR score of 3 in the FMSTM than those with ASLR-
1-SMCD. This hypothesis should be investigated in 
a cross-sectional study and confirmed in a clinical 
trial. Second, whether the results of this study can 
be replicated in other activities, such as squatting 
and hurdle stepping, should be assessed. If so, selec-
tive activation of the DNF muscles could be included 
in the exercises to improve competency in other 

activities. Third, whether the hip flexion ranges dur-
ing the ASLR according to the FMSTM procedure is 
altered among different head conditions should be 
investigated. Instantaneous hip flexion was used to 
identify clear onsets of muscles for achieving the 
purpose of this study. However, such an instanta-
neous movement is not used in the FMSTM proce-
dure (i.e., smooth and natural movement of the 
lower limb) and speed of limb movement can be a 
contributing factor of the onset of abdominal muscle 
activity.28 If there are differences in the hip flexion 
ranges, head conditions should be standardized in 
the ASLR testing of the FMSTM. 

One of the clinical implications of this study is the 
identification of the importance of head control in 
the exercise. Selective activation of the DNF muscles 
may be used to change activity pattern of the RA 
muscles. In relation to the head position, it would 
not be required to avoid head extension when the 
head extension is < 25°.

LIMITATIONS
A limitation of this study is that limited muscles were 
evaluated using surface EMG and only the right side 
of ASLR was tested because of limited number of 
sensors. However, all the participants had ASLR-1-
SMCD on both the sides and no limb asymmetries 
were present. Investigation of other abdominal 
muscles, such as the transversus abdominis (using 
intramuscular EMG) would be required for further 
understanding the effect of head condition on all 
abdominal muscles. 

CONCLUSIONS
The results of the current study indicate that in peo-
ple with ASLR-1-SMCD, head extension did not alter 
the abdominal muscle activities. However, selective 
activation of the DNF muscles delayed the onset of 
left RA muscle activity in right ASLR. 
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ABSTRACT

Background: Little is known about the activity of the abdominal internal oblique (IO) and lumbar multifi-
dus (LM) muscles relative to kinetic chain exercises performed in a standing position.

Hypothesis/Purpose: The purpose of this study was to identify the activity of the IO and the LM muscles 
during weight-bearing exercises. The authors hypothesized that IO and LM muscle activity would vary with 
lower body positions during the kinetic chain exercises. 

Methods: Nineteen healthy, young, active subjects volunteered to participate. The electromyographic 
(EMG) activity (via surface EMG) of the abdominal external oblique (EO), IO, and LM muscles on both 
sides and the rectus femoris and semitendinosus muscles on the dominant side was determined during 
rhythmical lower body twisting exercise with three lower body positions: straight leg (SL), athletic position 
(AP), dynamic knee extension (DE) at two exercise speeds: 150 and 90 beats per min. These were reported 
as % maximum voluntary contraction. Mean EO, IO, and LM muscle activities were also compared with 
those of common core stability exercises. 

Results: IO EMG activity was significantly greater in SL than that of AP (p < 0.05). In contrast, LM EMG 
activity was significantly greater in the DE position than that of both SL and AP positions (p < 0.05). 

Conclusion: IO muscle activity could be attenuated by the contraction of lower body extensor muscles 
during the standing position.

Level Of Evidence: Basic Laboratory Study, Level 3b

Keywords: abdominal internal oblique, closed kinetic chain exercise, electromyography, lumbar multifi-
dus, movement system
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INTRODUCTION
Previous authors have advocated for training the 
abdominal internal oblique (IO) muscle due to its 
contribution to core stability through the thoraco-
lumbar fascia, as well as being related to low back 
pain prevention in athletes.1-4 For instance, elite 
cricket players with low back pain may not develop 
the IO muscle as much as their counterparts with-
out low back pain.3 This result is consistent with the 
recent finding that asymmetry of the IO muscles 
in adolescent soccer players is associated with low 
back pain.4 The IO muscle may function as a muscle 
for anticipatory postural adjustment, which occurs 
on the contralateral side during a single arm move-
ment.5,6 However, anticipatory postural adjustment 
onset latencies were observed in those with a his-
tory of low back pain.7,8 

Another important core muscle group is the lumbar 
multifidi (LM) which contribute to maintenance of 
extension of the trunk in the upright position against 
gravity. For instance, the astronaut who stayed in 
microgravity on the International Space Station (ISS) 
for six months experienced atrophy of the LM mus-
cles.2 LM muscle atrophy has also been identified in 
individuals who underwent a 60-day bed rest study 
compared to baseline data.9 Furthermore, adverse 
structure and quality, such as a higher amount of 
fat infiltration in the LM muscles has been shown in 
subjects with chronic low back pain.10 Interestingly, 
the LM muscles constitute a higher proportion of 
type I or slow-twitch fibers,11 whereas in those with 
chronic low back pain a shift toward to type II fibers 
is seen, helping to produce metabolic substances 
during contraction.10

Regarding EMG studies, LM muscle activity can vary 
with different foot stances in a standing position. For 
instance, tandem stance may generate LM muscle 
activity with upper extremity rhythmical exercise 
more than that seen during double-leg stance and sin-
gle-leg stance.12 In addition, IO muscle activity may 
be associated with the weight-bearing leg, such as 
single-leg stance in the standing position compared 
with non-weight-bearing leg or lifting the other leg 
side.12 Both IO and LM muscles can also engage dur-
ing kinetic chain activities from the lower extremity 
to the upper extremity or vice versa in sports, such 
as throwing or kicking, offering stabilization of the 

core structures.13 However, few of the previous stud-
ies have demonstrated both IO and LM muscle activ-
ities in kinetic chain exercise applications. Many of 
the intervention exercises have used an isometric 
contraction during plank, quadruped, or bridge posi-
tions for an extended period, such as 30-60 seconds 
(sec) with or without unstable conditions.14-21 IO 
and LM muscle activity relative to the kinetic chain 
exercise manner has yet to be investigated during 
activities performed in a standing position. There-
fore, the purpose of this study was to identify IO and 
LM muscle activity during weight-bearing exercises. 
The secondary purpose was to compare those two 
muscle activities in static core stability exercises. 
The authors hypothesized that IO and LM muscle 
activity would vary with lower body positions during 
the kinetic chain weight bearing exercises.

METHODS

Participants
Nineteen young healthy active subjects, including 
nine females (age: 21.4 ± 3.2 years, height: 169.4 
± 11.2 cm, weight: 70.9 ± 16.6 kg) voluntarily par-
ticipated in this study. All subjects gave informed 
consent to the procedures as approved by the Insti-
tutional Review Board of the University prior to 
the examination. All subjects indicated no history 
of low back pain or other musculoskeletal injury 
in the lower body on a preliminary screening 
questionnaire.

Experimental procedure
For the rhythmical lower body twisting exercises the 
subjects stood on the customized disk board, whose 
top was able to freely rotate with a mild isotonic 
resistance in parallel with the floor and was discon-
nected from the frame of board. The subjects kept 
their feet pointing straight forward, shoulder-width 
apart at the edge of the disk, while standing on the 
board. The subjects were asked to rotate the disk for 
45º in each direction: counter- and clockwise, 90º, 
while keeping their heels firmly on the board. 

The subjects were placed in three lower body posi-
tions during exercise: 1) straight leg (SL) with knees 
and hips fully extended, 2) athletic position (AP) at 
approximately 45º of both knee and hip flexion, and 
3) dynamic knee extension (DE) with back-and-forth 
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movements between the AP and SL position. The 
examiner instructed the subjects to keep their lower 
legs under their knees in parallel with the back as 
much as possible during the AP position. For the 
DE position, the subjects extended the knee joints 
together from the AP position while rotating the disk 
board toward the target of 90º. Once their knees 
were extended, they flexed the knee joints together 
up to the AP position while counter rotating the disk 
board in the other direction for 90º. The cadence 
of the exercises was controlled by a metronome set 
at two speeds: 150 and 90 beats per minutes (bpm). 
The subjects performed all three rhythmical lower 
body twisting exercises while gazing at the front 
wall, which allowed the subjects to maintain the 
chest, shoulder, and face relatively stable or counter-
rotated against the lower body. The subjects could 
also freely swing the arms with the elbow flexed 
while twisting the lower body (Figure 1). The sub-
jects were able to consistently twist the lower body 
on the disk board for 20 sec in each exercise with a 

steady and constant tempo. Each subject was ran-
domly assigned to perform the rhythmical lower 
body twisting exercises for three trials in each of the 
three positions at each of the two movement speeds 
to minimize motor learning or fatigue effects.

The static core stability exercises included: 1) sin-
gle-leg bridge position, in which the knee joint was 
flexed at 90º and the hip joint was extended at 0º 
in the non-dominant side (NON) while the hip and 
knee joints were extended at 0º in the dominant 
side (DOM). The subjects lifted the buttock from 
the floor and maintained the DOM thigh elevated 
in parallel with the NON thigh level while crossing 
their arms over the chest. 2) In the “bird-dog” posi-
tion, the subjects knelt in the quadruped position 
and flexed the shoulder to 180º or with as much flex-
ion as possible with the elbow extended on the NON 
side while extending both hip and knee joints at 0º 
on the DOM side. 3) In the narrow half-kneeling 
position, the subjects knelt on the DOM side, which 
kept the hip extended while the other hip and knee 
joints were flexed at 90º on the NON side. The sub-
jects were asked to keep the patella of the DOM side 
knee in line with the heel of the NON side. All three 
isometric stability exercises maintained the hip joint 
extended at 0º on the DOM side. The subjects were 
asked with which side they would prefer to kick a 
ball and this determined their DOM side. The sub-
jects maintained each of the stability exercises with 
the accurate position for 20 sec. All exercises were 
repeatedly implemented to measure the selected 
core muscle activities immediately after all the 
rhythmical lower body twisting exercises.

Data Management and Analyses
Surface electromyography (EMG) was utilized to 
measure three core muscles on both DOM and NON 
sides: the EO, IO, and LM muscles. Surface EMG 
was also utilized to measure the rectus femoris (RF) 
and semitendinosus (ST) muscles on the DOM side, 
which enabled the identification of the level of exer-
cise intensity. To ensure that EMG activities were 
analyzed similarly across subjects, an electronic goni-
ometer (Biometrics Ltd, Newport, UK) was attached 
to the knee on the lateral DOM side being tested. 

The skin surface was prepared by vigorously clean-
ing with an alcohol swab to minimize skin impedance 

Figure 1. Rhythmical lower body twisting exercise with the 
customized disk board. Subjects consistently twisted the lower 
body on the disk board for 20 sec with a steady and constant 
tempo with the straight leg (SL) position (a) and the athletic 
position (b). For the dynamic knee extension, subjects per-
formed back-and-forth movements between the AP and SL 
position while rotating and counter-rotating the disk 
 alternatively.
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before electrode placement. Bipolar surface silver 
EMG electrodes (model Delsys Bagnoli-8; Delsys 
Inc, Natick, MA) with a bar length of 10 mm, a width 
of 1 mm, and a distance of 1 cm between active 
recording sites were used. The electrodes were 
placed at the center of the muscle belly in line with 
the muscle fibers according to previous studies. Spe-
cifically, the electrode for the EO muscle was placed 
over the superior to the anterior superior iliac spine 
(ASIS) at the level of the umbilicus.12,16,18,22 The elec-
trode for the IO muscle was placed at 2 cm medial 
and 2 cm inferior to the ASIS, aligned parallel to the 
inguinal ligament, and lateral border of the rectus 
sheath.6,8,16,18,19,21,23 Previous articles have referred the 
EMG placement for the IO muscle as lower abdomi-
nals because EMG activity might be collected with 
transverse abdominis muscle activity as the blended 
site.8,22,23 However, the activity in this study simply 
represented the IO muscle. The electrode for the 
LM muscle was placed at 2 cm lateral to the 4th/5th 
lumbar vertebral interspace, along a line connecting 
the 1st lumbar vertebrae and posterior superior iliac 
crest.6,16,18,20-22 Also, the electrodes were placed at the 
center of the muscle belly between the anterior infe-
rior iliac spine (AIIS) and the superior portion of the 
patella for the RF muscle, and between the ischial 
tuberosity and the medial condyle of the tibia for the 
ST muscle. The reference electrode was placed over 
the spinous process of the 4th lumbar vertebrae.

Once the electrodes were secured, maximum volun-
tary isometric contraction (MVIC) for each included 
muscle was measured by using the manual muscle-
testing procedures for the normalization of EMG 
data. The root-mean-square (RMS) values of the 
EMG signals for the EO was normalized to the MVIC 
of the corresponding muscles in the side plank posi-
tion while examiner maximally applied manual pres-
sure over the lateral side of subject’s hip.21 For the 
IO, the subjects were asked to perform the abdomi-
nal drawing-in maneuver in the supine position at 
45º of hip and knee joints followed by flexing the 
abdominal muscles evenly until the inferior angle 
of the scapula was barely lifted. Also, the examiner 
maximally applied manual pressure over both sub-
ject’s shoulders together. For the LM, the subject 
extended the back in the prone position while the 
examiner maximally applied manual pressure over 
the back of the shoulders together. For the RF, the 

examiner maximally applied manual pressure over 
the distal and anterior portion of the lower leg with 
the subject seated at the edge of table with 90º of 
hip and knee flexion. For the ST, the examiner maxi-
mally applied manual pressure over the distal and 
posterior portion of the lower leg while the subject 
lay in the prone position with 90º of knee flexion.

Input signals of EMG activities were recorded using 
a data collection system (MP 150 Data Acquisition 
System; BIOPAC System Inc, Goleta, CA, USA) with 
a sampling rate of 1000 Hz, and all data was stored 
in a hard drive for offline analyses. The RMS for the 
EO, IO, LM, RF, and ST were normalized to the MVIC 
of the corresponding muscles as described above for 
further analyses. 

This study analyzed normalized RMS activity of the 
middle 10-sec in the EO, IO, and LM muscles using a 
2 × 2 × 3 (side × speed × position) mixed-measures 
analysis of variance (ANOVA) design within subjects 
between the DOM and NON side crossed with two 
speeds and lower body positions to identify differ-
ences in each mean value during the rhythmical 
lower body twisting exercise. For normalized RMS 
activity of the RF and ST muscles, a 2 × 3 (speed × 
position) repeated-measures ANOVA design within 
subjects crossed with two speeds and three exercises 
was used to identify differences in each mean value 
of normalized RMS activity during the exercises. 
Also, a 2 x 2 x 3 (side × time × exercise) mixed-
measures ANOVA design within subjects between 
the DOM and NON side crossed with the PRE and 
POST test and exercises was used to identify differ-
ences in normalized EMS activity of the EO, IO, and 
LM muscles during the isometric core stability exer-
cises. Where appropriate, the simple main effect and 
Tukey’s honestly significant different post hoc test 
(Tukey’s HSD) were used to identify any significant 
difference for each normalized RMS activity. All 
statistical tests were performed at the 0.05 level of 
probability (p < 0.05).

RESULTS

Rectus Femoris and Semitendinosus
The typical raw EMG traces of the RF and ST mus-
cles and IO muscles on both sides and the knee joint 
range of motion are shown during the rhythmical 
lower body twisting exercise with the SL position 
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compared with the DE position at 150 bpm in Fig-
ure 2. Analysis of the results indicated a significant 
interaction in the mean values of RF EMG activities 
between the two speeds at 90 and 150 bpm across 
different three lower body positions [F (2, 36) = 
3.73, P = 0.034]. Specifically, RF EMG activities 
were significantly higher at 150 bpm than those of 
90 bpm in all the three exercises (p < 0.01). RF EMG 
activity was significantly greater in DE than that of 
both SL and AP for both 150 and 90 bpm (57, 34, and 
43% MVIC for 150 bpm; 38, 22, and 29% MVIC for 
90 bpm, respectively) (the critical value of the Tukey 
HSD (DTukey) = 4.51%, p < 0.05). Also, there was a 
significant difference in the mean values between 
SL and AP for both RF and ST 150 and 90 bpm (p < 
0.05). ST EMG activity were significantly greater at 
150 bpm than that of 90 bpm in all three exercises. 
ST EMG activity was significantly greater in SL than 
that of both AP and DE for 150 bpm (30, 24, and 24% 
MVIC, respectively) (DTukey = 3.02%, p < 0.05). In 
contrast, for 90 bpm there was a significant differ-
ence in ST EMG activity between SL and AP (18 and 
15% MVIC, respectively) (P < 0.05) while no differ-
ence was observed between SL and DE.

External Oblique
Mean values and 95% confidence intervals for EO 
EMG activities are presented during the rhythmical 
lower body twisting exercises in Table 1. A within-
subject (subject 3 trial) ANOVA design was used to 
calculate intraclass correlation coefficients (ICCs). 
Each of the ICCs (3,1) in different exercises is also 
presented in Table 1.

EO EMG activity in SL was significantly greater than 
that of both AP and DE, regardless of exercise speeds 
and sides (DTukey = 1.55%, p < 0.05). Also, there was 
a significant difference in the mean values between 
the AP and DE position (p < 0.05).

Internal Oblique
Mean values, 95% confidence intervals, ICCs (3,1) 
for IO EMG activities are presented during the rhyth-
mical lower body twisting exercises in Table 1. IO 
EMG activity at 150 bpm was significantly greater 
than that of 90 bpm in all three exercises for both 
DOM and NON sides (p < 0.01). IO EMG activity was 
significantly greater in SL than that of both AP and 
DE at 150 bpm for the DOM side (DTukey = 8.32%,  

Figure 2.  Typical raw electromyographic traces of semitendinosus (ST), rectus femoris (RF) muscle activities in the dominant 
side, and abdominal internal oblique (IO) muscle activities on both sides: the dominant (DOM) and non-dominant (DOM) side 
during the rhythmical lower body twisting exercise with the straight leg (SL) position (a) and the dynamic knee extension (DE) (b). 
The IO muscle in the DOM side (IO DOM) was the same side as the RF muscle. For the angle trace (below), an electronic goniom-
eter was attached to the knee on the lateral side of the arm being tested. Note the SL position decreased the amount of RF EMG 
activity compared with that of the DE position, which led to an increase in the amount of IO muscle activities (a). In contrast, the 
increased activity of the RF and ST muscles mediated the IO EMG activities in the DE position (b).
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p < 0.05), whereas there was a significant differ-
ence in the mean values between SL and AP at 90 
bpm (p < 0.05). For the NON side, IO EMG activ-
ity was significantly greater in SL than that of AP at 
both speeds (p < 0.05), whereas no difference was 
observed between AP and DE for both speeds.

Lumbar Multifidus
Mean values, 95% confidence intervals, and ICCs 
(3,1) for LM EMG activities are presented during 
kinetic chain exercises in Table 1. LM EMG activ-
ity at 150 bpm was significantly greater than that of 
90 bpm, regardless of the lower body positions and 
sides (p < 0.01). Also, LM EMG activity was signifi-
cantly greater in the DE position than that of both SL 
and AP positions, regardless of the exercise speeds 
and sides (DTukey = 3.59%, p < 0.05].

Isometric Core Stability Exercises
EO EMG activity in the DOM was significantly 
greater than that of NON side (p < 0.01). Also, EO 
EMG activity in the PRE test was significantly greater 
than that of POST test (p < 0.01) while no difference 
was observed in IO and LM EMG activities between 
the PRE and POST test or between the DOM and 
NON side. Furthermore, EO EMG activity was signif-
icantly greater in the bird-dog position than that of 
both the single-leg bridge and narrow half-kneeling 
position (DTukey = 1.38%, p < 0.05). In contrast, IO 

EMG activities were significantly greater in both the 
single-leg bridge and bird-dog position, compared 
with that of the narrow half-kneeling position (DTukey 
= 4.48%, p < 0.05) while no difference was observed 
between the single-leg bridge and bird-dog position. 
LM EMG activities were significantly greater in both 
the single-leg bridge and bird-dog position than that 
of the narrow half-kneeling position (DTukey = 3.78%, 
p < 0.05) while no difference was observed between 
the single-leg bridge and bird-dog position. Mean 
values for EO, IO, and LM EMG activities during 
each of the three isometric core stability exercises 
are presented in Table 2.

DISCUSSION
The results of the current study demonstrated that 
the rhythmical lower body twisting exercises per-
formed at two speeds with three standing positions 
modulated the activity of core muscles. In terms of 
exercise intensity, the maximum average activity of 
the RF muscle was 57% MVIC in the DE position at 
150 bpm while the same activity at 90 bpm was 38% 
MVIC. In contrast, the maximum average activity of 
the ST muscle was 30% MVIC in the SL position at 
150 bpm while it was 22% MVIC during the same 
exercise at 90 bpm. The use of the RF and ST muscle 
activities enabled the authors to describe the degree 
of exercise intensity during the rhythmical exer-
cise protocol. Consequently, the exercise intensity 

Table 1. Mean EMG Activity Reported as % MVIC (95% CI’s) and Intraclass Correlations  
[ICC (3,1)].

SL= straight leg position, AP= athletic position, DE= dynamic knee extension, DOM= dominant side, 
NON= non-dominant side
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implemented for 20 sec in this study can be catego-
rized as moderate to high level.24

During the rhythmical lower body twisting exer-
cise the SL position generated significantly more 
EO muscle activity compared with other two lower 
body positions. The subjects rotated the disk board 
for 90º (45/45 each way) using the upper body rig-
orously due to a minimum of momentum force 
generated by the lower body that rotated the disk 
because less activity of the RF muscle was observed. 
EO muscle activity is linked with upper extremity 
movement in the contralateral side whose force is 
transferred through the abdominal fascia and super-
ficial connective tissue during the weight-bearing 
position.12,25 The mean value of EO muscle activity 
was still 24% MVIC with the SL position during the 
exercise at 150 bpm, which was much less than that 
of IO muscle activity (56% MVIC) and LM muscle 
activity (39% MVIC). One possible reason for this 
is anticipatory trunk muscle activity that has been 
observed to minimize the displacement of center of 
mass.6 For instance, shoulder horizontal extension 
and flexion in the standing position activated the EO 
muscle in the contralateral side as much as trunk 
flexion.26 It appears that the energy and force gen-
erated by rigorous upper extremity movement dur-
ing the twisting exercise with the SL position were 
transferred to lower extremity through the IO and 
LM muscles more than the EO muscles because the 
subjects rotated the disk board and did not stand on 
the stable floor. However, the augmentation of EO 
muscle activity during the twisting exercise signif-
icantly modified the activity in the isometric core 
stability exercises during the POST test compared to 
the PRE test.

A small amount of core muscle activity including the 
LM and IO muscles may be required to stabilize the 
segmental lumbar spine, such as 10% MVIC for rigor-
ous activity.13,27,28 This study considerably activated 
the IO muscle up to 62% MVIC during the kinetic 
chain exercise with the SL position. IO muscle activ-
ity has also been demonstrated to be increased in 
the weight-bearing position compared with the non-
weightbearing position during the static standing 
with rhythmical upper extremity exercise.12 This 
was consistent with another finding in which the IO 
muscle was significantly activated during the stand-
ing position versus in the sitting position while an 
oscillation exercise was performed in the frontal 
plane.29 The rhythmical lower body twisting exercise 
with the SL position did not activate the RF muscle 
as much as the AP and DE position. The authors sug-
gest that the IO muscle contributed to rhythmical 
lower body twisting to a greater degree than RF in 
the SL position versus the other two positions. 

The activity of IO muscles can be associated with the 
activation of hip flexor musculature.2 For instance, 
Pereira et al30 revealed that hip flexor dynamic muscle 
exercises in the supine position including the criss-
cross and dead-bug exercise highly activated the IO 
muscle. In contrast to dynamic exercises, the static 
exercises used in the current study in the single-leg 
bridge and bird-dog positions activated the IO muscle 
at a mild level. The narrow half-kneeling position, in 
which the IO muscle did not reach even 10% MVIC, 
appears to suggest a different strategy being used to 
maintain the upright half-kneeling position. A static 
upright position relies on the somatosensory informa-
tion up to 70% of the total sensory information.31 With 
this, it is feasible to suggest that the subjects kept their 
postural balance in the narrow half-kneeling position 
using peripheral information in the lower extremity 
instead of the core muscles. The commands excited 
by the higher centers for trunk muscles are projected 
in the medial system of descending pathways in the 
spinal cord.32,33 In addition, the core muscles may not 
be volitionally activated in the static upright position 
unless the postural balance is disturbed6,26 or when 
performing plank positions against gravity.14,15,17,18,21 
Consequently, the IO muscle was sparsely activated 
in the static core stability exercises implemented in 
this study.

Table 2. Mean EMG activity reported 
as % MVIC (standard deviation), 
regardless of dominant or non-domi-
nant side.

SLB= single limb bridge, BDP= bird-dog 
position,  NHK= narrow half kneeling 
position
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The LM muscles were significantly activated in the 
DE position more than that of the SL and AP posi-
tions during the rhythmical lower body twisting 
exercise. LM muscle activity may have compensated 
for IO muscle activity during the rhythmical lower 
body twisting exercise because the IO is attached to 
the thoracolumbar fascia13 and the LM are covered 
by it.13 Furthermore, LM muscle activity might be 
associated with RF muscle activity as part of exten-
sor muscles in the weight-bearing position. But the 
narrow half-kneeling position decreased LM muscle 
activity along with a small amount of IO muscle 
activity. This suggests that the subjects kept their 
upright half kneeling balance using peripheral infor-
mation from hip and thigh muscles rather than core 
stability muscles.

Clinically, these results provided evidence that IO 
muscle activity was greater during the rhythmical 
lower body twisting exercises than during isometric 
core stability exercises, which was confirmed by the 
PRE and POST test. The findings of this study may 
be applied to those who need to generate rotational 
stability on their feet in sports. This is because most 
athletes who perform closed kinetic chain activity, 
such as throwing or serving a ball, are required for 
a lower body rotation leading to energy transfer into 
their upper body or vice versa, such as kicking a 
ball.13

Limitations
This study included a sample delimited to young 
healthy active subjects. Thus, this study may limit 
the generalization of the findings regarding age, 
gender, and other cohort groups. The kinetic chain 
exercise implemented in this study may limit the 
understanding of the role of core stability muscles 
in sports specificities. This study used surface EMG 
recordings instead of a fine-wire intramuscular 
electrode to represent the EMG of the LM in these 
subjects, which could allow crosstalk from adjacent 
muscle activity including the erector spinae muscles.

CONCLUSION
This study investigated muscular activation during 
a novel mode of lower body twisting (kinetic chain) 
exercise performed on a customized rotation board. 
The findings of this study suggest that the IO muscle 

appears to be modulated with lower extremity exten-
sor muscles in the weight-bearing position. Further 
studies are warranted to investigate the effect of 
kinetic chain exercise on the activity of the IO and 
LM muscle for injury prevention exercise programs.
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ABSTRACT
Background: Ankle instability can be problematic in an active population with multiple risk factors associated with 
recurrence. 

Purpose: The aim of this study was to determine if deficits in weight-bearing and non-weight bearing assessment of hip 
strength or dynamic balance in lower extremity reaching tasks from flat and inclined surfaces can differentiate subjects 
classified as controls, ankle sprain copers, or those with chronic, recurrent ankle sprains. 

Study Design: Quasiexperimental, Ex post facto

Methods: A convenience sample of 60 subjects was classified into control, coper, or chronic ankle sprain groups based on 
the results of the Identification of Functional Ankle Instability Questionnaire. Subjects were tested for peak force produc-
tion of their hip extensors, hip abductors, and a composite of hip extension and external rotation while in a standing position 
using a hand-held dynamometer. Additionally, each subject performed a modified Star Excursion Balance Test in anterior, 
posterolateral, and posteromedial directions from both a flat and 15° inverted stance position. One-way analysis of variance 
was calculated for between group differences of hip strength and balance reach ability and ankle stability classification. 
Pearson product-moment correlation coefficients were derived to evaluate relationships between hip strength and dynamic 
balance tests. 

Results: Twenty-one subjects were assigned to the control group, 23 to the coper group, and 16 to the chronic group. There 
were no significant differences between groups in self-report of Foot and Ankle Ability Measures or Tegner activity levels. 
Mean hip strength was not significantly different between ankle sprain classification groups (p = 0.66 – 0.82). The mean 
limb symmetry index for hip strength comparing injured and uninjured ankles was nearly symmetrical in all ankle stability 
groups (p = 0.34 – 0.97). The same symmetry was present when comparing injured and uninjured abilities for all dynamic 
balance reach tasks from both flat and inclined surfaces. (p = 0.16 – 0.62). There was a fair relationship between hip exten-
sion and weight-bearing hip extension/external rotation strength and the posteromedial and posterolateral reach tasks with 
correlation coefficients in the range of 0.33 – 0.43. 

Conclusion: Performance measures of tri-planar, static, isometric hip strength and lower extremity reach in dynamic 
 balance tasks could not differentiate subjects without a history of injury from those subjects with one or more lateral liga-
mentous ankle sprains.

Level Of Evidence: 2b; Ex post facto 

Keywords: Inversion ankle sprain, Chronic Ankle Instability, copers, gluteal muscle strength, Star Excursion Balance Test
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INTRODUCTION
Inversion ankle sprains are one of the most common 
musculoskeletal injuries found in an active popula-
tion.1 Each year, more than 628,000 ankle injuries, 
including both sprains and fractures, are seen in 
United States’ emergency rooms, accounting for 
20% of all injuries treated in emergency facilities.2,3 

Further, it is estimated that up to 55% of patients 
who sustain an ankle sprain do not seek evaluation 
or treatment from a healthcare professional, thereby 
underestimating the number of traumatic ankle 
sprains in epidemiological studies.3

Acute inversion lateral ankle sprains (LAS) are 
reported frequently in the athletic population, with 
up to 30% developing chronic mechanical instabili-
ties and 80% experiencing recurring symptoms.4 

This chronic ankle instability (CAI) leads to long-
term consequences, such as decreased  quality 
of life, decreased physical activity levels, and 
 post-traumatic ankle osteoarthritis.5-7 Additionally, 
as a result of their long term implications, LAS incur 
health care costs resulting in millions of health care 
visits amounting to $6.2 billion annually.3,5 The 
combination of the high costs and prevalence of this 
 condition has inspired a broad range of research on 
the subject.1-7 

Among individuals who incur ankle sprains, McCann 
et al. defined two categorical outcomes – LAS ‘cop-
ers’ and individuals with CAI.8 Individuals with CAI 
present with recurrent injuries, episodes of “giving 
way,” and perceived instability. Alternatively, indi-
viduals with a history of LAS who have fully recov-
ered without markers of CAI are commonly referred 
to as LAS ‘copers’.8 Based on the concept of regional 
interdependence, weakness in the posterolateral hip 
musculature, specifically the hip external rotators, 
hip extensors, and hip abductors, may be implicated 
in LAS injuries.9 Pelvic stability and foot positioning 
throughout the stance phase of gait are influenced by 
proximal hip function, and impairments in this region 
may contribute to injury or re-injury in more distal 
structures. Prior research has suggested that ankle 
injuries can alter muscle recruitment patterns, proxi-
mal control, and stability at the hip and ankle or pro-
mote compensatory neuromuscular adaptation.10-14 

Previous authors have compared hip strength 
among those with CAI, LAS “copers”, and controls 

have suggested that proximal hip strength may be 
a contributing factor as to whether individuals suf-
fer long-term sequela, experience a LAS without 
a chronic problem, or avoid a LAS altogether.5, 16-17 
Previous research has also demonstrated a posi-
tive relationship between static gluteal strength and 
performance in a dynamic balance task in subjects 
with CAI, however, there is no consensus regarding 
which specific hip muscles are most influential in 
preventing future or recurrent LAS.17 Moreover, hip 
strength and proximal balance control has been mea-
sured in a variety of methods in previous research. 
One additional variable that has not been addressed 
in previous research is how proximal hip control 
is influenced by the inverted position of the ankle 
while performing dynamic reach tasks.

The aim of this study was to determine if deficits 
in weight-bearing and non-weight bearing assess-
ment of hip strength or dynamic balance in lower 
extremity reaching tasks from flat and inclined sur-
faces can differentiate subjects classified as controls, 
ankle sprain copers, or those with chronic, recurrent 
ankle sprains. Additionally, dynamic balance con-
trol between groups during traditional and inclined 
multi-direction lower extremity reach tests was 
investigated. The hypothesis was that there would 
be a significant difference between ankle sprain 
classification groups in both hip strength and modi-
fied Star Excursion Balance (mSEBT) testing, and 
there would be significant correlation between static 
hip strength and performance on the balance reach 
tests both within and between groups. 

METHODS

Subjects
This study utilized a quasiexperiemental ex post 
facto design to evaluate the relationship between 
current ankle stability status, static hip strength, and 
dynamic balance. A convenience sample of 60 sub-
jects was recruited at a University medical  center 
through flyers and in-service presentations during 
spring, summer and fall semesters 2019. The 39 
female and 21 male subjects ranged from 21 to 34 
years of age (23.8 + 2.4). Inclusion criteria were the 
ability to read, write, and converse in the English 
language and capacity to recollect their personal 
ankle sprain history including subsequent medical 
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and rehabilitative care. Exclusion criteria were 1) 
a history of previous surgeries to the musculoskel-
etal structures (i.e. bones, joint structures, nerves) 
in either lower extremity; 2) a history of a fracture 
in either lower extremity requiring realignment, or 
3) an acute injury to musculoskeletal structures of 
other joints of the lower extremity in the previous 
three months that impacted joint integrity and func-
tion for more than one day.

Each subject provided demographic information and 
then completed the activities of daily living (ADL) 
and sports sections of the Foot and Ankle Abil-
ity Measure (FAAM) and the Tegner Activity Level 
Scale.18,19 Subsequently, they were interviewed by 
the primary investigator (EPM) who assigned the 
subjects to an ankle stability cohort based on their 
responses from the questions of Functional Ankle 
Instability (IdFAI)19. The three classification groups 
were a non-injured control group, a coper group 
(only one ankle sprain that had fully resolved with 
minimal residual dysfunction or score of <11 based 
on the IdFAI scale), or a chronic instability group 
(> 11 based on the IdFAI scale).3 The study was 
approved by the institutional review board at the 
University of Texas Southwestern Medical Center 
in Dallas, TX and all subjects agreed via informed 
 consent to participate in the investigation.

Instrumentation
Femur and total lower extremity limb length were 
measured using a standard tape measure. All mea-
surements were taken on the right limb. The bony 
landmarks used for femur length were the superior 
aspect of the greater trochanter and the prominence 
of the lateral femoral condyle. Weight was measured 
using an ETEKCITY digital scale (Model: EB4074C, 
Anaheim, CA). Height was measured using a 
 standard tape measure that was taped to the wall. 
Muscle strength measurements were gathered using 
a microFET®2 (Hoggan Scientific, LLD, Salt Lake 
City, UT) handheld dynamometer. The best effort 
peak torque was used for analysis by multiplying 
the force produced by the moment arm length and 
then dividing by body weight to normalize strength 
between subjects. Prior to the collection of study 
data, the reliability of the hip strength measure-
ments was evaluated. Pilot testing produced inter-
class correlation coefficients of 0.96, 0.79, and 0.75 

for the hip extension, hip abduction, and composite 
hip strength tests, respectively.

Modified SEBT dynamic reach measurements were 
collected from both a flat foot and inverted incline 
surface. The inverted surface was accomplished 
using a 12” x 12” foam wedge fixed to the floor with 
a 15° incline. Reach distance was measured by a 44” 
tape measure affixed to the floor with tick marks in 
½” intervals. From a flat surface the a priori exam-
iner reliability for the dynamic reach tests were 
excellent with interclass correlation coefficients of 
0.98, 0.95, and 0.97 for the anterior, posteromedial, 
and posterolateral directions respectively. From 
an inclined surface the dynamic reach tests were 
good with interclass correlation coefficients of 0.81, 
0.88, and 0.94 for the anterior, posteromedial, and 
 posterolateral directions respectively.

Procedures
Data collection commenced following a brief warm-
up consisting of one-minute of jumping jacks fol-
lowed by one minute of step-ups on a 6-inch step 
at a self-selected pace. The subject completed three 
hip strength tests followed by three dynamic balance 
and reach tests on two different surfaces. The perfor-
mance on the uninvolved or less symptomatic ankle 
measurements were consistently measured first. 

Force output (make tests) were utilized for muscle 
strength assessment following two practice trials on 
each hip isometric strength test. The subjects then 
performed three best effort repetitions with a 30-sec-
ond rest interval between trials. No verbal encour-
agement was offered during the test and peak force 
was recorded in pounds. 

The posterolateral hip strength test was evaluated 
with a weight-bearing assessment method similar 
to that described by Lee and Powers.21 The subject 
stood with the feet placed approximately hip width 
apart. The toes faced forward and the knees were 
bent into slight flexion. The position was described 
as an “athletic ready” stance and was demonstrated 
by the examiner before it was attempted by the 
subject. The strength test was conducted with the 
handheld dynamometer secured to a gait belt that 
was circumferentially wrapped around both thighs 
at approximately two centimeters proximal to the 
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plinth or allow their pelvis to roll anterior or poste-
rior during the strength assessment. The hand-held 
dynamometer was placed two centimeters proximal 
to the lateral condyle of the femur. (Figure 3)

Dynamic balance testing was accomplished via the 
mSEBT with three directions of limb movement. 
The uninvolved or lesser involved side was evalu-
ated as the stance limb first if the subject was iden-
tified as a LAS Coper or CAI. The dominant stance 
limb, as determined by the foot preferred to kick a 
ball, was tested first for control subjects without a 
history of ankle sprain. The mSEBT was conducted 
in a manner similar to that described by previous 
investigators.22-25. In this task, the subjects were 
asked to reach as far as possible with the non-weight 
bearing foot in three different directions relevant to 
the stance limb (anterior, posteromedial, and pos-
terolateral). After explanation of the task, each sub-
ject was permitted three practice trials followed by 
two best effort repetitions on each limb. Each subject 
completed the mSEBT using a self-designated reach-
ing strategy and rate of speed. Participants were not 
provided with any form of verbal encouragement or 
visual motivation during the test task. The farthest 

lateral condyle of the femurs. The subject was 
instructed to push in a posterolateral direction with 
one limb while stabilizing the belt fixation with the 
opposite extremity.4-5,8 (Figure 1)

The non-weight-bearing hip extension strength test 
was performed with the participant flexed over a 
plinth and the upper extremities stabilizing the 
trunk by holding onto the table. The tested lower 
extremity was brought into mid-range hip extension 
with 90° degrees of knee flexion. The participant 
was instructed to perform a “donkey kick” maneu-
ver to produce a force in an upwards direction. The 
handheld dynamometer was placed just proximal 
to the knee crease in the popliteal fossa area. The 
examiner braced against a wall behind the partici-
pant to protect against being overpowered by stron-
ger subjects. (Figure 2)

The hip abduction strength assessment was per-
formed in a sidelying position. The subject’s tested 
extremity was placed in a mid-range abduction posi-
tion. Subjects were not permitted to hold onto the 

Figure 1. Posterolateral hip strength assessment in weight-
bearing assessment

Figure 2. Hip extension strength assessment.
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distance reach was recorded for analysis and mSEBT 
performance was normalized by dividing the reach 
distance by the measured limb length. The mSEBT 
reaching procedures were then repeated with the 
stance limb on a 15° incline wedge, biasing the ankle 
into inversion. (Figure 4)

Data Analysis
This study was a single point in time assessment 
of hip strength and lower extremity balance capa-
bility in a population of subjects who have not had 
ankle pain or episodes of instability in the past three 
months. An a priori computation of sample size esti-
mated the need for a minimum of 54 subjects based 
on an effect size of 0.50, alpha of 0.05, and power 
of 0.80. Subjects were differentiated as controls (no 
ankle sprain history), copers (fully recovered ankle 
sprain without subsequent occurrences), or chronic 
instability (multiple ankle sprains history) cohorts 
based on their IdFAI classification. One-way analysis 
of variance was calculated to see if between group 
comparisons of the independent variables (hip 
strength and balance) differed between the three 
groups. To protect against Type I error, Tukey tests 
were used to ensure the alpha levels (p < 0.05) iden-
tified the probability that one or more of the pairwise 
comparisons would be falsely declared significant. 

A Pearson product-moment correlation  coefficient 
was used to analyze the strength and direction of the 
relationship between the hip strength and dynamic 
balance tests. For interpretation, we considered 
0.00  - 0.25 to be of little or no relationship, 0.25 - 
0.50 as a fair relationship, 0.50- 0.75 as a moderate 
to good relationship, and > 0.75 as a good to excel-
lent relationship.26 SigmaPlot 12 software ( Systat 
Software, Inc., San Jose, CA, Excel Data Package, 

Figure 3. Hip abduction strength assessment.

Figure 4. (a) Modified Star Excursion Balance Test: anterior reach on flat surface. 
(b) Modified Star Excursion Balance Test: posterolateral reach on inverted surface.
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score of 7.5 + 1.9, and aspirational activity level 
score of 6.8 + 1.6 which represents a competitive 
level of non-contact type sports. There was no sta-
tistical difference between the three ankle stability 
classification groups based on the Tegner Activity 
Level Scale score (p = 0.21  – 0.77) for any time 
point of sports participation. The exclusion crite-
ria of no acute injury to the musculoskeletal struc-
tures of the lower extremity injury in the past three 
months allowed for high self-reported Foot and 
Ankle Ability Measure Activities of Daily  Living 
(FAAM ADL) scores in all groups (97-98%). While 
there were no statistically significant  differences 
between groups for the FAAM ADL (p = 0.71), 
there was a trend towards declining FAAM Sports 
scores (p = 0.07) as the frequency of ankle sprain 

and VassarStats (www.vassarstats.net) were used 
for statistical analysis.

RESULTS
Demographic information regarding the study sub-
jects can be found in Table 1. Based on IdFAI scores, 
21 subjects were assigned to the control group, 23 
to the coper group, and 16 to the chronic instability 
group. In this study 65% of the subjects had suf-
fered an ankle sprain in the past ten years and 41% 
of those subjects went onto suffer complaints con-
sistent with chronic functional instability. Analysis 
of variance revealed no between group differences 
for age, sex, or body dimension. This sample of sub-
jects had a high activity level with an overall mean 
Tegner current status score of 6.0 + 2.0, pre-injury 

Table 1. Demographic Differences between Groups (n = 60)
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uninvolved side (97-101%) for all mSEBT tasks, indi-
cating that group classification did not differentiate 
dynamic reaching ability on either flat or provoca-
tive (inverted) stance positions (p = 0.16 - 0.62). 
(Table 4)

There was a fair relationship between hip extension 
strength and the posterior direction reaches on the 
mSEBT. Pearson correlation coefficients were sig-
nificant on both flat and inclined surfaces ranging 
from 0.41 - 0.42 in the posteromedial direction on 
a flat surface (p <0.001) and 0.33 - 0.36 in the pos-
terolateral direction from an inverted stance posi-
tion (p < 0.003). When reaching in a posterolateral 
direction there also was a fair relationship with a 
correlation coefficient ranging from 0.25 - 0.39 in 
the posterolateral direction from a flat surface and 
0.37 - 0.43 when on an inclined surface (p < 0.5). 
Depending on the surface camber and the direction 
of reach, these correlation values would explain 
6-18% of the variance in the mSEBT performance 
based on hip extension strength. Hip abduction 
strength had little relationship with mSEBT per-
formance. The weight-bearing posterolateral hip 
extension/external rotation strength had a fair rela-
tionship with mSEBT for posteromedial reach from 
a flat surface (r = 0.26 - 0.27, p = 0.04) and in the 
posterolateral direction when assessing the right 
limb’s  performance (r = 0.39, p = 0.002). (Table 5)

injury increased. The IdFAI classification did show 
statistically significant differences between the 
three ankle instability classifications (p < 0.0001) 
as would be expected by the nature of the study 
design.

Mean hip strength, represented by the percentage 
peak torque normalized by body weight, was not 
statistically different between ankle sprain classifi-
cation groups (p = 0.66 - 0.82). The overall mean 
torque/body weight percentage was 52 + 15% for 
the standing posterolateral hip extension/external 
rotation, 37 + 13% for the hip extension, and 46 + 
14% for hip abduction strength. When normalized 
to body weight there was no significant difference 
in hip strength between the men and women in this 
cohort of subjects. (Table 2)

The mean limb symmetry index comparing the nor-
malized hip strength between the injured and unin-
jured ankles was nearly symmetrical in all ankle 
sprain classification groups (p = 0.34 - 0.97). The 
limb symmetry index for the CAI group was 100%, 
100%, and 96% for the posterolateral hip combi-
nation of abduction/external rotation in standing, 
non-weight-bearing hip extension, and abduction 
strength tests, respectively. (Table 3)

There was virtually perfect symmetry and no sig-
nificant differences between the involved and 

Table 2. Mean % peak torque/body weight (n = 60).

Table 3. Mean limb symmetry index comparing normalized hip 
strength of involved side vs. uninvolved side (n = 60).
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hip strength tasks were not significantly different 
in subjects classified as control, LAS, or CAI. Addi-
tionally, the mean limb symmetry index compar-
ing normalized hip strength was not significantly 
differently between involved and uninvolved limbs 
in all three groups. Each ankle stability cohort had 
limb symmetry indices that clustered around 100% 
representing symmetrical hip strength regardless of 

DISCUSSION
The findings from our investigation did not provide 
evidence to support the original hypothesis. The 
results of the current study did not show any sig-
nificant difference in static hip strength between 
subjects in three unique ankle sprain classifica-
tion groups. The mean percentage torque produc-
tion normalized by body weight for three different 

Table 4. Mean limb symmetry index comparing normalized SEBT dynamic reach performance of involved side vs. 
uninvolved side (n = 60).

Table 5. Correlation between % Peak Torque/Body Weight to % Dynamic Reach/
Limb Length (n = 60).
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Contrary to the current findings, a recent meta-anal-
ysis suggested that, dependent on reach direction, 
the mSEBT provides adequate discriminative abil-
ity to differentiate those with and without CAI.29 In 
the meta-analysis, the posteromedial reach direction 
had a moderate mean effect side but the anterior 
and posterolateral reaches had small and unimport-
ant mean effect sizes.29 Additionally, Rosen et al29 
reported that medial and anteromedial directions 
of reach on the mSEBT are better able to differenti-
ate ankle stability status. Based on this finding it is 
possible that the anterior and posterolateral reach 
tests used in the current investigation are less dis-
criminative, and the use of these reach directions, 
commonly included with Y-Balance testing, should 
be reconsidered when evaluating ankle stability sta-
tus. Though not significant, a small deficit in the 
limb symmetry index was found during the postero-
medial reach from a flat surface for the CAI cohort. 
Unexpectedly, the asymmetry was even less notice-
able when the dynamic reach tasks were performed 
in a more provocative inverted stance position.

Similar to the findings of McCann et al, a significant 
correlation between hip strength and posteromedial 
and posterolateral direction reach tests was foune, 
however, the coefficient of determination values 
were not quite as high as the 25% they reported for 
a CAI cohort5. Control offered by the hip extensors 
and external rotators as the center of gravity shifts 
with diagonal movements is necessary to maintain 
balance during the movement task. Surprisingly, 
the hip abductors did not contribute to this stabi-
lization as shown by small, insignificant product 
moment correlations. This finding is consistent with 
the results found by Freke et al. who found that hip 
adductors, but not hip extensors, abductors, or exter-
nal rotators, were valuable in a multivariate regres-
sion prediction of posteromedial and posterolateral 
reaching performance.30 Conversely, Gordon et al. 
found a moderate correlation between non-weight 
bearing external rotation strength assessment and 
the distance reached in the posterolateral, but not 
in a posteromedial direction, in a group of healthy 
female lacrosse players.31

The evidence of a possible relationship between hip 
strength and ankle stability dates back over 50 years 
to an article by Nicholas et al. who found significant 

ankle stability classification. This finding was also 
true when comparing ankle sprain groups based on 
limb symmetry indices of mSEBT during both flat 
and inverted surface test conditions. This lack of 
evidence to differentiate ankle stability status based 
on proximal hip strength or dynamic balance and 
reach performance runs contrary to the premise of 
a regional interdependence influence between the 
hip and ankle in this study population.

The results did show a significant relationship 
between hip strength and mSEBT performance 
in tasks that included a medial or lateral direction 
reach component. A moderate correlation was found 
between both non-weight bearing hip extension and 
composite posterolateral weight bearing strength 
tests with flat foot and inclined reach maneuvers in 
a posteromedial and posterolateral direction. These 
findings suggest that hip strength may be a relevant 
contributor to stabilizing the pelvis while reaching 
in a direction that requires both frontal and trans-
verse plane control.

Previous studies provide mixed results when com-
paring our isometric hip abduction and extension 
strength test findings in young adults. Hubbard et al. 
found differences in isometric hip extension and hip 
abduction strength between the involved side of the 
CAI group compared to the sham involved side of 
the control group.27There was also a significant dif-
ference in hip abduction strength symmetry when 
comparing the CAI to control group. Negahban et 
al. found no difference in hip abduction and exten-
sion eccentric isokinetic strength between CAI and 
healthy matched controls, but there was a difference 
in hip flexion strength.28 Neelpala et al. found a good 
relationship between gluteus medius strength and 
mSEBT reach distance scores and a fair relationship 
between gluteus maxiumus strength and mSEBT 
reach distance scores in subjects with CAI. However, 
they did not test side-to-side differences or normalize 
force output. Friel et al. found involved limb isomet-
ric hip abduction, but not hip extension weakness 
in subjects with a history of chronic ankle sprains.4 
Their sample studied has a broader age range (18-52 
years) compared to subjects in the current study and 
no activity level was reported. A study by McHugh 
et al. found that hip abduction or extension strength 
was not a predictor of non-contact ankle sprains.15
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group and 50% (8 of 16) in the CAI group had bilat-
eral involvement in which case they had to have one 
limb designated as the most “severe” for identifying 
their ankle stability cohort. 

Another limiting factor in this study design was the 
youthful homogeneity of the subjects. While this 
assisted with injury recollection, as no injury was 
more than a decade old, it is possible that this rel-
atively short time frame from injury to the perfor-
mance testing was inadequate to differentiate hip 
performance. Perhaps with advanced age, the del-
eterious effects of musculoskeletal deficits would 
be more pronounced. Additionally, the authors do 
not know the precise amount of instability or artic-
ular cartilage changes that may or may not have 
been present in our subjects. Most limiting may 
have been the lack of differentiation between ankle 
 stability groups based on FAAM ADL and FAAM 
sport scores. Even the CAI group rated their current 
ADL and sport ankle function at 98 and 89%, respec-
tively. It is notable that any subject with a history of 
ankle sprain had substantially decreased their activ-
ity level as evidenced by a nearly two-point drop in 
 Tegner scores. This suggests activity accommoda-
tion may reduce demands on hip performance lead-
ing to more symmetrical lower extremity function. 

CONCLUSION
As previous literature has suggested, the cause for 
CAI is multifactorial. For instance, it is possible 
that one of the reasons for copers converting to 
the chronic classification was the lack of bracing 
or taping protection after the initial injury. In this 
study, only 33% of those who had suffered an ankle 
sprain were taped or braced at the time of their sec-
ond injury and it is well established that external 
support is an effective means to reduce the risk of 
recurrence.33,34

The hypothesis that hip performance assessment 
may assist in screening for potential ankle stabil-
ity issues was not supported by the current findings 
in a cohort of young, high activity level subjects. 
 Performance measures of tri-planar, static, isometric 
hip strength and lower extremity reach in dynamic 
 balance tasks could not differentiate subjects with-
out a history of injury from those subjects with one 
or more lateral ligamentous ankle sprains. 

weakness of the ipsilateral hip abductors and adduc-
tors in a group of 11 young subjects with chronic 
ankle and foot problems.32 One of the aims of this 
study was to provide clarification to the literature’s 
mixed results that parallel this original contention. 
Additionally, the authors wanted to provide strength 
data in a more functional, weight-bearing composite 
assessment of strength in the proximal posterolat-
eral chain of the hip. While the included strength 
measurements do not represent possible electro-
myographical adaptations or compensations, no link 
was established between a subject’s hip performance 
and their history of ankle sprain injury, recovery, 
or potential chronicity. It is possible that suspected 
subtle neuromuscular adaptations/alterations, fron-
tal plane center of mass control mechanisms, or hip 
musculature endurance capacities were not vetted 
in this study design or reflected in the results.11,12,13,20 

The authors also sought to challenge the lateral 
stability of the ankle with an incline surface, plac-
ing the extremity in a precarious position to see if 
that impacted the subjects’ willingness and ability 
to reach in multiple directions from this precari-
ous stance position. Again, the authors were unable 
to differentiate ankle stability classifications based 
on mSEBT performance. Future research may con-
sider evaluating if a labile surface reach task, rather 
than an inverted incline surface, renders different 
correlations or better predicts an ankle stability 
classification.

Speculation on this lack of differentiation between 
ankle sprain stability groups is multifactorial. One 
possibility is the mechanism used to classify sub-
jects. There are two different ankle sprain self-report 
instruments recommended by the International 
Ankle Consortium as valid tools to properly classify 
and differentiate functional ankle instability.3 The 
IdFAI was chosen as our classification tool, and post 
hoc analysis using the Cumberland Ankle Instabil-
ity Tool did not change the categorical assignment 
of any of the 39 subjects with an ankle sprain his-
tory. This finding would suggest that all 60 subjects 
were likely placed in the group that was operation-
ally defined as a control, coper, or chronic though 
the exact sensitivity and specificity of these instru-
ments are unclear. Another possible limiting factor 
was that 26% (6 of 23) of the subjects in the coper 
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ABSTRACT
Background/Purpose: Greater humeral retroversion has been associated with shoulder and elbow injuries. Methods for 
measuring torsion include radiography, computed tomography (CT) and sonography (US) which may be costly or unavail-
able. A palpation method might be a reliable alternative to imaging techniques. The purpose of the current study was to 
examine the construct validity of the palpation technique for humeral torsion by (1) determining if a side-to-side difference 
in humeral torsion (HT) could be detected in a cohort of baseball pitchers using the palpation technique and (2) compare 
the side-to-side difference in HT obtained through the palpation method to the US method.

Hypothesis: Clinical assessment of HT by palpation is reliable and is as accurate as sonographic HT measurements among 
overhead athletes. 

Methods: Twenty collegiate and high school pitchers were assessed. Bilateral shoulder passive external rotation (ER) and 
internal rotation (IR) range of motion were measured. Humeral torsion was indirectly measured using sonographic and 
palpatory methods. Paired t-tests were used to determine HT side-to-side difference measured by US versus palpation. 
Pearson’s correlation coefficient (r) was used to determine the relationship between HT side-to-side difference detected by 
palpation and US, and relationships among IR and ER of the shoulder and HT side to-side difference measurements. 

Results: There was significantly greater HT in dominant versus nondominant arm assessed by both palpation (5°±5, 
p=0.0004) and ultrasound (9°±11, p=0.0007). There was a positive correlation between both methods of HT measurement 
(r = 0.522, p=0.018). Palpation significantly underestimated HT as compared to US measurements (difference 4°±9, 
p=0.048). Difference in IR between shoulders correlated with HT measured by palpation (r=-0.651, p=0.002) and US 
(r=0.569, p=0.009). Increased ER in the dominant versus nondominant arm correlated with the side-to-side difference in 
HT measured by both palpation (r= 0.509, p=0.02) and US (r= 0.602, p=0.005).

Conclusion: Greater HT on the dominant versus nondominant shoulder via palpation indicated this method can be used to 
assess HT in pitchers. HT assessed by palpation correlated with HT assessed by US. However, the magnitude of side-to-side 
difference in HT was smaller with palpation compared to US, and the two techniques should not be used interchangeably. 
Nevertheless, assessment of HT via palpation is a reliable and practical method and its use should be encouraged. 

Level of Evidence: Level 3, measurement study.

Key Words: Baseball, clinical assessment, humeral torsion, movement system, shoulder
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INTRODUCTION
Increase in humeral torsion (HT), or retroversion of 
the humeral head, is an osseous adaptation occur-
ring as a result of participation in overhead sports.1 
Asymmetric HT has been widely reported in domi-
nant versus non-dominant shoulders and in throwers 
compared with control participants.2 A strong rela-
tionship has been found between lower degrees of 
dominant HT and more severe upper extremity inju-
ries in pitchers.3 HT was found to be inversely related 
to the incidence and severity of shoulder, elbow and 
hand injuries in professional baseball pitchers.3 HT 
has also been found to be predictive of injury among 
adolescent baseball players.4 Assessment of HT can 
screen for injury risk. Implementation of an accu-
rate and readily available assessment of HT as part 
of pre-participation screening could potentially iden-
tify individuals at risk for injury and could monitor 
overhead athletes for changes in HT measurements 
through the course of a season or career. There-
fore, HT assessment is an essential part of an eval-
uation of an overhead throwing athlete, as it could 
dictate direction of care.5 Methods used to measure 
HT include plain radiographs, magnetic resonance 
imaging (MRI), computed tomography (CT), ultra-
sonography (US) and palpation, with CT currently 
considered the gold standard.6 Radiography and CT, 
as well as MRI are less useful in both the clinical and 
research setting due to cost, availability, radiation 
exposure and time. US has been shown to be a reli-
able alterative to CT, but it is user dependent and 
not always available.7 Assessment of HT via palpa-
tion has been shown to be a potential alternative to 
US, making it a tool which can be utilized for quick, 
accurate screenings in the clinical setting.8 Radiologi-
cal methods directly measure torsion from angles 
derived from both the proximal and distal humerus.7 
Unlike radiological methods, the US and palpation 
techniques indirectly measure HT by calculating 
the forearm inclination angle relative to a standard-
ized humeral position, referred to as bicipital fore-
arm angle.9 Measurements of HT by palpation have 
produced results similar to those obtained using US 
measures.1,8 To date, a direct comparison of the pal-
pation method with US measurement among over-
head throwing athletes has not been conducted. This 
comparison is necessary to suggest that the palpa-
tion method is a viable alternative to other methods 

in the assessment of HT in overhead athletes. The 
purpose of the current study was to examine the con-
struct validity of the palpation technique for humeral 
torsion by (1) determining if a side-to-side difference 
in HT could be detected in a cohort of baseball pitch-
ers using the palpation technique and (2) compare 
the side-to-side difference in HT obtained through 
the palpation method to the US method.

METHODS
Twenty male baseball pitchers of collegiate (n=16) 
and high school (n=4) level participated in the study. 
All participants were healthy at the time of testing 
and participating in pre-season training. Before par-
ticipation, players read and signed informed consent 
forms approved by the institutional review board.

All athletes attended one testing session, during 
which shoulder IR and ER passive range of motion 
(ROM) was measured and HT was assessed using 
both the palpation and US methods. US assess-
ments were performed by the same assessor, who 
had extensive experience in the US measurement 
technique. Clinical assessment via the palpation 
method was performed on all athletes by a single 
assessor. Both shoulders of each pitcher were exam-
ined during the same session. The order of assess-
ments (US and palpation) were randomly selected 
and performed twice on each shoulder. Each asses-
sor was blinded to the results obtained by the other 
assessor. Both US and palpation measurements were 
completed within half an hour of each other. The 
study established construct validity, reliability, and 
precision of the HT measurement with both assess-
ment methods by measuring intrasession reliability 
coefficients and standard error of measurement. 

Indirect US assessment of humeral torsion
HT was assessed using the indirect US technique pre-
viously described.1,9,10 The assessment was performed 
while the participants lay supine on a treatment 
table with 90° of shoulder abduction in the coronal 
plane and 90° of elbow flexion in the sagittal plane. 
One tester positioned a linear array US transducer 
(HFL50, Fujifilm SonoSite, Bothell, Washington) on 
the participant’s anterior shoulder. The transducer 
was leveled with the plane of the treatment table, 
which was verified with a bubble level attached to the 
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transducer. The transducer was then aligned perpen-
dicular to the long axis of the humerus in the frontal 
plane. The assessor rotated the humerus so that the 
bicipital groove appeared in the center of the image, 
with the line connecting the apexes of the greater 
and lesser tuberosities parallel to the horizontal plane 
as acknowledged by the assessor. A second assessor 
placed a digital inclinometer on the ulnar side of the 
forearm, pressing firmly against the midshaft ulna, 
and recorded the forearm inclination angle with 
respect to the horizontal (Figures 1and 2). The ulna 
extends perpendicular to the elbow epicondylar axis 
(line connecting the medial and lateral epicondyles). 
Therefore, this angle reflects the angular difference 
between the epicondylar axis (distal humerus) and 
the line perpendicular to the line connecting the 
apexes of the greater and lesser tubercles (proximal 
humerus).11 This US measurement method typically 
produces forearm inclination angles in positions of 
shoulder internal rotation (IR). Lower IR angle rep-
resents greater humeral retroversion.

Indirect assessment of humeral torsion via 
palpation
The palpation measurement was performed with 
the athlete supine, shoulders at 10° abduction and 

elbow flexed to 90°. One examiner palpated the lat-
eral tip of the acromion with his thumb, then glided 
the thumb inferiorly between the anterior and mid-
dle fibers of deltoid to the head of humerus. Next, 
the assessor palpated the greater and lesser tuberosi-
ties of the humerus. At this point, the orientation of 
the palpating thumb was changed from the tip of the 
thumb facing inferior to the tip facing medial. The 
subject’s humerus was then externally and inter-
nally rotated. The humerus was considered in its 
desired orientation when the lesser tuberosity was 
felt under the assessor’s thumb, at its most promi-
nent position anteriorly. Then, a second exam-
iner recorded the forearm inclination angle from a 
digital inclinometer, as described above for the US 
method. This palpation measurement method typi-
cally produces forearm inclination angles in posi-
tions of shoulder external rotation (ER).  Higher ER 
angle represents greater humeral retroversion. The 
abovementioned technique is similar to Craig’s Test 
used to assess femoral anteversion.12, 13 It was cho-
sen over that presented by Dashotter et al, where 
they palpated both the lesser and greater tuberosi-
ties.8 Anatomically, multiple variations of tuberos-
ity shapes have been reported and this may impact 
palpation between tuberosities.8 Therefore, it was 

Figure 1. Humeral torsion assessment via the indirect ultra-
sound (US) method.

Figure 2. US screen image of bicipital groove, greater and 
lesser tuberosities.
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hypothesized that using a version of Craig’s Test in 
the shoulder, where one bony prominence would be 
palpated, would improve palpation accuracy. 

Shoulder IR and ER passive ROM were measured 
in the standard fashion with the subject positioned 
supine on an examination table, with legs fully 
extended. The humerus was abducted to 90° in the 
coronal plane, elbow flexed to 90° in the sagittal 
plane and the subject’s distal humerus was placed 
on a small towel roll to prevent shoulder protraction. 
Scapular stabilization was performed by placing 
the assessor’s hand on the scapula and the thumb 
on the coracoid process. The shoulder was rotated 
externally to end ROM until scapular posterior tilt-
ing movement was detected, at which point ER 
measurement was performed using a digital level.14 
IR was measured with subject passively internally 
rotated up to the point where scapular anterior tilt-
ing movement was felt at the coracoid process, then 
IR measure was made using a digital level.14

STATISTICAL METHODS
Descriptive statistics were computed for all contin-
uous variables in subject demographics, ROM, and 
HT measurements, and reported as means and stan-
dard deviations. Paired-samples t-tests were used to 
determine HT differences between dominant and 
non-dominant arms with the US and palpation meth-
ods. Side-to-side difference in HT, IR and ER ROM 
was calculated as the difference in the measurement 
between the dominant and non-dominant sides. 
Paired-samples t-test was used to identify a difference 
between US and palpation methods in HT side-to-
side difference measurements. Pearson’s correlation 
coefficient (r) was used to determine bivariate rela-
tionships among ER and IR ROM and HT measure-
ments, as well as between HT side-to-side difference 
detected by palpation versus US. To determine 

intra-rater relative reliability of HT measurements, 
two-way mixed-model single-measure intraclass cor-
relation coefficient (ICC [3, 1]) was calculated from 
two HT measurements made by the same examiner 
within a single session.  Absolute reliability in the 
form of standard error of measurement (SEM) was 
also calculated for each method of HT. 

Based on the variability in HT between healthy sub-
jects assessed by a similar palpation technique it was 
estimated that there would be 80% power to detect 
a 5 degrees difference in HT between the dominant 
and non-dominant arms (P<0.05) using the palpa-
tion technique.8 

All statistical analyses were conducted using SPSS 
version 23 (IBM Corporation, Armonk, NY).

RESULTS
Mean age of pitchers participating in the study 
was 19±2.3 years, height 183±8.8 cm and weight 
87.2±12.4 kg. Eighty percent were NCAA Division 
III level and 20% were high school level players. 

Results presented in Table 1 demonstrate no differ-
ence in ER between dominant and non-dominant 
shoulders (117±13 vs. 114±9). Significantly greater 
IR in non-dominant shoulder versus the dominant 
shoulder was found among pitchers (55°±7 vs. 
46°±5, p< 0.0001, respectively). Palpation method 
found the dominant shoulder had significantly more 
HT compared to the non-dominant shoulder (32°±6 
ER vs. 27°±4 ER, p=0.0004, respectively). Assess-
ment via US also found dominant shoulder HT was 
greater than HT of non-dominant shoulder (20°±10 
IR vs. 29°±12 IR, p=0.0007, respectively). 

HT side-to-side difference measured using the 
two methods correlated significantly (r = 0.522, 
p=0.018; Figure 3). However, there was a significant 

Table 1. Humeral torsion and ROM measurements of the study population.
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systematic difference between the two methods: the 
US method detected 4°±9 greater difference in HT 
between the dominant versus non-dominant shoul-
ders compared to the palpation method (p=0.048). 
The Standard Error of Measurement (SEM) was 3.4° 
for the palpation method and 2.1° for US. The intra-
session reliability coefficients were 0.86 and 0.92 for 
palpation and US methods, respectively.

HT side-to-side difference measured by both US and 
palpation significantly correlated with IR ROM dif-
ference between shoulders (r=0.57, p=0.009 and 
r=-0.65, p=0.002, respectively; Figure 4). 

Both US and palpation HT side-to-side differences 
were significantly correlated with ER difference 
between shoulders (r= -0.60, p=0.005 and r= 0.51, 
p=0.022, respectively; Figure 5).

DISCUSSION 
The purpose of this study was to determine the 
construct validity of a clinical palpation assess-
ment of HT. This was determined by examining 
whether a difference in HT between the dominant 
and nondominant arms of baseball pitchers could be 
detected by the palpation technique, and by assess-
ing whether the palpation technique agreed with US 
measurement of HT. Greater HT on the dominant 
versus nondominant arm detected by the palpation 
technique indicated that this method can be used 
to clinically assess HT in baseball pitchers. Addi-
tionally, HT measured by palpation was correlated 

with HT measured by US. However, the magnitude 
of the side-to-side difference in HT was smaller for 
the palpation technique compared with US, and the 
two techniques should not be used interchangeably. 
This is likely a result of the US method being a more 
sensitive measurement than palpation.

It is difficult to compare this current study results to 
the Dashotter et al. study because of the positional 
differences in the methodology. However, for a refer-
ence point it is important to highlight that Dashottar 
et al. showed excellent agreement between their pal-
pation and US methods with shoulder adducted, with 
a difference of 0.2°±4.1.8 Dashotter et al. utilized the 

Figure 3. Humeral torsion side-to-side difference with ultra-
sound (US) vs. palpation methods among pitchers*
*Increase in humeral torsion side-to-side difference with either method 
represents higher humeral retroversion on the dominant shoulder.

Figure 4. Palpation assessed humeral torsion (HT) vs. inter-
nal rotation (IR) side-to-side difference among pitchers*
*Increase in HT on the dominant versus non dominant side was associ-
ated with lower IR ROM on the dominant shoulder relative to non-dom-
inant.

Figure 5. Palpation assessed humeral torsion (HT) vs. exter-
nal rotation (ER) side-to-side difference among pitchers*
*Greater HT on the dominant side versus non dominant was associated 
with greater ER ROM on the dominant versus non dominant side.
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bicipital forearm angle with the shoulder at neutral 
for both the palpation technique and the US tech-
nique. Palpation measurement was performed with 
the arm in neutral position and the US measurement 
in 90º of abduction. In the current study, palpation 
technique, similar to Craig’s Test, used the lesser 
tuberosity as the most prominent bony landmark, 
while the humeral head was positioned between 
the anterior and middle fibers of the deltoid, mak-
ing it more palpable.8 When abducting the shoulder 
to 90º, the bicipital tuberosities are covered by the 
anterior fibers of the deltoid, making palpation of 
the tuberosities more difficult.8 In this study, partici-
pants were supine with the arm in neutral position, 
which allowed for improved palpation of the lesser 
tuberosity through the interval between the anterior 
and middle fibers of the deltoid. The US technique 
was performed in the 90º of abduction position 
because this is the technique originally described 
for recording the bicipital forearm angle using US 
methodology and previously used to compare ado-
lescent baseball players retroversion.9 Whiteley et 
al, was able to determine an approximately 11º ret-
roversion difference in adolescent baseball players 
using the US technique, however failed to show a sig-
nificant difference with the palpation technique at 
90º abduction.9 The positional methodology for the 
present study was based on previous work using the 
US measurement for retroversion at 90º of shoulder 
abduction and previous studies recommending ret-
roversion palpation in neutral.1,8,9,15 Feuerherd et al. 
compared three different palpation methods with US 
and found a fair but significant relationship between 
one specific palpation (90º abduction) method and 
US.1 Feuerherd et al. found good intratester reli-
ability with all three palpation techniques, however 
poor to fair intertester reliability with all techniques. 
Coincidently, the best intertester reliability was seen 
with the palpation at 45º. This change in angle may 
decrease the degree that the humeral head is pro-
tected by the middle deltoid. Interestingly, Feuer-
herd et al. used both male and female overhead 
athletes in their study and a significant shift in ROM 
was noted from dominant to non-dominant shoul-
ders. However, they did not report side-to-side differ-
ence in retroversion and whether this was associated 
with the side-to-side difference in ROM. One of the 
goals of this current study was to assess the ability to 

detect a change in retroversion using the palpation 
technique in the overhead baseball athlete. This cur-
rent study detected a side-to-side difference in retro-
version using the palpation technique, which is an 
important clinical consideration. 

The differences in agreement between studies may 
be due to variations of the palpation method. There 
was stronger agreement between methods when 
palpation was performed with the arm at neutral 
or abducted 10° as per Dashottar and in the present 
study.8 Weaker correlation was found when palpation 
was done with the shoulder abducted to 90°.1 The 
current study demonstrated a significant difference 
between the two methods of measurement. The US 
method detected 4°±9 greater HT side-to-side dif-
ference compared to the palpation method (p=0.05) 
which may in part be due to systematic difference 
from performing palpation at neutral and US at 90º of 
shoulder abduction. The US method used in the pres-
ent study was the technique originally described by 
Whiteley et al, leveling the floor between the greater 
and lesser tuberosities, while the palpation method 
used a technique similarly described with Craig’s 
Test, where the most prominent bony land mark 
(lesser tuberosity) is the position of measurement.9 
The key result of the current study is that a differ-
ence could be detected from the dominant pitching 
shoulder to the non-dominant pitching shoulder, not 
that the method of measurement was in exact agree-
ment. Considering the method of measurement was 
different, this systematic difference is possible. 

The use of US as a valid alternative to CT, which 
is considered gold standard, when assessing HT 
has been well established.7,10 But, US imaging units 
are not widely available in outpatient clinics. They 
are costly, can be time consuming and user depen-
dent.8 Therefore, it is impractical as a screening tool 
in events such as pre-season screening. In a clini-
cal setting, palpation is a practical alternative to US 
for assessing HT. Since palpation is a common skill 
taught to all musculoskeletal clinicians and used reg-
ularly in the clinical assessment, it should be used 
on a regular basis to assess components of glenohu-
meral ROM. Clinically, HT can be the driving force 
behind manual treatments to address ROM concerns 
in the baseball pitcher. Wilk et al, showed that pitch-
ers with an asymmetrical total shoulder rotation 
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(IR+ER) increased their elbow injury risk by 2.6 
times.15 Pitchers with insufficient humeral torsion 
may overstretch their anterior capsule leading to 
anterior shoulder instability and pain.16 Also, they 
may overrotate their shoulder causing excessive 
twisting of the long head of the biceps and internal 
impingement between the rotator cuff and the pos-
terior superior glenoid margin. 16 Understanding the 
component of HT out of the total shoulder rotation 
in a pitcher will help determine how much of this 
ROM change is due to soft tissue versus an osseous 
adaptation. This understanding can aid in develop-
ing an individualized treatment plan for each base-
ball pitcher and may help prevent future injuries. 
Moreover, HT assessment via palpation allows for 
large screening of athletes, which may assist in 
addressing different glenohumeral ROM compo-
nents through appropriate treatment. 

CONCLUSION
In conclusion, greater HT on the dominant versus 
nondominant shoulder determined via palpation 
indicated this method can be used to assess HT in 
baseball pitchers. Moreover, HT measured by pal-
pation correlated with HT measured by US. How-
ever, the magnitude of side-to-side difference in HT 
was smaller with palpation compared to US, and the 
two techniques should not be used interchangeably. 
Nevertheless, palpation method for assessment of 
HT is a reliable, safe and practical method and its 
use in the clinical setting should be encouraged. 
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ABSTRACT
Background: Shoulder injuries in baseball related to throwing account for 60% of all baseball injuries and 75% of those throwing 
injuries occur in pitchers. Impingement is the beginning of a continuum of rotator cuff pathology that can result in pain and dis-
ability in pitchers. Identification of self-reported measures and clinical tests that can indicate early pathology of shoulder impinge-
ment is needed for overhead athletes. Early identification of shoulder impingement is important to the long-term health and 
function of these athletes. 

Hypothesis/Purpose: The purpose of this study was to determine if a correlation exists between self-reported pain and disability 
using the Kerlan-Jobe Orthopedic Clinic (KJOC) score and the Park Test-Item Cluster (TIC) for subacromial impingement in col-
lege baseball pitchers. The research hypotheses are that there will be a correlation 1) between the KJOC score and the TIC by Park 
and 2) between the KJOC and the Hawkins-Kennedy impingement, the painful arc, and the infraspinatus muscle strength tests 
individually. 

Design: Cross-sectional pilot study

Methods: Twenty-one collegiate baseball pitchers completed the KJOC and then were tested using the Park test-item cluster. 

Data Analysis: Kruskal-Wallis was used to test the relationship of individual demographics with KJOC scores. Spearman rho cor-
relation was used to determine if the number of positive clinical tests in the Park TIC or with the individual tests within the TIC 
correlated with scores on the KJOC.  

Results: No significant relationships between KJOC scores and demographics were found. A significant moderate-to-good relation-
ship was found between the painful arc test and the KJOC (r = -.601, p= 0.00) and a significant fair correlation was found between 
the number of positive tests within the Park TIC and KJOC (r = -.426, p = 0.05). No significant relationships were found between 
the Hawkins-Kennedy and KJOC (r = -.348, p= 0.12) or between the infraspinatus strength test and KJOC (r = -.040, p= 0.86). 

Conclusion: The correlations between the painful arc test and the number of positive impingement tests with the composite score 
on the KJOC suggests a relationship between these two outcome measures, shoulder irritability, and decreased function in collegiate 
baseball pitchers. Of the three tests included in the Park TIC, the painful arc test was the only one with an independent significant 
correlation to the KJOC.  The combination of impairment-specific cluster testing and an activity-focused self-assessment tool could 
be utilized to identify potential pathology and alert the medical professional that assessment and intervention are necessary. 

Level of Evidence: Level 2 (Diagnosis)

Key Words: Subacromial impingement, Kerlan-Jobe Orthopaedic Clinic score, Park Test-Item Cluster, overhead athletes 
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INTRODUCTION
Shoulder and elbow injuries are the most commonly 
diagnosed injuries in baseball pitchers,1 accounting 
for over half of all injuries seen in these athletes.2-4 
Pitchers sustain a higher incidence of injury than 
field-position players at all levels of competition.2-4  A 
16-year longitudinal, descriptive study of collegiate 
baseball players by Dick et al.5 revealed that 59.5% 
of all injuries occurred in the shoulder while throw-
ing and 73% of those injuries occurred while pitching. 
Page et al.6 found that imbalances of the periscapular 
musculature and improper scapula positioning may 
interfere with proper scapulohumeral biomechanics, 
which are important in pitching. This can increase 
the risk of impingement and injury and can adversely 
affect an athlete’s strength and power.  Numerous 
studies have attempted to correlate static position-
ing, dynamic movement patterns, or weakness of the 
shoulder complex to injury or potential injury in over-
head athletes.7-15 The findings of these studies were 
mixed, but Hosseinimehr et al.,9 Meyers et al.,10 and 
Miester11 found that anatomical adaptations specific to 
overhead athletes are more likely to be the underlying 
cause of injury than any identifiable pathology. 

Shoulder impingement may be a consequence of 
repetitive activity coupled with rotator cuff dys-
function and static or dynamic malposition of the 
humeral head or the scapula on the thorax.16-20  For 
overhead athletes, impingement has been classified 
as primary, secondary, or internal.16, 17, 20 The clini-
cal presentation of impingement is dependent on 
the structures involved. Primary impingement may 
be implicated by pain in the anterosuperior aspect 
of the shoulder, with or without distal pain, and is 
documented more commonly in older overhead ath-
letes.16, 20 Secondary impingement is attributed to 
anterior capsuloligamentous laxity and is seen pri-
marily in younger throwing athletes.20 Symptoms 
associated with internal impingement are shoulder 
stiffness and poorly-localized posterior shoulder 
pain that occurs during the late cocking and early 
acceleration phases of pitching.20, 22, 23 

Orthopedic special tests are used to assist in ruling in 
or out specific pathology.24, 25 In a systematic review 
and meta-analysis, Hegedus et al.26 were unable to 
recommend the Neer, Hawkins-Kennedy, or pain-
ful arc tests as single clinical tests that could be used 

independently to make a differential diagnosis of 
subacromial impingement regardless of the severity 
of the impingement and found instead that combina-
tions of these special tests provided better diagnostic 
accuracy. Park et al.21 tested the diagnostic precision 
of eight special tests in a final sample of 552 patients 
who were divided into impingement and non-impinge-
ment groups. The non-impingement group consisted 
of 193 individuals and the impingement group con-
sisted of 359 patients with a diagnosis of impingement 
syndrome.  The impingement group had a history of 
pain in the deltoid region or pain radiating down the 
arm which had at least a temporary resolution with 
an injection of a local anesthetic.21 The final Park 
Test-Item Cluster (TIC)21 for prediction of subacro-
mial impingement included three tests: the Hawkins-
Kennedy impingement sign, the painful arc sign, and 
the infraspinatus muscle strength test. Table 1 reports 
some clinometric properties of these three tests.21

The Park TIC was designed to predict the likelihood 
of impingement syndromes, not as a definitive diag-
nostic test cluster. That is, those who test positive 
in the test cluster will require additional testing to 
determine a differential diagnosis.  Park found that 
with an increasing number of positive provocation 
tests, the likelihood of an impingement being pres-
ent increased to a post-test probability of 95% for 
the existence of impingement syndrome when all 
three tests in their final TIC were positive.21 Park et 
al. stated that their results may not extrapolate to 
overhead athletes or patients with multidirectional 
laxity and pain because they had not studied those 
populations specifically.21  However, there are no 
published utility scores of test item clusters specific 
to overhead athletes and the clinical experience of 

Table 1. Clinometric Properties of Subacromial Impinge-
ment Syndrome Tests21
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and/or baseball coaches as a student participating 
in baseball. Inclusion criteria included current col-
lege enrollment and active participation in National 
Collegiate Athletic Association or National Associa-
tion of Intercollegiate Athletics baseball competi-
tions. Exclusion criteria included individuals under 
the care of a physician for a sports injury or who 
were unable to actively participate in competitive 
baseball due to an injury.  This study was approved 
by the Texas State University IRB #2016L2616. The 
testing for the study was conducted in the athletic 
facilities of the participants’ college. 

After providing informed consent, participants inde-
pendently completed the KJOC questionnaire. To 
score, the researchers measured, in centimeters, the 
distance from the 0-point to the mark made by the 
participant. All ten item scores were summed for a 
composite score ranging between zero and one hun-
dred, and the lower the score the more functional 
limitations the subject was experiencing.29 Scoring 
of the KJOC was completed after all Park TIC exami-
nations were completed. 

Subjects then were randomly assigned to one of three 
examiners who were blinded to the pitcher’s KJOC 
score and throwing arm. The examiners were graduate 
students enrolled in the final semester of an accred-
ited three-year Doctor of Physical Therapy program 
who had completed three five-credit hour courses in 
musculoskeletal physical therapist practice. The study 
protocol for performing the tests was the same as the 
test procedures taught in the examiners’ coursework 
and used to establish Park’s TIC. In these courses, 
each examiner was tested for and demonstrated accu-
racy in performing the tests used in this study. 

The examiners performed tests in the Park TIC 
using standard methods described by Park in the 
following order: the Hawkins-Kennedy impinge-
ment sign, the painful arc sign, and the infraspina-
tus muscle strength test.21 The Hawkins-Kennedy 
impingement sign was tested with the subject’s arm 
place in 90-degrees of forward flexion, then rotated 
into internal rotation. The end point for internal 
rotation was when scapular rotation occurred, or 
the subject felt pain. The Hawkins-Kennedy test 
was positive if the athlete reported lateral shoulder 
pain with passive internal rotation.21 The painful arc 

the primary author indicates that there may be a 
place for the Park TIC in examining this population. 

Self-reported outcome measures identify the level 
of difficulty that a patient has performing specific 
functional tasks related to their life roles and these 
outcome measures are often disease- or condition-
specific.27  Franz et al. developed the Kerlan-Jobe 
Orthopedic Clinic Shoulder and Elbow score (KJOC) 
as an assessment tool specifically designed for over-
head athletes.28 A validation study showed the KJOC 
was sensitive to the detection of subtle changes 
in upper extremity performance of professional 
baseball players related to a history of injury (p < 
.0001) and surgery (p < .0001).28 The ten items in 
the KJOC ask about pain, instability, or changes in 
performance the individual has experienced while 
participating in a sport.29 Individuals completing the 
survey are asked to mark a spot on a 10-centimeter 
line, with ten as most functional for each of the ten 
items. Lower KJOC scores indicate increased levels 
of functional limitations. The KJOC has been vali-
dated for overhead athletes with a composite score 
of less than 90 as a predictive value for pain and 
injury in professional baseball players.28,29

There is a lack of quick screening methods to iden-
tify the potential risk of injury associated with 
pitching in college baseball players. The purpose of 
this study was to determine if a correlation exists 
between self-reported pain and disability using the 
KJOC and the Park TIC for subacromial impinge-
ment in college and university baseball pitchers. The 
research hypotheses for this study are that there will 
be a correlation 1) between the KJOC and the Park 
TIC and 2) between the KJOC and the Hawkins-Ken-
nedy impingement sign, the painful arc sign, and 
the infraspinatus muscle strength tests individually. 
If the research hypothesis is accepted, the KJOC 
and Park TIC may provide a quick screening tool to 
identify college and university pitchers who are at 
risk for injury, indicating the necessity for complete 
diagnostic testing and preventive interventions.

METHODS
This pilot study used a cross-sectional design. Twenty-
one male collegiate baseball pitchers were recruited 
from a single college in the spring of 2016.  Subjects 
were identified by their university athletic director 
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statistics. A composite KJOC score (0-100) was calcu-
lated by summing all measurements of the 10 items 
in the KJOC. Kruskal-Wallis was used to test the 
relationship of individual demographics with KJOC 
scores. Positive findings for each test within the Park 
TIC were scored “1”, negative test results were scored 
“0”, and then the three scores were summed for a 
Total Park TIC score with a range of 0-3.  Spearman’s 
rho correlation was used to determine the relation-
ship between the number of positive Park-TIC tests 
and the composite KJOC scores. Three additional 
Spearman correlation tests were run between the 
individual Park TIC tests and the KJOC.

RESULTS 
All 21 subjects were male with an average age of 20.9 
years (range = 18-23 years). Subjects self-reported 
average years of baseball experience was 16.38 years 
(range = 12-21 years). Two of the 21 subjects (9.5%) 
were left-handed throwers and 19 (90.5%) were 
right-handed throwers. There were no significant 
differences between KJOC scores and age (H = 19.4, 
p = 0.36), dominant arm (H = 20.00, p = 0.33) or 
years of baseball experience (H = 18.98, p = 0.39). 

The mean composite score for the KJOC was 73.39 
(range = 26.5-100) and the mean number of positive 

sign was performed by having the subject actively 
elevate the arm in the scapular plane through the 
full range of motion and then return to the starting 
position in the same plane. Results for the painful 
arc sign were operationally defined as positive when 
pain occurred between 60- and 120-degrees of active 
shoulder elevation.21 For the infraspinatus muscle 
strength test, the participant’s elbow was flexed to 
90 degrees and the arm was adducted to the trunk 
in neutral rotation. The examiner applied an inter-
nal rotation force to the arm, which the participant 
resisted. A positive infraspinatus test was recorded 
if pain occurred during a manual muscle test of the 
infraspinatus in a neutral position.6, 21 The results 
of the Park TIC can be used to identify the likeli-
hood of the presence of a subacromial impingement. 
Park found that when all three tests were positive 
the likelihood ratio was .95; that is, individuals who 
tested positive on all three tests had a 95% probabil-
ity of having a subacromial impingement syndrome.  
When all three tests were negative, the likelihood of 
impingement was 24%21 as shown in Table 2. 

DATA ANALYSIS
Demographic information including each sub-
ject’s age, years of baseball experience, and hand 
dominance which were analyzed using descriptive 

Table 2. Post-Test Probabilities for Park Test-Item Cluster (TIC) in Identifying 
Impingement21
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Park TIC tests was 0.67, the mode and median were 
0 (range 0-3).  The mean KJOC scores for the eleven 
subjects with no positive tests on the Park TIC was 
81.34 (range 45.7 to 100, standard deviation (SD) = 
15.26). For the seven subjects with one positive test, 
the mean KJOC was 74.52 (range 51.6 to 95.6, SD = 
19.14), and for the two participants with two posi-
tive test results the mean KJOC was 44.95 (range 
26.5 to 63.4, SD = 26.09). One subject had a positive 
test on all three Park TIC tests and his KJOC was 

34.94. Table 3 shows the individual KJOC scores cat-
egorized by the number of positive tests in the Park 
TIC. The descriptive statistics for the KJOC scores 
grouped by the number of positive tests in the Park 
TIC can be seen in Table 4 and Figure 1 illustrates 
the means and standard deviations. 

In correlating each individual test with the KJOC 
scores, there were a significant moderate-to-good 
negative relationship30 between the painful arc 

Table 3. Descriptive Statistics for Park TIC in Baseball Pitchers28

Table 4. Descriptive Statistics of Kerlan-Jobe Orthopedic Clinic Scores by 
Number of Positive Tests in the Park Test Item Cluster
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Hegedus et al.26 found that neither the Hawkins-
Kennedy nor the painful arc tests had discriminative 
ability to diagnose subacromial impingement inde-
pendently, regardless of the severity of the impinge-
ment. Park21 concluded that the combination of the 
Hawkins-Kennedy test, the painful arc test, and the 
infraspinatus muscle strength test had a post-test 
probability of 95% for impingement syndrome, inde-
pendent of the severity of the impingement. The 
excellent diagnostic accuracy of the Park TIC served 
to justify the choice of this combination of tests in 
the current study.

In the current study, eleven participants (52%) had 
no positive tests on the Park TIC indicating a post-
test possibility of an impingement syndrome of only 
24%.  Seven pitchers (33%) had one positive test on 
the TIC with a post-test probability 63%, two (10%) 
tested positive on two tests indicating a 90%, and one 
individual (5%) had three positive tests which would 
indicate a 95% post-test probability of an impinge-
ment syndrome. The exclusion criteria of the study 
limited the sample to uninjured athletes or athletes 
with minimal injuries who did not require medical 
care or that would limit the athletes’ participation 
in playing. Therefore, it is not surprising that most 
athletes tested had one or fewer positive TIC tests. 
It is surprising that three individuals were actively 
playing baseball and yet tested positive for two or 
three of the Park TIC tests. The Park test cluster 
indicates a likelihood of pathology and should not 
be considered a definitive diagnostic tool. Orthope-
dic special tests, such as those in the Park TIC, iden-
tify pathology at the body system level which does 
not always directly translate into functional activ-
ity limitations. Often athletes may be accustomed 
to playing with pain and have learned to ignore or 
not report pain in order to continue participation in 
their sport. Continuing to play with minimal impair-
ments in the shoulder may lead to more extensive 
damage and inability to play at the required level of 
performance. This provides additional importance 
to the study and the need to establish quick screen-
ing tools that can identify athletes at risk for injury.  

The KJOC is specific and sensitive to overhead ath-
lete’s pain and disability, however, not to any single 
identifiable pathology. It is intended as a self-report 
of activity limitations, not a diagnostic tool; however, 

test and KJOC scores (r = -.601, p = 0.00). The 
negative correlation indicated that as KJOC scores 
decreased demonstrating higher levels of self-
perceived limitations, the number of positive TIC 
items increased. No significant relationships were 
found between the Hawkins-Kennedy and KJOC 
(r = -.348, p= 0.12) or between the infraspinatus 
strength test and KJOC (r = -.040, p= 0.86). A sig-
nificant, fair correlation30 was found between the 
number of positive tests within the Park TIC and 
KJOC scores (r = -.426, p =0.05).

DISCUSSION 
In determining the clinometric properties for the 
painful arc test, the Hawkins-Kennedy test, and the 
infraspinatus muscle strength test, Park21 identified 
that the painful arc test had a sensitivity of 73.5 and 
a specificity of 81.1. The painful arc test had a better 
balance of sensitivity and specificity than the other 
two tests, meaning it was better at ruling in and rul-
ing out those with an impingement syndrome than 
the other two tests.

The current study found a significant moderate-
to-good negative relationship between the painful 
arc test and the KJOC, indicating that those with a 
positive test had lower KJOC scores. The results of 
the painful arc test and a fair negative correlation 
between KJOC scores and the number of positive 
tests in the Park TIC. The KJOC can be useful in 
identifying pitchers who require screening and pos-
sibly a complete examination to identify current 
pathologies and the risk of future pathology. 

Figure 1. Means and standard deviations for Kerlan-Jobe 
Orthopedic Clinic scores compared to the number of positive 
tests on the Park Test Item Cluster.  Eleven subjects had no 
positive tests, seven subjects had one positive test, two subjects 
had two positive tests, and one subject had three positive tests.
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and this adds support for the need of screening tools 
such as the Park TIC and the KJOC to identify those 
at risk so that appropriate prevention and interven-
tions can be provided. 

Possible reasons for low KJOC scores in the current 
sample, although none of the pitchers had been diag-
nosed with any shoulder pathology and none were 
under a physician’s care at the time of the study, 
include that the subjects were collegiate athletes and 
their motivation to continue playing, even with pain 
or at less than peak performance was likely high 
because of scholarship requirements or a desire to 
pursue a professional career in baseball. They may 
have downplayed any self-perceived pain or func-
tional limitations to coaches. Another consideration 
is that collegiate players have less access to medi-
cal professionals and resources than minor or major 
league players, so their self-perception of limited 
function may have been minimized since no pathol-
ogy or impairment had been identified.  A final 
consideration is that subjects were screened only 
for subacromial impingement and no other upper 
extremity dysfunction, so there is the possibility that 
the athletes in the sample had elbow impairments 
or shoulder issues not directly related to shoulder 
impingement. 

As in all samples, there was variability in the partici-
pants’ KJOC scores, especially in those individuals 
with two or three positive TIC tests.  The standard 
deviation of scores reflect the dispersion of scores 
around the mean. The standard deviation in the 
group who had no positive tests in the Park TIC was 
15.26 and in the group with one positive test was 
19.14, both of which are acceptable in a 100-point 
test. Two individuals had two positive TIC tests and 
only one individual had three positive tests, so the 
standard deviation in these cases is meaningless. 

In the current study, lower KJOC scores were sig-
nificantly correlated at a moderate-to-good relation-
ship30 with positive painful arc tests (r = -.601, p= 
0.00) and at a fair relationship between the number 
of positive tests within the Park TIC and KJOC scores 
(r = -.426, p = 0.05). It is interesting that the painful 
arc test had a higher correlation with the KJOC than 
the Park TIC, as most of the current literature agrees 
that a cluster of tests is generally more effective at 

lower KJOC scores have been associated with greater 
pain, disability, and function limitations in overhead 
athletes28  At this time there is not consensus in the 
literature on a single cut-off KJOC score that indi-
cates significant risk of future injury.  Kraeutler et 
al. identified a mean KJOC score for healthy minor 
league baseball players as 94.8. A healthy pitcher was 
defined by Kareutler et al.29 as “any pitcher starting 
the regular season at his assigned minor league level 
who did not have any acute injury affecting com-
plete unrestricted participation in baseball.”  They 
concluded that a score of less than 90 should alert a 
minor league pitcher’s medical team of the potential 
for injury, pain, or inability to function at full capac-
ity.29 A study by Fronek et al.31 assessed KJOC scores 
on 388 minor league baseball pitchers. Those partici-
pants who had never received treatment for injury 
to the shoulder had a mean KJOC of 94.6 compared 
to a mean of 87.9 for those who had received treat-
ment for a shoulder injury. Participants who were 
currently injured had a mean score of 80.2 on the 
KJOC compared to a mean score of 93.3 for those 
who were not injured.31 Oh et al. tested 52 profes-
sional players in the Korean Baseball League.32 The 
athletes playing without any arm trouble had an 
initial KJOC mean score of 89.2 (SD = 11.8), those 
playing with arm trouble, mean = 65.2 (SD = 4.4) , 
and individuals who were unable to play due to arm 
trouble the mean score was 42.0 (SD=4.7).32 

In the current study, all the pitchers were actively 
participating in baseball even though the mean 
KJOC score was 73.39 (SD 21.22), and 67% (14 of 
21) had a score of less than 90. These scores are less 
than those Kraeutler29 identified as requiring atten-
tion by the medical team or athletic trainers and are 
lower than the KJOC scores for injured athletes in 
the Fronek study. 

The findings of the current study agreed with the 
current literature, since 48% of the participants had 
at least one positive finding in the Park test cluster. 
The mean KJOC for the group was 73.39 which is 
lower than the mean of 80.2 that Fronek found in 
injured players.  The mean KJOC scores of athletes, 
whether they tested positive on any Park TIC items 
or not, was lower than 90 indicating that they were 
at risk for injury. Being at risk for injury does not 
preclude an athlete from playing his or her sport, 
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The ability to generalize these findings to a broader 
population needs further investigation because only 
pitchers from one college participated. A final limi-
tation is that the average age of the subjects was 20.9 
years and the self-reported average years of baseball 
experience was 16.38 years. Subjects included all 
years of participation in baseball, including those as 
young children. The question asked was “How many 
years have you played baseball?” asking about years 
of pitching experience instead may have provided 
more accurate data related to the research questions. 

CONCLUSION
The results of this study indicate that signifi-
cant moderate-to-good negative correlation exists 
between the KJOC and the painful arc test and a fair 
negative correlation exists between the KJOC and 
Park test item cluster. The findings of the current 
study were consistent with the findings of Park21 
and Michener et al.33 as the pitchers in the current 
study with no positive clinical tests had higher aver-
age KJOC scores compared to athletes with posi-
tive findings on two or three tests with lower mean 
KJOC scores. The current study demonstrated how 
the combination of impairment-specific cluster test-
ing and a self-reported activity-focused assessment 
tool (KJOC) could be utilized to identify potential 
shoulder pathology in collegiate baseball pitchers 
which creates subtle changes in performance. Low 
KJOC scores and increased number of TIC tests 
should alert the medical professional working with 
an athlete that a thorough examination and possibly 
intervention is indicated. The study contributes to 
the body of knowledge on utilization of the KJOC 
and the Park test-item cluster for impingement syn-
drome in baseball pitchers. 
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ABSTRACT
Background: The unilateral and repetitive nature of overhead sports, often result in a biomechanical overload of the 
upper extremity. Understanding the musculoskeletal shoulder range of motion (ROM) and strength patterns in the 
youth sports of baseball, softball, and tennis could assist injury prevention screening and further the development of 
conditioning and rehabilitation programs.

Purpose: To generate a descriptive profile of shoulder musculoskeletal characteristics and determine whether bilat-
eral differences in shoulder ROM exist in youth baseball, softball, and tennis athletes. A secondary aim was to deter-
mine whether shoulder rotational adaptations are correlated with playing position, sport, or years of experience.

Study Design: Descriptive Laboratory

Methods: A total of 136 competitive youth overhead athletes (baseball: n=51,12.8±0.9yrs; softball: n=63,12.3±1.1yrs; 
and tennis: n=22,12.5±0.9yrs) participated. Bilateral shoulder internal (IR) and external (ER) passive ROM and exter-
nal rotation strength were measured using an inclinometer and handheld dynamometer. 

Results: Significant differences (p<.001) in bilateral shoulder ROM and ER strength were found between the athletes 
in the three sports. Post-hoc test revealed tennis athletes had greater bilateral shoulder ROM than both baseball and 
softball athletes, but baseball and softball athletes had greater bilateral ER strength than tennis athletes. There were 
no differences between baseball and softball athletes. Additionally, tennis athletes had greater bilateral internal rota-
tion and total ROM but less ER strength than baseball pitchers, baseball positional athletes, softball pitchers, and 
softball positional athletes. There were no significant differences between positions and baseball and softball athletes. 
There were no significant correlations between playing position, sport, or years of experience.

Conclusion: The results of this study showed differences in shoulder passive ROM and strength adaptations between 
youth tennis, baseball, and softball athletes. The descriptive nature of this study is impactful as it presents specific 
ROM adaptions seen in this population. Future research is needed to further evaluate if the “at risk” ROM identified 
in older populations holds true in the youth population.

Level of Evidence: Diagnosis, Level 3b.

Key Terms: baseball, isometric strength, movement system, range of motion, shoulder, softball, tennis
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INTRODUCTION
Overhead youth sports (athletes under the age of 18) 
like baseball, softball, and tennis are popular at mul-
tiple competition levels. Recently, the United States 
National Federation of State High School Associa-
tions reported baseball, softball, and tennis as three 
of the top ten most popular high school sports.1 Dur-
ing the 2018-2019 season more than 1,193,528 high 
school athletes participated in either baseball, soft-
ball, or tennis.1 As the numbers of youth participat-
ing in overhead sports increases, the awareness of 
sport specialization as well as injury susceptibility 
intensifies. As a result, there has been an observed 
increase in overuse pathologic conditions affecting 
the upper extremity.2

Injuries to the upper extremity (shoulder and elbow) 
comprise a vast number of all the injuries occurring 
across multiple levels of competition, in the sports 
of baseball, softball, and tennis.3-9  Residual shoulder 
pain in overhead athletes is often attributed to sport-
specific adaptations in flexibility and strength not 
only at the glenohumeral joint, but throughout the 
entire kinetic chain.10 The cumulation of these biome-
chanical alterations, due to the unilateral and repeti-
tive nature of these overhead sports, often result in a 
biomechanical overload of the upper extremity. The 
torque and forces experienced through the shoulder 
of an overhead athlete can lead to changes in range 
of motion (ROM), specifically decreased internal 
rotation (IR) and increased external rotation (ER), 
which may result in a glenohumeral internal rota-
tion deficit (GIRD).11,12 These ROM adaptations have 
been associated with increased injury susceptibil-
ity. In particular, decreases in IR, total rotational 
motion (TROM), and bilateral ER strength have all 
been associated with injury risk in adult overhead 
athletes.11-15 While the examination of glenohumeral 
ROM and strength alone does not allow for definitive 
conclusions, it is postulated that acceptable muscle 
balance and ROM are critical in the protection of the 
shoulder during dynamic repetitive upper extremity 
movements.16-18 The unilateral aspect of the sports 
of baseball, softball, and tennis create muscular and 
ROM imbalances that could result in upper extrem-
ity injury.19,20 Thus, further investigation into ROM 
and strength patterns in youth baseball, softball, and 
tennis athletes is warranted.

Several authors have examined ROM adaptations in 
adult overhead athletes and found increased risk of 
shoulder and elbow injury if a loss of glenohumeral 
IR (GIRLoss) of 15º to 25º is present in the dominant 
shoulder compared to the non-dominant shoulder or 
if a TROM deficit (TROMD) of >5º exists between 
the dominant and non-dominant shoulder.11,13,14,21,22 
Additionally, it has been postulated that excess gle-
nohumeral ER or an ER gain  (GERGain, defined as 
excessive ER of the dominant shoulder in comparison 
to the non-dominant shoulder) could also increase 
injury susceptibility.23 However, it has been docu-
mented that in contrast to GERGain, a glenohumeral 
ER insufficiency (GERInsufficiency), as defined by 
having less than 5º more ER in the dominant shoul-
der than non-dominant shoulder, has also been asso-
ciated with injury. Specifically, in an examination of 
adult baseball pitchers it was found that those with 
GERInsufficiency were 2.2 times more likely to be 
placed on the disabled list due to shoulder injury.11

The available literature has focused on ROM adap-
tations about the shoulder in adult overhead ath-
letes,7,8,11,13-15,21-23 while there is a paucity of literature 
regarding these musculoskeletal adaptations in 
youth overhead athletes. Bilateral descriptive data 
for glenohumeral ROM and strength are not avail-
able for comparisons within the most popular youth 
overhead sports of baseball, softball, and tennis. 
Understanding the musculoskeletal shoulder ROM 
and strength patterns at the youth level in these 
sports could assist in the development of injury 
prevention screening and further the development 
of conditioning and rehabilitation programs either 
based on sport-specific demands or the dynamic 
upper extremity demands of these sports.

The purpose of this study was to generate a descrip-
tive profile of shoulder musculoskeletal character-
istics and determine whether bilateral differences 
in ROM exist in youth baseball, softball, and tennis 
athletes. A secondary aim was to determine whether 
shoulder rotational adaptations are correlated with 
playing position, sport, or years of experience.

METHODS

Participants
This observational descriptive study examined youth 
overhead athletes participating in baseball, softball, 
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GERGain =  (dominant shoulder ER) – (non- 
dominant shoulder ER)

TROM = (ER) + (IR)

TROMD =  (non-dominant shoulder TROM) – (domi-
nant shoulder TROM)

With the participant in the same position as described 
for ROM, shoulder ER isometric strength was mea-
sured for the baseball and softball participant. The 
dynamometer was placed on the posterior aspect 
of the forearm approximately two inches below the 
line connecting the radial and ulnar styloid. Partici-
pants were then instructed to externally rotate their 
humerus against resistance with gradually increas-
ing effort until maximum effort was reached and to 
maintain maximum effort until instructed to relax 
by the examiner.27 Due to the different testing loca-
tions, the tennis participants were assessed  for 
shoulder ER strength in a supine position with the 
humerus in a position of neutral rotation.16  How-
ever, it should be noted that both testing positions 
are valid and have proven to result in excellent reli-
ability, regardless of the examiner, position of the 
patient, or position of the shoulder.28

Statistical Analysis
Statistical analyses were performed using IBM SPSS 
Statistics 25 software (IBM Corp., Armonk, NY). To 
examine if there are differences in ROM and ER 
strength between softball, baseball, and tennis ath-
letes a Kruskal-Wallis test was used due to unequal 
sample size groups and because the data was non-
normally distributed. When a significant difference 
among sports was found, post-hoc Mann-Whitney 
U tests were used to determine exact difference 
between the sports. Spearman Rank correlations 
were used to determine correlations between years 
of experience, ROM, and ER strength for each sport 
and then for sport position within baseball and soft-
ball. Bonferroni corrections were applied to all sta-
tistical test to minimize the effects of type 1 error, 
setting a priori at α = .0045. 

RESULTS

Examination between Sports
A total of 136 youth overhead athletes currently on the 
team’s competitive roster of either baseball (n=51; 

and tennis. Inclusion criteria included youth (ages 
10-19) with no injury within the prior six months and 
no history of surgery to the upper or lower extrem-
ity. Prior to data collection, all testing procedures 
were explained to each participant and informed 
assent and parental consent were obtained. The 
Auburn University Institutional Review Board and 
the Institutional Review Board of Universidade Fed-
eral de São Carlos approved all testing protocols.

Procedures

Participants reported to the Sports Medicine and Move-
ment Laboratory or the Training and Performance 
Center on the day of participation. After an over-
view of testing procedures, participants completed a 
health history questionnaire that included document-
ing their years of competitive experience. Following 
the completion of the questionnaire, bilateral shoul-
der IR and ER passive ROM, and bilateral shoulder ER 
isometric strength were assessed. Shoulder rotational 
ROM’s were measured using digital inclinometers 
(Fabrication Enterprises, Inc., White Plains, NY and 
Lafayette Instrument Company, Lafayette, IN), while 
shoulder ER isometric strength was measured using 
a hand-held dynamometer (Lafayette Instrument 
Company, Lafayette, Ind., USA).

Assessments were performed by one of four examiners 
over the course of a two-year period. High intraclass 
correlation coefficients were reported for IR and ER 
ROM (ICC(3,k) of 0.84-0.98) for all examiners. Shoulder 
rotational ROM testing was performed using standard 
passive ROM techniques and the visual inspection 
technique were used to determine glenohumeral 
ROM, isolate glenohumeral movement, and control 
for scapulothoracic movement.24-26 Participants were 
supine on a table with the shoulder in 90º of abduction 
and elbow in 90º of flexion with a rolled towel under 
the distal humerus to maintain humeral position. The 
inclinometer was placed on the soft tissue contour of 
the forearm between the olecranon process and the 
styloid process of the ulna. Range of motion measure-
ments were recorded at scapulothoracic movement 
during IR and firm capsular end-feel during ER.24-26 
GIRLoss, GERGain, TROM, and TROMD were calcu-
lated for all participants as follows:23

GIRLoss =  (non-dominant shoulder IR) – (dominant 
shoulder IR)
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statistically significantly (p < .001) greater bilateral 
IR ROM, TROM, and GIRLoss than softball athletes; 
however, softball athletes had statistically signifi-
cantly greater bilateral ER strength (p < .001) than 
tennis athletes. There were no significant differ-
ences between baseball and softball athletes. 

There were no significant correlations between 
ROM, sport, years of experience or sex. 

Examination of Sport Position
Since tennis does not have sport positions all ten-
nis athletes were included as a single group, while 
baseball and softball athletes were classified as posi-
tion player or pitcher. Descriptive data for tennis 
versus baseball position play and pitcher are pre-
sented in Table 3. There were significant differences 
(p < .001) in dominant shoulder IR ROM, dominant 
shoulder TROM, non-dominant shoulder IR ROM, 

12.8 ± 0.9yrs; 165.9 ± 10.3cm; 58.2 ± 10.7kg), softball 
(n=63; 12.3 ± 1.1yrs; 163.4 ± 9.1cm; 59.7 ± 12.5kg) 
or tennis (n=22; 12.5 ± 0.9yrs; 160.6 ± 8.4cm; 48.7 ± 
10.0kg) participated in the study (Table 1). Descrip-
tive demographic data can be found in Table 2. Sig-
nificant differences were found between the athletes 
of the three sports (p < .001) in dominant shoulder 
IR ROM, dominant shoulder TROM, non-dominant 
shoulder IR ROM, non-dominant shoulder TROM, 
dominant shoulder ER strength, non-dominant 
shoulder ER strength, and GIRLoss. No significant 
differences were found in dominant or non-dom-
inant shoulder ER ROM. Post hoc testing revealed 
that tennis athletes had statistically significantly  
(p < .001) greater bilateral IR ROM and TROM than 
baseball athletes; however, baseball athletes had sta-
tistically significantly greater bilateral ER strength 
(p <.001). Examining tennis and softball athletes, 
the post hoc test revealed that tennis athletes had 

Table 1.  Means and Standard Deviations for Overall Demographic 
 Characteristics.

Table 2.  Means and Standard Deviations for Dominant and Non-dominant Shoulder by Sport.
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TROM, dominant shoulder ER strength, non-domi-
nant shoulder ER strength and GIRLoss (p = .002). 
Tennis athletes had greater bilateral IR ROM, TROM, 
and GIRLoss than the softball positional players; 
while the softball positional players had greater bilat-
eral ER strength. Furthermore, there were signifi-
cant differences (p < .001) between tennis athletes 
and softball pitchers in dominant shoulder IR ROM, 
dominant shoulder TROM, non-dominant shoulder 
IR ROM, non-dominant shoulder TROM, dominant 
shoulder ER strength, and non-dominant shoulder 
ER strength. Again, the tennis athletes had greater 
bilateral IR ROM and TROM than softball pitchers, 
while the softball pitchers had greater ER strength. 
Additionally, there were no significant differences 
between softball pitchers and positional athletes. 
Furthermore, examining  baseball and softball sport 
positions, there were no significant differences, nor 
were there any significant correlations between 
ROM, sport position, or years of experience. 

DISCUSSION
The current study aimed to generate a descriptive 
profile of shoulder musculoskeletal characteristics 
and determine whether bilateral differences in ROM 
exist in youth overhead athletes participating in 
baseball, softball, and tennis. A secondary purpose 
was to determine whether shoulder rotational adap-
tations are correlated with playing position, sport, 
years of experience and or sex. It was revealed that 
between the three sports, tennis athletes had greater 

non-dominant shoulder TROM, dominant shoulder 
ER strength, non-dominant shoulder ER strength, 
and GIRLoss (p = .004) between sport positions. 
Follow-up tests revealed significant differences (p < 
.001) between tennis athletes and baseball positional 
players in dominant shoulder IR ROM, dominant 
shoulder TROM, non-dominant shoulder IR ROM, 
non-dominant shoulder TROM, dominant shoul-
der ER strength, and non-dominant shoulder ER 
strength. The tennis athletes had greater bilateral IR 
ROM and TROM than the baseball positional play-
ers; while baseball positional players had greater 
bilateral ER strength. Additionally, there were sig-
nificant differences (p < .001) between the tennis 
athletes and baseball pitchers in dominant shoulder 
IR ROM, dominant shoulder TROM, non-dominant 
shoulder IR ROM, non-dominant shoulder TROM, 
dominant shoulder ER strength, and non-dominant 
shoulder ER strength. Tennis athletes had greater 
bilateral IR ROM and TROM than baseball pitchers, 
though the baseball pitchers had greater bilateral ER 
strength. Finally, there were no significant differ-
ences between baseball pitchers and baseball posi-
tional athletes. 

In the examination of tennis to softball athletes, 
similar results were found (Table 4). There were 
significant differences (p < .001) between softball 
positional players and tennis players in dominant 
shoulder IR ROM, dominant shoulder TROM, non-
dominant shoulder IR ROM, non-dominant shoulder 

Table 3. Means and Standard Deviations for Tennis, Baseball Pitchers, and Baseball Positional Athletes.
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‘at risk’ range. The current study is one of the first 
to present GIRLoss data and though there were not 
significant differences between sports, the clinical 
significance of these data is noteworthy. 

The GERGain reported in the current study was not 
statistically different between the athletes. How-
ever, in contrast to GERGain is ER insufficiency and 
54% (n = 73) of the athletes in the current study had 
less than 5º more of ER ROM in the dominant than 
the non-dominant arm. This indicates the need for 
further investigation as ER insufficiency has been 
associated with shoulder injury professional base-
ball athletes.11

Several authors have described that youth tennis and 
baseball athletes display less IR ROM and greater ER 
ROM on their dominant side as compared to their 
non-dominant side;14,16,18,29 however, to the authors 

shoulder ROM than baseball and softball athletes, 
though they also had a greater amount of GIRLoss 
than the softball athletes. Additionally, baseball and 
softball athletes (positional and pitchers) had greater 
bilateral ER strength than the tennis athletes. 

It is documented that adult baseball pitchers with a 
GIRLoss of approximately 15º to 25º in their domi-
nant shoulder are at a greater risk of injury.11,13,14,22 
Though the overall mean of GIRLoss in the youth 
tennis athletes was lower than the previously docu-
mented range of increased injury risk, in previous 
reports of adult athletes, it should be noted that 
18.2% (n = 4) of the tennis athletes fell within the 
adult range for injury risk (Table 5). Additionally, it 
is worth noting that though there were no significant 
differences in GIRLoss between the youth baseball 
and softball athletes, 11.8% (n = 6) of the baseball 
and 3.1% (n = 2) of the softball athletes were in the 

Table 4. Means and Standard Deviations for Tennis, Softball Pitchers, and Softball Positional Athletes.

Table 5. Number and Percent of Athletes “At Risk”.
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extremity athletes such as baseball, softball, and 
tennis. Particularly, the increase in ER ROM and 
decrease in IR ROM in the dominant arm as com-
pared to the non-dominant arm as well as simi-
lar bilateral TROM values are seen as an adaption 
that has previously been referred to as necessary 
for improved performance and decreased injury 
risk.32,33 Understanding these ‘normal’ ROM adap-
tions in upper extremity athletes at all competition 
levels can help clinicians better assess and develop 
injury prevention and rehabilitation programs. 

Compared to what is known in adult upper extrem-
ity athletes these youth participants were healthy 
and displayed relatively normal findings. Specifi-
cally, the athletes in the current study displayed this 
‘normal’ ROM adaptation of increased ER ROM and 
decreased IR ROM, however the presentation of GIR-
Loss and TROMD requires for further investigation. 
The generalizability of these results however is sub-
ject to certain limitations. While years of experience 
was assessed workload (hours of practice, rest days, 
stretching routine, competition level, strength and 
conditioning routine, pitch count, etc.) was not. Pre-
vious research has shown that workload can influ-
ence the degree of musculoskeletal adaptions and 
could of played a role in our results.9,34-36 However, 
when there is a deficit in total ROM, the clinician 
must determine whether the deficit is due to the lack 
of ER ROM in a retroverted shoulder or lack of IR 
ROM associated with posterior shoulder tightness.37 
Not assessing these musculoskeletal adaptions at a 
particular point in the season (for each athlete) is also 
a limitation.25 Additionally, not all athletes lived in a 
particular region, so environmental factors could also 
have an impact on the results of the study. Finally, 
ER strength was measured in all participants while 
they were supine, however the baseball and softball 
athletes were in a position of 90º abduction while the 
tennis athletes were in neutral. Though these differ-
ing positions are a limitation, it should be known that 
both positions are valid and have proven to result in 
excellent reliability, regardless of the examiner, posi-
tion of the patient, or position of the shoulder.28

CONCLUSION
These results of the current study demonstrate that 
youth tennis athletes have more bilateral IR ROM 

knowledge there is no documented normative ROM 
adaptations for youth softball athletes. Total range 
of motion, as defined as the sum of shoulder IR and 
ER, should be similar upon bilateral examination in 
healthy upper extremity athletes.14,16,18,29,30 However, 
TROMD of greater than 5º when comparing domi-
nant to non-dominate sides, is considered an injury 
risk regardless of age.11,13,14,22 Though the current study 
did not reveal statistically significant differences in 
TROMD between the baseball, softball, and tennis 
athletes, the TROMD displayed by these athletes may 
be considered clinically significant. Specifically, of 
the 135 athletes examined over 50% demonstrated a 
TROMD of greater than 5º (Table 5). It is postulated 
that the total TROMD adaptation in these unilaterally 
dominant upper extremity athletes could be a result 
of capsular adaptions from reduced posterior gleno-
humeral joint capsule extensibility; musculotendi-
nous adaptations from reduced posterior shoulder 
muscle/tendon extensibility; and or osseous factors 
such as increased humeral retroversion.31

In addition to ROM adaptions known within athletes 
who participate in upper extremity sports as well as 
the ROM adaptations reported in the current study, 
there is also a concern about strength adaptions. 
The current study revealed that the baseball and 
softball athletes had greater shoulder ER strength 
than the tennis athletes. While examination of ER 
strength alone does not allow definitive conclusions, 
it is known that muscle balance and ROM are critical 
to protect the shoulder during dynamic repetitive 
upper extremity movements.16-18 Unilateral sports 
such as baseball, softball, and tennis create muscular 
imbalances, specifically glenohumeral IR strength 
being stronger than ER strength. However, since the 
current study only examined shoulder ER strength 
in healthy athletes, no inferences can be made 
regarding muscular balance or imbalances between 
IR and ER strength in these youth athletes. The lack 
of shoulder IR strength data is a limitation, however, 
one should be mindful of the strength adaptions that 
are present in dynamic upper extremity sports such 
as baseball, softball and tennis as it was found that 
the baseball and softball athletes had significantly 
greater ER strength than the tennis athletes.

Clinically it is important to understand what ‘typi-
cal’ ROM measures are when working with upper 
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22. Garrison JC, Cole MA, Conway JE, et al. Shoulder 
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and TROM than youth baseball and softball athletes. 
The baseball and softball athletes had increased ER 
strength as compared to the tennis athletes. No sig-
nificant differences in outcomes were seen between 
baseball and softball athletes. These data may con-
tribute to previous literature by providing norma-
tive values for youth baseball, softball, and tennis 
athletes. In lieu of the ‘at risk’ measures of GIRLoss 
and TROMD for youth athletes, the authors recom-
mend monitoring these measurements prior to a 
season and throughout the season. To the authors’ 
knowledge, this is the first report of GIRLoss and 
TROMD values in youth baseball, softball, and ten-
nis athletes and future investigators should establish 
whether GIRLoss and TROMD ‘at risk’ ranges estab-
lished in adult upper extremity athletes are appli-
cable to youth.
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ABSTRACT
Background: In volleyball, offensive (Hitters) and defensive players (Non-Hitters) perform differing actions that vary 
both kinematically and in terms of intensity. This may impose contrasting demands on the musculature involved in 
performing these actions. Previous research has identified differences in the muscle activation and contractile prop-
erties of the lower-body musculature between positions. Additionally, asymmetries between dominant and non-
dominant limbs of the upper-body musculature has been observed in athletes performing overhead movements.

Purpose: The aim of this study was to use Tensiomyography (TMG) to examine the contractile properties of the shoul-
der musculature in elite volleyball players.

Study Design: Cross-sectional study 

Methods: Thirty-one elite volleyball players participated in this study (Age: 23 ± 2 yrs, Body Mass: 76.5 ± 9.8 kg, 
Stature: 181 ± 9.3 cm), 26 of which displayed right-limb dominance and five displayed left-limb dominance. Contrac-
tile properties of the shoulder musculature including the anterior deltoid (AD), biceps brachii (BB), posterior deltoid 
(PD), and the upper trapezius (UT) were assessed bilaterally using TMG measures on one occasion prior to any train-
ing or exercise. The contractile measures provided by TMG included the maximal displacement (Dm), contraction 
time (Tc), delay time (Td), sustain time (Ts), and the relaxation time (Tr).

Results: No statistically significant differences were observed between positions or limbs, except that Hitters displayed 
a significantly lower Ts of the left AD compared to Non-hitters (p = 0.01, ES = 1.02), and significant differences 
between dominant and non-dominant sides in the Td of the UT in Non-hitters were present (p = 0.05, ES = 0.8).

Conclusion: These data suggest that irrespective of playing position and limb dominance, contractile properties of the 
shoulder musculature in elite volleyball players, as measured using TMG, display few significant differences. 

Levels of Evidence: 3b

Keywords: Asymmetry, Athletes, Positional Differences, Positional Players, Movement System
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INTRODUCTION
In volleyball, the objective of offensive players is to 
attack to score points, typically achieved by hitting 
the ball at high speeds in an action called “spiking.” 
The action of spiking is complex and is the compi-
lation of technical skill and muscular qualities. The 
front row players (i.e outside hitters, opposites and 
middle blockers) will take a majority of these swings, 
for elite players practicing 16-20 hours per week, 
spike counts can reach 40,000 in a single season.1 On 
the other hand setters are responsible for handling 
the second contact, their job is to position the ball for 
the hitters to perform an overhead strike or “spike” 
manoeuvre and to put the hitters in the best possible 
position to score. Finally, liberos are defensive spe-
cialists whose main roles are to receive serves and 
play defence. Setters and liberos still perform over-
head skills such as serving and setting however, the 
intensity of these actions is lower than that seen dur-
ing spiking performed by hitters.2 The highly-specific 
actions required of each position leads to a difference 
in demands placed on the body and requires differ-
ent muscular actions. Furthermore, positional spe-
cialization may result in repetitive forceful overhead 
actions in some volleyball athletes that could create 
differences in musculature between positions and in 
dominant (D) versus non-dominant (ND) arms.3 

It is unclear whether asymmetries between D and 
ND limbs are a necessary adaptation or a cause of 
injury within volleyball. Shoulder overuse inju-
ries are common in volleyball and account for 
about 8-20% of all volleyball injuries.4 Despite the 
prevalence of shoulder injuries in volleyball, most 
research examining overhead athletes has studied 
athletes participating in other biomechanically simi-
lar sports such as baseball or tennis.5,6 The risk of 
injury in addition to the importance of spiking in 
volleyball indicate further analysis into the specific 
musculature involved in this action is needed. This 
current lack of evidence specific to volleyball means 
muscular adaptations associated with performing 
positional specific actions regularly in technical 
practices is unclear. 

Analysis of muscular properties and muscular activ-
ity during various movements have been used to gain 
insight into understanding various types of athletic 
performance. Reeser, et al.7 used electromyography 

(EMG) to analyze the volleyball spike and determined 
that muscle activity differed in the various phases of 
the swing. In preparation for spiking the hitter must 
cock their arm back by abducting and externally 
rotating at the shoulder. During the “wind-up” phase 
of the spike, peak activity was found in the anterior 
deltoid, infraspinatus and supraspinatus. Then as the 
arm is cocked back the infraspinatus and teres minor 
work to externally rotate the shoulder. Finally, as 
the arm accelerates toward the ball the internal rota-
tors (teres major, subscapularis, pectoralis major and 
latissimus dorsi) were found to be at their highest 
activity.8 The glenohumeral joint is inherently quite 
unstable, thus, the muscles of the shoulder, primar-
ily the rotator cuff, are critical to stabilizing the joint 
while spiking.9 Furthermore, studies have found that 
ball velocity is correlated to strength measures of the 
internal rotators of the shoulder which, supports the 
findings seen from the EMG study.10

Tensiomyography (TMG) is a novel and non-invasive 
method of quantifying the contractile properties of 
the muscle including; maximal displacement (Dm), 
contraction time (Tc), delay time (Td), sustain time 
(Ts), and relaxation time (Ts). The method involves 
applying extramuscular electrical stimulation to the 
muscle in a relaxed state and quantifying the radial 
displacement of the muscle belly, subsequent cal-
culations can provide information on the magni-
tude and speed of contraction, speed of relaxation, 
responsiveness of the skeletal muscle assessed and 
an estimation the ratio of type I to type II fibers.11-15 
This process can provide novel information com-
pared to EMG as it describes an athletes’ muscular 
profile, rather than their specific activation patterns. 

While previous work has examined the spike action 
using EMG7, what is not yet known is whether the 
differing positional demands of volleyball result in a 
different contractile profile of the shoulder muscu-
lature at rest. This assessment of contractile proper-
ties may provide physiotherapists and support staff 
valuable information relating to positional specific 
adaptations of the shoulder musculature in response 
to practices and game play. This information may 
assist practitioners in the decision-making process 
when designing training and rehabilitation interven-
tions, as it relates to accounting for positional differ-
ences and potential asymmetries.
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the shoulder between H and NH, as well as D vs 
ND muscle property differences within both groups. 
Measurements of the muscular properties of the 
shoulder were assessed in all participants using 
TMG. The methodology for TMG assessment was 
identical for all participants with values taken by the 
same investigator, who had experience with TMG  
(> 1 year). All measurements were taken prior to 
the start of the athlete group’s training session before 
any exercise had been undertaken. 

TMG measurements were taken of the anterior 
deltoid (AD), biceps brachii (BB), posterior deltoid 
(PD), and the upper trapezius (UT) on both left 
and right sides. These muscle groups were selected 
based on previous studies investigating the muscle 
firing patterns of the shoulder during the volleyball 
serve and spike along with similar overhead throw-
ing motions.2,8 In these studies, the AD, BB and PD 
were identified, among other deep muscles, as key 
muscle groups acting on the glenohumeral joint and 
the UT was identified as a key muscle group, among 
other deep muscles, acting on the scapular joint. 
These selected muscles were chosen for measure-
ment as they are superficial and therefore able to be 
assessed using TMG. All measurements were taken 
when participants were in a seated upright position, 
as recommended by the TMG user guidelines. The 
values recorded from these measurements were then 
used to assess differences between H and NH, along 
with differences between left and right limbs within 
groups. The reliability of TMG measurements has 
previously been established, with intra-class correla-
tion coefficient (ICC) ranges of 0.77-0.97 and 0.86-
0.98 reported for all muscle contractile properties of 
the vastus medialis and biceps brachii, respectively. 
16,17 Specific information pertaining to calculation of 
metrics derived from contractility the authors refer 
the reader the cited document. 18 

Procedures
TMG creates a radial displacement using a port-
able device via an electrical stimulus (up to 100mA, 
for 1 ms) that is applied percutaneously, eliciting 
a muscular contraction that is detected by a digital 
transducer applied above the muscle belly (Figure 
1).11 This digital transducer records the displace-
ment from the muscle belly using a spring loaded 

TMG has not yet been used to assess differences in 
the contractile properties of the shoulder muscula-
ture between hitters and non-hitters along with the 
presence of asymmetries between dominant and 
non-dominant arms. Therefore, the aim of this study 
was to use TMG to examine the muscular proper-
ties of the shoulder in elite volleyball players. It 
was hypothesized that differences in the contrac-
tile properties of the shoulder musculature would 
be present with hitters displaying faster contraction 
times, shorter delay times and a greater maximum 
displacement than non-hitters. Furthermore, it was 
hypothesized that differences between D and ND 
arms would be present, with the D arm displaying 
faster contraction times, shorter delay times and a 
greater maximum displacement than the ND arm.

METHOD

Participants 
A total of 31 elite volleyball players volunteered to 
participate in the study and were allocated into two 
groups based on whether they were hitters (H) or 
non-hitters (NH). All players were competing in the 
Volleyball England Men’s or Women’s Super League 
(Tier 1 of English Volleyball). Participants allocated 
to the hitters group were characterised by their pri-
mary position being considered a front row attacker 
(i.e. outside hitters, middle blockers and opposites). 
Participants not characterised by this definition (i.e. 
setters, defensive specialists and liberos) were allo-
cated to the non-hitter group. Right limb dominance 
was displayed in 14 participants in the hitters group 
and all 12 participants in the non-hitters group. Left 
limb dominance was displayed in five participants 
in the hitters group. Both males and females were 
included with participant characteristics presented 
in Table 1. All none injured squad members partici-
pated in the testing procedures, which determined 
the n. Participants were informed of the procedures 
and risks associated with the study and provided 
written informed consent before participating. Ethi-
cal approval for the study was granted by the Insti-
tutional Ethical Committee.

Protocol
A cross-sectional, comparative study was conducted 
to assess differences of the muscular properties of 
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by a plateau of muscle displacement in the twitch 
response curves.13 Only the maximal output data 
were used for subsequent analyses. The variables 
measured using TMG for all muscle groups were 
maximal displacement, contraction time, delay 
time, sustain time, and relaxation time (Figure 2). 
Maximal displacement (Dm): The maximal radial dis-
placement of the muscle belly. Contraction time (Tc): 
the contraction time between 10 and 90% Dm. Delay 
time (Td): the time taken from the onset of the elec-
trical stimulus to 10% of the maximal radial displace-
ment. Sustain time (Ts): the time between the instant 
when the Dm reached 50% of its value until, during 
relaxation, the Dm returned to 50% of its maximal 
value. Relaxation time (Tr): the time taken for Dm to 
fall from 90% to 50% (relaxation time, Tr).17 

Statistical Analysis
Data are presented as mean ± SD. Statistically signif-
icant differences were noted when p < 0.05. All sta-
tistical analyses were conducted using the Microsoft 
Excel 2013 statistical package. Differences between 
groups for all variables in the muscle groups mea-
sured were assessed using a paired samples inde-
pendent t-test. Differences between D and ND limbs 
within groups for all variables in the muscle groups 
measured were assessed using a within-subjects 
dependent t-test. Percentage differences were calcu-
lated for differences between groups as well as for dif-
ferences within groups for all variables in the muscle 
groups measured. Within group differences were also 
assessed by calculating 90% confidence intervals for 
all variables in the muscle groups measured.

In addition, effect sizes were calculated along with 
associated qualitative inferences for both differences 
between groups and within groups. Between group 
effect sizes were calculated using the formula from 
Hedges (Equation 1)18 as the Hitters and Non-Hitters 
contained different group sizes. Within group effect 
sizes were calculated using the formula from Cohen 
(Equation 2).19 The qualitative inferences associated 
with the calculated effect sizes were defined as trivial 
(< 0.2), small (0.2 - 0.6), moderate (0.6 - 1.2), large (1.2 
- 2.0), very large (2.0 - 4.0), and nearly perfect (> 4.0).20

Hedges g
M M
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'

*

  

 
=

−
1 2

displacement sensor at the surface of the skin 
(TMG-BMC Ltd, Ljubljana, Slovenia). The sensor 
was consistently retracted to 50% of its length to 
ensure a consistent initial pressure for all muscles 
measured.13 The sensor was positioned perpendicu-
lar to the thickest part of each muscle group, identi-
fied through visual inspection and palpation of the 
muscle during a voluntary contraction.12 The elec-
trical stimulus was delivered through self-adhesive 
electrodes that were placed approximately 5cm on 
either side of the sensor for all muscle groups.

A series of contractions of increasing amplitude 
(approximately 10mA) was used to obtain a maximal 
response. This maximal response was determined 

Figure 2. Example of a radial twitch responses to an electri-
cal stimulation with the measured variables annotated. Dm 
= Maximal displacement, Tc = Contraction time, Td = 
Delay time, Ts = Sustain time, Tr = Relaxation time.

Figure 1. Visual representation of the equipment and set up 
for the measurement of the contractile properties of the biceps 
brachii using tensiomyography.
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RESULTS
Descriptive characteristics of participants are pre-
sented in Table 1.

Between groups
Hitters (76.77 ± 50.91 m·s-1) showed significantly 
different (404% lower, p = 0.01) sustain time of the 
left AD compared to NH (186.34 ± 159.44 m·s-1) 
with a moderate effect size (ES = 1.02). 

Moderate effect sizes were observed in the right AD 
of H showing a 143.27% lower sustain time (83.36 
± 93.62 vs 211.31 ± 270.86 m·s-1, p = 0.07, ES = 
0.69); a 364.26% lower relaxation time (26.12 ± 
31.00 vs 58.5 ± 62.99 m·s-1, p = 0.07, ES = 0.70); 
and a 47.11% lower delay time (16.96 ± 6.85 vs 22.38 
± 10.38 m·s-1, p = 0.09, ES = 0.65) of the right AD 
compared to NH, respectively, although none of 
these differences were significantly different. No 
significant differences were observed between H 
and NH (p > 0.05) with trivial and small effect sizes 
calculated in all other muscle groups for all other 
variables measured (Table 2). 

Within groups
Significant differences and moderate effect sizes 
were observed in the delay time between the D and 
ND UT in NH (36.01%, 90% CI = -26.08 to -3.93 
m·s-1, ES = 0.8, p = 0.05) and the contraction time 
of the D and ND BB in H (15.72%, 90% CI = -4.04 
to 1.83 m·s-1, ES = 0.72, p= 0.01). A moderate effect 
size was observed between D and ND sides for the 
relaxation time of the PD in NH (48.02%, 90% CI = 
0.23 to 7.06 m·s-1, ES = -0.52, p = 0.11), however this 
was non-significant (Table 3).

Significant differences were observed between D and 
ND sides in the sustain time (30.85%, 90% CI of -57.05 

to -6.14 m·s-1, P = 0.04) and maximum displacement 
(22.25%, 90% CI of -6.70 to 0.67 mm, p = 0.03) of the 
BB in H, however only small effect sizes were cal-
culated (ES = 0.56 and ES = 0.37, respectively). No 
significant differences were observed between D and 
ND muscle groups in any of the variables measured 
for H and NH (p > 0.05), with trivial and small effect 
sizes measured and 90% CI’s spanning 0. 

As can be seen from Figure 3, no significant differ-
ences were observed in the overall contractile sym-
metry of the muscle groups measured in H or NH.

Discussion
The aim of the current study was to assess if differ-
ences exist in the contractile properties of the shoul-
der musculature in elite volleyball players between 
playing positions, and if asymmetries in the con-
tractile properties exist between dominant and non-
dominant arms as measured by TMG. Key findings 
indicate that H and NH display similar contractile 
properties and no asymmetries between dominant 
and non-dominant arms in the shoulder muscle. 

Positional differences between Hitters and 
Non-Hitters
The findings of the current study are unexpected 
due to the differences in actions performed 
between H and NH.1,2 Specifically, H perform 
spiking actions requiring forceful muscular con-
tractions performed at high velocities and intensi-
ties to strike the ball with the greatest velocity.1,7 
In contrast, NH perform setting actions requiring 
lower intensity, less forceful muscular contrac-
tions to place the ball in specific positions at lower 
velocities in preparation for H to strike.2,10 The dif-
ferences expected are supported by performance 
evaluations of playing position conducted by 
Mielgo-Ayuso, et  al.23 who observed significantly 
greater overhead medicine ball throw scores in hit-
ters compared to non-hitters. Similarly, Marques, et 
al.24 observed greater upper-body strength perfor-
mances in hitters compared to setters and liberos in 
the bench press and overhead medicine ball throw. 
Marques, et al.24 suggested the diminished upper-
body strength qualities exhibited by liberos and 
setters may be a reflection of the limited upper-
body movement during play compared to hitters. 

Table 1. Descriptive characteristics of Hitters and 
Non-Hitters (Mean ± SD)
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Table 2. Differences in the contractile properties of the muscle groups measured using 
tensiomyography between Hitters and Non-Hitters (Mean ± SD) 
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female volleyball players. This difference in play-
ing level and experience may contribute to the con-
trasting findings, due to professional players having 
had longer to develop specialist characteristics for 
their playing position;26 thus exhibiting greater dif-
ferences than their less experienced counterparts. 
Of course, these variances in findings could also be 
due to the different outcome measures selected in 
the respective studies. 

On the contrary, when examining overhead medi-
cine ball throw performance, Milić, et al.25 observed 
no differences between playing position, suggest-
ing contractile properties of the upper body mus-
culature may not differ. These contrasting findings 
however, may be due to the populations studied. 
Mielgo-Ayuso, et al.23 and Marques, et al.24 studied 
professional female and male volleyball players 
respectively, whereas Milić, et al.25 studied young 

Table 3. Differences between dominant and non-dominant sides of Hitters and Non-Hitters of the contractile 
properties of the muscle groups measured using tensiomyography (Mean ± SD). Right limb dominance was 
displayed in all 12 Non-Hitters and 14 Hitters, left limb dominance was displayed in 5 Hitters.
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a muscular contraction.11 This may suggest that con-
tractile differences may not be apparent, as observed 
in the current study; however, the contribution of 
other muscle groups within the upper body may 
contribute to the differences observed between play-
ing positions in previous studies.

The current study is the first to use TMG to assess the 
contractile properties of the shoulder musculature 
in volleyball players. However, previous research 
has used TMG to assess the contractile properties of 
lower body musculature in volleyball players. These 
studies have observed lower maximal displacement 
values in the biceps femoris in defensive special-
ists compared to blocking players29 and faster nor-
malized response speeds in liberos and setters (NH) 
compared to opposites and middles (H) in the biceps 
femoris, rectus femoris, vastus medialis and vastus 
lateralis.30 These differences may be attributable to 
NH performing knee flexion movements during 
controlled jumps and lateral movements requiring 
greater stability and isometric contractions; whereas 
hitters perform movements requiring greater veloci-
ties of knee flexion to extension with less stability 
and isometric contractions.

The current data results indicate that contractile 
properties of the shoulder musculature are similar 
between positions and dominant and non-dominant 
arms. This in contrast to previous work reporting 
that playing position in volleyball can influence the 
muscular contractile properties of the lower body29,30 
These novel findings may be a result of the muscle 
group assessed. As suggested by Rodríguez-Ruiz, et 
al.29 and Rodriguez-Ruiz, et al.30 non-hitters perform 
receiving and setting actions with involvement from 
the lower body musculature, which may contrib-
ute to the limited upper body involvement in non-
hitters exhibited during play compared to hitters.24 
Consistent with this, while hitters perform force-
ful explosive actions; the lower body and hip-trunk 
musculature significantly contribute to performing 
these actions.7,31 The contributions of the lower body 
musculature in performing these respective actions 
may lead to less involvement of the upper body 
musculature than expected. 

Additionally, the strength-training practices of the 
participants in the current study may have further 

While the lack of differences in TMG outcomes 
observed in the current study are in contrast with 
previous findings,23,25 this may be a reflection of the 
assessment of the individual musculature rather 
than the assessment of synergistic muscles which 
co-contract to perform an action. Specifically, the 
bench press and overhead medicine ball throw 
utilize a synergistic contraction of multiple upper 
body muscle groups to produce force,27,28 thus, the 
differences in performance observed in these stud-
ies between playing position may not be a result of 
differing contractile properties of the shoulder mus-
culature. Rather, the differences exhibited may be 
a result of the overall contribution of the muscula-
ture involved in performing the overhead medicine 
ball throw and bench press. Moreover, these move-
ments require active recruitment of the muscle by 
the participant, whereas the use of TMG (as in the 
current study) requires no physical effort from the 
participant as an electrical stimulus is used to evoke 

Figure 3. Panel A: Mean Contraction Time and standard 
deviation (m∙s-1) of Left and Right muscle groups of Hitter 
and Non Hitter groups. Panel B: Mean Sustain Time and 
standard deviation (m∙s-1) of Left and Right muscle groups of 
Hitter and Non Hitter groups. *statistically significant differ-
ence (P < 0.05) between hitters and non-hitters of the Left 
Anterior Deltoid muscle. Panel C: Mean Relaxation Time 
and standard deviation (m∙s-1) of Left and Right muscle 
groups of Hitter and Non Hitter groups. Panel D: Mean Dis-
placement and standard deviation (mm) of Left and Right 
muscle groups of Hitter and Non Hitter groups. Panel E: 
Mean Delay Time and standard deviation (m∙s-1) of Left and 
Right muscle groups of Hitter and Non Hitter groups. *statis-
tically significant difference (P < 0.05) within non-hitters 
between left and right sides of the Trapezius muscle. Panel F: 
Mean Lateral Symmetry and standard deviation (%) of mus-
cle groups of Hitter and Non Hitter groups.
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studies reporting asymmetries in muscle strength 
have used isokinetic and isometric strength meas-
ures able to assess combinations of deep muscula-
ture such as the teres major and subscapularis for 
IR, and the teres minor and infraspinatus for ER of 
the shoulder, as opposed to singular muscle groups. 
The limitation of TMG in assessing only superficial 
musculature may mean that although asymmetries 
were not able to be identified in these muscle groups, 
they may exist in deep muscles.

The lack of asymmetry observed in the current study 
may also be a result of the training practices of the 
participants. Volleyball practices typically result in 
16-20 hours per week of training on-court with spike 
counts in excess of 40,000 in a single season.1 It 
may be expected this high volume of technical skill 
performance would result in asymmetrical adapta-
tions of the upper-body musculature; however, this 
is without consideration of strength training prac-
tices. In the current study, the population of play-
ers measured were well-trained and had an extensive 
strength-training background, typically training bilat-
erally. Previous research has shown that stronger 
individuals who strength train bi-laterally display 
greater symmetry than relatively weaker individu-
als;39 with bi-lateral strength training performed in 
weaker individuals reducing the presence of strength 
asymmetries in the lower and upper body.40,41 

CONCLUSION
The results of the current study show that irrespec-
tive of playing position, the contractile properties 
of the AD, PD, BB, and UT muscles of the shoulder 
in elite volleyball players, as measured using TMG, 
display no significant differences. Furthermore, 
TMG measures displayed no differences between 
dominant and non-dominant arms. The assessment 
and monitoring of contractile properties using TMG 
methods may be a suitable, non-invasive option for 
assessing the musculature of the shoulders of vol-
leyball players. Future research should continue to 
assess upper body musculature in elite volleyball 
players using a combination of TMG and electro-
myography (EMG) measures as TMG is limited to 
superficial muscles only. This would help to further 
understand if differences in contractile properties 
relate to neuromuscular measures.

contributed to the lack of differences between play-
ing positions observed. All participants had an 
extensive strength-training background and com-
pleted a regular, comprehensive strength-training 
programme alongside their technical practices. Of 
note, the strength programs completed by the par-
ticipants did not differ between playing position. 
This similarity in the strength-training practices 
between positions may off-set any positional adap-
tations in the shoulder musculature caused during 
technical practices and game play. The combination 
of similarity in strength-training programmes and 
the lesser contribution of the upper body muscula-
ture than expected may lead to a lack of positional 
specific adaptations in the shoulder; resulting in the 
observation of no positional differences in the con-
tractile properties of the shoulder.

Symmetrical differences between Dominant 
and Non-Dominant limbs
When considering inter-limb differences in the con-
tractile properties of the shoulder, the current study 
observed no differences in any variables assessed in 
both H and NH, contradicting previous research sug-
gesting inter-limb differences would be prevalent 
in volleyball athletes, irrespective of position.3,32,33 
Hadzic, et al.33 showed that the strength of the inter-
nal rotators (IR) of the shoulder muscle (assessed 
isometrically) were greater in the dominant shoul-
der than in the non-dominant shoulder. Interest-
ingly, Hadzic, et al.33 did not find any differences in 
strength ratios or asymmetry between playing posi-
tions in the internal or external rotators. Supporting 
Hadzic, et al.33, several studies have reported greater 
IR strength in the dominant shoulder compared to 
the non-dominant shoulder assessed isokinetically 
and isometrically.34-36 The asymmetries reported in 
these studies are in contrast to the findings of the 
present study. The lack of differences observed 
however, may be a result of methodological differ-
ences in assessing muscle asymmetry along with 
the musculature assessed. The present study used 
TMG analysis to assess the contractility of the shoul-
der muscle, which is limited to the measurement of 
superficial muscles due to the non-invasive nature 
of the measurement.11,37,38 Furthermore, TMG assess-
ments are passive in nature, thus comparisons with 
active strength measures are problematic. Previous 
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ABSTRACT
Background: Eccentric exercise has demonstrated great utility in the rehabilitation of various shoulder pathologies.  
Research on the electromyographic (EMG) activity of the shoulder musculature during these activities is limited, 
however.  Furthermore, no studies have observed how forearm positioning during exercise affects EMG output. 

Purpose/Hypothesis: The purpose was to examine the degree of specific muscle recruitment among commonly used 
eccentric exercises in rehabilitation of the upper extremity and shoulder.  Secondarily, the authors hypothesized that 
different hand/forearm positions would alter EMG activity within the targeted musculature during a given exercise.

Study Design: Prospective cross-sectional observation of EMG analysis

Methods: This study analyzed surface EMG data obtained from 10 healthy individuals during five eccentric exercises 
of the dominant extremity, performed in a randomized order: side-lying eccentric horizontal abduction (SL ER), half-
kneeling weighted ball decelerations (BALL DC), seated eccentric external rotation in scaption (STD ER), standing 
eccentric external rotation at 0deg (STND ER), supine eccentric external rotation at 90deg (SUP ER).  Each exercise 
was performed with two to three forearm position variants commonly used in clinical environments: neutral, prona-
tion, and/or supination. EMG data were collected from the upper trapezius, infraspinatus, teres minor, latissimus 
dorsi, and anterior/middle/posterior deltoid.  Data were analyzed for each individual exercise and within each muscle 
using a mixed-model ANOVA repeated across forearm position.  Significant interactions were followed by a Bonferroni 
post-hoc test for pairwise comparisons.  Effect size was calculated for all significant pairwise comparisons using a 
Cohen’s d statistic.

Results: Significant differences in EMG activity for the selected musculature exist between forearm positions for four 
of the five exercises and Cohen’s d effect sizes 0.178 – 1.159.

Conclusion: Specific eccentric shoulder exercises activate muscles of the shoulder complex differently based on fore-
arm positioning.  

Level of Evidence: Level 2

Key Words: EMG, muscle activity, rotator cuff, strength, upper extremity, movement system 
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INTRODUCTION
In rehabilitation of the shoulder, the rotator cuff and 
posterior shoulder girdle musculature are regions of 
high interest.1,2  Strengthening these structures can 
contribute to greater balance among the muscles 
of the shoulder, including the rotator cuff, lending 
to improvement of upper extremity function after 
injury or surgical procedures.2,3,4,5  Specific strength-
ening exercises are employed to accomplish this, 
often inclusive of eccentric training, in order to max-
imize shoulder performance and reduce pain.2,6,7,8,9  

While a sizeable amount of literature exists examin-
ing muscle recruitment patterns of certain isometric 
and concentric exercises,7,10,11,12,13 there is relatively 
little data regarding shoulder muscle activation dur-
ing eccentric exercises (along with any potential 
variations) utilized for the posterior rotator cuff.  
Therapeutic treatment efficacy often depends on 
sufficient recruitment of targeted muscles, so under-
standing this relationship may help to improve the 
effectiveness of exercise prescription.

Eccentric exercises consist of a muscular contraction 
wherein the contractile unit (muscle and tendon) 
lengthen under external load.14,15  There are unique 
molecular and neural characteristics which distin-
guish eccentric activities from isometric and con-
centric contractions.14,15  These characteristics can 
positively affect the morphology of the target muscle 
as well as neuromuscular control – both of which are 
primary goals in rehabilitation and injury prevention.15  
Eccentric exercises have shown promising outcomes 
in the rehabilitation of many different conditions in 
both the upper and lower extremities.3,4,16,17,18,19,20  A 
majority of research has indicated that tendon-related 
injuries respond especially well to eccentrics, likely 
due to histological changes about the muscle-tendon 
interface.4,14,17,18,19  Furthermore, the shoulder complex 
has been a topic of more recent research as eccentric 
exercises seem to provide greater strength and pain 
improvements versus general exercise protocols in 
the short and long-term.16,17   However, information on 
eccentric exercise selection based on targeted struc-
tures is scarce.  Different variations in upper extrem-
ity positioning (hand, elbow, forearm) have also not 
been studied with these activities.

The efficacy of most rehabilitation protocols is 
often measured utilizing outcome measures and 

subjective reporting.  These protocols are guided 
by studies that indicate the feasibility and effective-
ness of the desired exercises or activities.  Electro-
myographic (EMG) data is one indicator of efficacy 
as clinicians can better understand the degree of 
muscle activation (or lack thereof) within targeted 
muscle groups for given exercises and exercise 
variations.21,22  The glenohumeral (GH) and scapulo-
thoracic (ST) joints have been studied extensively 
utilizing EMG data to examine muscle activity with 
certain shoulder injuries,23,24,25 during functional 
activities (such as overhead throwing),26,27,28 and 
with particular therapeutic and exercise interven-
tions.10,12,13,29,30,31,32  Other researchers have gone 
further, isolating precise hand positions and place-
ments during similar exercises to identify the most 
appropriate techniques.7,33,34  This descriptive data 
serves as a foundational base for physical therapists 
and other clinicians to better understand how the 
shoulder complex operates under different stimuli, 
offering a more selective and effective means of 
treatment approach.

The aim of this study was two-fold.  Firstly, to exam-
ine the degree of specific muscle recruitment among 
commonly used eccentric exercises in rehabilita-
tion of the upper extremity and shoulder. Secondly, 
hand/forearm positions were varied throughout the 
exercises to determine if differences exist in ampli-
tude of EMG activity within the targeted muscula-
ture.  The authors hypothesized that EMG activity 
would predominantly differ between exercises due to 
the intended nature of each activity and the dissimi-
lar planes of motion.  The authors also hypothesized 
that hand/forearm positioning would significantly 
alter the EMG patterns within a given exercise.

METHODS
Approval from the Houston Methodist Institu-
tional Review Board (IRB) was first obtained for this 
 prospective observational study.  Healthy, young par-
ticipants were enrolled from an outpatient clinical 
setting with the following exclusion criteria: previ-
ous history of shoulder injury occurring in dominant 
extremity, current painful dysfunction resulting in 
exercise limitation, any health-related exercise limi-
tation as ordered by physician, ages outside of 18-40, 
and inability to access clinic and equipment.  Subjects 
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scientist (>15 years) with palpation assistance 
from an experienced physical therapist (>10 years) 
with specialization in sports and orthopedics.  Each 
muscle was palpated individually against resis-
tance to attain optimal positioning parallel to mus-
cle fiber orientation.  After securing the electrodes, 
adequate connectivity and signal validity was 
assured.  Signal was calibrated using EMGworks® 
data acquisition and analysis software (Delsys) 
for each individual lead.  The same software was 
used once leads were placed to confirm adequate 
signal strength.  Maintenance of proper lead con-
tact was monitored during and after each trial. The 
investigators responsible for electrode placement 
remained  consistent throughout the study.

The following exercises were performed on the self-
reported dominant side in a randomized order: 1) 
side-lying eccentric horizontal abduction [SL ER], 
2) half-kneeling weighted ball decelerations [BALL 
DC], 3) seated eccentric external rotation in scaption 
[STD ER], 4) standing eccentric external rotation at 
0deg [STND ER], 5) supine eccentric external rota-
tion at 90deg [SUP ER]).  Figure 1 provides a visual 
example of the exercise techniques.  Each exercise 
utilized a similar resistance across all participants.  
SL ER, 5-pound dumbbell; BALL DC, 2kg ball; STD 
ER, 5-pound dumbbell; STND ER/SUP ER, 2-meter 
resistance standing 3 meters away from anchor 
(9.1 lbs of resistance (blue band) based on 150% elon-
gation – Theraband, Performance Health, Akron, 

were also not considered if they reported actively 
training for competition (body-building, power-lift-
ing, professional sports).  All potential participants 
were informed (verbally and written) of the intended 
procedures and risks of the study.  Consenting par-
ticipants signed the written informed consent.

A total of 10 subjects (8 male, 2 female; age: 28.6 ± 
3.69 years; height: 179.3 ± 7.55 cm; weight: 82.6 ± 
12.80 kg; body mass index (BMI): 25.5 ± 2.93 kg/
cm2 [Table 1]) were consented for this study.  Sam-
ple size was selected based on previous literature 
reporting on similar EMG measures to those used in 
this investigation.7,12,35,36 Subjects were initially pro-
vided visual demonstration and verbal instruction 
on the eccentric exercises.  Each subject was allowed 
to perform the exercise without resistance to ensure 
appropriate technique was achieved.

Once the participant was adequately instructed 
on the exercises, they were prepared for electrode 
placement.  The skin surface of the dominant 
upper extremity was cleaned using an alcohol 
swab to optimize electrode contact and reduce 
skin impedance.  Self-adhesive snap surface bipo-
lar electrodes (Delsys, Inc. Natick, Massachusetts) 
were placed with an interelectrode distance of at 
least 2cm to the posterior rotator cuff and shoul-
der musculature (anterior deltoid, middle deltoid, 
 posterior deltoid, infraspinatus, teres minor, upper 
trapezius, and latissimus dorsi).  Electrode place-
ment was performed by an experienced research 

Table 1. Participant Demographics.
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were interpreted as follows: 0-0.1, Negligible (N); 
0.1-0.3, Small; 0.3-0.5, Moderate (M); 0.5-0.7, Large 
(L); >0.7, very large (VL).

RESULTS
Table 2 provides descriptive data for each muscle 
analyzed by mean EMG contraction amplitude (mV) 
across all exercises and forearm positions.  The SL ER 
exercise produced significant differences in muscle 
activation of the infraspinatus, teres minor, middle 
deltoid, and posterior deltoid based on forearm posi-
tion.  The supinated position elicited higher recruit-
ment of the infraspinatus (5.247 ± 0.410 mV*102; 
p<0.05) versus neutral (4.633 ± 0.332 mV*102) and 
pronated (4.592 ± 0.338 mV*102) positions.  For 
the teres minor, the supinated position (6.261 ± 
0.580 mV*102) was significantly different (greater 
recruitment) from the pronated position (4.449 ± 
0.391 mV*102; p<0.05), but neither differed from 
the  neutral position.  The middle deltoid produced 
the highest level of recruitment (p<0.05) in the 
pronated position (10.037 ± 0.769 mV*102) versus 
either neutral (8.738 ± 0.687 mV*102) or supinated 
(7.752 ± 0.670 mV*102).  This remained consistent 
for the posterior deltoid as well (pronated 7.321 
± 0.959 mV*102, neutral 6.433 ± 0.812 mV*102; 
p<0.05).  BALL DC was performed in the neutral 
and pronated forearm positions, producing signifi-
cant differences (p<0.05) in the middle deltoid (neu-
tral 10.393 ± 1.709 mV*102, pronated 14.639 ± 2.118 
mV*102), posterior deltoid (neutral 4.028 ± 0.488 
mV*102, pronated 5.901 ± 0.848 mV*102, latissimus 
dorsi (neutral 2.645 ± 0.546 mV*102, pronated 4.172 
± 0.963 mV*102), and upper trapezius (neutral 3.502 
± 0.764 mV*102, pronated 4.349 ± 1.527 mV*102) – 
all greater in the pronated position.  

STD ER was performed in the neutral and supinated 
positions, producing significant differences (p<0.01) 
for both the infraspinatus (neutral 3.306 ± 0.358 
mV*102, supinated 2.861 ± 0.314 mV*102) and teres 
minor (neutral 4.412 ± 0.613 mV*102, supinated 
3.308 ± 0.538 mV*102) with higher EMG activity in 
the neutral position for both. 

 STND ER elicited differences (p<0.05) about the 
infraspinatus and posterior deltoid.  The infraspi-
natus produced greater EMG activity in pronation 
(4.224 ± 0.549 mV*102) versus supination (3.931 

Ohio).  Ordering was performed utilizing a spread-
sheet randomization algorithm for each exercise and 
then within each exercise for forearm positioning. 

All participants then performed the exercises with 
hand/forearm position variants (pronation, neutral, 
supination).  Exercises were completed with one 
initial repetition without resistance to verify EMG 
signal strength and software connectivity, followed 
by 10 repetitions under resistance with a trained 
physical therapist ensuring appropriate movement 
quality and cadence throughout the exercise.  The 
eccentric component of the exercise was performed 
with a full five-second loading phase.37 All subjects 
were provided a rest period of at least two minutes 
in between exercises.38

STATISTICAL METHODS
EMG signal for each lead was analyzed following 
root-mean-square transformation for each exercise 
using EMG analysis software (EMG Works, Delsys ®). 
Within each individual muscle, data were analyzed 
using a Mixed Model analysis of variance repeated 
across grip. Significant interactions were followed 
by a Bonferroni post-hoc test for pairwise compari-
sons. Type I error was set at α=0.05 for all analyses.  
Effect size was calculated for all significant pairwise 
comparisons using a Cohen’s d statistic.40 Effect sizes 

Figure 1. Visual representation of eccentric shoulder exercises. 
A. Sidelying Eccentric Horizontal Abduction (SL ER), B. Half-
kneeling Weighted Ball Decelerations (BALL DC), C. Seated 
Eccentric ER in Scaption (STD ER), D. Standing Eccentric ER 
at 0deg (STND ER), E. Supine Eccentric ER at 90deg (SUP ER).
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Table 2. Comparison ranking of each muscle per exercise and forearm position. Data are presented as means.

± 0.492 mV*102), but neither differed significantly 
from neutral (4.004 ± 0.477 mV*102).  The posterior 
deltoid also demonstrated higher EMG activity in 
pronation (3.118 ± 0.277 mV*102) compared to supi-
nation (2.402 ± 0.481 mV*102), but neither were sig-
nificantly different from the neutral forearm (3.037 
± 0.998 mV*102).  

Figure 2 provides a comparison ranking, by muscle, 
of each exercise and forearm position.  The anterior 

deltoid produced the highest EMG signaling with 
the BALL DC activity in pronation and neutral posi-
tions.  The middle deltoid elicited the highest EMG 
activity with SL ER in supination followed by SUP 
ER in supination and BALL DC in the neutral then 
pronated positions.  For the posterior deltoid, the 
SUP ER exercise in supination elicited the greatest 
muscle activity followed by SL ER in supination and 
BALL DC in neutral.  The infraspinatus and teres 
minor produced the highest activation during SL ER 
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professionals as the data allows for greater perspec-
tive in how the shoulder functions when placed 
under targeted eccentric loads.

Similar to a study by Schoenfeld et al,34 this study 
provides insight into the general differences in 
shoulder muscle activation obtained when alter-
ing the forearm position.  While humeral rotation 
was maintained throughout each forearm position 
variant, it is reasonable to assume that subtle dif-
ferences may exist at the glenohumeral joint, even 
when adjusting distally at the forearm.  These sub-
tleties could preferentially position certain muscles 
in advantageous or disadvantageous positions for 
higher levels of contractility.  These ideas warrant 
further investigation. 

Other studies have examined muscle activation pat-
terns of the shoulder and rotator cuff with other 
rehabilitation exercises, demonstrating high levels 
of utility when considering the rehabilitation of 
specific structures.7,10,12,13,33  In rehabilitation of the 
pathologic or post-surgical shoulder, this data serves 
as a crucial check for physical therapists to ensure 
adequate loads are being applied to the correct tis-
sues while harmful stressors are minimized.  The 
data presented in this investigation may be use-
ful when attempting to target the posterior rotator 
cuff muscles (infraspinatus, teres minor) versus 
the deltoids or upper trapezius, for instance.  The 
 co-contractive mechanism of the rotator cuff is a vital 
component to healthy shoulder movement and func-
tion,5,9,13,39 and the isolation of those muscles may 
be preferential to recruiting others to accomplish 
certain tasks.  For example, the SL ER exercise stud-
ied in this investigation provides that the supinated 
forearm position may be best to maximally activate 
the infraspinatus (5.247 ± 0.410 mV*102) and teres 
minor (6.261 ± 0.580 mV*102), while minimally acti-
vating the middle (7.752 ± 0.670 mV*102) and pos-
terior deltoid (6.355 ± 0.773 mV*102).  However, the 
STND ER exercise elicits the highest level of activa-
tion of the infraspinatus (4.224 ± 0.549 mV*102) as 
well as the posterior deltoid (3.118 ± 0.466 mV*102) 
and latissimus dorsi (1.589 ± 0.277 mV*102), all in 
the pronated position.  Thus, in light of the current 
data, optimal forearm position to maximize targeting 
of the rotator cuff or other musculature varies from 
exercise to exercise and should be considered when 

in supination followed by SL ER in neutral and then 
pronation.  The latissimus dorsi and upper trapezius 
both produced maximal recruitment during BALL 
DC in pronation followed by the neutral position. 
The upper trapezius was not able to be ranked for all 
exercises due to negligible muscle activation relative 
to background EMG signal, indicating no significant 
contractile activation.

DISCUSSION
To the authors’ knowledge, this is the first study to 
investigate differences in EMG muscle activity of 
the shoulder with specific eccentric exercises and 
forearm variations commonly utilized in the reha-
bilitation of the shoulder and upper extremity.  In 
accordance with the original hypotheses, the results 
in the given investigation support the authors’ 
hypotheses of dissimilar EMG activity across the 
exercises as well between forearm positions.  The 
clinical implications may benefit rehabilitation 

Figure 2. Muscle activity rankings per exercise. Abbreviations: 
EMG, Electromyographic activity; mV, millivolts; BALL DC, 
half-kneeling weighted ball decelerations; SUP ER, supine 
eccentric external rotation at 90 degrees; SL ER, sidelying eccen-
tric horizontal abduction; STND, standing eccentric external 
rotation at 0 degrees; STD, seated eccentric external rotation in 
scaption; SUP, supinated; PRO, pronated; NEUT, neutral.
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the shoulder.  This data provides physical therapists 
and other rehabilitation professionals with informa-
tion to more selectively and efficaciously prescribe 
exercises for the shoulder.

REFERENCES
1. Dreinhöfer KE, Schuler S, Schafer M, Ohly T. 

Rehabilitation concepts and return to sport after 
interventions on the shoulder. Orthopade. 
2014;43(3):256-264.

2. Sgroi, TA, Zajac JM. Return to throwing after 
shoulder or elbow injury. Curr Rev Musculoskelet 
Med. 2018;11(1):12-18. 

3. Carmago PR, Alburquerque-Sendin F, Salvini TF. 
Eccentric training as a new approach for rotator 
cuff tendinopathy: review and perspectives. World J 
Orthop. 2014;5(5):634-644.

4. Chaconas EJ, Kolber MJ, Hanney WJ, et al. Shoulder 
external rotator eccentric training versus general 
shoulder exercise for subacromial pain syndrome: 
a randomized control trial. Int J Sports Phys Ther. 
2017;12(7):1121-1133.

5. Sgroi TA., Cilenti M. Rotator cuff repair: post-
operative rehabilitation concepts. Curr Rev 
Musculoskelet Med. 2018;11(1):86-91.

6. Dejaco B, Habets B, van Loon C, van Grinsven S, 
van Cingel R.  Eccentric versus conventional exercise 
therapy in patients with rotator cuff tendinopathy: a 
randomized, single blinded, clinical trial.  Knee Surg 
Sports Traumatol Arthrosc. 2017;25(7):20151-2059.

7. Signorile Jf, Zink AJ, Szwed SP. A comparative 
electromyographical investigation of muscle 
utilization patterns using various hand positions 
during the lat pull-down. J Strength Cond Res. 
2002;16(4):539-546.

8. Valier AR, Averett RS, Anderson BE, Welch Bacon 
CE. The impact of adding an eccentric-exercise 
component to the rehabilitation program of patients 
with shoulder impingement: a critically appraised 
topic. J Sport Rehab. 2016;25(2):195-201.

9. Weiss LJ, Wang D, Hendel M, Buzzerio P, Rodeo SA. 
Management of rotator cuff injuries in the elite 
athlete. Curr Rev Musculoskelet Med. 2018;11(1): 
102-112.

10. Dark A, Ginn KA, Halaki M. Shoulder muscle 
recruitment patterns during commonly used rotator 
cuff exercises: an electromyographic study. Phys 
Ther. 2007;87(8):1039-1046.

11. Escamilla RF, Yamashiro K, Paulos L, Andrews JR. 
Shoulder muscle activity and function in common 
shoulder rehabilitation exercises. Sports Med. 
2009;39(8):663-85. 

designing a shoulder strengthening or rehabilitation 
program.

Some limitations are present in this study and 
should be considered prior to clinical application.  
Importantly, the sample size studied was small. 
However, Cohen’s D statistic is commonly used in 
both large and small sample sizes or pairwise com-
parisons to determine the degree of the “effects” 
observed.  This, in part, can provide insight as to 
whether or not pairwise differences observed are 
relevant or possibly due to an inflated or small 
sample size.   Clinical significance may be difficult 
to determine from this study as the topic of EMG 
analysis for eccentric exercise is relatively under-
studied.  The participants were also all young, 
healthy individuals and right hand dominant.  Indi-
viduals with shoulder pathology in the dominant or 
non-dominant hand may exhibit altered neuromus-
cular patterns of recruitment and may not reflect 
the results of healthy individuals.  Furthermore, 
the resistance within the given exercises was con-
sistent among all individuals, regardless of individ-
ualistic variables such as height or BMI.  Further 
study in the selection of optimal resistances may 
be warranted to elicit maximal training effects.  
Lastly, surface electrodes may not provide the 
same EMG detection sensitivity compared to fine-
wire electrodes when ascertaining muscle activ-
ity.  However, recent studies have indicated that 
surface EMG readings for the selected musculature 
produce moderate to good agreeability versus fine-
wire electrodes.7,10,12,23,34,35  Future research may also 
be required to determine if the degrees of muscle 
activation observed in this study are consistent 
across other specialized populations such as older 
adults or those who perform a high degree of sport-
specific shoulder training for athletic performance.

CONCLUSION
The results of this study demonstrate that specific 
eccentric shoulder exercises may activate muscles 
of the shoulder complex differently based on fore-
arm position.  In instances where isolation of the 
rotator cuff is preferential, it seems that the SL ER 
exercises can help to accomplish this goal while 
minimizing utilization of the other musculature of 



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 1117

25. Reddy AS, Mohr KJ, Pink MM, Jobe FW. 
Electromyographic analysis of the deltoid and 
rotator cuff muscles in persons with subacromial 
impingement. J Shoulder Elbow Surg. 2000;9(6): 
519-523.

26. Escamilla RF, Andrews JR. Shoulder muscle 
recruitment patterns and related biomechanics 
during upper extremity sports. Sports Med. 
2009;39(7):569-590.

27. Jobe FW, Radovich Moynes D, Tibone JE, Perry J. 
An EMG analysis of the shoulder in pitching: a 
second report. Am J Sports Med. 1984;12(3):218-220.

28. Jobe FW, Tibone JE, Perry J, Moynes D. An EMG 
analysis of the shoulder in throwing and pitching: 
a preliminary report. Am J Sports Med. 1983;11(1):3-5.

29. Alizadehkhaiyat O, Hawkes DH, Kemp GJ, Frostick 
SP. Electromyographic analysis of shoulder girdle 
muscles during common internal rotation exercises. 
Int J Sports Phys Ther. 2015;10(5):645-654.

30. Cricchio M, Frazer C. Scaopulothoracic and 
scapulohumeral exercises: a narrative review of 
electromyographic studies. J Hand Ther. 2011:322-334.

31. Ribeiro DC, Shemmell J, Falling C, Sole G. Shoulder 
muscle activity during the modified dynamic 
relocation test and side-lying shoulder external 
rotation: a cross-sectional study on asymptomatic 
individuals. J Man Manip Ther. 2016;24(5):277-284.

32. Ribiero DC, de Castro MP, Sole G, Vicenzino B. The 
initial effects of a sustained glenohumeral postero-
lateral glide during elevation on shoulder muscle 
activity: a repeated measures study on asymptomatic 
shoulders. Man Ther. 2016;22:101-108.

33. Gioftsos G, Arvanitidis M, Tsimouris D, et al. EMG 
activity of the serratus anterior and trapezius 
muscles during the different phases of the push-up 
plus exercise on different support surfaces and 
different hand positions. J Phys Ther Sci. 
2016;28(7):2114-2118.

34. Schoenfeld B, Sonmez RGT, Contreras B, et al. Effect 
of hand position on EMG activity of the posterior 
shoulder musculature during a horizontal abduction 
exercise. J Strength Cond Res. 2013;27(10):2644-2649.

35. Kronberg, Margareta, Brostrom. Electromyographic 
recordings in shoulder muscles during eccentric 
movements. Clin Orthop Rel Res. 1995;314:143-151.

36. O’Connell, Neil, Cowan, Christopher. An 
investigation into EMG activity in the upper and 
lower portions of the subscapularis muscle during 
normal shoulder motion. Physiother Res Int. 
2006;11(3):148-151.

37. Mike J, Kerksick CM, Kravitz L. How to incorporate 
eccentric training into a resistance training program. 
J Strength Cond. 2015; 37(1):5-17.

12. Mullaney MJ, Perkinson C, Kremenic I, et al. EMG 
of shoulder muscles during reactive isometric elastic 
restistance exercises. Int J Sports Phys Ther. 
2017;12(3):417-424.

13. Swanik KA, Bliven KH, Swanik CB. Rotator-cuff 
muscle-recruitment strategies during shoulder 
rehabilitation exercises. J Sport Rehab. 2011;20:471-486.

14. Douglas J, Pearson S, Ross A, McGuigan M. Eccentric 
exercise: physiological characteristics and acute 
responses. Sports Med. 2017; 47:663-675.

15. Lepley LK, Lepley AS, Onate JA, Grooms DR. 
Eccentric exercise to enhance neuromuscular 
control. Sports Health. 2017;9(4):333-340.

16. Bateman M, Adams N. A randomized controlled 
feasibility study investigating the use of eccentric 
and concentric strengthening exercises in the 
treatment of rotator cuff tendinopathy. Sage Open 
Med. 2014; 10.1177/2050312113520151.

17. Frizziero A, Vittadini F, Fusco A, Giombini A, 
Masiero S. Efficacy of eccentric exercise in lower 
limb tendinopathies in athletes. J Sport Med Phys Fit. 
2016;56(11):1352-1358.

18. Habets B, van Cingel REH. Eccentric exercise 
training in chronic mid-portion achilles 
tendinopathy: a systematic review on different 
protocols. Scand J Med Sci Sports. 2015;25:3-15.

19. Hernandez HJ, McIntosh V, Leland A, Harris-Love 
MO. Progressive resistance exercise with eccentric 
loading for the management of knee osteoarthritis. 
Front Med. 2015;2(45):1-11.

20. Niederbracht Y, Shim AL, Sloniger MA, et al. Effects 
of a shoulder injury prevention strength training 
program on eccentric external rotator muscle 
strength and glenohumeral joint imbalance in 
female overhead activity athletes. J Strength Cond 
Res. 2008;22(1):140-145.

21. Boettcher CE, Ginn KA, Cathers I. Standard 
maximum isometric voluntary contraction tests for 
normalizing shoulder muscle EMG. J Orthop Res. 
2008;26(12):1591-1597.

22. Inman VT, deC M Saunders, JB, Abbott LC. 
Observations on the function of the shoulder joint. 
J Bone Joint Surg. 1944;26(1):1-30.

23. de Oliveira FCL, Bouyer LJ, Ager AL, Roy JS. 
Electromyographic analysis of rotator cuff muscles 
in patients with rotator cuff tendinopathy: a 
systematic review. J Electromyo Kinesiol. 2017;35: 
100-114.

24. Kinsella R, Pizzari T. Electromyographic activity of 
the shoulder muscles during rehabilitation exercises 
in subjects with and without subacromial pain 
syndrome: a systematic review. J Shoulder Elbow. 
2017;9(2):112-126.



The International Journal of Sports Physical Therapy | Volume 15, Number 6 | December 2020 | Page 1118

evidence-based rehabilitation protocol. J Shoulder 
Elbow Surg. 2009;18(1):138-160.

40. Cohen, J. (1988). Statistical power analysis for the 
behavioral sciences (2nd ed.). Hillsdale, NJ: 
Lawrence Earlbaum Associates.

38. American College of Sports Medicine position stand. 
Progression models in resistance training for healthy 
adults. Med Sci Sports Exerc. 2009;41(3):687-708.

39. Kuhn JE. Exercise in the treatment of rotator cuff 
impingement: a systematic review and a synthesized 



ABSTRACT
Background: When pitching a baseball, pelvic and trunk pitching kinematics play an integral role in momentum 
transfer from the lower extremity to the upper extremity. However, it is unknown how hip and trunk ROM and hip 
shoulder separation interplay with pelvic and trunk pitching kinematics.

Hypothesis/Purpose: To determine the relationship between clinical trunk and hip range of motion (ROM) and pitch-
ing biomechanical pelvis and trunk kinematics, and kinematic sequencing. 

Study Design: Controlled biomechanical study

Methods: High school pitchers were assessed for trunk rotation via motion capture and hip ROM via a goniometer 
prior to pitching. Trunk rotation was designated as dominant and non-dominant sides, and hips as stance and lead 
limbs. Pitchers threw four fastballs during three dimensional biomechanical assessment. Spearman’s Rho correlations 
were performed between trunk and hip ROM, and trunk and hip biomechanical kinematics, and kinematic pitching 
sequence. 

Results: Thirty-two pitchers (mean age: 16.3 ± 1.2 years, height = 184.0 ± 6.9 cm, mass = 76.8 ± 20.8 kg) were 
included in this study. Their mean pitch velocity was 34.7 ± 2.3 m/s, peak pelvis rotation velocity: 669.1 ± 95.5 
deg/s, and peak trunk rotation velocity: 1084.7 ± 93.0 deg/s. There were no differences between dominant and non-
dominant side trunk rotation, or between stance and lead hip ROM. There were no significant relationships between 
trunk or hip ROM and pitching kinematics. There was a significant relationship between hip shoulder separation and 
peak trunk rotation velocity (r = 0.390, p=0.027). There was a significant relationship between pitch velocity and 
peak trunk rotation velocity (r = 0.478, p = 0.006). There were no other significant relationships between pitching 
kinematics or kinematic sequencing. 

Conclusion: Hip shoulder separation is related to trunk rotation velocity, and ultimately pitch velocity. These ROM 
measurements can be used as normative values for hip shoulder separation in high school pitchers. 

Level of Evidence: 3

Key Words: Biomechanics, baseball pitching, kinetics, fastball, trunk rotation Velocity, Movement System 
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INTRODUCTION
Baseball injuries are prevalent, with injury inci-
dence reported at up to 5.8 injuries per 1000 athlete 
exposures.1 Of these injuries, the greatest number 
of injuries are attributed to the shoulder, elbow and 
trunk.2 These injuries have been related to the high 
levels of force that occur during pitching,3 which 
can result from limited range of motion (ROM) and 
poor pitching mechanics.4-6 Accordingly, clinicians, 
scientists, and coaches have attempted to identify 
proper pitching mechanics and factors that influ-
ence these mechanics in order to attempt to reduce 
injury risk.7-9 

The pitching motion is a complex movement that is 
initiated with the lower extremities and integrates 
the pelvis, trunk, arm, and hand to throw the base-
ball.4 The pelvis and trunk serve as the link between 
the lower extremities and the upper extremity that 
allows momentum generated by the lower extremi-
ties to be translated to the upper extremity.8,10 
Appropriate and efficient proximal-to-distal kine-
matic timing between the pelvis and trunk allows 
for momentum transfer to the ball, and ultimately, 
increased pitching velocity.11,12 If this kinematic 
sequencing is not optimal, energy is not appropri-
ately transferred to the ball, and is dissipated into 
the upper extremity, potentially increasing injury 
risk.11,13,14 For example, pitchers with early trunk 
rotation demonstrate greater shoulder joint forces 
compared to counterparts that initiated trunk rota-
tion following front foot contact.14 

Due to the importance of proximal pitching kine-
matics in relation to transferring momentum and 
the potential of undue upper extremity forces,11,13-15 
clinical and biomechanical assessments have been 
developed to assess these parameters.16-18 Hip rota-
tion ROM has been associated with pitching velocity 
in professional pitchers,17 while trunk rotation ROM 
was found not to correlate to pitching velocity in col-
legiate pitchers.18 A biomechanical variable that inte-
grates both hip and trunk kinematics is hip shoulder 
separation (Figure 1). For a left-handed pitcher, hip 
shoulder separation is achieved at front foot con-
tact as the hips rotate towards the plate, while the 
trunk remains facing first base. This constitutes the 
back (drive) leg externally rotating in order to allow 
the pelvis to rotate forwards towards home. This 

pitching biomechanical position integrates both hip 
and trunk ROM,16 and has been observed to directly 
relate to pitching velocity19 and fatigue.16 However, 
hip shoulder separation has not been investigated in 
relation to clinical ROM assessment, nor in relation 
to pelvic and trunk kinematic sequencing. 

Pelvic and trunk pitching kinematics play an integral 
role in momentum transfer and in upper extremity 
force distribution.8,12,19 However, it is unknown how 
hip and trunk ROM and hip shoulder separation 
interplay with pelvic and trunk pitching kinematics 
and kinematic sequencing. Understanding the asso-
ciation between clinical and biomechanical pitching 
assessments may assist clinicians, scientists, and 
coaches to develop effective interventions to affect 
pelvic and trunk pitching kinematics and ultimately 
injury risk and performance. Therefore, the pur-
pose of this study was to determine the relationship 
between clinical trunk and hip ROM and pitching 
biomechanical pelvis and trunk kinematics, and kin-
ematic sequencing. 

METHODS

Experimental Approach to the Problem 
In this retrospective review, data were examined 
from reports generated as part of this study which 
included a pitching evaluation. This study was 

Figure 1. Hip shoulder separation
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performed all range of motion testing prior to warm 
up and biomechanical pitching assessment. 

Trunk Rotation
The trunk rotation measurement protocol used in 
this study has been validated and deemed reliable in 
healthy adults.20 Trunk rotation was measured with 
the motion capture system. Subjects were instructed 
to sit on a standardized seat, with hips and knees 
flexed to 90 degrees. A test administrator placed a 
ball (21 cm diameter) between the knees of each 
athlete and instructed subjects to lightly squeeze the 
ball. Subjects were directed to maintain gaze direc-
tion at a point at eye level, while rotating to their 
maximum end range to one side. Right and left side 
rotation was performed three times and averaged 
across trials.20 All subjects had markers on their left 
and right acromion processes of the shoulders, and 
on the left and right anterior superior iliac spines 
(ASIS). The angle between the vector from the right 
acromion process to the left acromion process and 
the vector from the right ASIS to the left ASIS was 
calculated. The local minimum and maximum val-
ues were identified as the maximum left and right 
trunk rotations, respectively (Figure 2). Trunk rota-
tion was designated to dominant and non-dominant 

approved by the Wake Forest University Institutional 
Review Board. Participant recruitment was per-
formed through flyer and internet advertisement, 
phone calls to local and regional baseball organiza-
tions, and participant word of mouth. Prior to the 
pitching evaluation, participants were informed of 
the risk and benefits of participating in this study. If 
under 18 years old, all parents and/or guardians and 
participants gave informed consent to participate in 
this study. High school pitchers from regional high 
schools and baseball academies participated in a 
pitching evaluation at the Wake Forest Pitching Lab-
oratory. Inclusion criteria consisted of the following: 
baseball athletes, any level of formal competition, 
self-identified pitcher as a primary or secondary 
position, and age 14 to 19 years old. Participants 
were able to participate in all training, practices, 
and competitions at initial testing. Participants were 
excluded if they reported pain during any testing, 
had undergone surgery in the past twelve months, 
or were not participating in all baseball related 
training, practices, or games. As part of the pitch-
ing evaluation, all pitchers had trunk and hip rota-
tion measured, and completed a three-dimensional 
biomechanical evaluation. In order to have greater 
clinical and literature comparison, participants 

Figure 2. Trunk Rotation
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have excellent reliability in healthy adults and sub-
jects with hip pathology.21,22 The standard error of 
measurement was observed to be 2.4 degrees for IR 
and 2.5 degrees for ER.22

Biomechanical Analysis
Three-dimensional motion data were collected 
using the 38 reflective marker set required for 
PitchTrak (Motion Analysis Corporation, Santa Rosa, 
 California), and a sixteen-camera motion analysis 
system (Motion Analysis Corporation, Santa Rosa, 
California). Motion data were collected at 250 Hz. 
Pitchers threw from an indoor turf mound, the Per-
fect Mound (Porta-Pro Mounds Inc, Sauget, Illinois). 
The mound was engineered to meet major league 
specifications and covered with 4.4 cm (1¾ inch) 
infilled turf. Pitchers were allowed to wear their 
cleats. Ball velocity was recorded with a Trackman 
device (Trackman, Scottsdale, Arizona).

After completing clinical measures, each pitcher 
went through a pregame warm-up period of 15 min-
utes consisting of dynamic warm up and throwing 
to 36 m. To maintain pitching specific routines, 
the dynamic warm up and throwing count was not 
standardized. Following warm up, pitchers threw a 
series of four fastballs, four breaking balls, and four 
change ups to a catcher receiving throws at a regula-
tion distance (18.4 m) or a target net behind a plate 
at regulation distance. Fastballs were thrown first. 
Due to each pitcher pitching a different selection of 
breaking balls (e.g. curveball or slider) and change-
ups (e.g. circle changeup, split finger, or fork ball), 

sides for analysis.18 Trunk rotation difference was 
derived by subtracting the non-dominant side trunk 
rotation from dominant side trunk rotation. A nega-
tive number entails that the dominant side trunk 
rotation is greater than the non-dominant, while a 
positive number entails that the non-dominant side 
trunk rotation is greater than the dominant. 

Hip Rotation
Participants were placed supine with the hip and knee 
flexed to 90 degrees.21,22 Two test administrators per-
formed testing procedures, one administrator held 
the limb in position, while the second administrator 
measured the testing limb. Both test administrators 
performed the same duty for all measurements.23 A 
standardized bubble goniometer (Baseline Absolute 
Axis, Fabrication Enterprises Incorporated, White 
Plains, NY) was utilized for all measurements, with 
the stationary arm perpendicular to the long axis of 
the subject and the mobile arm parallel to the tibia 
(Figure 3). The test administrator took hip internal 
rotation (IR) and external rotation (ER) to a firm end 
feel without altering arthrokinematics.23 Hip meas-
urements included IR, ER, and total range of motion 
(TROM). Total ROM was derived by adding the val-
ues for hip IR and ER.23 All hips were designated as 
stance and lead limbs. The stance limb was defined as 
the leg that coincided with the participant’s throw-
ing arm. The lead leg was defined as the limb con-
tralateral to the throwing extremity.24 The difference 
between hip IR, ER, and TROM was calculated by 
subtracting the lead limb from the stance limb. The 
hip ROM protocol has been found to be valid and 

Figure 3. Hip Rotation 
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R Foundation for Statistical Computing, Vienna, 
Austria. URL http://www.R-project.org/). All range 
of motion and velocity averages are reported as 
degrees or degrees/second ± standard deviation 
(SD), unless otherwise stated.

RESULTS
A total of thirty-two high school baseball pitchers 
were included in the final analysis with a mean age, 
height, and weight of 16.3 ± 1.2 years, 184.0 ± 6.9 
cm, and 76.8 ± 20.8 kg, respectively. Most of the 
pitchers (N=23 [72%]) were right-hand dominant in 
terms of throwing and had played baseball for a mean 
of 11.5 + 1.6 years. A total of 25 participants identi-
fied as primarily a starting pitcher, and seven identi-
fied pitching as their second position. Trunk and hip 
range of motion averages are summarized in Table 1. 
Briefly, hip ER differences between stance and lead 
legs were –0.1±11.0° (p=0.974). Hip IR differences 
between stance and lead legs were 0.5±6.1° (p = 
0.793). Hip TROM differences between stance and 
lead legs were 0.4±12.1° (p = 0.748). Trunk rotation 
differences between dominant and non-dominant 
sides were -2.8±7.6° (p = 0.238). Mean pitch veloc-
ity was 34.7±2.3 m/s. Peak pelvis rotation velocity 
was 669.1±95.5 deg/s and peak trunk rotation veloc-
ity was 1084.7±93.0 deg/s (Table 2).

Correlation analysis between trunk and hip 
range of motion, biomechanical kinematics, 
and kinematic pitching sequence
There were no significant relationships between hip 
shoulder separation and peak pelvic rotation velocity 
(r = –0.349, p = 0.051), time of peak pelvis rotation (r =  
0.155, p=0.397), time of peak trunk rotation (r = 
–0.150, p = 0.412), or the difference in time of peak 
trunk and pelvis rotation (r = 0.045, p = 0.808). There 
was a significant moderate relationship between hip 
shoulder separation and peak trunk rotation velocity 
(r = 0.390, p = 0.027) (Figure 4). 

Furthermore, there were no significant relation-
ships between pitch velocity and peak pelvis rota-
tion velocity (r = –0.026, p=0.891) or the difference 
in time of peak trunk and pelvis rotation (r =0.276, 
p=0.126). There was a significant moderate relation-
ship between pitch velocity and peak trunk rotation 
velocity (r = 0.478, p = 0.006) (Figure 5). 

or only throwing two pitch types, only the fastball 
data were analyzed for this study. Data were pro-
cessed and variables were calculated with Visual 
3D (C-Motion, Inc. Germantown, Maryland). Vari-
ables extracted from the pitching reports included 
ball velocity, hip shoulder separation at foot contact, 
peak pelvis rotation velocity, peak trunk rotation 
velocity, time of peak pelvis rotation velocity, and 
time of peak trunk rotation velocity. Pitching mod-
els were defined using the PitchTrak model, and seg-
ment coordinate systems were defined according to 
ISB recommendations.11,25 Hip shoulder separation 
was defined as the angle of rotation between the 
trunk and pelvis segments. 

Statistical Analyses
An a priori analysis was performed with a b of 0.80, 
an a of 0.05 that determined a sample size of 15 
was necessary to observe a moderate correlation 
of 0.30.26 Prior to analyses, data were evaluated for 
normality. Data were observed to have a normal 
distribution for ROM data, excluding hip TROM 
and trunk rotation measurements. Data had a non-
normal distribution for kinematic data. Data trans-
formations were then attempted for kinematic data 
without success, resulting in utilizing non-paramet-
ric analyses. A series of t-tests and non-parametric 
Mann-Whitney U tests were performed to analyze 
the presence of a difference between dominant and 
non-dominant sides for all ROM data (p<0.05). A 
series of non-parametric Spearman’s Rho correla-
tions were then performed to investigate the rela-
tionship between trunk and hip ROM, and trunk 
and hip biomechanical kinematics, and trunk and 
hip kinematic pitching sequence (p<0.05). The 
current baseball biomechanical industry recom-
mended threshold for hip shoulder separation is 55 
degrees. In order to increase clinical utility, receiver 
operator curve (ROC) analyses were performed 
between the proposed hip shoulder separation 
threshold and trunk and hip ROM that exceeded a 
correlation of 0.20. An a priori area under the curve 
(AUC) of 0.70 was set for significance.27 c2 analyses 
was performed to calculated odds ratios with 95% 
confidence intervals (95% CI) for all significant 
ROC curve analyses. All analyses were performed 
in R version 3.5.1 (R Core Team [2013]. R: A lan-
guage and environment for statistical computing. 
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separation. There was no relationship between 
the hip shoulder separation cut point and lead hip 
IR (AUC = 0.68, p = 0.105), non-dominant side 
trunk rotation (AUC = 0.55, p = 0.631), or the ratio 
between non-dominant trunk rotation and lead hip 
IR (AUC = 0.67, p = 0.202)

DISCUSSION
The main findings of the study were that there was 
a moderate association between hip shoulder sepa-
ration at foot contact and peak trunk rotation veloc-
ity, as well as between pitch velocity and peak trunk 

Receiver operator characteristics analyses 
between hip shoulder separation and hip 
and trunk range of motion
A total of 22 (69%) pitchers exhibited hip shoulder 
separation ≤ 55 degrees, and 10 (31%) pitchers dis-
played hip shoulder separation above 55 degrees. 
There was a relationship between the hip shoulder 
separation cut point and the difference between 
stance and lead hip IR (AUC = 0.78, p = 0.024). 
Pitchers with a hip difference of 4.3 degrees (95 CI: 
–0.8, 8.4) had a 1.23 (95% CI: 1.05, 1.50) greater odds 
of displaying greater than 55 degrees of hip shoulder 

Table 1. Range of motion* and relationship to hip shoulder separation.

Table 2. Pitching Kinematics and Kinematic Sequence.
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studies that reported hip shoulder separation in 
percentage or only as a correlation to pitch veloc-
ity.16,19 In this study, hip shoulder separation was 
reported in degrees to increase the clinical utility of 
these findings. Greater hip shoulder separation may 
allow for increased potential elastic energy to be 
retained prior to trunk rotation through the oblique 
stretch shortening cycle.10,29 During pelvic rotation, 
the oblique musculature eccentrically contracts, fol-
lowed by concentric muscular contraction during 
trunk rotation.29 The greater hip shoulder separation 
may potentially allow improved oblique muscular 
eccentric contraction, permitting for greater torso 
rotation velocity.16 Another potential explanation 
is that greater hip shoulder separation allows for a 
larger rotation arc through which the trunk can build 
rotational velocity. Within this study, there was no 
relationship between hip shoulder separation and 
time between maximum pelvic and trunk rotation 
velocity. In other words, trunk rotation requires a 
similar time to rotate during the pitching sequence, 
irrespective of the hip shoulder separation ROM. In 
the case of a larger rotational arc, the trunk then 
must rotate at a greater rotation velocity. Despite 
these theories, hip shoulder separation should be 
analyzed when assessing kinematic factors that can 
affect pitching motion efficiency. 

The current study documents the moderate relation-
ship between maximum trunk rotation velocity and 
pitch velocity, which supports previous research.8,9 
The trunk can provide up to 50% of kinetic energy 
and momentum during the pitching motion.30 As a 
result, greater trunk rotation along the longitudinal 
axis allows for greater force transfer through the arm, 
and eventually to ball propulsion.12,14 Increased trunk 
rotation velocity contributes to increased shoulder 
external rotation and shoulder hyperangulation,14,28 
which has been directly linked to increased pitching 
velocity.31 As with the pitching stretch shortening 
cycle within the oblique musculature,10,29 movement 
into shoulder external rotation eccentrically length-
ens the shoulder internal rotators, providing greater 
elastic energy to utilize during the pitching accelera-
tion phase.31 The direct connection between trunk 
rotation and shoulder kinematics, and ultimately 
pitching velocity, demonstrates the relationship 
between proximal to distal pitching kinematics and 
momentum transfer. 

rotation velocity. However, there were no relation-
ships between hip or trunk ROM and pitching kine-
matics nor pelvis and trunk kinematic sequencing 
and hip shoulder separation. These results have 
implications in sports performance, specifically the 
potential relationship of hip shoulder separation 
and the stretch shortening cycle, as previous stud-
ies have demonstrated that pelvic and trunk pitch-
ing kinematics play an important role in in pitch 
velocity, which has been shown to directly influence 
pitching performance.8,12,19 

Maximum trunk rotation velocity was similar to pre-
vious studies, demonstrating similarity in baseball 
participants and biomechanical model structure.8,28 
However, this study reported hip shoulder sepa-
ration in degrees, which is in contrast to previous 

Figure 4. The relationship between maximum hip shoulder 
separation and peak trunk rotation velocity

Figure 5. The relationship between peak trunk rotation 
velocity and pitch velocity
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demonstrated biomechanically. However, these 
pitchers may not have achieved maximal hip shoul-
der separation due to the exact timing and sequenc-
ing between hip, trunk, and shoulder acceleration 
during the pitching motion. While there was a 24.3 
millisecond difference between peak pelvis and 
peak trunk velocities, previous literature proposes 
that trunk acceleration should not begin until after 
peak pelvis rotation.11,12 While the instrumentation 
and models used within this study did not allow for 
analysis of the timing of the occurrences during the 
pitching sequence, timing and sequencing variables 
should be explored in future work. 

Strengths and potential limitations
This study assessed clinical and pitching biome-
chanical variables, providing clinical and base-
ball specific context. Hip and trunk velocity and 
kinematic sequencing were assessed, allowing for 
increased interpretability of these findings. While 
the warm up time was standardized to 15 minutes, 
each participant performed an individual warm up, 
decreasing the repeatability of this study. Each pitch 
type was pitched in succession, which may have cre-
ated an order effect. Only fastballs were assessed for 
this study. Other pitches may have slight differences 
in kinematic variables decreasing the generalizabil-
ity of these results to pitches other than the fastball. 
Only high school pitchers were recruited for this 
study, who may be physical and pitching develop-
ing athletes, which diminishes the generalizability 
of these findings to other pitching populations. 

Future research
The role of pelvis and trunk kinematics and pitch 
velocity has been elucidated,8,10,14 however, there are 
currently no prospective studies investigating the 
interplay between hip and trunk ROM and hip and 
shoulder kinematics and injury risk. To this end, 
future research is required to understand how these 
variables change following injury or potentially con-
tribute to injury. Understanding how hip and trunk 
ROM and proximal pitching kinematics relate to 
injury can assist clinicians and coaches in develop-
ing effective interventions. While proper proximal 
pitching kinematic sequencing has been established 
as an important pitching biomechanical variable,8,11,14 
an additional study is required to understand what 

Previous research in professional baseball players 
has demonstrated a moderate relationship to hip 
lead leg, hip TROM and pitch velocity, and decreased 
lead leg hip ROM in all ROM measurements com-
pared to the stance leg.17 Although in the current 
study there were no statistically significant associa-
tions between hip ROM and any pitching kinematics, 
or stance and lead leg hip ROM, these discrepan-
cies could be attributed to the overall total volume 
of pitching in professional pitchers in comparison 
to high school pitchers.32 Specific asymmetrical hip 
adaptations could develop through lead leg repeti-
tive loading due to the lower extremity rotational 
stresses incurred during pitching.7 Another possible 
explanation is the methodological differences in hip 
ROM measurement. While both studies utilized a 
goniometer, in this study, hip ROM was measured 
supine in comparison to prone.17 Measuring hip 
ROM in supine decreases the hip flexor length ten-
sion relationship in comparison to prone, possibly 
altering hip ROM results.33 There were also no asso-
ciations between trunk ROM and pitching kinematic 
variables, nor were there ROM differences between 
dominant and non-dominant trunk rotation. These 
results support a previous study in which trunk 
ROM was not associated with pitching velocity.18 
Further, hip IR difference reported an AUC of 0.78, 
and a cut point of 4 degrees. Thus hip, trunk, and 
hip shoulder separation ROM data can be utilized as 
healthy normative values for high school pitchers 
when evaluating hip and trunk biomechanics, which 
includes hip shoulder separation. Previous literature 
proposes that passive ROM should be greater than 
active ROM.34 While hip shoulder separation is dif-
ficult to quantify without 3D biomechanical evalu-
ation, if a high school pitcher exhibits less hip and 
trunk ROM, smaller differences between stance and 
lead leg ROM, or a smaller ratio between hip and 
trunk ROM than these normative values, clinicians 
should be cautious of the pitcher’s ability to produce 
adequate hip shoulder separation. As a result, fur-
ther examination, potentially including biomechani-
cal assessment, should be recommended. Further, 
the results demonstrate that increased hip shoulder 
separation should allow for increased trunk rotation 
velocity and increased pitch velocity. The current 
ROM results suggest that these pitchers are capable 
of achieving greater hip shoulder separation than 
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8. Stodden DF, Fleisig GS, McLean SP, Lyman SL, 
Andrews JR. Relationship of pelvis and upper torso 
kinematics to pitched baseball velocity. J Appl 
Biomech. 2001;17(2):164-172.

9. Fortenbaugh D, Fleisig GS, Andrews JR. Baseball 
pitching biomechanics in relation to injury risk and 
performance. Sports health. 2009;1(4):314-320.

10. Fleisig GS, Hsu WK, Fortenbaugh D, Cordover A, 
Press JM. Trunk axial rotation in baseball pitching 
and batting. Sports Biomech. 2013;12(4):324-333.

11. Aguinaldo AL, Buttermore J, Chambers H. Effects of 
upper trunk rotation on shoulder joint torque among 
baseball pitchers of various levels. J Appl Biomech. 
2007;23(1):42-51.

12. Putnam CA. Sequential motions of body segments in 
striking and throwing skills: descriptions and 
explanations. J Biomech. 1993;26:125-135.

13. Fleisig GS, Barrentine SW, Escamilla RF, Andrews JR. 
Biomechanics of overhand throwing with 
implications for injuries. Sports Med. 1996;21(6): 
421-437.

14. Oyama S, Yu B, Blackburn JT, Padua DA, Li L, Myers 
JB. Improper trunk rotation sequence is associated 
with increased maximal shoulder external rotation 
angle and shoulder joint force in high school 
baseball pitchers. Am J Sports Med. 2014;42(9):2089-
2094.

15. Huang Y-H, Wu T-Y, Learman KE, Tsai Y-S. A 
comparison of throwing kinematics between youth 
baseball players with and without a history of medial 
elbow pain. Chin J Physiol. 2010;53(3):160-166.

16. Erickson BJ, Sgori T, Chalmers PN, et al. The impact 
of fatigue on baseball pitching mechanics in 
adolescent male pitchers. Arthroscopy. 
2016;32(5):762-771.

17. Robb AJ, Fleisig G, Wilk K, Macrina L, Bolt B, 
Pajaczkowski J. Passive ranges of motion of the hips 
and their relationship with pitching biomechanics 
and ball velocity in professional baseball pitchers. 
Am J Sports Med. 2010;38(12):2487-2493.

18. Bullock GS, Schmitt AC, Chasse PM, Little BA, Diehl 
LH, Butler RJ. The relationship between trunk 
rotation, upper quarter dynamic stability, and pitch 
velocity. J Strength Cond Res. 2018;32(1):261-266.

19. Sgroi T, Chalmers PN, Riff AJ, et al. Predictors of 
throwing velocity in youth and adolescent pitchers. J 
Shoulder Elbow Surg. 2015;24(9):1339-1345.

20. Johnson KD, Kim KM, Yu BK, Saliba SA, Grindstaff 
TL. Reliability of thoracic spine rotation range-of-
motion measurements in healthy adults. J Athl Train. 
2012;47(1):52-60.

21. Nussbaumer S, Leunig M, Glatthorn JF, Stauffacher 
S, Gerber H, Maffiuletti NA. Validity and test-retest 

factors affect pitching kinematic sequencing. Lastly, 
further research is required to understand if specific 
strength and conditioning and rehabilitation exer-
cises can improve hip shoulder separation and hip 
shoulder kinematics and kinematic sequencing. 

CONCLUSION
The results of this study demonstrated signifi-
cant moderate associations between hip shoulder 
separation at foot contact and peak trunk rota-
tion velocity and between pitch velocity and peak 
trunk rotation velocity. There were no associations 
between hip or trunk ROM and pelvis or trunk 
kinematics or kinematic sequencing. Hip shoulder 
separation can be used as a pitching biomechani-
cal variable to help determine pitching motion 
detriments that can affect trunk rotation velocity, 
which in turn is related to pitching velocity. These 
hip, trunk, and hip shoulder separation ROM data 
can be utilized as healthy normative values for 
high school pitchers. 
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ABSTRACT
Background: The specialized roles of many military personnel require specific skills and high physical demands, placing unique stresses on the 
shoulders and increasing risk of injury. As normal dominant/nondominant shoulder asymmetries have been established in military personnel, 
bilateral strength comparisons must be understood in context of daily physical demands to monitor patients’ progress or readiness to return to 
duty. 

Purpose: This study aims to assess bilateral differences in strength and explosive force in United States Marines with a history of dominant or 
nondominant shoulder pathology. 

Study Design: Cross-Sectional. 

Methods: A total of 52 full-duty, male US Marines with a shoulder injury within the prior year participated. Bilateral isokinetic shoulder internal 
(IR) and external (ER) rotation strength, and peak force (Peak Force) and average rate of force production (Avg Rate) during an explosive push-up 
were collected. Dominant versus nondominant side data were independently examined within each group (DOM: dominant injury, NOND: non-
dominant injury). Comparison between DOM and NOND, as well as previously published CON (no history of shoulder injury) was also 
completed. 

Results: NOND (n = 26) demonstrated significantly less IR (p < 0.001) and ER (p = 0.003) strength and Peak Force (p = 0.001) and Avg Rate  
(p = 0.047) on the injured side, while DOM (n = 26) demonstrated no bilateral differences in strength or push-up performance. Comparison 
between the three groups showed that NOND demonstrated significantly less ER strength than CON (p = 0.022). 

Conclusions: Military personnel demonstrate asymmetric strength patterns likely due to increased demand of the dominant shoulder. US Marines 
with a history of injury to the nondominant shoulder performed differently than those with a dominant side injury, presenting with both strength 
and push-up asymmetries. They also demonstrated significant ER strength deficits compared to CON. Common clinical practice and previous lit-
erature often compare injured and uninjured limbs or injured individuals to healthy controls, but further distinction of dominant or nondominant 
side may provide more accurate information needed to develop targeted treatment strategies. 

Clinical Relevance: Recognizing unique occupational demands and how patients may present differently with dominant versus nondominant side 
shoulder injuries are important considerations for ensuring accurate assessment and effective individualized rehabilitation. 

Level of Evidence: 3. 

Key Terms: Injury Prevention, Military Training, Physical Therapy, Rehabilitation, Shoulder
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INTRODUCTION  
The year-round, high intensity, high volume train-
ing and deployment cycles required of many Spe-
cial Operations Forces (SOF) personnel place them 
at high risk of musculoskeletal injuries.1 During 
one pre-deployment work-up, approximately one-
third of a United States Marine Corps Forces Special 
Operations Command (MARSOC) unit experienced 
a musculoskeletal injury or physical limitation, 
which is consistent with other SOF injury rates.2-4 
Shoulder injuries account for approximately 23-24% 
of all musculoskeletal injuries in SOF personnel5,6 
and 78% of all upper extremity musculoskeletal 
disorders in MARSOC operators.7 Such high rates of 
injury are similar to that which would be expected 
in overhead athletes8,9 due to the repetitive motions 
and extreme shoulder demands of these sports.10,11 
Military personnel also place substantial loads on 
the shoulder during physical fitness, tactical train-
ing, and deployment contributing, to high rates of 
shoulder injuries.12 

For athletes and military personnel, previous injury 
is one of the most common risk factors for future 
injury.13-16 This increased risk is likely influenced by 
many factors including changes in motion, proprio-
ception, strength, and function following injury.17 As 
the rotator cuff muscles are the primary stabilizers 
of the glenohumeral joint,18 several studies have ana-
lyzed bilateral shoulder internal and external rota-
tion strength deficits following unilateral shoulder 
injury in athletic and military populations.1,19-22 Inter-
nal rotation strength deficits,22 residual external rota-
tion weakness,19,20 as well as no asymmetry between 
the injured and uninjured shoulders1,21 following 
return to full activity have all been reported in dif-
ferent studies. While these inconsistencies may be 
influenced by differences in study populations and 
varying assessment protocols, comparison is often 
made between injured and uninjured limbs without 
consideration of limb dominance.1,21-24 As normal 
dominant/nondominant shoulder asymmetries have 
been established in uninjured athletes and MARSOC 
personnel,25-28 bilateral comparisons must be under-
stood in context of daily physical demands to moni-
tor patients’ progress, deficits, or readiness to return 
to duty. Without limb dominance consideration and/
or control group comparison, results may not accu-
rately describe residual deficits or adaptations. 

In addition to standardized strength measures, activ-
ity-specific functional assessments are encouraged 
for highly active individuals following injury.29,30 
For athletes, this may include assessment of pitch-
ing mechanics or swimming stroke, or other sport-
specific tasks. For military personnel, an assessment 
that represents the explosive requirements of mod-
ern military physical and tactical training and 
deployments should be considered.31 Asymmetries 
in functional performance on an explosive push-up 
have been found in healthy MARSOC personnel,28 
therefore, those with a history of dominant or non-
dominant side shoulder injuries may perform differ-
ently on such task if not fully recovered. 

With high tempo training cycles, any lingering defi-
cits may be detrimental to operational readiness and 
increase the risk of sustaining a more severe rein-
jury. Shoulder strength and functional asymmetries 
have been established in healthy MARSOC person-
nel,28 however, the relationship between perfor-
mance and limb dominance in those with previous 
shoulder injury needs to be understood to provide 
clinicians with a more complete understanding 
of potential deficits and ways to better treat these 
individuals. Therefore, this study aims to assess dif-
ferences in shoulder strength and explosive force 
in MARSOC personnel with a history of dominant 
or nondominant shoulder pathology. The authors 
hypothesize that asymmetries in strength and explo-
sive force will differ between those with a history 
of dominant versus nondominant shoulder injuries. 
Additionally, the authors hypothesize that identified 
deficits will be greater than observed in MARSOC 
personnel with no history of shoulder injury. 

METHODS

Participants
Participants in this study were male US Marines 
extracted from a larger longitudinal study from 
August 2015 to December 2017. Participants included 
MARSOC Operators as well as students and selectees 
in training to become MARSOC Operators. All partic-
ipants were full-duty, indicating they were cleared 
for full and unrestricted participation in physi-
cal and tactical training. Participants were advised 
to limit strenuous physical training and avoid caf-
feine, nicotine, and alcoholic beverages twenty-four 
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All contractions were concentric-concentric at 60 
degrees/second. Side-to-side deficits were calculated 
by dividing (injured side/uninjured side) × 100.

Dynamic Shoulder Function
To evaluate dynamic shoulder function, participants 
performed an explosive push-up task (Figure 2). Par-
ticipants started in a prone position with the elbows 
bent and each hand placed on a separate force plate 
(Type 9286BA, 60  cm  ×  40  cm platform; Kistler 
Instrument Corp., Amherst, NY) at approximately 
chest level. The force plates were mounted flush 
with surrounding custom-built flooring, so feet and 
hands were level. Participants were instructed to 
keep both back and legs straight, feet together, and 
elbows in a neutral position. When the researcher 
instructed “rise-up,” the participant lifted his chest 
approximately one inch off the ground. Once this 
position was attained and held for one second, the 
researcher instructed “go,” at which time the par-
ticipant performed an explosive push-up, pushing 
completely off the force plates. The participant was 
instructed that the goal of the task was to perform 

hours prior to testing. Approval was obtained for all 
research procedures from the University’s Institu-
tional Review Board. Written informed consent was 
obtained from each subject prior to participation in 
the study. 

Injury History
All participants were interviewed by an experienced 
clinical researcher and asked to describe all muscu-
loskeletal injuries ever sustained that required the 
individual to stop or modify training for at least one 
full day, to include any injury to the musculoskel-
etal system (bones, ligaments, muscles, tendons, 
etc.) that caused the participant to stop or modify 
training or physical activity for at least one day, 
regardless if medical attention was sought. Demo-
graphic and descriptive injury data were directly 
entered into a customized online survey applica-
tion, Research Electronic Data Capture (REDCap)32 
hosted at the university during each interview. RED-
Cap is a secure, web-based application designed to 
support data capture for research studies, providing 
1) an intuitive interface for validated data entry; 
2) audit trails for tracking data manipulation and 
export procedures; 3) automated export procedures 
for seamless data downloads to common statistical 
packages; and 4) procedures for importing data from 
external sources. Collected injury data included 
descriptions of anatomical location, anatomical sub 
location, mechanisms of injury, treatment received 
for injury, and if they were currently experiencing 
pain/modifying training due to the injury.

Laboratory Data

Shoulder Strength
Shoulder internal and external rotation were eval-
uated bilaterally on an isokinetic dynamometer 
(Biodex Medical Systems, Shirley, NY).33 Isokinetic 
strength testing on the Biodex has been found to 
be a reliable and valid strength measure.34 Partici-
pants were seated with shoulders placed in a modi-
fied neutral position of 15-20° abduction and 15-20° 
flexion (Figure 1). Participants were positioned and 
stabilized according to manufacture specifications. 
Warm-up and familiarization trials were performed 
as standard procedure as previously described.35 
Strength was determined by averaging five maximal 
repetitions and analyzed relative to body weight. 

Figure 1. Shoulder internal and external rotation isokinetic 
strength assessment.
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Subject Classification
REDCap injury data was queried based on “shoul-
der” location. Shoulder injuries included conditions 
such as sprains, strains, labral tears and fractures 
affecting the shoulder joint, scapula, and/or clavicle 
but not contusions or lacerations. Marines report-
ing a shoulder injury causing current pain and/or 
modification of training within the prior year were 
classified into the injured group (INJ). Participants 
were then further differentiated into those that 
reported a dominant side injury (DOM) and those 
that reported a nondominant side injury (NOND). 
Previously published data from MARSOC personnel 
with no history of shoulder injury, served as a con-
trol comparison group (CON).28 Marines with his-
tory of bilateral shoulder injury, regardless of timing 
of injuries, or surgical intervention were excluded. 
Participants with only unilateral strength data were 
also excluded. 

Statistical Analysis
Descriptive statistics were calculated for demo-
graphic, strength, and push-up variables. All vari-
ables were assessed for normality and frequency 
distribution. Paired-samples t-tests for parametric 
data and Wilcoxon Signed Ranks Tests for nonpara-
metric data were used to compare dominant to non-
dominant sides within each group. Independent 
samples t-tests or Mann-Whitney U tests were used 
as appropriate to compare INJ to CON (injured side 
compared to dominant side of healthy group). One-
Way ANOVA or Kruskal-Wallis One-Way ANOVA with 
post-hoc Bonferroni analyses were used as appro-
priate to compare DOM, NOND, and CON. Effect 
sizes (Cohen’s d for paired and independent sam-
ples t-tests, r=Z/√N for Wilcoxon Signed Ranks and 
Mann-Whitney U tests, h2 for One-Way ANOVA, and 
e2 for Kruskal-Wallis One-Way ANOVA) were also cal-
culated. For consistency, medians and interquartile 
ranges are presented in all figures. An alpha level 
of 0.05 was set a priori to denote statistical signifi-
cance for all comparisons. Statistical analyses were 
performed using IBM SPSS Statistics Version 22 (IBM 
Corp, Armonk, NY). 

RESULTS
A total of 52 full-duty, male MARSOC personnel 
with a history of a shoulder injury (age: 26.76 ± 3.95 

the most explosive push-up possible. Participants 
were given at least one practice trial, followed by 
three collected trials. A similar protocol has previ-
ously been described with excellent relative reliabil-
ity (ICC= 0.91- 0.96).36 

Vertical ground reaction force (VGRF) data were 
collected at 1200 Hz using Vicon Nexus Software 
(Vicon Motion Systems, Centennial, CO). VGRF ana-
log signals were low-pass filtered with a Butterworth 
fourth-order zero-phase-shift lag with 50 Hertz cut-
off using C-Motion Visual 3-D (C-Motion, German-
town, MD). All data processing was completed in 
C-Motion Visual 3-D and output variables included 
peak VGRF (Peak Force) during the concentric phase 
of the push-up movement and average rate of force 
production (Avg Rate). Avg Rate was defined as the 
rate of change in the force between the start of the 
movement and the peak force and was calculated 
as the mean of the first derivative of the VGRF. The 
three trials were averaged for each variable (Peak 
Force and Avg Rate) for each side and normalized to 
body weight by dividing by mass. 

Figure 2. Explosive push-up task.
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(1.48% deficit; p = 0.037; r = 0.224) on the nondom-
inant side but symmetrical bilateral ER strength (p 
= 0.137) and Avg Rate (p = 0.899).28 No significant 
between group differences were found when compar-
ing CON, DOM, and NOND dominant side variables 
(p > 0.05). Nondominant side comparison between 
the three groups showed that NOND demonstrated 
9.76% less ER strength than CON (One-Way ANOVA: 
p = 0.022; Bonferroni post-hoc analysis between 
NOND and CON: p = 0.022; h2 = 0.031). 

DISCUSSION
Due to the upper body demands of training and mis-
sions, MARSOC personnel are at high risk of shoulder 
injuries.7,37 The initial analysis of all injured individ-
uals revealed significant strength deficits compared 
to individuals with no history of shoulder injury, but 
mixed bilateral performance asymmetries. Though 
a convenient and common analysis,1,21-24 compar-
ing injured/uninjured groups or injured/uninjured 
limbs does not account for differences due to limb 
dominance. Therefore, the main purpose of this 
study was to determine if consideration of limb 
dominance with side of injury further differentiated 
deficits in shoulder strength and function in MAR-
SOC personnel. Consistent with the hypothesis of 
the study, strength and functional asymmetries dif-
fered between those with a history of dominant and 
nondominant side injuries. Furthermore, strength 
deficits on the injured side were identified for those 
with a nondominant side injury compared to indi-
viduals with no history of shoulder injury. 

years; height: 179.92 ± 6.05 cm, mass: 84.89 ± 8.62 
kg) were included in the analysis. Twenty-six par-
ticipants reported a dominant side shoulder injury 
and 26 reported a nondominant side injury. Demo-
graphic information for each group, as well as the 
previously published CON (n = 195), are presented 
in Table 1. 

INJ demonstrated significantly less ER strength 
(4.88% deficit; p = 0.012; d = 0.370) and Avg Rate 
(5.50% deficit; p = 0.024; d = 0.381) on the injured 
side compared to the uninjured side, but no differ-
ence in IR strength (p = 0.159) or Peak Force (p = 
0.058). When comparing the dominant side of CON 
to the injured limb of INJ, those with a history of 
shoulder injury were significantly weaker in IR 
(6.45% deficit; p = 0.023; r = 0.146) and ER (7.23% 
deficit; p = 0.003; d = 0.483) strength, but no dif-
ferences in push-up variables were found (Figure 3, 
Full summary – Appendix 1).

Side-to-side comparisons within NOND revealed bilat-
eral asymmetry patterns (Figure 4, Full summary – 
Appendix 2). NOND demonstrated significantly less 
IR strength (12.9% deficit; p < 0.001; d = 0.832), ER 
strength (9.76% deficit; p = 0.003; d = 0.656), Peak 
Force (3.59% deficit; p = 0.001; d = 0.920) and Avg 
Rate (4.49% deficit; p = 0.047; d = 0.476) on the 
injured side compared to uninjured side. DOM dem-
onstrated no bilateral differences in strength or push-
up variables (all p > 0.05). As previously reported 
CON demonstrated significantly less IR strength 
(6.45% deficit; p < 0.001; r = 0.482) and Peak Force 

Table 1.  Demographics.
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however, this may be misleading as this pattern is 
different from that of CON, which demonstrated 
greater IR strength and Peak Force on the dominant 
side. In contrast, as NOND demonstrated signifi-
cant deficits on all assessments on the injured side 
within group, they may appear to have greater defi-
cits than DOM. However, as CON was not symmet-
rical, complete strength and functional symmetry 
may not be realistic or necessary in this popula-
tion due to unique dominant versus nondominant 
upper extremity demands. These distinct patterns 

These results support distinguishing side of injury 
based on limb dominance as unique asymmetry 
patterns were revealed. DOM demonstrated no 
significant asymmetries in strength or push-up 
performance. Conversely, NOND performed signifi-
cantly worse on the injured/nondominant side in 
IR and ER strength as well as both explosive push-
up performance measures. Initial review of the 
included assessments might suggest that DOM had 
fully recovered from injury as they demonstrated 
symmetrical strength and push-up performance; 

Figure 3. Boxplots of bilateral and INJ versus CON strength and push-up assessment comparisons. (A) Internal rotation strength 
comparison. (B) External rotation strength comparison. (C) Peak Force of push-up comparison. (D) Average rate of force produc-
tion for push-up comparison. CON, control group; INJ, shoulder injury group. *Significant differences (p < .05) indicated. 
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While grouping all shoulder injuries together may 
mask within group asymmetries, this same group-
ing may amplify deficits in comparison to a healthy 
control group. The findings of IR and ER deficits for 
INJ compared to CON are consistent with residual 
shoulder deficits found in other SOF with a his-
tory of shoulder injury compared to healthy con-
trols.1,21 These findings may be misleading as these 
are comparisons of both dominant/nondominant 
injured shoulders to only the dominant or right side 

of decreased symmetry for NOND and increased 
for DOM are lost when all are considered as one 
injured group. Though different populations, the 
current results mirror those of a study by Edouard 
et al.38 of patients with recurrent unilateral anterior 
shoulder instability. The authors concluded that 
in those with dominant side involvement, asym-
metries decreased and for those with nondomi-
nant shoulder involvement, side-to-side differences 
increased.38

Figure 4. Boxplots of bilateral and between group (DOM, NOND, and CON) strength and push-up assessment comparisons. (A) 
Internal rotation strength comparison. (B) External rotation strength comparison. (C) Peak Force of push-up comparison. (D) 
Average rate of force production for push-up comparison. DOM, dominant side injury group, NOND, nondominant side injury 
group. *Significant differences (p < .05) indicated. 
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are more prominent following a nondominant side 
injury involvement and reduced when the dominant 
side is involved.38 

In an ever-demanding environment, the balance 
between adequate recovery following injury and 
mission readiness must be carefully considered. 
Common clinical practice suggests that patients’ 
strength and functional performance be nearly sym-
metrical, usually within 10% bilaterally prior to 
return to full activity.42 For upper extremity injuries, 
bilateral comparison needs to be understood relative 
to limb dominance and task. In the context of this 
study, MARSOC personnel reporting an injury to 
their dominant limb were found to be symmetrical in 
IR strength, while those reporting an injury to their 
nondominant limb demonstrated a 12.9% deficit in 
IR on the injured side, double the nondominant side 
deficit of 6.45% in personnel reporting no shoulder 
injury. Those with no history of shoulder injury and 
those that reported a dominant side shoulder injury 
were symmetrical in ER strength, while those that 
reported a nondominant side injury displayed a 
9.76% deficit on the injured side. In those reporting 
a nondominant side injury, peak force on the explo-
sive push-up was only 3.59% less on the injured 
side compared to uninjured side; however, this indi-
cates over double the bilateral difference found in 
those with no history of shoulder injury of 1.48%. 
Though a patient may appear ready for full activity 
as he presents with symmetrical strength and per-
formance, he may be at risk of reinjury if this does 
not accurately depict his prior level of function. In 
contrast, another patient may not be able to reach 
perfect side-to-side symmetry following a nondomi-
nant side injury if he heavily relies on his dominant 
side for performance tasks.

Although manual muscle testing is a common 
assessment for monitoring strength progression, 
minor impairments typically cannot be captured. 
Individuals who demonstrate bilateral normal 
shoulder strength (5/5) with manual muscle test-
ing, may still show significant bilateral differences 
of 13-28% when tested via isokinetic dynamome-
try.43 In high performing populations, sensitive and 
quantifiable assessments, such as hand-held dyna-
mometry, submaximal or maximal strength testing 
and functional assessments should be considered 

of individuals without a history of shoulder injury. 
When differentiating limb dominance in side of 
injury in this study, the only between group differ-
ence found was a 9.76% ER deficit in NOND com-
pared to CON. This finding is particularly relevant 
to a military population, whose workload can vary 
substantially throughout training and deployment 
cycles.39,40 Møller et al.41 found that athletes with 
decreased ER strength were more prone to shoul-
der injuries at moderate (20-60%) increases in train-
ing load and even greater risk at high training load 
(>60%) increases compared to the previous four 
weeks of training.41 Considering the variable mili-
tary training schedule and the nearly 10% deficit 
found in ER in NOND, full recovery of ER strength 
following injury should be prioritized. 

Further deficits following shoulder injuries have 
been studied in other special operations military pop-
ulations.1,21 Bilateral strength differences of greater 
than 10% were reported in a substantial portion of 
full-duty SOF personnel with history of shoulder 
injury.1,21 In Navy SEALs, between 20% and 22% of 
participants demonstrated a greater than 10% deficit 
on their injured side in IR and ER strength respec-
tively compared to the uninjured side.1 Despite a sig-
nificant portion of the injured group having at least 
a 10% deficit, overall the injured groups were found 
to be symmetrical in IR and ER strength.1,21 Just as 
between group differences may be misleading with-
out consideration of limb dominance, side-to-side 
comparisons must also be interpreted with caution 
when all injured personnel are grouped together. By 
differentiating those with dominant and nondomi-
nant side injuries in this study, distinct symmetry 
patterns and deficits were found. Nearly 54% of 
NOND demonstrated a greater than 10% deficit in 
IR strength on the injured side compared to the non-
injured side, while only 17% of DOM demonstrated 
a 10% deficit on the injured side in bilateral com-
parison. Similarly, for ER strength, 27% of NOND 
demonstrated a greater than 10% strength deficit on 
the injured side compared to non-injured side, while 
only 13% of DOM demonstrated a 10% deficit on the 
injured side in bilateral comparison. Again, these 
findings support consideration of limb dominance 
in side of injury for bilateral comparison as well as 
the conclusion by Edouard et al. that asymmetries 
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to develop targeted assessments and treatment strat-
egies.1,45,46 Prioritization of ER strength symmetry 
and recognition of side of injury to further individ-
ualize rehabilitation may lead to improved patient 
outcomes and decreased risk of re-injury following 
a shoulder injury.
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as appropriate. Though deficits may be subtle, over 
time, these differences may increase the risk of rein-
jury and/or injury to the opposite shoulder as many 
injuries may stem from small amplitude, repetitive, 
and cumulative overloading often required during 
physical activity or occupational tasks.44 For military 
personnel, injuries and even minor compromises in 
performance may impact safety, career longevity, 
and long-term health. While this study is specific to 
MARSOC personnel, the findings suggest that limb 
dominance should be considered in rehabilitation 
for military personnel and are likely applicable 
across SOF communities. Daily physical demands, 
typical presentation in the given population, and 
prior level of function should all be weighed in the 
clinical decision-making process. 

The current study does have some limitations. 
Injury diagnoses were not differentiated in the anal-
ysis. Certain pathologies may affect individual mus-
cle groups and therefore performance, differently. 
Though injury severity likely differed between par-
ticipants, all had stopped or modified training due to 
the injury for at least one full day within the last year 
and none were treated operatively. There were also 
similar distributions of acute and chronic injuries as 
well as diagnoses and medical encounters between 
DOM and NOND. Additionally, all injuries were self-
reported which may be limited by participant recall. 
To improve accuracy, only participants with injuries 
that influenced pain and/or activity within the prior 
year were included. Furthermore, by capturing inju-
ries through patient recall, the authors were able to 
record injuries that disrupted training but would not 
have been captured with a medical record review. 
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ABSTRACT

Background/Purpose: Return to play decision making for upper extremity injuries is challenging due to a lack 
of evidence-based protocols and testing. Current guidelines utilize tests and measures with minimal evidence 
on re-injury risks and prediction. The purpose of this case series is to highlight a functional testing algorithm 
for upper extremities injuries and the outcomes for the patients that followed it. 

Study Design: Case series

Case descriptions: Six subjects (18 – 21 years old) who underwent shoulder capsulolabral repair secondary to 
recurrent instability and/or unyielding pain are included. All subjects underwent a criterion-based rehabilita-
tion program before being assessed with the authors’ upper extremity functional testing algorithm. The upper 
extremity functional testing algorithm consists of measures of active range of motion (AROM), passive range of 
motion (PROM), peak isometric force, a fatigue testing battery, and the closed kinetic chain upper extremity 
stability test (CKCUEST) to assess readiness for return to sport. 

Outcomes: All athletes achieved > 90% symmetry on at least two out of three tests during a fatigue testing 
protocol and at least 25 touches on the CKCUEST. All of the athletes returned to unrestricted football the season 
following surgical intervention. None of the athletes sustained an additional glenohumeral subluxation, disloca-
tion, or upper extremity injury requiring surgical intervention for the remainder of their athletic careers (six 
years).

Discussion: The presented cases help to illustrate the effectiveness of the upper extremity functional testing 
algorithm to assess return to sport readiness for male collegiate football athletes. The algorithm included testing 
of AROM/PROM and strength that is typically used, but also included the CKCUEST and fatigue testing to fur-
ther challenge and assess the upper extremity prior to returning to sports. 

Level of Evidence: 4

Keywords: football, functional testing, movement system, return to play, upper extremity
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BACKGROUND AND PURPOSE
Shoulder injuries within American football are com-
mon especially at the elite college level. Prevalence 
of prior shoulder injuries is reported at 50%- 51.9% 
for college athletes attending the NFL combine.1,2 Of 
further note, shoulder labral injuries make up 14.6% 
- 14.9% of all injuries with posterior being most com-
mon at 54% – 70% of tears noted.1-4 Of those that 
suffer from a labral tear, surgical repair is becoming 
increasingly popular due to reduced rates of recur-
rent instability at 3% - 32% when compared to non-
operative treatments and high levels of return to 
play at same level or higher reported to be at 64% 
- 85.4%.5–12

Following a surgical repair of the shoulder labrum, 
it is the current standard of care that all athletes 
are seen for rehabilitation to improve mobility and 
stability in the shoulder prior to returning to play. 
The different tasks that an athlete’s shoulders must 
endure during a football game place large demands 
on both the static and dynamic stabilizers. More spe-
cifically, the task of blocking places the shoulders 
in vulnerable positions. During blocking, players are 
instructed to elevate the shoulders above 90 degrees 
and “triangulate” their forces to one side of the 
opposing player in order to throw off their center of 
mass and slow them down.13 The elevated position 
along with large forces that the upper quarter must 
withstand put athletes at increased risks. 

Due to these heavy loads, physical therapists are 
continually searching for functional tests to best 
predict return to play readiness and safety. Unlike 
the lower extremity, various upper extremity func-
tional tests have been described in the literature, but 
no single test is consistently used for determining 
return to play readiness. Upper extremity tests such 
as the seated shot put test and the upper extremity 
Y-balance test have been utilized in prior research. 
While these tests utilize different aspects of upper 
extremity power and stability, no correlations have 
been studied in regard to injury risks to date, mak-
ing them less utilized in return to sport decision 
making.14,15 

One test that is currently being utilized within the 
upper extremity literature is the Closed Kinetic 
Chain Upper Extremity Stability Test (CKCUEST), 
which was introduced in 2000 by Goldbeck and 

Davies.16 The CKCUEST has been reported to 
demonstrate high test-retest reliability in a group 
of healthy male college students, with an ICC of 
0.922.16 This test correlates with peak isometric 
shoulder strength measured using hand-held dyna-
mometry of shoulder elevation, external rotation, 
and internal rotation (r=0.7, 0.7, and 0.8, respec-
tively; p< 0.05);17 peak isokinetic ER/IR strength 
(r=0.9) and grip strength (r=0.8);18 and other upper 
extremity functional tests, namely the upper quar-
ter Y-Balance Test (r=0.49 for non-dominant [ND] 
and 0.43 for the dominant upper extremity, both p< 
0.05),19 and the single arm shot-put test (r=0.66 for 
ND and 0.63 for the dominant upper extremity, both 
p < 0.05).20 This demonstrates that the CKCUEST 
assesses several facets simultaneously, and has been 
validated against other functional tests for the upper 
extremity. Additionally, Pontillo et al21 found that a 
cutoff of 21 touches would predict in-season shoul-
der injuries with a sensitivity of 0.83, specificity of 
0.79 and odds ratio of 18.75 in collegiate football 
players (p < 0.05). To the authors’ knowledge, this is 
the only upper extremity functional test which has 
been shown to be useful for injury prediction when 
used in healthy athletes.

Another aspect with return to sport decision making 
that has to be considered is the influence of muscle 
fatigue affecting the integrity of the repair. Although 
fatigue testing assesses a different component of 
muscle capacity than dynamometer testing, it is not 
commonly used in the clinic secondary to the pau-
city of literature supporting its use. However, since 
athletic tasks require repetitive use of the upper 
extremities, the authors suggest that it is important 
to assess as muscular fatigue can impede sensory 
motor function and may increase the risk of shoul-
der injury during activity. Okoroha et al.22 and Mulla 
et al.23 both found changes in upper extremity kine-
matics following fatigue that could increase stresses 
across the upper extremity. Additionally, Pontillo 
et al.20 found that preseason fatigue testing, when 
combined with functional testing, is predictive of 
in season upper extremity injuries in the collegiate 
football athlete population. 

Current guidelines utilize tests and measures with 
minimal evidence on re-injury risks and prediction, 
and are based largely on expert opinion. The purpose 
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of this case series is to highlight a functional testing 
algorithm for upper extremities injuries and the out-
comes for the patients that followed it. 

CASE SERIES DESCRIPTION
All subjects were varsity Division I football players 
who had undergone a capsulolabral repair second-
ary to recurrent instability and/or unyielding pain. 
All cases were seen by the primary author for the 
length of their course of care. A description of the 
subjects is provided in Table 1.

EXAMINATION

Initial Assessment
Initial assessments were performed according to the 
post-operative protocol and typically consisted of 
assessment of the uninvolved upper extremity, and 
PROM measures of the involved upper extremity. 
This typically began four to five weeks post-opera-
tively. Prior to starting formal physical therapy, the 
athletes were immobilized in a sling, and initiated 
range of motion (passive elevation, pendulums) at 
approximately three weeks post-operatively.

Interventions
All athletes were progressed according to criterion –  
based guidelines, while respecting the specific heal-
ing structures (i.e., avoiding posterior shear forces 
in the early phases after the repair of posterior 
structures, etc.).   Range of motion and strength 
interventions progressed from non-provocative to 
provocative positions. The rotator cuff and scapu-
lar musculature was trained for both strength and 
endurance (e.g., sustained holds, repetitions to 
fatigue).  Proprioception/neuromuscular training 

(NMT) and closed kinetic chain activities were incor-
porated in all phases of rehabilitation. Open chain 
NMT consisted of manual (e.g., rhythmic stabiliza-
tion) and self-perturbation methods. Closed chain 
stabilization was progressed from minimal posterior 
sheer positions (i.e., hand in contact with the wall in 
standing) to full body weight weightbearing through 
the involved upper extremity. Plyometrics were 
incorporated when the athlete could perform over-
head strengthening without pain or difficulty. In the 
final phases, controlled falls onto a physioball were 
incorporated to mimic the biomechanical demands 
of the sport.21 The primary author communicated 
with the athletic training staff and strength coaches 
on a weekly basis; strength and conditioning restric-
tions were communicated to maximize conditioning 
and lower body/core work in the early phases of 
rehabilitation, and facilitate safe return to weightlift-
ing in the later phases.

RTP Assessment
All athletes included in this case series underwent 
surgical intervention during the season or immedi-
ately post-season (October-December). The goal for 
all athletes was unrestricted return to play by the 
following season (August of the next year). Return 
to play evaluations were performed prior to sum-
mer break (typically beginning of May, or five to 
seven months post-operatively), and again prior to 
the beginning of the season (August, eight to ten 
months post-operatively) for five of the six athletes. 
As these athletes were not on campus nor undergo-
ing formal treatment over the break, the pre-break 
assessment was used to identify if any residual defi-
cits persisted, and the pre-season assessment was to 

Table 1. Description of Cases.
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ensure all previous impairments were assessed and 
that the athletes did not regress over break. 

These return to play assessment consisted of:

Active range of motion: Forward elevation in the 
plane of the scapula (FE), external rotation at 0° (ER 
0), ER at 90° abduction (ER 90), internal rotation up 
back (FIR).

Passive range of motion: Forward elevation in the 
plane of the scapula (FE), external rotation at 0° (ER 
0), ER at 90° abduction (ER 90), internal rotation at 
90° abduction with the scapula stabilized (IR 90).

Strength testing: Peak isometric force was measures 
by handheld dynamometer (Microfet 2; Hogan 
Health, Salt Lake City, Utah; measurement range 
0 to 136 kg of force; accuracy within 1%) and con-
sisted of FE at 90°; ER at 0° and 90°; IR at 0° and 90°; 
prone middle (MT) and lower trapezius (LT). For 
internal rotation, with the athlete standing, the ath-
lete’s arm was at 0° abduction/flexion, neutral inter-
nal/external rotation, and the elbow bent to 90°. The 
dynamometer was placed on the volar distal fore-
arm, and the examiner stabilized the athlete’s arm 
at the distal medial humerus. For external rotation, 
the athlete arm was at 0° abduction/flexion, neu-
tral internal/external rotation, and the elbow bent 
to 90°. The dynamometer was placed on the dorsal 
distal forearm, and the examiner stabilized the sub-
ject’s arm at the distal lateral humerus. These were 
repeated for the 90° abduction/90° external rotation 
position. For elevation, with the athlete standing, 
the athlete’s upper extremity was in 90 degrees of 
elevation in the plane of the scapula with neutral 
internal/external rotation. The dynamometer was 
placed at the athlete’s radial styloid, and the tester 
stabilized the upper extremity at the scapula. Prone 
middle and lower trapezius were performed at 90° 
abduction, neutral ER/IR and 120° elevation, full 
ER, respectively. These procedures were found to 
have good test–retest reliability, excellent intra- and 
interrater reliability (previously reported ICC: 0.85-
0.99).23 The test positions were described to each 
athlete, and their upper extremity manually placed 
in the correct position if necessary. For all tests, the 
athlete was asked to meet the tester’s resistance. If 
the athlete upper extremity deviated from the test 
position/compensatory strategies were seen, the 

athlete repeated the test. Resistance was held for 
five seconds; two trials for each position were col-
lected. This was done to allow adequate recovery 
time between the tests, thus fatigue from one test 
was not likely to influence performance on the sub-
sequent tests.

The two trials per direction were assessed and aver-
aged. Strength is reported as % symmetry.

Fatigue testing: Fatigue testing was assessed in three 
positions, according to the protocol outlined in Pon-
tillo et al.20 The prone-y test assesses the endurance of 
the middle and lower trapezius muscles; the scaption 
test assesses the rotator cuff and scapular stabilizers; 
the standing cable press assesses the pectoralis major, 
latissimus dorsi, and deltoid muscles. Each test is per-
formed once per side for each subject to minimize 
any one portion of the test affecting subsequent por-
tions of the testing session. Testing to fatigue was per-
formed in time to a metronome (60 Hz). Task failure 
was defined as (1) unable to keep time to the metro-
nome, (2) demonstration of compensatory strategies, 
or (3) inability to achieve the operationally defined 
testing positions as stated (less than 90° of elevation 
for standing cable press and scaption, below parallel 
to the floor for the prone-y). Both extremities were 
tested and percent symmetry was calculated. 

Standing cable press: Resistance was set to 30% of 
the athlete’s body weight. While holding a cable pul-
ley handle, the subject was instructed to perform a 
smooth, controlled pressing action. The terminal 
arm position was 90° of flexion, neutral horizontal 
abduction/adduction, and full pronation (Figure 1).

Scaption: 5% of body weight was utilized for resis-
tance. The athlete started with their arm by their 
side; and the end position was 90° of elevation in the 
scapular plane, with neutral internal/external rota-
tion (Figure 2).

Prone-y: 3% of the athlete’s bodyweight was used for 
resistance. The athlete started prone with their upper 
extremity off the table; the end position was 120° of 
abduction and full external rotation (Figure 3). 

CKCUEST: This test was performed according to 
the original description by Goldbeck and Davies.16 
Two tapelines were placed 36 inches apart. The 
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subject started in a standard push-up position, with 
one hand on each tapeline (Figure 4a). The subject 
was to touch one tapeline with the opposite hand, 
and repeat (Figure 4b). The score is the number of 
touches achieved in 15 seconds. The test was per-
formed twice with a self-selected rest between trials. 
The higher of the two trials was utilized.

All testing was performed in the same order to stan-
dardize the examination.

Patient-Reported Outcomes
FOTO (Focus On Therapeutic Outcome) was used at 
initial evaluation and discharge (Table 2).

Results/Outcomes
Strength, fatigue and functional test scores are pre-
sented in Table 3. All athletes achieved a CKCUEST 
of at least 25 touches, and fatigue symmetry of  
> 90% in at least two of three of the test posi-
tions. For any strength or fatigue testing measure 
assessed at less than 90% symmetry, the athlete 
was given a specific home exercise program to tar-
get the deficit to be performed for the remainder of 

Figure 1.  Standing Cable Press, performed at 30% BW. Ter-
minal position.

Figure 2.  Scaption, performed at 5% BW. Terminal  position.

Figure 3.   Prone-y, performed at 3% BW. Terminal  position.
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the season. Range of motion values are presented in  
Appendix 1.

The long-term goals to allow return to sport for all 
athletes were as follows:

1. No pain with activity

2.  ROM WFL (either = to pre-op or contralateral 
shoulder except in cases of hypermobility)

3. Strength testing by HHD: > 95% symmetry

4. Fatigue protocol: > 90% symmetry

5.  CKCUEST: > 21 touches (knowing < 21 pre-
dictive of shoulder injury)

6.  Unrestricted return to football, including 
strength and conditioning

All examination, re-evaluation, and return to play 
assessments were conducted by the primary author. 
All athletes returned to unrestricted football (includ-
ing strength and conditioning for the following sea-
son). By the end of their collegiate football careers 
(i.e., after the last season), or if applicable, their pro-
fessional career, none of the athletes had sustained 
an additional dislocation or subluxation or upper 
extremity injury which required surgical interven-
tion (6 years to date).

DISCUSSION
Playing American football lends itself to many dif-
ferent types of shoulder injuries with shoulder labral 
tears making up to 14.9% of shoulder injuries.1–3 
While this is a low percentage of the overall upper 
extremity injury rate, labral injuries are increasingly 
leading to surgical interventions due to the reduced 
rates of recurrent instability when compared to 
non-operative management.5–12 Following surgical 
repairs, athletes are routinely sent to physical thera-
pists and athletic trainers to help them rehabilitate 
and prepare for return to sports. 

Figure 4. CKCUEST: Start position (a) and test in progress (b).

Table 2. Outcome scores at initial evalua-
tion and discharge.
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At the end of an athlete’s rehabilitation, physical 
therapists and athletic trainers use objective mea-
sures along with subjective reports to help them 
determine when it is safe to return to sport activi-
ties. Currently, there is only one published upper 
extremity return to play protocol. Davies et al25 pro-
posed a functional testing algorithm for the upper 
extremity that included strength testing, range of 
motion testing, the CKCUEST, one-arm seated shot-
put test, along with other functional throwing tests 
prior to returning to more specific sport tasks. This 
algorithm is based on the author’s opinion along 
with research based on the individual tests. 

The authors propose that a battery of isometric peak 
force measures, fatigue testing, and functional test-
ing be considered for use as a return to play pro-
tocol, based on the success of the athletes in this 
case series, and the absence of re-injury (Table 4). 
Additionally, this specific testing battery has demon-
strated the ability to predict upper extremity injuries 
in football athletes.20 All of the athletes included in 
this case series were able to return to their previ-
ous level of competition, and furthermore, able to 
compete for the remainder of their athletic career 
without sustaining an additional shoulder injury (up 
to six year follow-up). All of the athletes were able to 
achieve greater than 90% symmetry in at least two 
out of the three fatigue tests, and all scored at least 25 
touches on the CKCUEST. The strength and fatigue 

symmetry were set to 95 and 90%, respectively, to 
ensure that the difference between the involved and 
uninvolved upper extremity would be subjectively 
indistinguishable to the athlete, irrespective of arm 
dominance. Arm dominance was recorded, but not 
accounted for in RTP decisions, as football skills 
require bilateral upper extremity demands. Despite 
the restrictiveness of the criteria, the authors believe 
that clinicians should consider employing this until 
future research elucidates the optimal percentages 
to determine RTP readiness.

The authors believe that the addition of functional 
testing and fatigue testing is imperative for a com-
prehensive return to play examination. The proposed 
testing battery simulates the forces that an athlete 
would have to sustain during practice or competition 
better than solely utilizing isometric strength test-
ing, in that endurance, stability, and agility are also 
assessed. The authors advocate that this return to play 
protocol could be used not only football athletes, but 
for athletes across various sports, as all muscle groups 
in the shoulder girdle are addressed, and several fac-
ets of upper extremity function are simultaneously 
assessed (strength, endurance, stability, and agility). 
Furthermore, choosing resistance by percentage body 
weight allows this protocol to be used by athletes 
while adjusting for morphological differences.

The goal of this case series was to assess the 
effectiveness of the upper extremity functional 

Table 3. Isometric Strength, Fatigue Testing, and CKCUEST Scores at final 
assessment.
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testing algorithm which included not only AROM 
and strength but also had functional and fatigue 
testing. Despite the overall success of the upper 
extremity function testing algorithm on returning 
the athletes to sport, this case series consisted only 
of males that played Division I varsity football. Fur-
ther work needs to be done on a larger number of 
more diverse athletes to begin to assess effective-
ness across various populations, as well as over lon-
ger time frames. 

CONCLUSION
The upper extremity functional testing algorithm 
was an effective return to sport assessment with the 
cohort of athletes that were tested. This is the first 
proposed algorithm for injured athletes that includes 
fatigue and functional testing along with AROM and 
strength to the authors’ knowledge, making it unique 
to upper extremity return to sport decision making. 
Observing the success of the athletes in this case 
series suggests that adding fatigue and functional 
testing to current return to sport practices may help 
improve patient outcomes and physical therapist’s 
decision making. 
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Appendix 1. Range of Motion measures from initial and discharge evaluations.  
X indicates not tested.



ABSTRACT
Background: Less than 50% of those sustaining an anterior cruciate ligament (ACL) injury return to their 
preinjury level of sports participation or participate in competitive sport at two to seven years post ACL 
reconstruction (ACLR). After ACLR, it has been reported that frequency of subsequent ACL tears has 
reached as high as 31%.

Purpose: The purpose of this case series was to evaluate return to sport and reinjury rates following the 
use of a criterion-based rehabilitation protocol with a final return to sport test that utilizes minimal equip-
ment following ACL reconstruction.

Study Design: Case series.

Methods: Following ACL reconstruction, participants were included if they had a goal of returning to their 
pre-injury sport or level of activity, were between 16 and 50 years of age at the time of evaluation, had at 
least 25 physical therapy visits covered by insurance, and planned to complete physical therapy until clear-
ance for return to sport. 

Results: Forty-three participants met the inclusion criteria and enrolled in the study. Twenty-one partici-
pants completed the full course of rehabilitation including passing their return to sport test and nineteen 
participants completed the two-year follow-up. Data obtained at two years indicated that 84% were able to 
return to their preinjury level of sports competition. A smaller percentage (16%) were able to return to a 
reduced level of sport and only one participant reported a second ACL injury.

Conclusion: Participants that completed the full course of rehabilitation and passed return to sport testing 
had a larger percentage that were able to return to preinjury participation levels than currently reported in 
the literature. This case series did not exclude participants based on graft type, single vs double bundle 
procedure, ACL revision surgeries, nor concomitant procedures or injuries. 

Level of Evidence: Level 4

Key words: anterior cruciate ligament, criterion-based rehabilitation, movement system, return to sport 
testing
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INTRODUCTION
It is estimated that over 120,000 anterior cruciate 
ligament (ACL) injuries occur annually in the USA, 
with the majority occurring during high school and 
college.1 The ACL is often injured in sports participa-
tion, most commonly in a non-contact mechanism 
involving jumping, pivoting and cutting.2 The desire 
for a patient to return to cutting and pivoting sports 
is frequently cited as an indication for surgery, but 
actual return to sport rates are relatively low. Less 
than 50% return to their preinjury level of sports 
participation or continue to participate in competi-
tive sport at two to seven years post ACLR.3 Ardern et 
al4 reports in a systematic review that while a larger 
percentage (83%) of athletes are able to return to 
some level of sport, only 63% are able to return to 
their previous level and an even smaller percentage 
(44%) return to competitive sport. It has also been 
found that younger athletes, males, and those ath-
letes who participated in seasonal team sports were 
more likely to attempt return to sport by one year 
after ACL reconstruction.5 Currently, reinjury rates 
to the ipsilateral or contralateral ACL are relatively 
high (20-30%), but younger individuals who return 
to sport are at the highest risk.6-9 

Since return to preinjury levels of function are rela-
tively low and reinjury rates are high, clinicians are 
challenged to better prepare athletes to return to 
sport while also reducing the injury risk associated 
with returning to sport. The criteria used to inform 
return to sport decisions reported in research studies 
is most often based on time from surgery (60%) while 
factors such as muscle strength or hop testing are 
used less frequently (9-10%).6 The time from ACLR 
surgery to return to sport is about seven months, but 
timelines for can widely vary (2-24 months) for indi-
vidual patients.4 Return to sport within the first year 
after surgery may not be advisable, as re-injury rates 
are highest during this time.6 Even in elite athletes, 
83% returned to a preinjury level of sport between 
six and 13 months after surgery with a graft rupture 
rate of 5.2%.7 Moreover, time from surgery does not 
guarantee recovery as deficits in force development 
and absorption in single-limb vertical hopping were 
independent of time after surgery.8 It has also been 
found that females demonstrate asymmetries dur-
ing both the landing and takeoff phase of the drop 
vertical jump maneuver two years after surgery.9 

To better prepare athletes for return to sport, with 
a lessened reinjury risk, the authors created a five-
phase ACLR rehabilitation protocol. The progres-
sion among phases with completion of a return to 
sport test is criterion-based and considers muscle 
strength, neuromuscular control, and task mastery. 
The emphasis on a criterion-based progression is 
different than what is often reported in the litera-
ture where time after surgery is the primary vari-
able used.6 The purpose of this case series was to 
evaluate the return to sport and reinjury rates fol-
lowing the use of a criterion-based rehabilitation 
protocol with a final return to sport test that utilizes 
minimal equipment following ACL reconstruction. 
The authors hypothesized that the goal-oriented 
objective criterion-based program used in conjunc-
tion with time after surgery would best prepare the 
patient to return to their preinjury level of sports 
participation with a reduced rate of reinjury. 

METHODS

Participants
Participants were informed of the study at their ini-
tial physical therapy evaluation. Written informed 
consent was obtained from all participants (and 
a legal guardian if younger than 18 years) prior to 
data collection and was approved by an institutional 
review board (IRB # PRO09030004). Participants 
were included if they had a goal of returning to their 
pre-injury sport or level of activity, were between 
16 and 50 years of age at the time of evaluation, had 
at least 25 physical therapy visits covered by insur-
ance, and planned to complete the criterion-based 
rehabilitation protocol in physical therapy until they 
were given clearance for return to sport by the physi-
cian based on the participant’s results on the return 
to sport test. Participants were not excluded for any 
previous knee injury, concomitant knee injuries or 
procedures at the time of surgery, nor for the type 
of graft or reconstruction procedure they received. 
Patient reported outcomes were obtained at the first 
physical therapy evaluation visit and at the time for 
testing between each phase. Follow-up occurred at 
12, 18, and 24 months post-surgery via phone call or 
email. At those time points, participants were asked 
about their level of sports participation as well as if 
any reinjuries occurred. 
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Scales and Surveys
Participants completed a battery of patient-reported 
outcomes at the onset of physical therapy, at pro-
gression to each new phase, and after completing 
the return to sport test. Participants completed 
the International Knee Documentation Commit-
tee (IKDC) Subjective Knee Evaluation Form, the 
Knee Outcome Survey Activities of Daily Living 
Scale (KOS-ADL), the Knee Outcome Survey Sports 
Activity Scale (KOS-Sports), and Numeric Pain Rat-
ing Scale (NPRS) to assess knee joint function and 
symptoms. Activity level was assessed via the Marx 
Activity Scale (Marx). Psychological readiness and 
belief in functional capacity were assessed via the 
Knee Activity Self-Efficacy Scale (KA-SES), the Knee 
Self-Efficacy Scale (K-SES), the Modified Self-Effi-
cacy for Rehabilitation Outcome (MSERO), and the 
Tampa Scale for Kinesiophobia (TSK-11).

The IKDC consists of 18 questions in the domains 
of symptoms, functioning during activity of daily 
living and sports, current function of the knee, and 
participation in work and sports10 and has a high 
level of test-retest reliability (0.94).11 The KOS-ADL 
is a patient-reported measure of functional limita-
tions imposed by pathological disorders and impair-
ments of the knee during activities of daily living12 
and reliability was found to be 85.8, mean validity 
score 76.0, and standardized response mean 1.1.13 
The KOS-Sports measures symptoms and functional 
limitations experienced during sports activities.14 
The Marx scale measures physical activity levels in 
patients as opposed to participation levels in sports, 
with a high reliability of 0.97.15 The NPRS ranges from 
0 (no pain) to 10 (worst imaginable pain) and has 
been shown to be a reliable method of pain intensity 
assessment (ICC=0.74-0.76).16,17 The KA-SES relates 
to the subject’s perception of what everyday tasks 
he or she is able to accomplish.18 The K-SES assesses 
perceived self-efficacy regarding daily activities, 
sports and leisure activities, physical activities, and 
their knee function in the future. In patients with 
ACL injury, internal consistency was found to be 
0.94, test-retest correlation was 0.73, and ICC was 
0.75.19 The MSERO is modified from the Self-Efficacy 
for Rehabilitation Outcome Scale, which was shown 
to be valid and reliable in a population of partici-
pants after hip or knee arthroplasty.20 The questions 

on the MSERO involve the subject’s perception of 
his or her ability to complete rehabilitation tasks.18 
The TSK-11 was used to quantify pain-related fear 
of movement/reinjury and has an internal consis-
tency of 0.79, a test-retest reliability of 0.81, and 
a responsiveness of 1.11.21 The TSK-11 for fear of 
injury is appropriate for use in the early postopera-
tive phase and lower scores are found in patients 
reporting return to preinjury levels of sports par-
ticipation.22 Scores on the TSK-11 and KA-SES were 
found to be significant predictors of IKDC subjective 
form scores.18

Strength and Functional Testing
Participants were screened throughout the reha-
bilitation process for strength, motor control, and 
capacity for plyometrics. Tests included, but are 
not limited to, a one-repetition maximum (1-RM) 
strength assessment for the quadriceps and leg, gait 
analyses, motor control with single leg squats, and 
performance with agility and jumping activities. 
While not all tests are validated measures, they are 
assessments that are commonly performed in physi-
cal therapy following ACL reconstruction.

Gait was assessed during fast treadmill walking for 
15 minutes using a speed short of jogging (individ-
ual still demonstrates a double support phase). The 
physical therapist assessed for gait deviations such 
as an unequal stride length and hip hiking and the 
presence of pain.

Quality of movement was assessed with the step and 
hold test and single leg squats. The step and hold 
(Figure 1) is a low-level approximation of running to 
screen for abnormal mechanics with weight accep-
tance. The individual steps from the uninjured limb 
onto the injured limb, at least the distance of the indi-
vidual’s normal stride length. The individual is cued 
to imagine they are stepping over a puddle of water 
and to land with a heel-toe gait pattern to simulate 
walking and running without excessive stiffening or 
excessive knee flexion, loss of balance, or valgus col-
lapse. Patients performed single leg squats to a spe-
cific degree of knee flexion without displaying loss 
of balance, contralateral hip drop, excessive femoral 
abduction or adduction where the knee moves inside 
or outside the border of the foot, excessive femoral 
internal rotation, or abnormal trunk movement. 
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Piva et al. described these compensatory patterns 
in patients who had patellofemoral pain and found 
the assessment of quality of movement to have a 
moderate inter-tester reliability of 0.67.23 Weighted 
single leg squats were assessed in the later stages of 
the protocol. This is accomplished by holding dumb-
bells or wearing a weighted vest. Body weight is not 
part of the equation. For example, if the uninvolved 
limb could complete the task wearing a 20-pound 
weighted vest, the patient would need to complete 
the task on the involved side with at least 15 pounds.

The modified Star Excursion Balance Test (SEBT) 
test is a measure of dynamic stability and neuromus-
cular control between limbs.24,25 Patients stand in the 
center of a “Y” on their involved side and reach as 
far as they can in an anterior, posteromedial and 
posterolateral direction while maintaining single 
leg stance. The maximum distance touched with the 
contralateral toe is measured. Reaches do not count 
if the patient loses their balance or puts more weight 
than a “toe tap” on the ground with the contralateral 
foot. Measuring the reach in the three designated 
directions had an ICC ranging from 0.84 to 0.87 and 
the assessment of limb length had an ICC of 0.99.26 
Reach distance was normalized to the patient’s limb 

length. Composite scores are from the sum of the 
three reaches divided by three times the patient’s 
limb length and expressed as a percentage. 

An electromechanical dynamometer is considered the 
gold standard for strength assessment due to superior 
reliability and high internal validity.26 However, many 
physical therapy clinics and athletic training rooms 
do not have an electromechanical dynamometer nor 
a hand-held dynamometer, so objective assessments 
of strength of the quadriceps and lower extremity was 
assessed via a 1-RM on a knee extension and leg press 
machine. The leg press can be used as a general mea-
sure of lower extremity strength, with contributions 
from the gluteal muscles, hamstrings and the triceps 
surae in addition to the quadriceps. 1-RM testing rep-
resents a valid means to assess leg muscle strength 
in vivo in both young and elderly men and women, 
with the strongest correlation found between 1-RM 
leg extension and isometric peak torque (r=0.88; 
SEE=0.06, 95% CI=0.81-0.93).27 

For the 1-RM leg extension, the individual is posi-
tioned in 90° hip and knee flexion with the resistance 
pad placed proximally to the malleoli. The individ-
ual is instructed to extend their knee as smoothly 
as possible to the designated amount of extension. 
Sinacore et al recently investigated the the absolute 
agreement of quadriceps muscle strength symmetry 
between limbs when measured with a leg extension 
task in a partial range and a full ROM in individuals 
with knee joint impairments. It was concluded that 
quadriceps symmetry is consistent when measured 
through either a full ROM or partial ROM, and that 
injured limbs and healthy limbs demonstrate similar 
relative strength in the range from 90-45° and from 
90-0° and has an ICC of 0.67 and 0.62, respectively.28 
For the 1-RM leg press, the individual is positioned 
on the leg press with the hip and knee being tested 
flexed to 90°. The contralateral leg cannot assist in 
initiating the lift and cannot be on the floor or on the 
platform. The participant will continue to progress 
the weight lifted until they can no longer complete a 
full repetition for both the involved and uninvolved 
leg. The limb symmetry index for the leg press and 
knee extension test is calculated as the 1-RM load of 
the involved limb divided by the 1-RM load of the 
uninvolved limb expressed as a percentage for both 
the knee extension and leg press test.

Figure 1. In the step and hold exercise, the individual A) 
steps from the uninjured limb, B) onto the injured limb, at 
least the distance of the individual’s normal stride length. The 
individual is cued to imagine they are stepping over a puddle 
of water and to land with a heel-toe gait pattern without 
excessive stiffening, knee flexion, loss of balance, or valgus 
collapse.  
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Criterion-Based Functional Rehabilitation 
Protocol
The protocol that was used was introduced by Jore-
itz et al.29 and is presented in Appendix A. Partici-
pants progressed through the rehabilitation process 
in five phases, starting with becoming independent 
with activities of daily living (ADLs), and progress-
ing to running, basic agility training, plyometrics, 
and rotational cutting and pivoting. Later stages of 
the rehabilitation program are individualized per 
the participant’s requirements for their primary 
sport. An example is a volleyball player would have 
a larger rehabilitation emphasis placed on jumping 
compared to a soccer player who would have greater 
emphasis on cutting and agility tasks. 

The criterion-based protocol serves multiple pur-
poses. The first is to use objective criteria in con-
junction with time after surgery as agreed upon 
per each individual surgeon, and not just time after 
surgery to progress through the rehabilitation pro-
cess. To progress to the next phase, the participant 
must meet a set of objective criteria, which include 
mastery of the activities of each phase. Mastery is 
typically assessed through observation of the high-
est level of performance allowed in the progression. 
Failure to master the tasks of an individual phase 
is remediated with focused practice and instruction 
in proper technique. The inclusion of activity mas-
tery as a pre-requisite for advancement to the next 
phase ensures that individuals take time to practice 
each skill and incorporate good movement patterns 
during dynamic tasks even if their strength and neu-
romuscular control would allow them to progress 
in multiple phases. Mastery of a task also includes 
participant reports of full confidence and no fear of 
reinjury with each new task. 

A second purpose of the criterion-based protocol is 
to include strategies for prevention of ACL injury 
throughout the program with a focus on balance and 
proprioception, motor control, agility and plyomet-
ric training.30-35 A third purpose is to make this pro-
tocol generalizable to all clinical settings and to all 
individuals. The tests and measures can be applied 
with minimal specialized equipment and to all indi-
viduals regardless of surgical procedure. Specific 
attention is paid to concomitant injuries and/or 
procedures in that modifications to weight-bearing, 

range of motion (ROM) and RTS timeframes are 
made accordingly. 

Phase one of the protocol begins immediately after 
surgery. The first four to six weeks focus on restor-
ing ROM, patella mobility and quadriceps strength, 
decreasing inflammation, normalizing gait, and 
becoming independent with activities of daily living 
(ADLs). Exercises are then added for strength and 
stabilization of the hip and core. Exercise dosage for 
quadriceps strengthening via an open kinetic chain 
(OKC) knee extension and closed kinetic chain (CKC) 
leg press were determined by the DAPRE (Daily 
Adjustable Progressive Resistive Exercise) method 
of strengthening.36 Initially, OKC quadriceps exer-
cises are performed in a restricted range of 90-45° 
to minimize strain on the healing ACL graft37,38 and 
patellofemoral joint stress.39 Risk of patella fracture 
after autogenous bone-patella tendon-bone (BPTB) 
or quadriceps tendon with bone block was reduced 
by delaying 1-RM testing until four months post-
surgery.40 Once the 1-RM for quadriceps strength on 
the knee extension machine was established, knee 
extension resistance intensities were periodized to 
increase strength and hypertrophy.41 The authors 
were conscious of how many visits each patient was 
authorized to receive by their individual insurance. 
Therefore, participants presented 1-3x/week for 
physical therapy appointments based on their need 
in Phase 1. For example, some participants required 
more appointments if they were having difficulty 
regaining their ROM or quadriceps strength. Other 
participants who quickly regained their ROM, mobil-
ity, and quadriceps strength, minimized their visit 
usage in the early phase and relied on an extensive 
home exercise program. 

For clearance to begin jogging, participants must 
demonstrate mastery of exercises in phase one by 
demonstrating the ability to perform 15 minutes of 
fast walking on the treadmill with normal gait at a 
speed just short of jogging. Additionally, participants 
must demonstrate 30 step and holds without loss of 
balance and good motor control as well as the ability 
to perform 10 single leg squats to 45° of knee flexion 
without compensation. The participant must score 
at least 80% LSI for the 1-RM on the knee exten-
sion machine in the range of 90-45°, 80% LSI for the 
1-RM on the leg press, and a 90% composite score on 
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the modified SEBT. The participant must pass each 
of these tests and gain clearance from the surgeon 
before beginning to jog.

In Phase 2, participants continued lower extremity 
and core strengthening and started a jogging pro-
gression.42 The progression was based on each par-
ticipant’s comfort with jogging, signs and symptoms 
of inflammation (effusion, warmth, redness), joint 
pain, and display of normal gait pattern. The goal 
in this phase was to progress to at least two miles 
of continuous jogging and participants often per-
formed their strengthening and jogging as part of a 
home exercise program to minimize the number of 
physical therapy visits utilized in this phase. Progres-
sion to phase three includes testing and mastery of 
running. Participants were required to complete two 
miles of continuous jogging at a self-selected speed 
with a normal gait pattern and without complaints 
of pain and signs and symptoms of inflammation. 
Participants also needed to score at least 85% LSI 
for the 1-RM on the knee extension machine in the 
range of 90-0°, 85% LSI for the 1-RM on the leg press, 
and a 100% composite score on the modified SEBT. 
They also needed to demonstrate the ability to com-
plete 10 single leg squats >45° of knee flexion while 
holding ≥ 75% extra weight compared to the other 
side. This can be accomplished by holding dumb-
bells and/or wearing a weighted vest. Body weight 
is not part of the equation.

Phase 3 includes the addition of basic change of 
direction drills including forward/backward shuttle 
running, side shuffling, carioca, and “quick feet” 
drills using a ladder or hurdles in a forward and lat-
eral direction. In this phase, the emphasis is placed 
on controlling the deceleration of the involved limb 
and moving in the frontal and transverse planes. 
Effort begins at approximately 50% speed and con-
tinues at that intensity level until the individual 
can complete the drills without hesitation or com-
pensation during deceleration to change direc-
tions, as well as reporting 100% confidence in the 
knee at that speed. The individual should initially 
perform the agility progression under the supervi-
sion of their physical therapist or athletic trainer to 
monitor quality of movement patterns. Common 
compensation patterns include internal rotation or 
valgus collapse of the limb when planting the foot 

during, excessive stutter stepping when preparing to 
decelerate, and excessive absorption time of weight 
acceptance in lateral shuffling or carioca compared 
to the uninvolved side. Progression to phase four 
requires mastery of agility drills, ability to perform 
10 consecutive weighted single leg squats to at least 
60° of knee flexion with a limb symmetry index of at 
least 85%, and a LSI of 90% on 1-RM test for the leg 
press and knee extension test.

Phase 4 introduces double limb jumping. The authors 
recommend beginning with forward and vertical 
jumps at sub-maximal distances and heights, respec-
tively. Cueing for proper technique, both when load-
ing into the jump as well as when landing, is crucial 
to avoid dynamic valgus and side to side asymme-
tries in balance and control.30,31,43 When participants 
consistently jump with good form, progression of 
plyometrics include box jumps, lateral and rota-
tional jumps. Jumping is also progressed from one 
single jump to continuous faster jumping. Progres-
sion to phase five requires mastery of plyometrics 
and the ability to perform 10 consecutive weighted 
single leg squats to at least 60° of knee flexion with 
a limb symmetry index of at least 90%.

Phase 5 introduces hopping and cutting. Hops are 
initiated and progressed in the same manner as 
jumping. Cutting progresses from jogging “S” curves, 
to planting the involved foot and cutting at 45° and 
progressing to cutting at 90° angles. In addition to 
demonstrating good form, participants must report 
full confidence and no fear of reinjury before pro-
gressing in speed of cutting. When participants can 
cut at full speed with good form, unanticipated cut-
ting and agility drills should be practiced. Exercise 
selection should be primarily sport specific and indi-
vidualized in this phase.44-47 

Return to Sports Participation Testing 
Protocol
When the participant can perform all functional 
tasks at full speed with no compensation strate-
gies and reports full confidence, they may take the 
return to sport test. A reassessment of 1-RM quad-
riceps strength is performed on the knee exten-
sion machine. We also utilize a battery of functional 
tests48-52 and start with the four most common hop 
tests described by Noyes et al.53 A single leg vertical 
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hop is assessed using a Vertec System (Gill Athletics, 
Champaign, IL). This return to sports participation 
test introduces hopping in the frontal and transverse 
planes as criteria to return to practice. Participants 
hop on one leg as far as they can in a medial and a 
lateral direction. For example, when hopping on the 
right leg, medial hops would be to the left and lateral 
hops would be to the right. When hopping on the left 
leg, medial hops would be to the right and lateral 
hops would be to the left (Figure 2). Transverse plane 
hops included a vertical hop with medial and lateral 
rotation (Figure 3). Patients stood in the center of 
the “Y” used for the SEBT and were instructed to 
hop straight up in the air and spin/rotate in a medi-
ally and laterally rotating direction and control the 
landing. For example, when performing a medially 
rotating hop on the right leg, patients hopped verti-
cally and spun/rotated to the left. They performed 
a single leg laterally rotating hop on the right leg by 
hopping vertically and spinning/rotating to the right 
and controlling the landing. The opposite occurred 
on the left leg with medially rotating hops to the 
right and laterally rotating hops spinning/rotating to 
the left. The amount of rotation for each hop was 
measured with a goniometer, with the stationary 
arm lined up with anteriorly projected line used for 
the SEBT and the moving arm of the goniometer 
bisected the patient’s foot along the second meta-
tarsal. The amount of rotation was compared bilat-
erally to calculate the LSI. The last two plyometric 

tests are the single and triple jump (with the take-off 
phase starting with two feet) for distance where the 
participant must land on one foot (Figure 4). A hop-
ping trial was considered invalid if the participant 

Figure 2. Participants are instructed to hop on one leg as far 
as they can in a medial and a lateral direction.  A) Right leg 
medial hop start position.  B) Right leg medial hop end posi-
tion.  C) Left leg lateral hop start position.  D) Left leg lateral 
hop end position.

Figure 3. For rotational hops, participants stood in the center of the “Y” used for the SEBT and were instructed to hop straight 
up in the air and spin/rotate in a medially and laterally rotating direction and control the landing.  A) Left leg rotational hop 
starting position.  B) Left leg medial rotating hop end position.  C) Left leg lateral rotating hop end position.  D) Measurement of 
the amount of rotation for each hop.  The stationary arm of the goniometer is aligned parallel to the tape and the moving arm 
bisects the foot.
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landed with early touchdown of the contralateral 
limb, had loss of balance, touched the floor with any 
other part of their body, or had additional hops after 
landing.54 

Two functional runs are utilized to assess for the 
presence of compensation strategies when changing 
directions at full speed. The lower-extremity func-
tional run (Figure 5) is set up on a 10-yard course 
marked by 2 cones. The athlete begins with a 10-yard 
sprint followed by a 10-yard back-pedal, a 10-yard 

side-shuffle in each direction, a 10-yard carioca in 
each direction, and ends with a final 10-yard sprint. 
The pro-agility test (Figure 6) begins with the indi-
vidual straddling the center line of a 10-yard course 
marked by three cones each five yards apart.54 The 
athlete must sprint five yards and touch the cone, 
change direction, sprint back 10 yards and touch the 
cone, change direction, and sprint back through the 
center line. The timer begins with the athlete’s first 
movement to either end of the course and ends with 
the final crossing of the center line. These two func-
tional runs are included for the physical therapist to 
evaluate for any abnormal movement patterns, or 
for subjective reports of hesitation, decreased confi-
dence, and pain with change of direction movement 
patterns performed at full speed. Suggested time to 
complete each test is included as a reference, but 
only the quality of movement is assessed.55 

Passing criteria is ≥90% LSI for all single-limb tests 
along with physician clearance. Passing the test allows 
the participant to return to unrestricted practice (if 
their sport is in-season). The function of the RTS 
test was to allow the participation in sports activity 
without any restrictions. When there were no impair-
ments with full practice participation (either from 
the viewpoint of the participant, coach, or athletic 
trainer), they would be cleared to resume competi-
tion. This enabled adequate time to acclimate to full-
speed practices with opposition and contact (when 
applicable). The rehabilitation protocol with return to 
sport test can be found as a supplemental file. 

Figure 4. For the single and triple broad jump, partici-
pants are instructed to A) start the jump with two feet, and 
then B) land on the single leg being tested.  For the triple 
jump, the last jump will be landed on the single leg being 
tested.

Figure 5. Participants will sprint 10 yards, then backpedal to the starting line; side-shuffle 10 yards and back; carioca 10 
yards and back; and finally sprint 10 yards to the finish line.  To pass this test, participants must run and change direction at 
full speed without any compensation patterns.
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OUTCOMES
Participant demographic characteristics are pre-
sented in Table 1. Forty-three participants met the 
inclusion criteria and were enrolled in the study. 
However, only 21 participants (49%) completed the 
full course of rehabilitation including passing their 
return to sport test and 19 participants (44%) were 
available for the two-year follow-up. There were no 

statistically significant differences between those 
that completed or did not complete the program 
related to age, sex, graft type, or associated proce-
dures. The average time from surgery to meeting the 
criteria to start jogging was four months (SD= 1.2 
months). The average time from surgery to return to 
sport clearance was 10.6 months (SD= 4.4 months). 
One participant was excluded midway through her 

Figure 6. Participants will start facing the tester straddling cone 1.  When indicated, they will turn and sprint 5 yards and 
touch cone 2; then sprint 10 yards and touch cone 3; and finally, sprint 5 yards past cone 1.  They will then repeat this test in 
reverse order (cone 1 to 3 to 2 to 1).   To pass this test, participants must run and change direction at full speed without any 
compensation patterns.

Table 1.  Patient Demographics..
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full course of rehabilitation and those that did not, 
respectively. 

At the two-year follow-up, 16 of the 19 (84%) returned 
to their preinjury level of sports competition and 3 

rehabilitation due to becoming pregnant, which 
was an exclusion criterion. Participant reported 
outcomes are listed in Table 2 for all participants 
enrolled. Tables 3 and 4 list the participant reported 
outcomes for the participants that completed the 

Table 2. Patient Reported Outcome Measures (All Participants).

Table 3. Patient Reported Outcomes (Completers).
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indicating that the participants were running, cut-
ting, decelerating, and pivoting 2-3 times per week. 
Median pain rating was 0 (out of 10). Average TSK-11 
scores at return to sport were 15.52, with 11 being 
the best possible score. 

DISCUSSION
Following ACLR, reasons for lower return to sport 
rates and high re-injury rates are multifactorial, but 
a rehabilitation program that does not fully prepare 
patients to participate in sport is a substantial modi-
fiable factor. Our goal with this case series was to 
determine if a highly structured and criterion-based 
rehabilitation protocol that included progressive 
activity and required minimal equipment would pro-
vide equal or better return to previous level of sports 
participation and reinjury rates than those currently 
reported in the literature. Unfortunately, only 49% 
of the participants completed the rehabilitation pro-
gression. Despite numerous efforts to contact those 
that were lost to follow-up, the authors were unable 
to ascertain the reason why they stopped coming to 
physical therapy, whether or not they returned to 

(16%) returned to a reduced level of sports partici-
pation (Table 5). At the two-year follow-up, only one 
participant suffered a reinjury. He returned to his 
previous level of sports participation and had a sec-
ond ACL injury due to a non-contact injury playing 
basketball, where his knee twisted upon landing on 
an opponent’s foot. 

At the time of return to sport, measures for the 
IKDC, KOS-ADL, KOS-Sports, KA-SES, K-SES, and 
MSERO were all >90%. Typically, 90% is used as 
a long-term goal for patient reported outcomes in 
outpatient physical therapy. All participants, who 
completed their physical therapy, met that goal for 
reports related to activities of daily living and func-
tion. Median Marx score was 12 (out of a possible 16), 

Table 4. Patient Reported Outcomes (Non-Completers).

Table 5. Return to Sport and Reinjury Outcomes.
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of the current study chose to implement a single leg 
squat and step and hold test as they are more closely 
related to the mechanics of running but chose to use 
Piva’s criteria to assess quality for standardization. 
In addition, running greatly increases loads on the 
knee joint compared to walking, so we implemented 
a fast walking assessment to ensure that the knee 
could tolerate more loading without increases in 
inflammation. The participants’ surgeons preferred 
to delay starting to run until four months after sur-
gery, with the rule of no sooner than three months. 
The participants were required to meet all the func-
tional criteria to begin running before the surgeon 
would be agreeable to it. Coincidentally, this did 
occur at an average of four months. The median 
time to return to running reported by Rambaud et 
al60 was 12 weeks. The authors of the current study 
advocate including the use of objective strength and 
functional testing in addition to time after surgery 
for clearance to start running.

Time to return to sport can vary across studies follow-
ing ACLR. In the present study, average time to com-
plete physical therapy, pass the return to sport test, 
and be cleared by the physician was 10.6 months. 
Grindem et al.62 assessed 106 participants as part of 
the Delaware-Oslo ACL cohort who intend to return 
to level I or II sports. Seventy-four of the 83 (89%) 
participants who previously participated in Level I 
sports returned to their pre-injury level of participa-
tion within two years of ACLR, with a median of eight 
months. It was interesting however, that only 18 of 
the 74 (24%) that returned to level I sports participa-
tion actually passed their RTS test. By requiring the 
use of a criterion-based rehabilitation protocol, used 
in conjunction with time after surgery, the course of 
physical therapy lasted 2 months longer than what 
was reported by Grindem et al.62

Of the 19 participants that completed their course 
of physical therapy, passed their RTS test, and were 
available for the two-year follow-up, only one par-
ticipant sustained a reinjury (11%). This number 
is below the reported data of those sustaining an 
ipsilateral or contralateral reinjury following ACLR. 

6-9 It has been reported that for every month up to 
nine months that return to sport was delayed, par-
ticipants had a reduced reinjury rate of 51%. In that 
same study, 21 (38%) of the 55 participants who 

sports participation, or if they suffered a reinjury. 
This did not allow for comparisons of between-
group differences in the early phases of physical 
therapy in those that completed the full course of 
physical therapy and those that did not. However, 
each participant that completed their rehabilitation 
returned to some level of sports participation and 
84% to their pre-injury level with only one re-injury. 
Although it is a small sample size, our return to sport 
and reinjury rates are similar, if not better than aver-
ages reported in the literature.

In the present study, specific objective criteria for 
strength and functional testing, including mastery 
of the previous phase’s activities, were used to prog-
ress to the next phase as well as permit return to 
sports participation. Various reviews have been pub-
lished looking at the requirements and factors used 
in return to sport decision making following ACLR. 
Time after surgery is listed as the primary factor 
and some studies do not include any criteria used 
to clear patients for return to sports participation. 
A small number included strength and hop tests in 
their criteria.56-58 The European Board of Sport Reha-
bilitation recommended including strength and hop 
testing to ensure some basic levels of performance.59 
The goal was to include objective assessments in 
conjunction with time after surgery to determine 
readiness to return to sports participation. 

This protocol uses time after surgery, strength and 
functional assessments, as well as physician clear-
ance (based on their exam) to clear a participant 
to return to a running program. Rambaud et al60 
reviewed the criteria used to permit the return to run-
ning after ACL reconstruction. Of the 201 included 
studies, 198 (99%) used time after surgery as part 
of or the only criteria used to start running. Thirty 
studies (15%) used a strength assessment as criteria 
and 13 (6%) used a performance test as part of the 
criteria. The authors postulated the possibility that 
time after surgery is thought of as the only neces-
sary criteria for return to running but that there is a 
lack of valid and reliable ways to assess readiness to 
return to running. 1-RM testing on a knee extension 
machine has excellent interrater/intrarater reliabil-
ity (ICC = 0.90 and 0.96)61 and Piva et al.23 reported 
moderate values of reliability with assessing the qual-
ity of movement with a step-down task. The authors 
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a dynamic test with motor control qualities in the 
single leg squat. 

Participants in this study had a variety of graft 
types including bone-patellar tendon-bone (BPTB), 
hamstring, or quadriceps autografts, or soft tissue 
allografts. Some also had concomitant cartilage, liga-
mentous, or meniscal procedures, as well as revision 
ACL reconstructions. To the authors’ knowledge, 
this is the first paper to summarize return to sport 
and reinjury outcomes that did not exclude partici-
pants based on graft type, single vs double bundle 
procedure, ACL revision surgeries, nor concomitant 
procedures or injuries. Of the participants that com-
pleted PT and returned to sport, Table 1 shows that 
16 (80%) received an autograft and 4 (20%) received 
an allograft. The most commonly used autografts 
were a BPTB (35%) and a quadriceps tendon (30%). 
There was not a statistically significant difference in 
graft type or concomitant procedures between indi-
viduals who completed the study versus those who 
did not complete the study. Of the group that com-
pleted the study, 12 (57%) had an associated menis-
cus procedure, 2 (10%) had an associated cartilage 
procedure, and 4 (19%) had an associated ligament 
procedure. All graft types and concomitant proce-
dures were included because so few patients have 
an isolated ACLR and graft selection continues to 
evolve. The authors designed a protocol to have the 
most possible external validity, especially consider-
ing concomitant procedures and graft type typically 
influence the rehabilitation process the most during 
the immediate post-operative phase. Once the deci-
sion has been made to allow a patient to begin run-
ning, surgery specific factors are considerably less 
important than patient performance. 

A question that remains is how to best prepare ath-
letes to return to sports participation and ultimately 
their previous level of performance following ACL 
reconstruction. The majority of patients are given a 
predetermined set of physical therapy visits covered 
by insurance, which presents case management 
challenges. If ROM and/or strength impairments 
persist in the early phases of rehabilitation, more 
visits need to be utilized to prevent complications 
such as arthrofibrosis68 which means fewer are avail-
able for subsequent functional training. Some clinics 
offer cash-based physical therapy services or group 

failed RTS criteria suffered a reinjury whereas only 
one of the 18 (5.6%) who passed RTS testing suf-
fered a reinjury. This reinforces the importance of 
having and passing objective testing in addition to 
waiting at least nine months to return to sport. The 
average time for return to sports participation in 
our study was 10.6 months. Kyritsis et al.51 assessed 
158 professional male athletes for the likelihood of 
ACL graft rupture after return to sport. A battery of 
strength and functional tests was used to determine 
discharge criteria, which was >90% LSI for quadri-
ceps strength and hop tests, full completion of on-
field sports-specific rehabilitation and <11 seconds 
for a running T-test. The results showed that athletes 
not meeting the discharge criteria before returning 
to professional sport had a four times greater risk of 
sustaining an ACL graft rupture compared to those 
that met all six RTS criteria. 

Paterno et al.63 recently reported that TSK-11 scores 
≥17 were four times more likely to report lower lev-
els of activity and scores ≥19 at the time of RTS were 
13 times more likely to suffer a second ACL injury 
within two years after RTS. Participants in the cur-
rent study who completed their physical therapy 
had a mean TSK-11 score of 15.52 which is below 
this threshold and thus, were likely to have a higher 
activity level and not suffer a second ACL injury 
within two years after RTS, per Paterno et al.63

Schmitt et al found that >15% asymmetries in 
quadriceps strength at the time of return to sport 
are associated with worse performance on mea-
sures of function and performance in young, active 
individuals following ACL reconstruction. It was 
also found that those with quadriceps strength defi-
cits less than 10% demonstrated functional perfor-
mance64 and movement patterns with walking and 
jogging similar to uninjured individuals.65 It has 
been shown that using a battery of tests, as opposed 
to just one, is better able to discriminate strength 
differences between the involved and uninvolved 
leg after ACL reconstruction.59,66,67 The authors of 
the current study chose strength assessments that 
utilized equipment found in most physical therapy 
clinics and high schools to which athletic trainers 
would have access. This included isolating the quad-
riceps with a knee extension machine, measuring 
total lower extremity strength with a leg press, and 
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The 1-RM on the leg press involved all of the lower 
extremity muscles but overestimated quadriceps 
strength and resulted in poor specificity for identi-
fying individuals who had not achieved the criteria 
for advancing activity according to an electrome-
chanical dynamometer (gold standard). Therefore, 
the authors recommend that clinicians not utilize 
a leg press as a surrogate measure for quadriceps 
strength, but instead utilize a leg extension machine 
(90-45°) and increase the threshold for quadriceps 
LSI values to inform return to running (83% versus 
traditional 80%) and to return to sports participation 
(96% versus traditional 90%). 

CONCLUSION
The present case series is the first, to the authors’ 
knowledge, to evaluate a criterion-based rehabili-
tation program following ACL reconstruction that 
utilizes minimal equipment and does not exclude 
participants based on graft type used, or those with 
concomitant injuries or procedures. Sixteen par-
ticipants (84%) returned to their preinjury level of 
sports participation. This is a higher percentage than 
reported by Ardern3 but attention should be drawn to 
the small sample size, as return to sports participation 
data was not available on 28 initially enrolled partici-
pants. Only one of the 16 (6%) suffered a reinjury in 
the two years following surgery, which is a smaller 
percentage compared to previously reported data.70-73 
For those that completed the program and returned 
to sport, participant reported outcomes demonstrated 
high levels of function in activities of daily living, 
sports participation and low levels of pain and fear 
of movement. The authors propose that this proto-
col serve as a foundation for future research that uti-
lizes a criterion-based program that requires minimal 
equipment and does not exclude participants based 
on graft type or previous injuries.
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APPENDIX A

Anterior Cruciate Ligament Reconstruction Functional Rehabilitation Protocol

Activities of Daily Living Guidelines Following Surgery

Patients may begin the following activities at the timeframes indicated (unless otherwise specified by the physician):
•	 No bathing or submerging the wound in water until the sutures have been removed, the scabs have fallen off, and 

the skin is completely closed.
•	 Showering is allowed after the surgical dressing is removed; a waterproof dressing is not needed as the incision can 

get wet.  A shower seat is advised to avoid falls.
•	 The brace will be locked in extension for gait and sleep for the first week.
•	 Use of crutches and brace for ambulation for 4-6 weeks.  Must be cleared by physician and/or physical therapist to 

begin walking without assistive devices.
•	 Weight-bearing as tolerated immediately after surgery unless otherwise instructed.
•	 For R knee surgery, no driving for 4-6 weeks.  As long as they are in the brace, patients are medically liable if in an 

accident.  For L knee surgery, patients may drive after 1 week as long as they have an automatic and have stopped 
taking narcotics.  

o Must pass driving test for R knee:  While sitting, complete 8 fast foot taps over shoe then stand up

Brace and Crutch Use Guidelines

Patients will be WBAT after surgery.  The post-operative brace is locked in extension initially for the first week with 
the exception that it may be unlocked for post-op exercises and continuous passive motion (CPM) machine use.  It is 
unlocked for walking once the patient reaches full knee hyperextension, usually 1 week post-op.  

BRACE IS DISCONTINUED WHEN:
•	 The patient is at least 4-6 weeks post-op
•	 The patient has full and equal passive and active knee hyperextension and >100° flexion

o Active knee extension is measured via straight leg raise
•	 The patient demonstrates normal pain-free walking without an increase in swelling

CRUTCHES ARE DISCONTINUED WHEN:
•	 The patient will initially be WBAT with 2 crutches for 4 weeks; they will then transition to one crutch before 

walking without the crutches over the next 2 weeks

•	 The patient has full and equal passive and active knee hyperextension and >100° flexion
•	 The patient is able to walk and maintain the knee in full extension without use of assistive device (i.e. does not walk 

with “bent knee” gait pattern)

•	 The patient has no increased knee pain or swelling with independent weightbearing

Special weightbearing guidelines for concomitant procedures
•	 The brace will be worn at least 6 weeks for combined ACL/MCL procedures, concomitant meniscal repairs, and 

microfracture procedures
•	 MENISCUS REPAIR:  Patients that also undergo a meniscus repair procedure will be NWB for 4 weeks, 50% WB 

for 2 weeks, then WBAT after 6 weeks

•	 MICROFRACTURE or ARTICULAR CARTILAGE PROCEDURE:  Patients that also undergo a microfracture or 
articular cartilage procedure will be NWB for 4 weeks, 50% WB for 2 weeks, then WBAT after 6 weeks
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Estimated Return to Sport Milestones (based on graft healing time and passing functional testing):

Jogging Low-level 
Agility Jumping Cutting Return to 

Sport
Bone-Patellar 
Tendon-Bone 

Autograft
4-5 months 5-6 months 6-7 months 7-8 months 9+ months

Hamstring/
Quad Tendon 

Autograft
4-5 months 5-6 months 6-7 months 7-8 months 9+ months

Bone-Patellar 
Tendon-Bone 

Allograft
5-6 months 6-7 months 7-8 months 8-9 months 10+ months

Soft Tissue 
Allograft 5-6 months 6-7 months 7-8 months 8-9 months 10-12+ 

months

These times are estimated based on graft healing and are dependent upon the patient passing functional testing in physical 
therapy that assesses strength and neuromuscular control.  These times may be longer if the patient also had a concomitant 
procedure such as a meniscal repair, microfracture/articular cartilage procedure and other ligament injury or procedure.  

Phase 1:  Initial Post-Op Care
Goals for Phase 1 include restoration of ROM and mobility, management of pain and edema, and initiation of 
strengthening with emphasis on the quadriceps.  The post-operative brace may be removed for treatment.  Closed kinetic 
chain (CKC) exercises should initially be performed in the range of 0-45° of flexion and open kinetic chain (OKC) knee 
extension exercises should stay in the protected range of 90-60° of flexion.  Exercises should include but are not limited 
to:
Weeks 1-4:

•	 4-way patella mobilization
•	 High intensity neuromuscular electrical stimulation
•	 Exercises to regain hyperextension – hamstring and gastrocnemius stretching, prone hang, manual overpressure, 

seated heel props with bag hang and/or with cuff weights
•	 Exercises to regain full flexion – heelslides, posterior tibial mobilizations

o Flexion is limited to 90° for 4 weeks with concomitant meniscus repairs
•	 Early strengthening – quad sets in full knee hyperextension, 4-way straight leg raises, terminal knee extension 

(CKC), mini-squats, isometric quadriceps setting at 90° and 60° of knee flexion
•	 Balance and proprioception exercises – progressing from weight shifting during bilateral stance progressing to 

unilateral stance exercises on stable and unstable surfaces, with eyes open and eyes closed
•	 Gait training – weight-shifts (side to side and forward/backward)
•	 Progress strengthening to include – leg press (single leg), OKC knee extension from 90-60° with ankle cuff weights, 

step-ups, step-downs, bridges, hamstring curls, wall slides
•	 No OKC hamstring curls with concomitant meniscal repair or hamstring autograft for first 6 weeks

Goals at 2 weeks post-op include:
•	 Passive and active hyperextension (as measured when doing a straight leg raise) should be equal to the uninvolved 

side and flexion >100°
•	 Reduced pain and swelling (rated 2+ or less via Stroke Test)
•	 If SLR doesn’t reach neutral extension (0°) by 2 weeks post-op, increase frequency of PT and notify the physician
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Goals at 4 weeks post-op include:
•	 Full flexion (unless ROM restriction from concomitant meniscus repair)
•	 No active inflammation (i.e. no increased pain, swelling or warmth) as a result of exercise.  Swelling should be rated 

1+ or less via Stroke Test
•	 Preparation for full weightbearing and independent gait

The patient’s visit frequency will be set by the PT for 1-3 times per week.  If the patient is not meeting the range of motion 
milestones or if they are having difficulty with regaining quadriceps control/have a knee extensor lag, the physician should 
be notified and visit frequency should increase.

Weeks 4-16:
•	 Stretching 
•	 Cardio – bike, elliptical
•	 Gait training on treadmill progressing to fast treadmill walking
•	 Aquatic therapy (if available) 
•	 Progress lower extremity strengthening, with emphasis on quadriceps
•	 Perturbation training

Weeks 12-20:
•	 CKC exercises should be progressed to ~60-75° of knee flexion provided that this does not cause any patellofemoral 

pain.
•	 OKC exercises should be progressed to full range 90-0° provided that this does not cause any patellofemoral pain.
•	 Prepare to pass screening exam to begin running

Goal at 4-6 months post-op (depending on graft type):  PASS SCREENING TEST TO BEGIN RUNNING
•	 No abnormal gait patterns while walking as fast as they can on the treadmill for 15 minutes

•	 30 step and holds without loss of balance or excessive motion outside of the sagittal plane
•	 10 consecutive single leg squats to 45° of knee flexion without loss of balance, abnormal trunk movement, 

Trendelenburg sign, femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary 
vertical line over the medial border of the foot

•	 ≥ 80% 1-repetition maximum (1-RM) on the leg press (90-0°)

•	 ≥ 80% 1-repetition maximum (1-RM) on the knee extension machine (90-45°)

•	 ≥ 90% composite score on Y-balance test.  Composite score = (anterior reach + posteromedial reach + posterolateral 
reach)/(3 x limb length)

Phase 2:  Running
Begin jogging on a treadmill or a track when the patient passes the screening exam AND is cleared by the physician.  
Running should begin at slow, comfortable speeds for short durations and distances.  The patient may progress in speed, 
time and distance as long as there is no development or increase in pain, swelling, warmth, or gait deviations.  See 
Running Progression Guidelines handout.

The patient should be seen by the physical therapist once every 2-3 weeks while running tolerance and endurance 
progresses.  Aggressive strengthening should continue in preparation to pass the screening test to begin agility drills.

Patients who undergo a Quadriceps tendon autograft with bone plug will need an x-ray at their 6 month post-op visit in 
order to be cleared for electromechanical dynamometer testing to ensure healing of the harvest site.
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Goals at 5-7 months post-op:  PASS SCREENING TEST TO BEGIN 
LOW-LEVEL AGILITY DRILLS

•	 ≥ 85% 1-RM on the leg press (90-0°)

•	 ≥ 85% 1-RM on the knee extension machine (90-0°) or Biodex testing if available

•	 10 consecutive single leg squats >45° of knee flexion without loss of balance, abnormal trunk movement, 
Trendelenburg sign, femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary 
vertical line over the medial border of the foot while holding ≥ 75% extra weight compared to the other side 
(dumbbells, weight vest, etc.) Body weight is not part of the equation

•	 100% composite score on Y-balance test.  Composite score = (anterior reach + posteromedial reach + posterolateral 
reach)/(3 x limb length)

•	 Be able to run 2 miles continuously without pain, swelling, warmth or gait deviations

Phase 3:  Agility Training

When the patient passes the screening exam AND is cleared by the physician, they may begin agility drills that include 
lateral shuffling, forward/backward shuttle runs, carioca, and ladder drills.  

Physical therapy should focus on elimination of compensation patterns, particularly when the patient decelerates.  
Aggressive strengthening should continue in preparation to pass the screening test to begin jumping.  

Goals at 6-8 months post-op:  PASS SCREENING TEST TO BEGIN JUMPING
•	 ≥ 90% 1-RM on the leg press (90-0°)

•	 ≥ 90% 1-RM on the knee extension machine (90-0°) or Biodex testing if available

•	 10 consecutive single leg squats to 60° of knee flexion without loss of balance, abnormal trunk movement, 
Trendelenburg sign, femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary 
vertical line over the medial border of the foot while holding ≥ 85% extra weight compared to the other side 
(dumbbells, weight vest, etc.).  Body weight is not part of the equation 

•	 No compensation patterns with deceleration during agility drills performed at near 100% effort

Phase 4:  Jumping (Two Feet)
When the patient passes the screening exam AND is cleared by the physician, begin jumping.  Jumping is with 2 feet, both 
taking off and landing.  

Jumps should start with single vertical jumps and the physical therapist should watch for medial collapse of the knees both 
when loading into the jump and landing from the jump.  When the patient demonstrates consistent equal weightbearing 
when landing, progress with forward, side to side, rotating, and box jumps.  As the patient demonstrates consistent good 
form, progress from single jumps to consecutive jumps.

Physical therapy should focus on teaching the patient soft, athletic landings and avoidance of compensation strategies.  
Aggressive strengthening should continue in preparation to pass the screening test to begin hopping and cutting.

Goals at 7-9 months post-op:  PASS SCREENING TEST TO BEGIN CUTTING AND HOPPING
•	 10 consecutive single leg squats to 60° without loss of balance, abnormal trunk movement, Trendelenburg sign, 

femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary vertical line over the 
medial border of the foot while holding ≥ 90% extra weight compared to the other side (dumbbells, weight vest, 
etc.).  Body weight is not part of the equation 
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•	 No display of medial collapse of the knees when loading into or landing from jumps, and equal weight distribution 
when initiating and landing the jumps

Phase 5:  Hopping (Single Leg) and Cutting

When the patient passes the screening exam AND is cleared by the physician, they may begin hopping and cutting.  
Hopping is with 1 foot, both taking off and landing.  Hopping should follow the same progression as jumping.

Patients should first practice running in an “S” pattern, then progress to 45° cuts, and then to sharper angles.  Pivoting 
and cut and spinning should begin when the patient is competent with cutting at sharp angles.  Patients should be able to 
tolerate cutting, pivoting and cut and spinning at full speed before practicing unanticipated cutting.  The patient should not 
progress their speed if they demonstrate any excessive knee medial deviation or express a lack of confidence when cutting.
Sprinting should begin with transitions from running directly into sprinting short distances.  Distance should be progressed 
to sprinting a 40 yard dash, then a 100 yard dash, and finally sprints to fatigue.

Physical therapy should focus on improving the form and speed of hopping and cutting.  Aggressive strengthening should 
continue in preparation to return to sports participation.

Goals at 9-12 months:  PREPARE TO TAKE RETURN TO SPORTS TEST
•	 Display a normal running pattern that does not increase pain, swelling, or warmth

•	 Practice and display no hesitation or compensation strategies during agility drills (particularly when decelerating) 
when performed at 100% effort

•	 Practice and display normal loading (no medial knee collapse) and soft, athletic landings from all jumps and hops 

•	 Practice and display no hesitation or compensation strategies during cutting drills (particularly when decelerating) 
when performed at perceived 100% effort

Returning to Sports Participation

The patient should be able to perform all agility, plyometric, and cutting exercises at full speed without compensation 
patterns or complaints of pain, swelling, or warmth.  Exercises should include anticipated and unanticipated cutting and 
jumping.

Physical therapy should be geared on sport specific training as per the patient’s sport and position.

The patient may return to sports participation when they pass the ACL Return to Sports Test AND receive clearance by the 
physician.
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ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION RETURN TO SPORT TEST

Name:  ____________________________________________________       Date:_________________

1. Single broad jump, landing on one foot - Involved/Uninvolved Distance = _______/_______= _______

2. Triple broad jump, landing last jump on one foot – 
Involved/Uninvolved Distance = _______ /_______ = _______

3. Single leg forward hop - Involved/Uninvolved Distance = _______ /_______ = _______

4. Single leg triple hop - Involved/Uninvolved Distance = _______ /_______ = _______

5. Single leg triple crossover hop - Involved/Uninvolved Distance = _______ /_______ = _______

6. Timed 6-meter single leg hop – Uninvolved/Involved Time = _______ /_______ = _______

7. Single leg lateral hop - Involved/Uninvolved Distance = _______ /_______ = _______

8. Single leg medial hop - Involved/Uninvolved Distance = _______ /_______ = _______

9. Single leg medial rotating hop - Involved/Uninvolved Distance = _______ /_______ = _______

10. Single leg lateral rotating hop - Involved/Uninvolved Distance = _______ /_______ = _______

11. Single leg vertical hop - Involved/Uninvolved Height = _______ /_______ = _______

12. 10 yard Lower Extremity Functional Test 

•	 Sprint/back-peddle, Shuffle, Carioca, Sprint

•	 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating

•	 Recommended goal for males: 18-22 seconds; females: 20-24 seconds

13. 10 yard Pro-agility Run

•	 Both directions

•	 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating

•	 Recommended goal for males:  4.5-6.0 seconds; females:  5.2-6.5 seconds

Criteria to Return to Practice:
1. MD clearance
2. Pass Return to Sport Test with ≥90% results for each test.

Criteria to Return to Competition:
1. MD clearance
2. Tolerate full practice sessions with opposition and contact (if applicable) performed at 100% effort without any increased 

pain, increased effusion, warmth, or episodes of giving way.



ABSTRACT
Background: Less than 50% of those sustaining an anterior cruciate ligament (ACL) injury return to their 
preinjury level of sports participation or participate in competitive sport at two to seven years post ACL 
reconstruction (ACLR). After ACLR, it has been reported that frequency of subsequent ACL tears has 
reached as high as 31%.

Purpose: The purpose of this case series was to evaluate return to sport and reinjury rates following the 
use of a criterion-based rehabilitation protocol with a final return to sport test that utilizes minimal equip-
ment following ACL reconstruction.

Study Design: Case series.

Methods: Following ACL reconstruction, participants were included if they had a goal of returning to their 
pre-injury sport or level of activity, were between 16 and 50 years of age at the time of evaluation, had at 
least 25 physical therapy visits covered by insurance, and planned to complete physical therapy until clear-
ance for return to sport. 

Results: Forty-three participants met the inclusion criteria and enrolled in the study. Twenty-one partici-
pants completed the full course of rehabilitation including passing their return to sport test and nineteen 
participants completed the two-year follow-up. Data obtained at two years indicated that 84% were able to 
return to their preinjury level of sports competition. A smaller percentage (16%) were able to return to a 
reduced level of sport and only one participant reported a second ACL injury.

Conclusion: Participants that completed the full course of rehabilitation and passed return to sport testing 
had a larger percentage that were able to return to preinjury participation levels than currently reported in 
the literature. This case series did not exclude participants based on graft type, single vs double bundle 
procedure, ACL revision surgeries, nor concomitant procedures or injuries. 

Level of Evidence: Level 4

Key words: anterior cruciate ligament, criterion-based rehabilitation, movement system, return to sport 
testing
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INTRODUCTION
It is estimated that over 120,000 anterior cruciate 
ligament (ACL) injuries occur annually in the USA, 
with the majority occurring during high school and 
college.1 The ACL is often injured in sports participa-
tion, most commonly in a non-contact mechanism 
involving jumping, pivoting and cutting.2 The desire 
for a patient to return to cutting and pivoting sports 
is frequently cited as an indication for surgery, but 
actual return to sport rates are relatively low. Less 
than 50% return to their preinjury level of sports 
participation or continue to participate in competi-
tive sport at two to seven years post ACLR.3 Ardern et 
al4 reports in a systematic review that while a larger 
percentage (83%) of athletes are able to return to 
some level of sport, only 63% are able to return to 
their previous level and an even smaller percentage 
(44%) return to competitive sport. It has also been 
found that younger athletes, males, and those ath-
letes who participated in seasonal team sports were 
more likely to attempt return to sport by one year 
after ACL reconstruction.5 Currently, reinjury rates 
to the ipsilateral or contralateral ACL are relatively 
high (20-30%), but younger individuals who return 
to sport are at the highest risk.6-9 

Since return to preinjury levels of function are rela-
tively low and reinjury rates are high, clinicians are 
challenged to better prepare athletes to return to 
sport while also reducing the injury risk associated 
with returning to sport. The criteria used to inform 
return to sport decisions reported in research studies 
is most often based on time from surgery (60%) while 
factors such as muscle strength or hop testing are 
used less frequently (9-10%).6 The time from ACLR 
surgery to return to sport is about seven months, but 
timelines for can widely vary (2-24 months) for indi-
vidual patients.4 Return to sport within the first year 
after surgery may not be advisable, as re-injury rates 
are highest during this time.6 Even in elite athletes, 
83% returned to a preinjury level of sport between 
six and 13 months after surgery with a graft rupture 
rate of 5.2%.7 Moreover, time from surgery does not 
guarantee recovery as deficits in force development 
and absorption in single-limb vertical hopping were 
independent of time after surgery.8 It has also been 
found that females demonstrate asymmetries dur-
ing both the landing and takeoff phase of the drop 
vertical jump maneuver two years after surgery.9 

To better prepare athletes for return to sport, with 
a lessened reinjury risk, the authors created a five-
phase ACLR rehabilitation protocol. The progres-
sion among phases with completion of a return to 
sport test is criterion-based and considers muscle 
strength, neuromuscular control, and task mastery. 
The emphasis on a criterion-based progression is 
different than what is often reported in the litera-
ture where time after surgery is the primary vari-
able used.6 The purpose of this case series was to 
evaluate the return to sport and reinjury rates fol-
lowing the use of a criterion-based rehabilitation 
protocol with a final return to sport test that utilizes 
minimal equipment following ACL reconstruction. 
The authors hypothesized that the goal-oriented 
objective criterion-based program used in conjunc-
tion with time after surgery would best prepare the 
patient to return to their preinjury level of sports 
participation with a reduced rate of reinjury. 

METHODS

Participants
Participants were informed of the study at their ini-
tial physical therapy evaluation. Written informed 
consent was obtained from all participants (and 
a legal guardian if younger than 18 years) prior to 
data collection and was approved by an institutional 
review board (IRB # PRO09030004). Participants 
were included if they had a goal of returning to their 
pre-injury sport or level of activity, were between 
16 and 50 years of age at the time of evaluation, had 
at least 25 physical therapy visits covered by insur-
ance, and planned to complete the criterion-based 
rehabilitation protocol in physical therapy until they 
were given clearance for return to sport by the physi-
cian based on the participant’s results on the return 
to sport test. Participants were not excluded for any 
previous knee injury, concomitant knee injuries or 
procedures at the time of surgery, nor for the type 
of graft or reconstruction procedure they received. 
Patient reported outcomes were obtained at the first 
physical therapy evaluation visit and at the time for 
testing between each phase. Follow-up occurred at 
12, 18, and 24 months post-surgery via phone call or 
email. At those time points, participants were asked 
about their level of sports participation as well as if 
any reinjuries occurred. 
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Scales and Surveys
Participants completed a battery of patient-reported 
outcomes at the onset of physical therapy, at pro-
gression to each new phase, and after completing 
the return to sport test. Participants completed 
the International Knee Documentation Commit-
tee (IKDC) Subjective Knee Evaluation Form, the 
Knee Outcome Survey Activities of Daily Living 
Scale (KOS-ADL), the Knee Outcome Survey Sports 
Activity Scale (KOS-Sports), and Numeric Pain Rat-
ing Scale (NPRS) to assess knee joint function and 
symptoms. Activity level was assessed via the Marx 
Activity Scale (Marx). Psychological readiness and 
belief in functional capacity were assessed via the 
Knee Activity Self-Efficacy Scale (KA-SES), the Knee 
Self-Efficacy Scale (K-SES), the Modified Self-Effi-
cacy for Rehabilitation Outcome (MSERO), and the 
Tampa Scale for Kinesiophobia (TSK-11).

The IKDC consists of 18 questions in the domains 
of symptoms, functioning during activity of daily 
living and sports, current function of the knee, and 
participation in work and sports10 and has a high 
level of test-retest reliability (0.94).11 The KOS-ADL 
is a patient-reported measure of functional limita-
tions imposed by pathological disorders and impair-
ments of the knee during activities of daily living12 
and reliability was found to be 85.8, mean validity 
score 76.0, and standardized response mean 1.1.13 
The KOS-Sports measures symptoms and functional 
limitations experienced during sports activities.14 
The Marx scale measures physical activity levels in 
patients as opposed to participation levels in sports, 
with a high reliability of 0.97.15 The NPRS ranges from 
0 (no pain) to 10 (worst imaginable pain) and has 
been shown to be a reliable method of pain intensity 
assessment (ICC=0.74-0.76).16,17 The KA-SES relates 
to the subject’s perception of what everyday tasks 
he or she is able to accomplish.18 The K-SES assesses 
perceived self-efficacy regarding daily activities, 
sports and leisure activities, physical activities, and 
their knee function in the future. In patients with 
ACL injury, internal consistency was found to be 
0.94, test-retest correlation was 0.73, and ICC was 
0.75.19 The MSERO is modified from the Self-Efficacy 
for Rehabilitation Outcome Scale, which was shown 
to be valid and reliable in a population of partici-
pants after hip or knee arthroplasty.20 The questions 

on the MSERO involve the subject’s perception of 
his or her ability to complete rehabilitation tasks.18 
The TSK-11 was used to quantify pain-related fear 
of movement/reinjury and has an internal consis-
tency of 0.79, a test-retest reliability of 0.81, and 
a responsiveness of 1.11.21 The TSK-11 for fear of 
injury is appropriate for use in the early postopera-
tive phase and lower scores are found in patients 
reporting return to preinjury levels of sports par-
ticipation.22 Scores on the TSK-11 and KA-SES were 
found to be significant predictors of IKDC subjective 
form scores.18

Strength and Functional Testing
Participants were screened throughout the reha-
bilitation process for strength, motor control, and 
capacity for plyometrics. Tests included, but are 
not limited to, a one-repetition maximum (1-RM) 
strength assessment for the quadriceps and leg, gait 
analyses, motor control with single leg squats, and 
performance with agility and jumping activities. 
While not all tests are validated measures, they are 
assessments that are commonly performed in physi-
cal therapy following ACL reconstruction.

Gait was assessed during fast treadmill walking for 
15 minutes using a speed short of jogging (individ-
ual still demonstrates a double support phase). The 
physical therapist assessed for gait deviations such 
as an unequal stride length and hip hiking and the 
presence of pain.

Quality of movement was assessed with the step and 
hold test and single leg squats. The step and hold 
(Figure 1) is a low-level approximation of running to 
screen for abnormal mechanics with weight accep-
tance. The individual steps from the uninjured limb 
onto the injured limb, at least the distance of the indi-
vidual’s normal stride length. The individual is cued 
to imagine they are stepping over a puddle of water 
and to land with a heel-toe gait pattern to simulate 
walking and running without excessive stiffening or 
excessive knee flexion, loss of balance, or valgus col-
lapse. Patients performed single leg squats to a spe-
cific degree of knee flexion without displaying loss 
of balance, contralateral hip drop, excessive femoral 
abduction or adduction where the knee moves inside 
or outside the border of the foot, excessive femoral 
internal rotation, or abnormal trunk movement. 
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Piva et al. described these compensatory patterns 
in patients who had patellofemoral pain and found 
the assessment of quality of movement to have a 
moderate inter-tester reliability of 0.67.23 Weighted 
single leg squats were assessed in the later stages of 
the protocol. This is accomplished by holding dumb-
bells or wearing a weighted vest. Body weight is not 
part of the equation. For example, if the uninvolved 
limb could complete the task wearing a 20-pound 
weighted vest, the patient would need to complete 
the task on the involved side with at least 15 pounds.

The modified Star Excursion Balance Test (SEBT) 
test is a measure of dynamic stability and neuromus-
cular control between limbs.24,25 Patients stand in the 
center of a “Y” on their involved side and reach as 
far as they can in an anterior, posteromedial and 
posterolateral direction while maintaining single 
leg stance. The maximum distance touched with the 
contralateral toe is measured. Reaches do not count 
if the patient loses their balance or puts more weight 
than a “toe tap” on the ground with the contralateral 
foot. Measuring the reach in the three designated 
directions had an ICC ranging from 0.84 to 0.87 and 
the assessment of limb length had an ICC of 0.99.26 
Reach distance was normalized to the patient’s limb 

length. Composite scores are from the sum of the 
three reaches divided by three times the patient’s 
limb length and expressed as a percentage. 

An electromechanical dynamometer is considered the 
gold standard for strength assessment due to superior 
reliability and high internal validity.26 However, many 
physical therapy clinics and athletic training rooms 
do not have an electromechanical dynamometer nor 
a hand-held dynamometer, so objective assessments 
of strength of the quadriceps and lower extremity was 
assessed via a 1-RM on a knee extension and leg press 
machine. The leg press can be used as a general mea-
sure of lower extremity strength, with contributions 
from the gluteal muscles, hamstrings and the triceps 
surae in addition to the quadriceps. 1-RM testing rep-
resents a valid means to assess leg muscle strength 
in vivo in both young and elderly men and women, 
with the strongest correlation found between 1-RM 
leg extension and isometric peak torque (r=0.88; 
SEE=0.06, 95% CI=0.81-0.93).27 

For the 1-RM leg extension, the individual is posi-
tioned in 90° hip and knee flexion with the resistance 
pad placed proximally to the malleoli. The individ-
ual is instructed to extend their knee as smoothly 
as possible to the designated amount of extension. 
Sinacore et al recently investigated the the absolute 
agreement of quadriceps muscle strength symmetry 
between limbs when measured with a leg extension 
task in a partial range and a full ROM in individuals 
with knee joint impairments. It was concluded that 
quadriceps symmetry is consistent when measured 
through either a full ROM or partial ROM, and that 
injured limbs and healthy limbs demonstrate similar 
relative strength in the range from 90-45° and from 
90-0° and has an ICC of 0.67 and 0.62, respectively.28 
For the 1-RM leg press, the individual is positioned 
on the leg press with the hip and knee being tested 
flexed to 90°. The contralateral leg cannot assist in 
initiating the lift and cannot be on the floor or on the 
platform. The participant will continue to progress 
the weight lifted until they can no longer complete a 
full repetition for both the involved and uninvolved 
leg. The limb symmetry index for the leg press and 
knee extension test is calculated as the 1-RM load of 
the involved limb divided by the 1-RM load of the 
uninvolved limb expressed as a percentage for both 
the knee extension and leg press test.

Figure 1. In the step and hold exercise, the individual A) 
steps from the uninjured limb, B) onto the injured limb, at 
least the distance of the individual’s normal stride length. The 
individual is cued to imagine they are stepping over a puddle 
of water and to land with a heel-toe gait pattern without 
excessive stiffening, knee flexion, loss of balance, or valgus 
collapse.  
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Criterion-Based Functional Rehabilitation 
Protocol
The protocol that was used was introduced by Jore-
itz et al.29 and is presented in Appendix A. Partici-
pants progressed through the rehabilitation process 
in five phases, starting with becoming independent 
with activities of daily living (ADLs), and progress-
ing to running, basic agility training, plyometrics, 
and rotational cutting and pivoting. Later stages of 
the rehabilitation program are individualized per 
the participant’s requirements for their primary 
sport. An example is a volleyball player would have 
a larger rehabilitation emphasis placed on jumping 
compared to a soccer player who would have greater 
emphasis on cutting and agility tasks. 

The criterion-based protocol serves multiple pur-
poses. The first is to use objective criteria in con-
junction with time after surgery as agreed upon 
per each individual surgeon, and not just time after 
surgery to progress through the rehabilitation pro-
cess. To progress to the next phase, the participant 
must meet a set of objective criteria, which include 
mastery of the activities of each phase. Mastery is 
typically assessed through observation of the high-
est level of performance allowed in the progression. 
Failure to master the tasks of an individual phase 
is remediated with focused practice and instruction 
in proper technique. The inclusion of activity mas-
tery as a pre-requisite for advancement to the next 
phase ensures that individuals take time to practice 
each skill and incorporate good movement patterns 
during dynamic tasks even if their strength and neu-
romuscular control would allow them to progress 
in multiple phases. Mastery of a task also includes 
participant reports of full confidence and no fear of 
reinjury with each new task. 

A second purpose of the criterion-based protocol is 
to include strategies for prevention of ACL injury 
throughout the program with a focus on balance and 
proprioception, motor control, agility and plyomet-
ric training.30-35 A third purpose is to make this pro-
tocol generalizable to all clinical settings and to all 
individuals. The tests and measures can be applied 
with minimal specialized equipment and to all indi-
viduals regardless of surgical procedure. Specific 
attention is paid to concomitant injuries and/or 
procedures in that modifications to weight-bearing, 

range of motion (ROM) and RTS timeframes are 
made accordingly. 

Phase one of the protocol begins immediately after 
surgery. The first four to six weeks focus on restor-
ing ROM, patella mobility and quadriceps strength, 
decreasing inflammation, normalizing gait, and 
becoming independent with activities of daily living 
(ADLs). Exercises are then added for strength and 
stabilization of the hip and core. Exercise dosage for 
quadriceps strengthening via an open kinetic chain 
(OKC) knee extension and closed kinetic chain (CKC) 
leg press were determined by the DAPRE (Daily 
Adjustable Progressive Resistive Exercise) method 
of strengthening.36 Initially, OKC quadriceps exer-
cises are performed in a restricted range of 90-45° 
to minimize strain on the healing ACL graft37,38 and 
patellofemoral joint stress.39 Risk of patella fracture 
after autogenous bone-patella tendon-bone (BPTB) 
or quadriceps tendon with bone block was reduced 
by delaying 1-RM testing until four months post-
surgery.40 Once the 1-RM for quadriceps strength on 
the knee extension machine was established, knee 
extension resistance intensities were periodized to 
increase strength and hypertrophy.41 The authors 
were conscious of how many visits each patient was 
authorized to receive by their individual insurance. 
Therefore, participants presented 1-3x/week for 
physical therapy appointments based on their need 
in Phase 1. For example, some participants required 
more appointments if they were having difficulty 
regaining their ROM or quadriceps strength. Other 
participants who quickly regained their ROM, mobil-
ity, and quadriceps strength, minimized their visit 
usage in the early phase and relied on an extensive 
home exercise program. 

For clearance to begin jogging, participants must 
demonstrate mastery of exercises in phase one by 
demonstrating the ability to perform 15 minutes of 
fast walking on the treadmill with normal gait at a 
speed just short of jogging. Additionally, participants 
must demonstrate 30 step and holds without loss of 
balance and good motor control as well as the ability 
to perform 10 single leg squats to 45° of knee flexion 
without compensation. The participant must score 
at least 80% LSI for the 1-RM on the knee exten-
sion machine in the range of 90-45°, 80% LSI for the 
1-RM on the leg press, and a 90% composite score on 
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the modified SEBT. The participant must pass each 
of these tests and gain clearance from the surgeon 
before beginning to jog.

In Phase 2, participants continued lower extremity 
and core strengthening and started a jogging pro-
gression.42 The progression was based on each par-
ticipant’s comfort with jogging, signs and symptoms 
of inflammation (effusion, warmth, redness), joint 
pain, and display of normal gait pattern. The goal 
in this phase was to progress to at least two miles 
of continuous jogging and participants often per-
formed their strengthening and jogging as part of a 
home exercise program to minimize the number of 
physical therapy visits utilized in this phase. Progres-
sion to phase three includes testing and mastery of 
running. Participants were required to complete two 
miles of continuous jogging at a self-selected speed 
with a normal gait pattern and without complaints 
of pain and signs and symptoms of inflammation. 
Participants also needed to score at least 85% LSI 
for the 1-RM on the knee extension machine in the 
range of 90-0°, 85% LSI for the 1-RM on the leg press, 
and a 100% composite score on the modified SEBT. 
They also needed to demonstrate the ability to com-
plete 10 single leg squats >45° of knee flexion while 
holding ≥ 75% extra weight compared to the other 
side. This can be accomplished by holding dumb-
bells and/or wearing a weighted vest. Body weight 
is not part of the equation.

Phase 3 includes the addition of basic change of 
direction drills including forward/backward shuttle 
running, side shuffling, carioca, and “quick feet” 
drills using a ladder or hurdles in a forward and lat-
eral direction. In this phase, the emphasis is placed 
on controlling the deceleration of the involved limb 
and moving in the frontal and transverse planes. 
Effort begins at approximately 50% speed and con-
tinues at that intensity level until the individual 
can complete the drills without hesitation or com-
pensation during deceleration to change direc-
tions, as well as reporting 100% confidence in the 
knee at that speed. The individual should initially 
perform the agility progression under the supervi-
sion of their physical therapist or athletic trainer to 
monitor quality of movement patterns. Common 
compensation patterns include internal rotation or 
valgus collapse of the limb when planting the foot 

during, excessive stutter stepping when preparing to 
decelerate, and excessive absorption time of weight 
acceptance in lateral shuffling or carioca compared 
to the uninvolved side. Progression to phase four 
requires mastery of agility drills, ability to perform 
10 consecutive weighted single leg squats to at least 
60° of knee flexion with a limb symmetry index of at 
least 85%, and a LSI of 90% on 1-RM test for the leg 
press and knee extension test.

Phase 4 introduces double limb jumping. The authors 
recommend beginning with forward and vertical 
jumps at sub-maximal distances and heights, respec-
tively. Cueing for proper technique, both when load-
ing into the jump as well as when landing, is crucial 
to avoid dynamic valgus and side to side asymme-
tries in balance and control.30,31,43 When participants 
consistently jump with good form, progression of 
plyometrics include box jumps, lateral and rota-
tional jumps. Jumping is also progressed from one 
single jump to continuous faster jumping. Progres-
sion to phase five requires mastery of plyometrics 
and the ability to perform 10 consecutive weighted 
single leg squats to at least 60° of knee flexion with 
a limb symmetry index of at least 90%.

Phase 5 introduces hopping and cutting. Hops are 
initiated and progressed in the same manner as 
jumping. Cutting progresses from jogging “S” curves, 
to planting the involved foot and cutting at 45° and 
progressing to cutting at 90° angles. In addition to 
demonstrating good form, participants must report 
full confidence and no fear of reinjury before pro-
gressing in speed of cutting. When participants can 
cut at full speed with good form, unanticipated cut-
ting and agility drills should be practiced. Exercise 
selection should be primarily sport specific and indi-
vidualized in this phase.44-47 

Return to Sports Participation Testing 
Protocol
When the participant can perform all functional 
tasks at full speed with no compensation strate-
gies and reports full confidence, they may take the 
return to sport test. A reassessment of 1-RM quad-
riceps strength is performed on the knee exten-
sion machine. We also utilize a battery of functional 
tests48-52 and start with the four most common hop 
tests described by Noyes et al.53 A single leg vertical 
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hop is assessed using a Vertec System (Gill Athletics, 
Champaign, IL). This return to sports participation 
test introduces hopping in the frontal and transverse 
planes as criteria to return to practice. Participants 
hop on one leg as far as they can in a medial and a 
lateral direction. For example, when hopping on the 
right leg, medial hops would be to the left and lateral 
hops would be to the right. When hopping on the left 
leg, medial hops would be to the right and lateral 
hops would be to the left (Figure 2). Transverse plane 
hops included a vertical hop with medial and lateral 
rotation (Figure 3). Patients stood in the center of 
the “Y” used for the SEBT and were instructed to 
hop straight up in the air and spin/rotate in a medi-
ally and laterally rotating direction and control the 
landing. For example, when performing a medially 
rotating hop on the right leg, patients hopped verti-
cally and spun/rotated to the left. They performed 
a single leg laterally rotating hop on the right leg by 
hopping vertically and spinning/rotating to the right 
and controlling the landing. The opposite occurred 
on the left leg with medially rotating hops to the 
right and laterally rotating hops spinning/rotating to 
the left. The amount of rotation for each hop was 
measured with a goniometer, with the stationary 
arm lined up with anteriorly projected line used for 
the SEBT and the moving arm of the goniometer 
bisected the patient’s foot along the second meta-
tarsal. The amount of rotation was compared bilat-
erally to calculate the LSI. The last two plyometric 

tests are the single and triple jump (with the take-off 
phase starting with two feet) for distance where the 
participant must land on one foot (Figure 4). A hop-
ping trial was considered invalid if the participant 

Figure 2. Participants are instructed to hop on one leg as far 
as they can in a medial and a lateral direction.  A) Right leg 
medial hop start position.  B) Right leg medial hop end posi-
tion.  C) Left leg lateral hop start position.  D) Left leg lateral 
hop end position.

Figure 3. For rotational hops, participants stood in the center of the “Y” used for the SEBT and were instructed to hop straight 
up in the air and spin/rotate in a medially and laterally rotating direction and control the landing.  A) Left leg rotational hop 
starting position.  B) Left leg medial rotating hop end position.  C) Left leg lateral rotating hop end position.  D) Measurement of 
the amount of rotation for each hop.  The stationary arm of the goniometer is aligned parallel to the tape and the moving arm 
bisects the foot.
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landed with early touchdown of the contralateral 
limb, had loss of balance, touched the floor with any 
other part of their body, or had additional hops after 
landing.54 

Two functional runs are utilized to assess for the 
presence of compensation strategies when changing 
directions at full speed. The lower-extremity func-
tional run (Figure 5) is set up on a 10-yard course 
marked by 2 cones. The athlete begins with a 10-yard 
sprint followed by a 10-yard back-pedal, a 10-yard 

side-shuffle in each direction, a 10-yard carioca in 
each direction, and ends with a final 10-yard sprint. 
The pro-agility test (Figure 6) begins with the indi-
vidual straddling the center line of a 10-yard course 
marked by three cones each five yards apart.54 The 
athlete must sprint five yards and touch the cone, 
change direction, sprint back 10 yards and touch the 
cone, change direction, and sprint back through the 
center line. The timer begins with the athlete’s first 
movement to either end of the course and ends with 
the final crossing of the center line. These two func-
tional runs are included for the physical therapist to 
evaluate for any abnormal movement patterns, or 
for subjective reports of hesitation, decreased confi-
dence, and pain with change of direction movement 
patterns performed at full speed. Suggested time to 
complete each test is included as a reference, but 
only the quality of movement is assessed.55 

Passing criteria is ≥90% LSI for all single-limb tests 
along with physician clearance. Passing the test allows 
the participant to return to unrestricted practice (if 
their sport is in-season). The function of the RTS 
test was to allow the participation in sports activity 
without any restrictions. When there were no impair-
ments with full practice participation (either from 
the viewpoint of the participant, coach, or athletic 
trainer), they would be cleared to resume competi-
tion. This enabled adequate time to acclimate to full-
speed practices with opposition and contact (when 
applicable). The rehabilitation protocol with return to 
sport test can be found as a supplemental file. 

Figure 4. For the single and triple broad jump, partici-
pants are instructed to A) start the jump with two feet, and 
then B) land on the single leg being tested.  For the triple 
jump, the last jump will be landed on the single leg being 
tested.

Figure 5. Participants will sprint 10 yards, then backpedal to the starting line; side-shuffle 10 yards and back; carioca 10 
yards and back; and finally sprint 10 yards to the finish line.  To pass this test, participants must run and change direction at 
full speed without any compensation patterns.
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OUTCOMES
Participant demographic characteristics are pre-
sented in Table 1. Forty-three participants met the 
inclusion criteria and were enrolled in the study. 
However, only 21 participants (49%) completed the 
full course of rehabilitation including passing their 
return to sport test and 19 participants (44%) were 
available for the two-year follow-up. There were no 

statistically significant differences between those 
that completed or did not complete the program 
related to age, sex, graft type, or associated proce-
dures. The average time from surgery to meeting the 
criteria to start jogging was four months (SD= 1.2 
months). The average time from surgery to return to 
sport clearance was 10.6 months (SD= 4.4 months). 
One participant was excluded midway through her 

Figure 6. Participants will start facing the tester straddling cone 1.  When indicated, they will turn and sprint 5 yards and 
touch cone 2; then sprint 10 yards and touch cone 3; and finally, sprint 5 yards past cone 1.  They will then repeat this test in 
reverse order (cone 1 to 3 to 2 to 1).   To pass this test, participants must run and change direction at full speed without any 
compensation patterns.

Table 1.  Patient Demographics..
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full course of rehabilitation and those that did not, 
respectively. 

At the two-year follow-up, 16 of the 19 (84%) returned 
to their preinjury level of sports competition and 3 

rehabilitation due to becoming pregnant, which 
was an exclusion criterion. Participant reported 
outcomes are listed in Table 2 for all participants 
enrolled. Tables 3 and 4 list the participant reported 
outcomes for the participants that completed the 

Table 2. Patient Reported Outcome Measures (All Participants).

Table 3. Patient Reported Outcomes (Completers).
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indicating that the participants were running, cut-
ting, decelerating, and pivoting 2-3 times per week. 
Median pain rating was 0 (out of 10). Average TSK-11 
scores at return to sport were 15.52, with 11 being 
the best possible score. 

DISCUSSION
Following ACLR, reasons for lower return to sport 
rates and high re-injury rates are multifactorial, but 
a rehabilitation program that does not fully prepare 
patients to participate in sport is a substantial modi-
fiable factor. Our goal with this case series was to 
determine if a highly structured and criterion-based 
rehabilitation protocol that included progressive 
activity and required minimal equipment would pro-
vide equal or better return to previous level of sports 
participation and reinjury rates than those currently 
reported in the literature. Unfortunately, only 49% 
of the participants completed the rehabilitation pro-
gression. Despite numerous efforts to contact those 
that were lost to follow-up, the authors were unable 
to ascertain the reason why they stopped coming to 
physical therapy, whether or not they returned to 

(16%) returned to a reduced level of sports partici-
pation (Table 5). At the two-year follow-up, only one 
participant suffered a reinjury. He returned to his 
previous level of sports participation and had a sec-
ond ACL injury due to a non-contact injury playing 
basketball, where his knee twisted upon landing on 
an opponent’s foot. 

At the time of return to sport, measures for the 
IKDC, KOS-ADL, KOS-Sports, KA-SES, K-SES, and 
MSERO were all >90%. Typically, 90% is used as 
a long-term goal for patient reported outcomes in 
outpatient physical therapy. All participants, who 
completed their physical therapy, met that goal for 
reports related to activities of daily living and func-
tion. Median Marx score was 12 (out of a possible 16), 

Table 4. Patient Reported Outcomes (Non-Completers).

Table 5. Return to Sport and Reinjury Outcomes.
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of the current study chose to implement a single leg 
squat and step and hold test as they are more closely 
related to the mechanics of running but chose to use 
Piva’s criteria to assess quality for standardization. 
In addition, running greatly increases loads on the 
knee joint compared to walking, so we implemented 
a fast walking assessment to ensure that the knee 
could tolerate more loading without increases in 
inflammation. The participants’ surgeons preferred 
to delay starting to run until four months after sur-
gery, with the rule of no sooner than three months. 
The participants were required to meet all the func-
tional criteria to begin running before the surgeon 
would be agreeable to it. Coincidentally, this did 
occur at an average of four months. The median 
time to return to running reported by Rambaud et 
al60 was 12 weeks. The authors of the current study 
advocate including the use of objective strength and 
functional testing in addition to time after surgery 
for clearance to start running.

Time to return to sport can vary across studies follow-
ing ACLR. In the present study, average time to com-
plete physical therapy, pass the return to sport test, 
and be cleared by the physician was 10.6 months. 
Grindem et al.62 assessed 106 participants as part of 
the Delaware-Oslo ACL cohort who intend to return 
to level I or II sports. Seventy-four of the 83 (89%) 
participants who previously participated in Level I 
sports returned to their pre-injury level of participa-
tion within two years of ACLR, with a median of eight 
months. It was interesting however, that only 18 of 
the 74 (24%) that returned to level I sports participa-
tion actually passed their RTS test. By requiring the 
use of a criterion-based rehabilitation protocol, used 
in conjunction with time after surgery, the course of 
physical therapy lasted 2 months longer than what 
was reported by Grindem et al.62

Of the 19 participants that completed their course 
of physical therapy, passed their RTS test, and were 
available for the two-year follow-up, only one par-
ticipant sustained a reinjury (11%). This number 
is below the reported data of those sustaining an 
ipsilateral or contralateral reinjury following ACLR. 

6-9 It has been reported that for every month up to 
nine months that return to sport was delayed, par-
ticipants had a reduced reinjury rate of 51%. In that 
same study, 21 (38%) of the 55 participants who 

sports participation, or if they suffered a reinjury. 
This did not allow for comparisons of between-
group differences in the early phases of physical 
therapy in those that completed the full course of 
physical therapy and those that did not. However, 
each participant that completed their rehabilitation 
returned to some level of sports participation and 
84% to their pre-injury level with only one re-injury. 
Although it is a small sample size, our return to sport 
and reinjury rates are similar, if not better than aver-
ages reported in the literature.

In the present study, specific objective criteria for 
strength and functional testing, including mastery 
of the previous phase’s activities, were used to prog-
ress to the next phase as well as permit return to 
sports participation. Various reviews have been pub-
lished looking at the requirements and factors used 
in return to sport decision making following ACLR. 
Time after surgery is listed as the primary factor 
and some studies do not include any criteria used 
to clear patients for return to sports participation. 
A small number included strength and hop tests in 
their criteria.56-58 The European Board of Sport Reha-
bilitation recommended including strength and hop 
testing to ensure some basic levels of performance.59 
The goal was to include objective assessments in 
conjunction with time after surgery to determine 
readiness to return to sports participation. 

This protocol uses time after surgery, strength and 
functional assessments, as well as physician clear-
ance (based on their exam) to clear a participant 
to return to a running program. Rambaud et al60 
reviewed the criteria used to permit the return to run-
ning after ACL reconstruction. Of the 201 included 
studies, 198 (99%) used time after surgery as part 
of or the only criteria used to start running. Thirty 
studies (15%) used a strength assessment as criteria 
and 13 (6%) used a performance test as part of the 
criteria. The authors postulated the possibility that 
time after surgery is thought of as the only neces-
sary criteria for return to running but that there is a 
lack of valid and reliable ways to assess readiness to 
return to running. 1-RM testing on a knee extension 
machine has excellent interrater/intrarater reliabil-
ity (ICC = 0.90 and 0.96)61 and Piva et al.23 reported 
moderate values of reliability with assessing the qual-
ity of movement with a step-down task. The authors 
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a dynamic test with motor control qualities in the 
single leg squat. 

Participants in this study had a variety of graft 
types including bone-patellar tendon-bone (BPTB), 
hamstring, or quadriceps autografts, or soft tissue 
allografts. Some also had concomitant cartilage, liga-
mentous, or meniscal procedures, as well as revision 
ACL reconstructions. To the authors’ knowledge, 
this is the first paper to summarize return to sport 
and reinjury outcomes that did not exclude partici-
pants based on graft type, single vs double bundle 
procedure, ACL revision surgeries, nor concomitant 
procedures or injuries. Of the participants that com-
pleted PT and returned to sport, Table 1 shows that 
16 (80%) received an autograft and 4 (20%) received 
an allograft. The most commonly used autografts 
were a BPTB (35%) and a quadriceps tendon (30%). 
There was not a statistically significant difference in 
graft type or concomitant procedures between indi-
viduals who completed the study versus those who 
did not complete the study. Of the group that com-
pleted the study, 12 (57%) had an associated menis-
cus procedure, 2 (10%) had an associated cartilage 
procedure, and 4 (19%) had an associated ligament 
procedure. All graft types and concomitant proce-
dures were included because so few patients have 
an isolated ACLR and graft selection continues to 
evolve. The authors designed a protocol to have the 
most possible external validity, especially consider-
ing concomitant procedures and graft type typically 
influence the rehabilitation process the most during 
the immediate post-operative phase. Once the deci-
sion has been made to allow a patient to begin run-
ning, surgery specific factors are considerably less 
important than patient performance. 

A question that remains is how to best prepare ath-
letes to return to sports participation and ultimately 
their previous level of performance following ACL 
reconstruction. The majority of patients are given a 
predetermined set of physical therapy visits covered 
by insurance, which presents case management 
challenges. If ROM and/or strength impairments 
persist in the early phases of rehabilitation, more 
visits need to be utilized to prevent complications 
such as arthrofibrosis68 which means fewer are avail-
able for subsequent functional training. Some clinics 
offer cash-based physical therapy services or group 

failed RTS criteria suffered a reinjury whereas only 
one of the 18 (5.6%) who passed RTS testing suf-
fered a reinjury. This reinforces the importance of 
having and passing objective testing in addition to 
waiting at least nine months to return to sport. The 
average time for return to sports participation in 
our study was 10.6 months. Kyritsis et al.51 assessed 
158 professional male athletes for the likelihood of 
ACL graft rupture after return to sport. A battery of 
strength and functional tests was used to determine 
discharge criteria, which was >90% LSI for quadri-
ceps strength and hop tests, full completion of on-
field sports-specific rehabilitation and <11 seconds 
for a running T-test. The results showed that athletes 
not meeting the discharge criteria before returning 
to professional sport had a four times greater risk of 
sustaining an ACL graft rupture compared to those 
that met all six RTS criteria. 

Paterno et al.63 recently reported that TSK-11 scores 
≥17 were four times more likely to report lower lev-
els of activity and scores ≥19 at the time of RTS were 
13 times more likely to suffer a second ACL injury 
within two years after RTS. Participants in the cur-
rent study who completed their physical therapy 
had a mean TSK-11 score of 15.52 which is below 
this threshold and thus, were likely to have a higher 
activity level and not suffer a second ACL injury 
within two years after RTS, per Paterno et al.63

Schmitt et al found that >15% asymmetries in 
quadriceps strength at the time of return to sport 
are associated with worse performance on mea-
sures of function and performance in young, active 
individuals following ACL reconstruction. It was 
also found that those with quadriceps strength defi-
cits less than 10% demonstrated functional perfor-
mance64 and movement patterns with walking and 
jogging similar to uninjured individuals.65 It has 
been shown that using a battery of tests, as opposed 
to just one, is better able to discriminate strength 
differences between the involved and uninvolved 
leg after ACL reconstruction.59,66,67 The authors of 
the current study chose strength assessments that 
utilized equipment found in most physical therapy 
clinics and high schools to which athletic trainers 
would have access. This included isolating the quad-
riceps with a knee extension machine, measuring 
total lower extremity strength with a leg press, and 
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The 1-RM on the leg press involved all of the lower 
extremity muscles but overestimated quadriceps 
strength and resulted in poor specificity for identi-
fying individuals who had not achieved the criteria 
for advancing activity according to an electrome-
chanical dynamometer (gold standard). Therefore, 
the authors recommend that clinicians not utilize 
a leg press as a surrogate measure for quadriceps 
strength, but instead utilize a leg extension machine 
(90-45°) and increase the threshold for quadriceps 
LSI values to inform return to running (83% versus 
traditional 80%) and to return to sports participation 
(96% versus traditional 90%). 

CONCLUSION
The present case series is the first, to the authors’ 
knowledge, to evaluate a criterion-based rehabili-
tation program following ACL reconstruction that 
utilizes minimal equipment and does not exclude 
participants based on graft type used, or those with 
concomitant injuries or procedures. Sixteen par-
ticipants (84%) returned to their preinjury level of 
sports participation. This is a higher percentage than 
reported by Ardern3 but attention should be drawn to 
the small sample size, as return to sports participation 
data was not available on 28 initially enrolled partici-
pants. Only one of the 16 (6%) suffered a reinjury in 
the two years following surgery, which is a smaller 
percentage compared to previously reported data.70-73 
For those that completed the program and returned 
to sport, participant reported outcomes demonstrated 
high levels of function in activities of daily living, 
sports participation and low levels of pain and fear 
of movement. The authors propose that this proto-
col serve as a foundation for future research that uti-
lizes a criterion-based program that requires minimal 
equipment and does not exclude participants based 
on graft type or previous injuries.
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APPENDIX A

Anterior Cruciate Ligament Reconstruction Functional Rehabilitation Protocol

Activities of Daily Living Guidelines Following Surgery

Patients may begin the following activities at the timeframes indicated (unless otherwise specified by the physician):
•	 No bathing or submerging the wound in water until the sutures have been removed, the scabs have fallen off, and 

the skin is completely closed.
•	 Showering is allowed after the surgical dressing is removed; a waterproof dressing is not needed as the incision can 

get wet.  A shower seat is advised to avoid falls.
•	 The brace will be locked in extension for gait and sleep for the first week.
•	 Use of crutches and brace for ambulation for 4-6 weeks.  Must be cleared by physician and/or physical therapist to 

begin walking without assistive devices.
•	 Weight-bearing as tolerated immediately after surgery unless otherwise instructed.
•	 For R knee surgery, no driving for 4-6 weeks.  As long as they are in the brace, patients are medically liable if in an 

accident.  For L knee surgery, patients may drive after 1 week as long as they have an automatic and have stopped 
taking narcotics.  

o Must pass driving test for R knee:  While sitting, complete 8 fast foot taps over shoe then stand up

Brace and Crutch Use Guidelines

Patients will be WBAT after surgery.  The post-operative brace is locked in extension initially for the first week with 
the exception that it may be unlocked for post-op exercises and continuous passive motion (CPM) machine use.  It is 
unlocked for walking once the patient reaches full knee hyperextension, usually 1 week post-op.  

BRACE IS DISCONTINUED WHEN:
•	 The patient is at least 4-6 weeks post-op
•	 The patient has full and equal passive and active knee hyperextension and >100° flexion

o Active knee extension is measured via straight leg raise
•	 The patient demonstrates normal pain-free walking without an increase in swelling

CRUTCHES ARE DISCONTINUED WHEN:
•	 The patient will initially be WBAT with 2 crutches for 4 weeks; they will then transition to one crutch before 

walking without the crutches over the next 2 weeks

•	 The patient has full and equal passive and active knee hyperextension and >100° flexion
•	 The patient is able to walk and maintain the knee in full extension without use of assistive device (i.e. does not walk 

with “bent knee” gait pattern)

•	 The patient has no increased knee pain or swelling with independent weightbearing

Special weightbearing guidelines for concomitant procedures
•	 The brace will be worn at least 6 weeks for combined ACL/MCL procedures, concomitant meniscal repairs, and 

microfracture procedures
•	 MENISCUS REPAIR:  Patients that also undergo a meniscus repair procedure will be NWB for 4 weeks, 50% WB 

for 2 weeks, then WBAT after 6 weeks

•	 MICROFRACTURE or ARTICULAR CARTILAGE PROCEDURE:  Patients that also undergo a microfracture or 
articular cartilage procedure will be NWB for 4 weeks, 50% WB for 2 weeks, then WBAT after 6 weeks
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Estimated Return to Sport Milestones (based on graft healing time and passing functional testing):

Jogging Low-level 
Agility Jumping Cutting Return to 

Sport
Bone-Patellar 
Tendon-Bone 

Autograft
4-5 months 5-6 months 6-7 months 7-8 months 9+ months

Hamstring/
Quad Tendon 

Autograft
4-5 months 5-6 months 6-7 months 7-8 months 9+ months

Bone-Patellar 
Tendon-Bone 

Allograft
5-6 months 6-7 months 7-8 months 8-9 months 10+ months

Soft Tissue 
Allograft 5-6 months 6-7 months 7-8 months 8-9 months 10-12+ 

months

These times are estimated based on graft healing and are dependent upon the patient passing functional testing in physical 
therapy that assesses strength and neuromuscular control.  These times may be longer if the patient also had a concomitant 
procedure such as a meniscal repair, microfracture/articular cartilage procedure and other ligament injury or procedure.  

Phase 1:  Initial Post-Op Care
Goals for Phase 1 include restoration of ROM and mobility, management of pain and edema, and initiation of 
strengthening with emphasis on the quadriceps.  The post-operative brace may be removed for treatment.  Closed kinetic 
chain (CKC) exercises should initially be performed in the range of 0-45° of flexion and open kinetic chain (OKC) knee 
extension exercises should stay in the protected range of 90-60° of flexion.  Exercises should include but are not limited 
to:
Weeks 1-4:

•	 4-way patella mobilization
•	 High intensity neuromuscular electrical stimulation
•	 Exercises to regain hyperextension – hamstring and gastrocnemius stretching, prone hang, manual overpressure, 

seated heel props with bag hang and/or with cuff weights
•	 Exercises to regain full flexion – heelslides, posterior tibial mobilizations

o Flexion is limited to 90° for 4 weeks with concomitant meniscus repairs
•	 Early strengthening – quad sets in full knee hyperextension, 4-way straight leg raises, terminal knee extension 

(CKC), mini-squats, isometric quadriceps setting at 90° and 60° of knee flexion
•	 Balance and proprioception exercises – progressing from weight shifting during bilateral stance progressing to 

unilateral stance exercises on stable and unstable surfaces, with eyes open and eyes closed
•	 Gait training – weight-shifts (side to side and forward/backward)
•	 Progress strengthening to include – leg press (single leg), OKC knee extension from 90-60° with ankle cuff weights, 

step-ups, step-downs, bridges, hamstring curls, wall slides
•	 No OKC hamstring curls with concomitant meniscal repair or hamstring autograft for first 6 weeks

Goals at 2 weeks post-op include:
•	 Passive and active hyperextension (as measured when doing a straight leg raise) should be equal to the uninvolved 

side and flexion >100°
•	 Reduced pain and swelling (rated 2+ or less via Stroke Test)
•	 If SLR doesn’t reach neutral extension (0°) by 2 weeks post-op, increase frequency of PT and notify the physician
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Goals at 4 weeks post-op include:
•	 Full flexion (unless ROM restriction from concomitant meniscus repair)
•	 No active inflammation (i.e. no increased pain, swelling or warmth) as a result of exercise.  Swelling should be rated 

1+ or less via Stroke Test
•	 Preparation for full weightbearing and independent gait

The patient’s visit frequency will be set by the PT for 1-3 times per week.  If the patient is not meeting the range of motion 
milestones or if they are having difficulty with regaining quadriceps control/have a knee extensor lag, the physician should 
be notified and visit frequency should increase.

Weeks 4-16:
•	 Stretching 
•	 Cardio – bike, elliptical
•	 Gait training on treadmill progressing to fast treadmill walking
•	 Aquatic therapy (if available) 
•	 Progress lower extremity strengthening, with emphasis on quadriceps
•	 Perturbation training

Weeks 12-20:
•	 CKC exercises should be progressed to ~60-75° of knee flexion provided that this does not cause any patellofemoral 

pain.
•	 OKC exercises should be progressed to full range 90-0° provided that this does not cause any patellofemoral pain.
•	 Prepare to pass screening exam to begin running

Goal at 4-6 months post-op (depending on graft type):  PASS SCREENING TEST TO BEGIN RUNNING
•	 No abnormal gait patterns while walking as fast as they can on the treadmill for 15 minutes

•	 30 step and holds without loss of balance or excessive motion outside of the sagittal plane
•	 10 consecutive single leg squats to 45° of knee flexion without loss of balance, abnormal trunk movement, 

Trendelenburg sign, femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary 
vertical line over the medial border of the foot

•	 ≥ 80% 1-repetition maximum (1-RM) on the leg press (90-0°)

•	 ≥ 80% 1-repetition maximum (1-RM) on the knee extension machine (90-45°)

•	 ≥ 90% composite score on Y-balance test.  Composite score = (anterior reach + posteromedial reach + posterolateral 
reach)/(3 x limb length)

Phase 2:  Running
Begin jogging on a treadmill or a track when the patient passes the screening exam AND is cleared by the physician.  
Running should begin at slow, comfortable speeds for short durations and distances.  The patient may progress in speed, 
time and distance as long as there is no development or increase in pain, swelling, warmth, or gait deviations.  See 
Running Progression Guidelines handout.

The patient should be seen by the physical therapist once every 2-3 weeks while running tolerance and endurance 
progresses.  Aggressive strengthening should continue in preparation to pass the screening test to begin agility drills.

Patients who undergo a Quadriceps tendon autograft with bone plug will need an x-ray at their 6 month post-op visit in 
order to be cleared for electromechanical dynamometer testing to ensure healing of the harvest site.
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Goals at 5-7 months post-op:  PASS SCREENING TEST TO BEGIN 
LOW-LEVEL AGILITY DRILLS

•	 ≥ 85% 1-RM on the leg press (90-0°)

•	 ≥ 85% 1-RM on the knee extension machine (90-0°) or Biodex testing if available

•	 10 consecutive single leg squats >45° of knee flexion without loss of balance, abnormal trunk movement, 
Trendelenburg sign, femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary 
vertical line over the medial border of the foot while holding ≥ 75% extra weight compared to the other side 
(dumbbells, weight vest, etc.) Body weight is not part of the equation

•	 100% composite score on Y-balance test.  Composite score = (anterior reach + posteromedial reach + posterolateral 
reach)/(3 x limb length)

•	 Be able to run 2 miles continuously without pain, swelling, warmth or gait deviations

Phase 3:  Agility Training

When the patient passes the screening exam AND is cleared by the physician, they may begin agility drills that include 
lateral shuffling, forward/backward shuttle runs, carioca, and ladder drills.  

Physical therapy should focus on elimination of compensation patterns, particularly when the patient decelerates.  
Aggressive strengthening should continue in preparation to pass the screening test to begin jumping.  

Goals at 6-8 months post-op:  PASS SCREENING TEST TO BEGIN JUMPING
•	 ≥ 90% 1-RM on the leg press (90-0°)

•	 ≥ 90% 1-RM on the knee extension machine (90-0°) or Biodex testing if available

•	 10 consecutive single leg squats to 60° of knee flexion without loss of balance, abnormal trunk movement, 
Trendelenburg sign, femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary 
vertical line over the medial border of the foot while holding ≥ 85% extra weight compared to the other side 
(dumbbells, weight vest, etc.).  Body weight is not part of the equation 

•	 No compensation patterns with deceleration during agility drills performed at near 100% effort

Phase 4:  Jumping (Two Feet)
When the patient passes the screening exam AND is cleared by the physician, begin jumping.  Jumping is with 2 feet, both 
taking off and landing.  

Jumps should start with single vertical jumps and the physical therapist should watch for medial collapse of the knees both 
when loading into the jump and landing from the jump.  When the patient demonstrates consistent equal weightbearing 
when landing, progress with forward, side to side, rotating, and box jumps.  As the patient demonstrates consistent good 
form, progress from single jumps to consecutive jumps.

Physical therapy should focus on teaching the patient soft, athletic landings and avoidance of compensation strategies.  
Aggressive strengthening should continue in preparation to pass the screening test to begin hopping and cutting.

Goals at 7-9 months post-op:  PASS SCREENING TEST TO BEGIN CUTTING AND HOPPING
•	 10 consecutive single leg squats to 60° without loss of balance, abnormal trunk movement, Trendelenburg sign, 

femoral IR or the knee deviating medially causing the tibial tuberosity to cross an imaginary vertical line over the 
medial border of the foot while holding ≥ 90% extra weight compared to the other side (dumbbells, weight vest, 
etc.).  Body weight is not part of the equation 
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•	 No display of medial collapse of the knees when loading into or landing from jumps, and equal weight distribution 
when initiating and landing the jumps

Phase 5:  Hopping (Single Leg) and Cutting

When the patient passes the screening exam AND is cleared by the physician, they may begin hopping and cutting.  
Hopping is with 1 foot, both taking off and landing.  Hopping should follow the same progression as jumping.

Patients should first practice running in an “S” pattern, then progress to 45° cuts, and then to sharper angles.  Pivoting 
and cut and spinning should begin when the patient is competent with cutting at sharp angles.  Patients should be able to 
tolerate cutting, pivoting and cut and spinning at full speed before practicing unanticipated cutting.  The patient should not 
progress their speed if they demonstrate any excessive knee medial deviation or express a lack of confidence when cutting.
Sprinting should begin with transitions from running directly into sprinting short distances.  Distance should be progressed 
to sprinting a 40 yard dash, then a 100 yard dash, and finally sprints to fatigue.

Physical therapy should focus on improving the form and speed of hopping and cutting.  Aggressive strengthening should 
continue in preparation to return to sports participation.

Goals at 9-12 months:  PREPARE TO TAKE RETURN TO SPORTS TEST
•	 Display a normal running pattern that does not increase pain, swelling, or warmth

•	 Practice and display no hesitation or compensation strategies during agility drills (particularly when decelerating) 
when performed at 100% effort

•	 Practice and display normal loading (no medial knee collapse) and soft, athletic landings from all jumps and hops 

•	 Practice and display no hesitation or compensation strategies during cutting drills (particularly when decelerating) 
when performed at perceived 100% effort

Returning to Sports Participation

The patient should be able to perform all agility, plyometric, and cutting exercises at full speed without compensation 
patterns or complaints of pain, swelling, or warmth.  Exercises should include anticipated and unanticipated cutting and 
jumping.

Physical therapy should be geared on sport specific training as per the patient’s sport and position.

The patient may return to sports participation when they pass the ACL Return to Sports Test AND receive clearance by the 
physician.
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ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION RETURN TO SPORT TEST

Name:  ____________________________________________________       Date:_________________

1. Single broad jump, landing on one foot - Involved/Uninvolved Distance = _______/_______= _______

2. Triple broad jump, landing last jump on one foot – 
Involved/Uninvolved Distance = _______ /_______ = _______

3. Single leg forward hop - Involved/Uninvolved Distance = _______ /_______ = _______

4. Single leg triple hop - Involved/Uninvolved Distance = _______ /_______ = _______

5. Single leg triple crossover hop - Involved/Uninvolved Distance = _______ /_______ = _______

6. Timed 6-meter single leg hop – Uninvolved/Involved Time = _______ /_______ = _______

7. Single leg lateral hop - Involved/Uninvolved Distance = _______ /_______ = _______

8. Single leg medial hop - Involved/Uninvolved Distance = _______ /_______ = _______

9. Single leg medial rotating hop - Involved/Uninvolved Distance = _______ /_______ = _______

10. Single leg lateral rotating hop - Involved/Uninvolved Distance = _______ /_______ = _______

11. Single leg vertical hop - Involved/Uninvolved Height = _______ /_______ = _______

12. 10 yard Lower Extremity Functional Test 

•	 Sprint/back-peddle, Shuffle, Carioca, Sprint

•	 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating

•	 Recommended goal for males: 18-22 seconds; females: 20-24 seconds

13. 10 yard Pro-agility Run

•	 Both directions

•	 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating

•	 Recommended goal for males:  4.5-6.0 seconds; females:  5.2-6.5 seconds

Criteria to Return to Practice:
1. MD clearance
2. Pass Return to Sport Test with ≥90% results for each test.

Criteria to Return to Competition:
1. MD clearance
2. Tolerate full practice sessions with opposition and contact (if applicable) performed at 100% effort without any increased 

pain, increased effusion, warmth, or episodes of giving way.



ABSTRACT
Background: Athletic pubalgia is a prevalent injury in athletes who kick, pivot, and cut, however it is poorly described 
in the literature. Many athletes with this diagnosis fail conservative management secondary to continued pain with 
activity and require surgical intervention for return to sport.

Purpose: The purpose of this case report is to describe an intervention strategy focusing on gait retraining and hip 
and lumbopelvic stability for a female runner diagnosed with athletic pubalgia and a labral tear of the hip.

Case Description: This case report involved a 45-year-old female runner who was seen for 14 visits, from examination 
to return to sport, with a follow up at 12 months post discharge. Interventions included hip, pelvic, and lumbar stabil-
ity exercises, and gait retraining. Outcomes measurements included: pain on the numeric pain rating scale, the Lower 
Extremity Functional Scale (LEFS), gait mechanics, strength, and participation in sport.

Outcomes: At discharge the subject demonstrated improved strength of all muscle groups and changes in lower 
extremity running biomechanics. Changes in running mechanics included increased cadence, decreased pelvic drop, 
diminished over striding, and improved knee control with less valgus movement during the stance phase of gait. The 
subject reported no pain with running or recreational activities at discharge and follow up at 12 months post 
discharge. 

Discussion/Conclusion: Most of the literature on conservative rehabilitation for athletic pubalgia focuses on athletes 
whose sports require pivoting and kicking. The literature provides little information on gait analysis and retraining for 
runners with a diagnosis of athletic pubalgia and/or hip labrum tears. The program used in this case report including 
gait retraining and hip, pelvic, and lumbar stability training allowed for full return to running in a 45-year-old female 
with a diagnosis of hip labrum tear and athletic pubalgia. Further research is needed to discern best conservative treat-
ment for runners with athletic pubalgia and/or hip labral tears.

Level of evidence: 4

Key words: athletic pubalgia, gait retraining, hip labrum tear, movement system, stability training
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INTRODUCTION
Athletic pubalgia (AP) is a broad diagnostic term 
used to describe groin pain experienced by athletes.1 
There is inconsistency regarding what specific ana-
tomic structures are involved in this diagnosis and 
therefore there is no consistent terminology to accu-
rately define the condition. Other diagnostic labels 
for the condition include ‘sports hernia’, ‘chronic 
groin pain’, ‘core muscle injury’, and ‘athletic groin 
pain’. The potential occurrence of more than one 
pathology contributing to the patient’s complaint 
can further complicate the process of diagnosis.1 

Many gaps exist in the literature surrounding ath-
letic pubalgia, leading to unanswered clinical ques-
tions. The incidence rate is hard to determine based 
on unclear diagnostic criteria.2 Athletic pubalgia is 
more common in men than women according to the 
literature.3 Athletic pubalgia is historically thought 
to be most common in sports such as ice hockey, 
soccer, rugby, Australian rules football, martial 
arts, basketball, baseball and football2 due to sport 
demands that include change in direction, twist-
ing, and kicking.4 However, evidence of runners 
with this diagnosis is emerging.5,6 The mechanism 
of injury is poorly understood and many theories 
have been proposed.3 One of the most popular the-
ories of athletic pubalgia development in runners 
has been attributed to sheering at the pelvis due to 
a weakness in the lower abdominal muscles as com-
pared to the hip adductors. The result is a disrup-
tion in the attachment of the rectus abdominus to 
the pubic bone.3 

The difficulty in diagnosis and the use of widely 
variant terminology appears to have resulted in the 
publication of little consistent evidence as to the 
best rehabilitation strategy for athletic pubalgia.1 
Much of the research focuses on surgical interven-
tions or a population of athletes that participate in 
team sports that require cutting, pivoting, and kick-
ing.1,3,5,7 King et al8 recently reported on conserva-
tive rehabilitation with a focus on lumbopelvic 
control, but her subjects participated in multidi-
rectional sports and were not recreational athletes. 
Thorborg et al9 reviewed the literature for conser-
vative care in athletes with groin pain and did not 
find evidence for rehabilitation of groin pain with 
more than one underlying pathology. Ellsworth 

et al4 describes the importance of hip and lumbo-
pelvic strength, coordination, and stability but this 
was based on treatment for an ice hockey athlete. 
Return to play time varies in the literature, ranging 
from six weeks to six months for conservative care 
and 4-24 weeks post-operatively.3,4,7,8,10 Evidence is 
lacking regarding the use of conservative care in 
athletes whose primary sport is running and have 
more than one diagnosis. 

Therefore, the purpose of this case report is to 
describe an intervention strategy focusing on gait 
retraining and hip and lumbopelvic stability for a 
female runner diagnosed with athletic pubalgia and 
a labral tear of the hip.

Case Description: Subject History and 
Systems Review
The subject was a Caucasian, 45-year-old, female 
who presented to outpatient physical therapy with 
pain in the right pubic area and right hip that started 
five months prior. She reported the pain started 
during a run, lasted the duration of the run, and 
then returned on all subsequent runs. She denied 
an acute injury leading to the pain. Her past medi-
cal history was unremarkable except for a left ACL 
reconstruction three years previously, for which 
she completed the recommended course of physical 
therapy and returned to her prior level of function. 
She participated in running 25-30 miles per week for 
the two years between her return to prior level of 
function and the recent hip/groin injury. 

At the time of the physical therapy examination, she 
was limited to running two miles per week due to 
pain of 5/10 in the hip and lower abdominal area, 
during running. Prior to her arrival at physical ther-
apy, the subject met with her orthopedist. She had 
an MRI of her right (R) hip and R pelvis, leading 
to a diagnosis of athletic pubalgia and a labral tear 
from the orthopedist. At that time surgery was sug-
gested by the physician, which the subject declined. 
She had a steroid injection to her right hip three 
weeks before starting physical therapy. During the 
five months leading up to physical therapy, the sub-
ject tried self-treatment by avoiding running and 
performing open chain hip strengthening exercises, 
targeting the glutes. Even with self-management she 
was still unable to find relief from her symptoms. 
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that allowed the video to be slowed for assessment. 
The recording started after the subject ran for five 
minutes. While running, the subject demonstrated 
over striding, defined by the foot being anterior to 
the center of mass and knee in full extension, in the 
sagittal plane, during initial contact.13 In addition, 
increased hip adduction and dynamic knee valgus 
at midstance were noted. All of these gait charac-
teristics were observed bilaterally. No foot or ankle 
abnormalities were observed. Her cadence was 160 
steps per minute at initial examination. The 2D 
video gait examination, performed in the frontal 
and sagittal planes, has previously been described 
as being reliable.14

Additional examination findings are listed in Table 
1. Both MMT and palpation were used in an attempt 
to reproduce the subject’s pain.1,9 No pain was repro-
duced during MMT however, the subject reported 
pain with eccentric control of the rectus femoris and 
iliopsoas during leg lowering, from mid-range to the 
table, of a straight leg raise motion. The patient did 
not have pain with palpation of the pubic ramus.4 
The lumbar exam did not reproduce the subject’s 
pain, however hypomobility was found during pal-
pation. Both the Thomas Test and Ober’s Test were 
positive.15 The Lower Extremity Functional Scale 
(LEFS) was used because it has been found to be 
reliable and valid for outpatient physical therapy for 
individuals with lower extremity dysfunction.17 The 
subject scored 73/80 on the initial LEFS.

Clinical Impression #2
During the examination, the authors cleared the 
lumbar spine as the source of the R pubic and hip 
pain with movement testing and palpation.1,18 Run-
ning was the only examination technique that repro-
duced the subject’s pain. Based on the poor motor 
control during single leg stance, squats, single leg 
squats, and gait, along with pain during running, the 
authors hypothesized that the subject’s hip and pel-
vis were incurring additional stress during running 
that could be contributing to the pain. The subject 
did have a medical diagnosis of athletic pubalgia and 
hip labral tear on MRI and her subjective history 
was consistent with athletic pubalgia, but her objec-
tive findings were not as clear. She did have pain 
with exertion (running) and pain with eccentric hip 

The subject did, however, report improvement in 
her pain level after the injection. The subject stated 
her primary goal was to return to running without 
pain or other limitations. The subject of this case 
report was informed that the case would be submit-
ted for publication and she agreed to the use of her 
data for this purpose.

Clinical Impression #1
The subjective history aligned with the symptoms 
of athletic pubalgia: unilateral pain with activity,1 
insidious onset,1 deep groin/abdominal area pain,11 
pain present for several months.1,11 However, run-
ners and females are not commonly described in 
the athletic pubalgia literature.9,11 The subjective 
history did not reveal any red flags and therefore 
the subject was deemed appropriate for physical 
therapy.1

To complete the objective examination, the plan was 
to clear the lumbar spine as the source of the pain 
and observe functional movements in order to note 
any biomechanical deviations. Range of motion, 
manual muscle testing (MMT), and palpation would 
be performed in an attempt to reproduce the sub-
ject’s pain in order to confirm the hypothesis of ath-
letic pubalgia.

EXAMINATION
Observation revealed a right lateral weight shift dur-
ing squatting which may have been influenced by 
the left ACL reconstruction three years prior. Single 
leg stance with eyes closed resulted in a pelvic drop, 
bilaterally. Bilateral single leg squats were observed 
as this is a component of running. During single leg 
squatting, the subject lacked knee control causing 
dynamic valgus movement bilaterally, but greater on 
the right knee than the left. Kibler and colleagues12 
have suggested the use of single leg squat as an indi-
cator of core strength. 

Running gait was observed because this was the one 
activity that caused pain for the subject. The sub-
ject ran on a treadmill, at her preferred speed of 
6.0 miles per hour, at a 0% incline. She was in her 
preferred running shoe, a neutral, cushioned shoe 
without orthotics. She was recorded in the frontal 
and sagittal planes with the Hudl Technique appli-
cation (Agile Sports Technology, Inc., Lincoln, NE) 
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INTERVENTION
A licensed physical therapist, with board-certifi-
cation in orthopedics or sports physical therapy 
demonstrated, supervised, and/or performed all 
interventions. The physical therapists provided ver-
bal and visual cues during the exercises with a goal 
of the subject being able to control the pelvis in the 
frontal and sagittal planes while maintaining a neu-
tral spine. An outline of the one-on-one treatment 
sessions can be seen in Table 2. Exercise prescrip-
tion was based on how challenging the exercises 
were to the subject, her ability to complete the exer-
cises correctly, and with an overall goal of improved 
motor control and strength.

The first priority for treatment was to increase 
strength and stability in the hip, pelvis, and lumbar 
spine. The subject was non-irritable, and since the 
only complaint of pain was with running, pain was 
not the primary focus of the interventions.1 On the 
first visit, the subject started with single leg, closed 
chain exercises to focus on the stability from the lower 
extremity through the lumbar spine during functional 
movements,1 as seen in Figures 1, 2, and 3. The subject 

flexion but, she lacked tenderness over the pubic 
ramus.4 

Prior to attending physical therapy, the subject tried 
complete rest from the activity that caused pain 
(running) as well as general hip muscle strengthen-
ing in the open chain. Despite consistent open chain 
strength training, the subject demonstrated motor 
control deficits in the hip and lumbopelvic region 
on examination. In both single leg squat and run-
ning, the subject demonstrated an increase in closed 
chain hip adduction.  For these reasons, the authors 
determined the interventions should include closed 
chain strength and stability training. Gait retraining 
was determined to be necessary to decrease over 
striding and dynamic knee valgus. 

With the addition of gait retraining and hip and lum-
bopelvic stability exercises, the authors expected 
to see improved biomechanics, decreased pain 
with running, and an improvement in the LEFS to 
80/80 within six weeks. The improvements were 
expected in six weeks, based on time needed to 
make both neural and hypertrophy adaptations in 
muscle.19,20,21 

Table 1. Objective measures at examination and discharge.
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performed all of the single leg stability exercises on 
one leg prior to switching to the other leg and the ther-
apist emphasized knee, pelvis and lumbar positioning 
throughout. The exercises were prescribed bilaterally 

secondary to the lack of motor control found on both 
sides during the examination.

During the initial stages of physical therapy, the sub-
ject performed some single leg exercises with upper 

Table 2. Outline of treatment sessions.
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gait retraining was added to address the over strid-
ing and dynamic knee valgus in mid-stance. Work 
by Heiderscheit et al,24 showed that by increasing 
running cadence between 5% and 10% reduced 
over striding and decreased the hip adduction and 
dynamic knee valgus on the stance leg. Consistent 

extremity support from the TRX suspension system 
(TRXtraining.com) to assist with balance and form. 
(Figure 1) During visit number two, core stabiliza-
tion exercises were added,2,22 (Figures 4 and 5). The 
subject was in hook-lying, while marching and alter-
nating leg lowering were performed, a blood pres-
sure cuff was used for feedback, these exercises 
were selected based on the work of Brumitt, et al.23 
The supine stabilization exercises chosen empha-
sized local core stabilization with global muscle acti-
vation to prevent sheering forces,23 addressing one 
theory of the cause of athletic pubalgia.3 Throughout 
the episode of care, the exercises utilized to target 
the stability of the entire lower extremity and the 
lumbopelvic complex were similar to those recom-
mended by Hegedus et al1 and King et al.8

Once the subject could easily complete the single leg 
exercises with the TRX system, she was advanced to 
unsupported activities. At this stage, the subject per-
formed unsupported single leg exercises in front of 
a mirror for immediate visual feedback. When the 
subject could correctly perform the single leg squat, 

Figure 1. Single leg squat with TRX suspension system. Figure 2. Single leg dead lift.

Figure 3. (a) Starting position for posterior lunge with knee 
drive. (b) Ending position for posterior lunge with knee drive.
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on the iliopsoas to increase available range of hip 
extension.26 The physical therapist applied pressure 
to the muscle until a change in tissue tension was 
noted through palpation. Change in mobility was 
confirmed by repeating the range of motion testing 
performed on initial examination. The subject was 
taught to use a foam roll and lacrosse ball to main-
tain the range of motion gains between sessions. 

The subject received education beginning on the first 
visit. On day one, the education focused on the impor-
tance of improving hip stability in the standing position 
for improved participation in functional activities and 
the importance of core dynamic stability to decrease 
stress on her pubic symphysis and hip. The subject 
received education throughout the course of care on 
the rationale for each intervention, proper form for 
the exercises, and home exercise prescription.

OUTCOMES
Beginning at week three, re-examination found 
improvements in the initial impairments. At week 
three, lumbar range of motion was within normal 
limits. By the end of the episode of care, there was 
an increase in strength of bilateral lower extremities 
during manual muscle testing, see Table 1. In addi-
tion, the subject reported improvement in pain with 
functional activities and increased the LEFS score, 
to 80/80. Despite an improved score on the LEFS, it 
did not reach the level of minimal detectable change 
(9 points).17

Functional changes were noted during the episode 
of care and at long-term follow up, one year after 
initiating physical therapy. Running gait was reas-
sessed with the Hudl Technique application. The use 
of a metronome to increase cadence was successful 
in decreasing the subject’s over striding during gait, 
noted by the decrease in distance between a line 
drawn down from the center of mass and the heel 
at initial contact. In addition, increased knee flex-
ion was noted at initial contact. At five weeks post 
initial examination, the subject was running 5 kilo-
meters (5k), three times per week with 0/10 pain. 
At 12 weeks (14 visits) the subject had returned to 
her baseline running of 25-30 miles per week with 
no complaints of pain. During a verbal follow up, one 
year after physical therapy, the subject noted she 
continued to self-progress her exercise program with 

with the work by Heiderscheit et al, the subject’s 
running cadence was increased from 160 to 170 
steps per minute (6.25%). This intervention was 
performed on the treadmill, at the same speed and 
incline used at examination, with intermittent use of 
an auditory metronome (EUMLab, Chengdu, China) 
to teach the subject the correct cadence. In the pres-
ent study, the metronome was used intermittently 
so the subject would not develop a dependency on 
the auditory cues.

During treatment sessions, the authors of this study 
addressed the limitations in mobility found in the 
lumbar spine and hip musculature during the exam-
ination. To help normalize joint range of motion 
in the lumbar spine, manual therapy was provided 
beginning at the first visit.2 Central posterior to ante-
rior mobs were applied, at grade III25 until a change 
in mobility of the segment was felt by the physi-
cal therapist. Trigger point release was performed 

Figure 4. Supine core exercise, marching while maintaining 
neutral pelvis, with use of blood pressure cuff for feedback.

Figure 5. Supine core exercise, lower extremity extension 
while maintaining neutral pelvis, with use of blood pressure 
cuff for feedback.
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chain position. The authors theorized that this 
improved stability would carry over to her running. 

Running was the only functional activity that repro-
duced the subject’s pain, therefore it was important 
to assess her gait and address her running as part of 
the intervention. Gait retraining is frequently cited 
in the literature for patellofemoral pain syndrome, 
but there is limited research in its application to 
those with athletic pubalgia or hip labral tears. 
Cadence retraining, with an increase of 5-10% from 
a subject’s preferred cadence, has been shown to 
decrease energy absorption at the hip and peak hip 
adduction.24 In addition, work by Heiderscheit24 and 
Schubert28 showed cadence training decreased over 
striding and dynamic knee valgus in runners. There-
fore, cadence retraining was deemed important, and 
was used in this case with the goal of decreasing the 
stress on the hip joint and musculature.

Surgical intervention for the athletic pubalgia and 
labrum was prescribed by the orthopedist as the first 
line of treatment to the subject in this study. Sur-
gical correction of athletic pubalgia can be laparo-
scopic or open depending on surgeon training.7 The 
goals of surgical correction are to identify the abnor-
mal structure, reduce tension through the affected 
structure, and restore the anatomy.7. Return to play 
is dependent on sport and type of surgical repair, 
but is reported between two and six months after 
surgery.3,10 Surgery for labral tears of the hip can 
include labral debridement, repair, or reconstruc-
tion.29 Average return to play time is 7.4 months 
after labrum repairs, with 66.7-84% of recreational 
athletes being able to return to sport.30 While the 
subject in this report did not have FAI (femoral ace-
tabular impingement) that caused the labrum tear, 
it is a common concurrent pathology. Surgical inter-
vention for individuals with FAI requires bone exci-
sion during arthroscopy to address the labrum.31

The subject in this report declined surgical interven-
tion and after five months of self-prescribed exer-
cises with an additional 12 weeks of physical therapy 
she was able to fully return to sport. Though she 
took longer to fully recover than was recommend by 
the British Hernia Society, she was making gradual 
improvements in her report of pain and return to 
function by the fifth week of physical therapy.

a focus on single leg activities that challenged the 
hip, pelvis, and core for strength and position. She 
continued running without limitations and noted she 
had run her second fastest 5k time. Finally, she com-
pleted a follow up LEFS that was scored at 80/80.

The subject of this case report returned to her sport 
of choice, running, without surgical intervention. 
The subject was able to return to sport after 12 
weeks of physical therapy, which was longer than 
outcomes described by other authors.4,8 The British 
Hernia Society’s 2014 Position Statement suggested 
surgical intervention if pain had not been resolved 
after two months of physical therapy.7 This subject’s 
return-to-participation time was in agreement with 
recommendations by Heiderscheit and McClinton.27 

DISCUSSION
The purpose of this case report was to describe an 
intervention strategy focusing on gait retraining and 
hip and lumbopelvic stability for a female runner 
diagnosed with athletic pubalgia and a labral tear of 
the hip. The 45-year-old female runner successfully 
returned to running and did not have surgery. Ath-
letic pubalgia has not been clearly defined and thus 
there is limited evidence for successful rehabilitation 
in the literature. In addition, most of the literature 
that does exist focuses on male athletes in sports that 
involve kicking, twisting, and/or sprinting, in con-
trast with this subject, a female distance runner.

Ellsworth et al4 noted dysfunction between the pel-
vis and the femur in individuals with athletic pub-
algia, consistent with what the authors observed in 
this female runner. In this case report, the authors 
hypothesized that closed chain stability training 
of the hip and lumbopelvic unit would result in a 
decrease in pain on the numeric pain rating scale and 
functional improvements. Prior to starting physical 
therapy, the subject was performing strength train-
ing, but in an open chain position, without symp-
tom relief or improvement in function. Having her 
perform exercises addressing single leg strength, sta-
bility, and progressing to single leg landing mechan-
ics gradually exposed her to positions she would 
encounter with running. The authors hypothesized 
this would promote her to develop and improve her 
body awareness through challenging her to maintain 
lumbopelvic and knee control in a functional, closed 
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There are limitations specific to this case report. 
Ideally, on examination, a thigh thrust test9 or the 
six provocation tests, as described by Laslett, et al,32 
should have been used to rule-out sacroiliac joint 
involvement and a FADIR to implicate the intra-
articular hip joint dysfunction.1. An MRI, in isolation, 
should not be used for a diagnosis as a pathology 
noted in imaging may not be symptomatic.33 In addi-
tion, it would have been ideal to follow the terminol-
ogy and test criteria set forth by the Doha agreement 
to isolate what structures contributed to the athletic 
pubalgia.34. As a single case report, the information is 
not generalizable and causality cannot be inferred.

CONCLUSIONS
This case report describes the use of gait retraining 
and stability training of the hip and lumbopelvic com-
plex in a 45-year-old female with a medical diagno-
sis of athletic pubalgia and hip labral pathology. The 
subject avoided surgery and returned to running after 
12 weeks of physical therapy and reported no func-
tional limitations at a one-year follow-up. It would 
be beneficial to expand on this research to examine 
patterns of gait abnormalities in female runners with 
athletic pubalgia and/or hip labral tears and develop 
randomized controlled trials to determine best care 
based on examination findings. Since this case report 
was completed, King et al8 have published research 
suggesting the importance of the functional retrain-
ing similar to what was utilized herein. 
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ABSTRACT
Background and Purpose: Patellar tendinopathy is an overuse injury experienced primarily by athletes; especially 
athletes who participate in sports that involve frequent jumping. Therapeutic exercise is the primary conservative 
treatment for patients with this condition. However, some patients with patellar tendinopathy may be unable to toler-
ate the loading that occurs during exercise. The use of blood flow restriction (BFR) therapy for patients with patellar 
tendinopathy may allow the athlete to exercise with a lower load while still experiencing the physiological benefits 
associated with training at a higher intensity. The purpose of this case report was to detail the outcomes from a reha-
bilitation program utilizing BFR for two collegiate decathletes with patellar tendinopathy. 

Study Design: Case Report

Case Descriptions and Interventions: Two NCAA Division III freshmen collegiate decathletes with a history of left 
knee pain prior to college and who had been complaining of increasing pain during the initial month of track prac-
tices. Findings from the musculoskeletal examinations included left sided lower extremity weakness, pain during 
functional testing, pain when palpating the left patellar tendon, and VISA-P scores less than 80. Ultrasound imaging 
at baseline revealed thickened tendons on the left with hypoechoic regions. Both athletes participated in 20 therapy 
sessions consisting of therapeutic exercises performed with BFR.

Outcomes: Both athletes experienced improvements in pain scores, increases in lower extremity strength, improved 
functional test performance, higher VISA-P scores, and improvements in tendon size and appearance as measured by 
diagnostic ultrasound.

Conclusion: Both athletes experienced improvements with the BFR-based therapeutic exercise program and were 
able to compete throughout the track season. The use of BFR may allow patients who are unable to tolerate exercise 
due to pain an alternative approach during rehabilitation. Future research should compare therapeutic exercise pro-
grams for this condition with and without BFR.

Level of Evidence: Level V
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BACKGROUND AND PURPOSE
Patellar tendinopathy is an overuse injury marked 
by histopathological changes.1-9 This condition is 
experienced primarily by athletes; especially ath-
letes who participate in sports that involve frequent 
jumping (e.g., basketball and volleyball).4,5,10-14 Ath-
letes with patellar tendinopathy (also known as 
jumper’s knee) report pain during sport, may experi-
ence functional deficits, and may have to miss time 
from sport participation.15-18 Numerous conservative 
and surgical treatment options have been reported 
for this condition.19-32 

The primary conservative treatment option for 
patients with patellar tendinopathy is therapeu-
tic exercise.20-24,29,33-37 A 12-week treatment program 
consisting of the unilateral squat performed on a 
25 degree squat board has demonstrated success in 
improving pain and function in subjects with patel-
lar tendinopathy.33-36 A 12-week heavy slow resis-
tance (HSR) exercise program, consisting of the 
squat, hack squat, and leg press (each exercise per-
formed bilaterally) has also demonstrated improve-
ments in pain, function, and fibril morphology in 
patients with patellar tendinopathy.29,37

Many athletes with jumper’s knee experience suc-
cess with conservative treatment; however, some do 
not.15,38,39 Kettunen et al reported 53% (9 of 17) of 
athletes (mean age 27.2 ± 6.2 y) had retired from 
their sport due to their symptoms.15 Exercise treat-
ment may also not be effective when the athlete 
is concurrently competing in sport. Visnes et al 
reported no change in Victorian Institute of Sport 
Assessment – Patella (VISA-P) scores after a 12-week 
eccentric training program in volleyball players who 
were simultaneously training and competing in their 
sport.39 Several medical procedures for jumper’s knee 
have been reported in the literature including extra-
corporeal shockwave therapy,  ultrasound-guided 
intra-tissue percutaneous electrolysis, medication, 
platelet-rich plasma injections, and sclerosing injec-
tions, or ultimately, surgery.24-32,38 Medical proce-
dures are considered if a patient still has symptoms 
after failing to improve with a therapeutic exercise 
program; however, some patients are still symptom-
atic or worse after surgery.38

One potential reason why a patient with patellar ten-
dinopathy may fail to fully recover with conservative 

measures is due to the pain experienced by the ath-
lete during exercise. In both of the aforementioned 
therapeutic exercise protocols significant loading, 
which may be accompanied by pain during exercise, 
is applied to the patient’s knee.40-42 On one hand this 
loading appears necessary for tendon remodeling; 
however, for some patients this may not be toler-
able. The use of blood flow restriction (BFR) therapy 
may allow an athlete with jumper’s knee to exercise 
with a lower applied load while experiencing physi-
ological benefits associated with high intensity train-
ing. BFR therapy utilizes a tourniquet, applied to the 
proximal portion of an extremity, to occlude blood 
flow during exercise. Performing exercises under 
occlusion allows a patient to train with lower loads 
while experiencing benefits associated with high 
intensity training (i.e., increases in strength and 
muscle and tendon cross-sectional area). There are 
several proposed mechanisms for the strength gains 
observed during BFR training: metabolite accumu-
lation, mammalian target of rapamycin complex 1 
(mTORC1) activation, cellular swelling, and growth 
hormone release.43-52 Several authors have demon-
strated increases in strength and cross-sectional 
area of the quadriceps when performing exercise(s) 
with BFR at low loads [e.g., 30% of 1-repetition max 
(1RM)].53-65 Recent evidence indicates that low-load 
training with BFR has the ability to produce com-
parable morphologic and mechanical adaptations of 
the Achilles tendon when compared to subjects who 
perform high-load training without BFR.66 The pur-
pose of this case report is to describe an in-season 
rehabilitation program, utilizing BFR therapy, for 
collegiate decathletes with patellar tendinopathy. 

CASE DESCRIPTION: PATIENT HISTORY 
AND PHYSICAL EXAMINATION
Two NCAA Division III freshmen collegiate decath-
letes were referred to the university’s physical ther-
apy clinic in early February 2019 by their coach. 
Both athletes had a history of knee pain prior to col-
lege and had complaints of increasing pain during 
the initial month of track practices (January 2019). 
A musculoskeletal examination was performed for 
each athlete, including ultrasound imaging of the 
patellar tendons. Ultrasound imaging was performed 
with the athletes positioned supine on a treatment 
table with their knees flexed to approximately 110 
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the inferior pole of patella. Pain was also reproduced 
during single leg squat and single leg hop (SLH) test-
ing. The subject was able to squat to 150 degrees 
of knee flexion on the right but was limited to 125 
degrees on the left due to pain. Pain, as measured by 
a visual analog scale (VAS), was reported as a 2/10 
when at rest and an 8/10 during sport. The Victo-
rian Institute of Sport Assessment – Patellar Tendon 
(VISA-P) questionnaire was administered to each 
athlete.78 The VISA-P is not a diagnostic tool; rather 
it is used to evaluate the severity of tendinopathy 
and to track progress during rehabilitation.17 Athlete 
1’s VISA-P was a 45/100 at baseline.

ATHLETE 2 
Athlete 2 was a 19-year old male freshman (height 
1.93 m; weight 82.83 kg; body mass index 22.24 
kg/m2) who presented to physical therapy with an 
approximate 14 month history of left knee pain at 
the patellar tendon. Onset of pain occurred during 
the winter of 2017. The condition worsened during 
his high school track and field season (Spring 2018). 
He was able to continue with sport by reducing the 
number of jumps performed during practice. He 
reported that he did seek treatment from his primary 
medical doctor who diagnosed him with “tendinitis”. 
The only treatment that was prescribed was to “rest 
it” after the season ended. He reported a return of 
pain in January 2019 when practices for the spring 
track season started. He also reported working with 
a university athletic trainer who had him perform 
exercises for his hip and knee and treated him with 
various modalities. He reported no prior history of 
any other lower extremity injury and no history of 
prior surgery.

Ultrasound imaging of the left patellar tendon was 
performed prior to other components of the mus-
culoskeletal examination. Figure 2a demonstrates 
a thickened left tendon (0.365 cm) with several 
hypoechoic regions whereas the right patellar ten-
don was 0.358 cm (Figure 2b). Handheld dynamom-
etry using the microFET 2 dynamometer (Hoggan 
Scientific, Salt Lake City, UT) (MMT) was used to 
collect measures of lower extremity strength. Four 
of the five muscle groups tested were weaker on the 
left. Patient reported pain when the left tendon was 
palpated at the inferior pole of the tendon. Pain was 

degrees.67 Ultrasound images (a longitudinal view 
and three transverse views) were collected for each 
patellar tendon. An Affinity 50 ultrasound machine 
(Phillips Healthcare, Andover, MA) fitted with a 
50-mm linear array probe was used at a depth of 2.5 
cm for each image. The reliability of diagnostic ultra-
sound images of the patellar tendon is excellent.68-70

A diagnosis of patellar tendinopathy for each athlete 
was based on patient history, pain during activity/ 
loading (e.g., pain during jumping/landing or pain 
during single-leg squat), pain with palpation to the 
patellar tendon at the inferior pole (pain may also 
be elicited from other locations along the tendon), 
with the diagnosis confirmed by diagnostic ultra-
sound imaging.8,17,20,39,71-73 

ATHLETE 1
Athlete 1, a 19-year old male freshman (height 1.85 
m; weight 73.93 kg; body mass index 21.60 kg/m2) 
presented to physical therapy with a recurring his-
tory of pain in his left patellar tendon during sport. 
He reported a history of intermittent left knee pain 
during sport since his freshmen year of high school 
(4 years prior) with symptoms worsening during 
May of 2018. This subject reported no other history 
of knee injury or surgery. He experienced a return 
of symptoms when track and field practice began in 
January 2019.

Table 1 presents pertinent findings from the muscu-
loskeletal examination for both athletes. Ultrasound 
imaging was performed prior to other examination 
tests (TC performed all ultrasound studies for this 
case; JB performed all other tests). Figure 1 dem-
onstrates a thickened left tendon, in relation to the 
right tendon, and a hypoechoic region (Figures 1a & 
1b). At the first visit the left patellar tendon thickness 
of Athlete 1 was 0.391 cm whereas the right patel-
lar tendon thickness was 0.303 cm (Figures 1a and 
1b respectively). Strength measures were collected 
using traditional manual muscle testing positions 
(i.e., make test) using a microFET 2 dynamometer 
(Hoggan Scientific, Salt Lake City, UT) (MMT).73,74 
Hand held dynamometry is a reliable and valid tool 
for measuring lower extremity strength in a clinical 
setting.75-77 Athlete 1 demonstrated left lower extrem-
ity weakness in four of the five muscle groups tested. 
Pain was elicited when palpating the left tendon at 
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sessions [sessions were scheduled to avoid competi-
tion days and travel]. The physical therapy program 
consisted of therapeutic exercises performed with 
BFR. The Delfi Personalized Tourniquet System 
(Delfi Medical; Vancouver, BC, Canada) was used for 
each therapy session. BFR is achieved by applying 
a tourniquet cuff to the proximal lower extremity. A 
standard limb occlusion pressure (LOP) was utilized 
each session restricting 80% of lower extremity arte-
rial inflow.65,80 To date there has been no reported 
treatment protocol utilizing exercise with BFR for 
patients with patellar tendinopathy. The athletes 
performed two exercises with BFR; however, the 

reproduced during the single leg squat and single leg 
hop (SLH) testing. The patient was able to squat to 
120 degrees of knee flexion on the right but was lim-
ited to 55 degrees on the left due to pain. SLH mea-
sures were substantially shorter on the left when 
compared to the right. Pain, as measured by a visual 
analog scale (VAS), was reported as a 2/10 when at 
rest and at 8/10 during sport. Athlete 2’s VISA-P was 
a 60/100 at baseline.79

INTERVENTION
The subjects attended physical therapy two times 
a week during the 2019 season for a total of 20 

Table 1. PreTest and PostTest Strength, Flexibility, Functional Test, Pain, and Outcome Scores for Each Athlete with 
Patellar Tendinopathy.
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during the single-leg leg press was set at 31.75 kg 
(70 lbs.). The 1RM for Athlete 2 was 58.97 kg (130 
lbs.); his initial load during the single-leg leg press 
was set at 18.14 kg (40 lbs.). The subjects were not 
restricted by the physical therapists from participat-
ing in any of their track and field training.

During weeks one and two the subjects only per-
formed the single-leg leg press exercise (Figure 3). 
Athletes were positioned on the leg press with their 
knee flexed to 90 degrees. Athletes were instructed 
to take two seconds to complete the concentric 
and two seconds to complete the eccentric phases 
of the exercise. Four sets (30/15/15/15 repetitions 
per set) were performed with the LOP on the BFR 

authors gradually progressed the treatment pro-
gram’s intensity (Table 2). The first exercise that 
was prescribed was the single-leg leg press (MD 117 
Super Leg Press, Body Masters, Hauppauge, NY) 
(Figure 3). Prior to initiating the exercise program 
each athlete established their 1RM for the single-
leg leg press. The athletes were instructed to select 
a weight that was one-half of their typical heavi-
est load performed during the bilateral leg press. 
The athlete would next attempt one repetition at 
that weight. Weight was adjusted up or down, with 
repeated one repetition tests, until a one repetition 
maximum (1RM) was identified. The initial train-
ing load was set at 30 percent of 1RM. The 1RM for 
Athlete 1 was 104.33 kg (230 lbs.) and his initial load 

Figure 1. (a) Sonographic Image of Athlete 1’s Left Patellar 
Tendon (Baseline). Arrow pointing to hypoechoic region. Ten-
don thickness 0.391 cm. (b) Sonographic Image of Athlete 1’s 
Right Patellar Tendon (Baseline). Tendon thickness 0.303 cm.

Figure 2. (a) Sonographic Image of Athlete 2’s Left Patellar 
Tendon (Baseline). Arrows pointing to hypoechoic region. Ten-
don thickness 0.365 cm. (b) Sonographic Image of Athlete 2’s 
Right Patellar Tendon (Baseline). Tendon thickness 0.358 cm.
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During week three the unilateral squat performed 
on a 25-degree squat board exercise (Figure 4) was 
added to the treatment program (Table 2). During 
weeks three and four the subject would perform the 
single-leg leg press first (as previously described) 
followed by removal of the tourniquet. This allowed 
one athlete to rest (for approximately 5½ min-
utes) while the second athlete performed the leg 

device set at 80 percent. Thirty second rest periods 
were allowed between each set. It took the subjects 
approximately five and a half minutes to complete 
the four sets. After completing the final set, the 
subject would maintain limb occlusion for approxi-
mately another two and one-half minutes (total 
time of limb occlusion = eight minutes). The leg 
press exercise was the only exercise performed dur-
ing these initial sessions in order to acclimate the 
athletes to BFR. Performing exercise with BFR can 
be uncomfortable and one may experience delayed 
onset muscle soreness after the initial session.80-82 

Table 2. Weekly Exercise Protocol for Athletes with Patellar Tendinopathy.

Figure 3. Single-leg Leg Press with BFR Tourniquet Applied 
to the Proximal Left Thigh.

Figure 4. Unilateral Squat on a 25° Decline Board with BFR 
Tourniquet Applied to the Proximal Left Thigh.
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Athlete 1 demonstrated large strength gains in mus-
cle groups proximal and distal to tourniquet applica-
tion (Table 1). His single-leg leg press 1RM increased 
from 104.33 kg (230 lbs.) to 167.83 kg (370 lbs.). His 
single-leg squat depth improved from 125 degrees 
of knee flexion (with pain) to 150 degrees (without 
pain). He demonstrated a slight increase in his left 
lower extremity SLH performance. Pain improved at 
rest (2/10 to 0/10) and during activity (8/10 to 0/10). 
His VISA-P score increased from 45/100 to 82/100 
well surpassing the minimum clinically important 
difference [MCID] of 13 points.85 Posttest ultrasound 
image of his left patellar tendon demonstrated both 
improvements in tendon thickness [improving from 
0.391 cm (Figure 1a) to 0.280 cm (Figure 5)] and res-
olution of the hypoechoic region. 

Athlete 2 also demonstrated large gains in both prox-
imal and distal lower extremity muscle groups. His 
single-leg leg press increased from 58.97 kg (130 lbs.) 
to 79.38 kg (175 lbs.). His single-leg squat improved 
from 55 degrees of knee flexion to 90 degrees; how-
ever, it had not equalized yet to his opposite side. He 
had a large increase in single leg hop performance 
increasing from a normalized to height pretest mea-
sure of 0.56 to a posttest measure of 0.87. His pain 
during rest (2/10 to 0/10) and during activity (8/10 
to 3/10) both improved. He had a small increase of 
11 points on the VISA-P (two points less than the 
MCID).84 Posttest ultrasound image of his left patel-
lar tendon demonstrated an increase in tendon 
thickness [increasing from 0.358 cm (Figure 2a) to 

press exercise. A rest period during this phase was 
allowed in order to continue acclimation to the 
treatment regimen. After the rest period the BFR 
cuff was reapplied with the athlete performing four 
sets (30/15/15/15 repetitions per set; 30 second rest 
between sets) of the unilateral squat on the squat 
board. The unilateral squat exercise was performed 
in a manner previously described with emphasis on 
eccentric loading of the patellar tendon.33-36 The ath-
lete first squats to 60 degrees of knee flexion with 
the involved leg, next unloads weight from left lower 
extremity and shifts bodyweight to the right lower 
extremity, followed by concentrically extending the 
right lower extremity to return the athlete to the full 
upright position. The total time of occlusion during 
the unilateral squat exercise was eight minutes.

During weeks five through 12 the subjects per-
formed both exercises under BFR conditions with-
out providing the rest break between exercises. The 
 single-leg leg press exercise was performed first each 
time (4 sets: 30/15/15/15 repetitions; 30 second 
rest between sets). The subjects were encouraged 
to increase their working weight, in 10-pound incre-
ments, when possible. After completion of the 4th set 
of the single-leg leg press exercise the athlete was 
allowed a 30 second rest period prior to performing 
the unilateral squat exercise. During this phase of the 
program the subjects performed 3 sets of 15 repeti-
tions (with 30 second rest breaks between sets). The 
purpose of the first set of 30 repetitions is to facili-
tate lactate production which ultimately increases 
motor unit recruitment and the growth hormone 
release.51,83 Since there was no removal of the tourni-
quet between sets the clinicians elected to not have 
the athletes perform the 30-repetition set during the 
unilateral squat. The total time of occlusion during 
both exercises was approximately 15 minutes.

OUTCOMES
Posttesting occurred two days after the last treatment 
session (and immediately prior to the athletes leav-
ing campus for the summer break). Both subjects 
demonstrated improvements in pain and VISA-P  
scores as well as improvements in strength and 
functional test performance. Ultrasound imaging 
also demonstrated improvements in tendon size and 
appearance. 

Figure 5. Sonographic Image of Athlete 1’s Left Patellar Ten-
don (Posttest). Tendon thickness reduced to 0.280 cm from 
0.391 cm at baseline.
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therapeutic exercise strategies either using the 
single-leg squat on a decline board (exercise pro-
gram performed twice daily for 12 weeks) or the 
HSR program (performed three times per week 
for 12 weeks).33-36,37,40 The two exercises that were 
utilized in this case report were selected for three 
reasons. First, the exercises that were prescribed 
were selected based on their utilization in prior 
studies.33-36,37,40 Second, the two exercises included 
in this case report were chosen based on available 
equipment in the clinic. Two of the exercises from 
the HSR training program that were not included 
were the barbell loaded squat and hack squat exer-
cises. Equipment for the barbell squat and the hack 
squat were not available within the clinic. Third, the 
athletes were also continuing with their daily track 
practices and training sessions. The exercises pre-
scribed during physical therapy differed from the 
lower body exercises (lunges, hex squats) that were 
performed by the athletes as part of their in-season 
training. 

As previously mentioned, both subjects experienced 
improvements in strength, pain, and function. The 
training program appeared to have a greater effect 
on Athlete 1 when compared to Athlete 2. Ath-
lete 1 had large gains (percentage change) in most 
strength measures, significant reductions in pain 
during rest and activity, and he was able to dem-
onstrate symmetrical single-leg squat depth (with-
out pain) after the 20 training sessions. His tendon 
thickness decreased (which is a positive response to 
training)85-88 and a decrease in the tendon’s hypecho-
genicity was apparent. He also had a large improve-
ment in VISA-P score (> 13 point MCID).84 His 
single-leg hop distance on the left improved; albeit 
the percentage change was small as his pretest 
single-leg hop was nearly symmetrical to his unin-
volved side.

Athlete 2 also experienced improvements in 
strength, pain, and function. His strength gains 
(percentage change) were smaller than those expe-
rienced by Athlete 1. His smaller strength gains 
may have been a result of the total number of reha-
bilitation sessions that he was able to attend prior 
to the end of the academic year. Prior research 
has evaluated improvements in pain and func-
tion for patients with patellar tendinopathy after 

0.383 cm (Figure 6); see Discussion section] with a 
reduction of hypechogenicity. 

Both subjects were able to compete throughout the 
track and field season. Supervised therapy sessions 
were continued until the athletes left campus for 
the summer break. The athletes were encouraged to 
continue with strength training exercises once they 
returned home. They were instructed to perform 
lower extremity exercises (e.g., squats, leg press) 
both bilaterally and unilaterally two times per week 
for a training volume of three to four sets of six to 
eight repetitions. They were also encouraged to seek 
treatment from an orthopaedic physician or a physi-
cal therapist if their symptoms worsened or if there 
was a plateau in their symptom improvements.

DISCUSSION
This report presents two cases utilizing BFR ther-
apy to treat patients with patellar tendinopathy. In 
this report, both athletes were able to demonstrate 
improvements in pain, strength, and function. In 
addition, both athletes had improvements with their 
sonographic images (i.e., decreased hypechogenicity 
and/or decreased tendon thickness) after treatment. 
The rehabilitation program detailed in this case 
report can offer physical therapists and other reha-
bilitation professionals a potential in-season treat-
ment strategy for athletes with jumper’s knee.

This case report details a novel therapeutic exer-
cise program, utilizing BFR, for athletes with jump-
er’s knee. Prior research reports have presented 

Figure 6. Sonographic Image of Athlete 2’s Left Patellar Ten-
don (Posttest). Tendon thickness increased to 0.383 cm from 
0.358 cm at baseline.
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ABSTRACT

Background and Purpose: Spondylolysis is an anatomical defect or fracture of the pars interarticularis and 
encompasses almost half of all cases of low back pain in adolescent athletes. Most athletes return to sport 
with conservative treatment, but it is possible that consideration of sport demands may further improve 
rate of successful return. When surgery is performed, complication rate is high, so all conservative mea-
sures should be explored before considering surgical intervention. The purpose of this case report is to 
present a program where demands of sport were considered and allowed successful return to sport for a 
subject with recalcitrant symptomatic spondylolysis that had failed to respond to prior treatment.

Case Description: An 18-year-old lacrosse player with a history of recalcitrant symptomatic spondylolysis 
that failed three courses of conservative treatment and had been unsuccessful in returning to sport. A 
multi-phase program with a focus on multi-planar and full kinetic chain activities that addressed the nature 
of the sport demands is described, along with improvements in pain level, strength, range of motion, and 
subjective outcome scores.

Outcomes: The subject was able to successfully return to sport after 10 weeks of physical therapy and 
complete the remaining few months of his lacrosse season without reinjury. Range of motion and strength 
testing was markedly improved upon discharge. The subject’s Modified Oswestry Disability Index improved 
from 16% to 0% and his pain level did not rise above 2/10 with any sport activity upon return. 

Discussion/Conclusions: Although return to sport rates following spondylolysis in young athletes is high, 
this case report demonstrates that a consideration of sport demands may increase return to sport rates in 
athletes that do not respond to standard care and prevent surgical intervention.

Level of Evidence: Level 4, single case report.

Key Words: spondylolysis, adolescent athlete, low back pain, lacrosse
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BACKGROUND
Spondylolysis is an anatomical defect or fracture 
of the pars interarticularis of the vertebral arch, 
commonly occurring in the lumbar spine.1–4 Spon-
dylolysis occurs at a rate of 3 to 10 percent in the 
population, although is not always symptomatic.5–7 
Spondylolysis accounts for anywhere from 28% to 
47% of all low back pain in the adolescent athlete.7–9 
Incidence is especially high in young athletes partic-
ipating in sports requiring repetitive hyperextension 
and rotation with hyperextension due to the stress 
placed on the pars interarticularis in an immature 
spine.2,3,10–12 High incidence sports that require these 
demands include gymnastics, football, soccer, ten-
nis, baseball, volleyball and swimming.3,11–15

Lacrosse shares similar characteristics with some of 
these sports. Throwing or shooting a lacrosse ball 
effectively requires quickly transferring energy from 
the lower body through the trunk to the upper body 
through a rotational pattern for maximal speed.16,17 
Sports such as tennis and baseball require similar 
repetitive mechanics in which the spine is required 
to move quickly from a position of hyperextension 
to flexion while rotating. 

The key phases of a lacrosse throw, as defined by 
Vincent et al., are the crank back phase, the accel-
eration phase, and the follow through phase.18 In the 
crank back phase, the shooting shoulder and trunk 
rotate away from the target as the front foot contacts 
the ground. In the acceleration phase, the velocity 
of movement at the pelvis, trunk, and upper arm 
increase to prepare for ball release. During the fol-
low through phase, deceleration occurs as the shoot-
ing shoulder crosses over the pelvis.18 As the crank 
back phase ends and the acceleration phase begins, 
the shoulders are maximally rotated away from posi-
tion of the pelvis in the transverse plain. As the fol-
low through phase ends and the body is decelerating, 
there is another period of maximal angular difference 
in the transverse plane between the shoulders and 
pelvis. These two periods of excessive rotation com-
bined with the high rotational velocity of completing 
a throw can create increased stress through the entire 
kinetic chain, especially through the lumbar spine.18,19 

Core musculature is crucial for lumbar spine stabil-
ity with dynamic movements. Without muscular 

support, spinal buckling occurs at compressive 
forces well below those typically experienced during 
activities of daily living.20 With poor neuromuscular 
control of core musculature and repetitive external 
load, the pars interarticularis receives a high level 
of stress which contributes to the development of 
stress fractures, especially in athletes with imma-
ture skeletons.1,10,13 It is thought that a lack of core 
stability may be related to lower quarter injury and 
coordinated trunk muscle strengthening in all three 
planes of motion may increase core stability and 
reduce injury risk.19,21–23

Treatment for spondylolysis is primarily conserva-
tive, consisting of rest from sport and aggravating fac-
tors, bracing, and physical therapy (PT).1,2,4,11,13,14,24,25 
The PT intervention currently described in the lit-
erature is ambiguous yet appears to consist primar-
ily of core and gluteal strengthening and hamstring 
stretching.1,2,4,11,13,14,24,25 With conservative treat-
ment, 75% to 96% of athletes are able to return to 
sport.1,2,4,11,13,14,24,25 When symptom alleviation and/
or return to sport is not achieved, surgery is per-
formed, with anywhere from 85% to 90% of subjects 
successfully returning to sport.1,2,11,24 The compli-
cation rate following surgery for spondylolysis has 
been reported between 11% and 20%.11,24 With such 
a high reported complication rate, all conservative 
measures should be exhausted before considering 
surgical intervention with spondylolysis.

It may possible that a PT approach including 
kinetic-chain, multi-planar, and sport-specific activi-
ties could increase the success rate of conservative 
treatment, thus avoiding surgery in more athletes. 
The purpose of this case study is to describe a full 
body, multi-phase approach to the rehabilitation of 
an 18-year-old male lacrosse player with recalcitrant 
symptomatic spondylolysis who had previously 
failed three courses of conservative treatment.

CASE DESCRIPTION
The subject is an otherwise healthy 18-year-old 
male lacrosse player with a history of recalcitrant 
symptomatic right sided L5 spondylolysis. He has 
completed three separate bouts of therapy over 
three years, consisting of rest, bracing, and mul-
tiple months of PT. The previous PT interventions 
included primarily hamstring stretching and trunk 
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There is no gold standard for evaluation of core 
strength. Kibler has previously described the impor-
tance of evaluating strength in the functional position 
in which the muscles work, and more specifically 
evaluating core strength through examination of the 
quality of movement and motor patterns.23 Single 
leg stance and a single leg squat are two options 
described, and deviations such as a Trendelenberg 
posture and an internally or externally rotated limb 
during movements may suggest proximal core weak-
ness through an inability to control the movement.23

Postural analysis revealed an excessive anterior pel-
vic tilt, bilateral external rotation of femurs, internal 
rotation of tibias, and eversion and forefoot abduc-
tion. Bilateral scapular protraction and humeral 
internal rotation were also noted with quiet stance, 
most likely in part due to decreased length in pecto-
ralis major musculature. Gait analysis revealed over-
pronation and forefoot abduction with limb loading 
along with Trendelenberg sign bilaterally. 

Functional movement analysis revealed genu val-
gum and ankle overpronation with body weight 
squat, poor hip and ankle control with a single leg 
squat, and avoidance of lumbar flexion picking up 
a weight from the ground. With bilateral shoulder 
flexion, excessive and compensatory extension was 
noted through thoracic and lumbar spine, most 
likely secondary to decreased flexibility of latissi-
mus dorsi.

Range of motion (ROM) and strength measures 
revealed limitations throughout the trunk and lower 
quarter. The most significant flexibility impairments 
were seen through his hamstrings and hip flexors. 
Rotation through lumbar and thoracic spine was 
limited and mildly painful. The most significant 
strength impairments were seen in the hip abduc-
tors and extensors, trunk flexors, and scapular 
stabilizers. 

and gluteal strengthening in the sagittal and frontal 
planes. His most recent bout of treatment was one 
year prior. He attended 18 visits over the course of 
three months. Each time the subject resumed play, 
sharp right-sided lumbar pain returned in under a 
week, always during the follow through phase of a 
right-handed lacrosse throw when he is eccentri-
cally working to control the throw. The subject notes 
fear of reinjury with lacrosse but is highly motivated 
to return to sport.

CLINICAL IMPRESSION #1
When considering the kinetic chain movements 
during a lacrosse throw, the lumbar spine is vital for 
transferring energy from the lower extremity to the 
upper extremity to generate and control force for a 
high velocity throw. If there is a decrease in proxi-
mal stability through the core, the force generated 
distally cannot be properly controlled and may have 
contributed to this overuse injury.23 The subject’s 
mechanism of injury does not match with the exten-
sion and rotation mechanism typically seen with 
spondylolysis.12 However, it is hypothesized that a 
lack of core stability during the eccentric control of 
this high velocity end range rotation is capable of 
generating enough shearing force on the pars inter-
articularis to lead to injury in this subject.

EXAMINATION
The results of the initial examination can be found 
in Tables 1 and 2. The examination was performed 
following six weeks of rest, bracing, and physician 
clearance to resume rehabilitation. The subject 
denied any neural symptoms or muscle pain. On 
day of examination, he reported localized, sharp, 
right-sided lumbar pain on the NPRS as 0-3/10 at rest 
over the prior few days and reported 8/10 with fol-
low through of a lacrosse pass, which had last been 
attempted two months prior. The subject’s initial 
Modified Oswestry Disability Index (ODI) was 16%.

Table 1. Scores on Functional and Subjective Scales.
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with spondylolysis, including tightness observed 
through hip flexor and hamstrings musculature, 
weakness through abdominals and gluteals, and 
excessive anterior pelvic tilt .1,3,12,15,26 Based on these 
examination findings, it was determined that PT 
should address not only core and hip strength and 
hamstring flexibility, as was done in the past and 
is supported in the literature, but also to individu-
alize the treatment and consider the entire kinetic 
chain and demands of sport when formulating the 
rehabilitation plan of care. Incorporating transverse 
plane movements into a plan of care for a subject 
with spondylolysis is uncommon in the literature 
and discouraged by some.1,26 However, as the subject 
had just been braced for six weeks and his symptoms 
were controlled at rest, it was critical to incorporate 
multiplanar muscle activation and movement pat-
terns in a stepwise manner to allow for full return to 
sport and prevention of reinjury.

CLINICAL IMPRESSION #2
The subject presented to PT with a clinical history 
consistent with a chronic biomechanical injury, as the 
subject’s symptoms were consistently reproducible 
with a specific movement pattern and had occurred 
in the same location over the course of several years 
when sports were resumed. Imaging by MRI con-
firmed right sided L5 spondylolysis. Although there 
was a prognostic concern with the lack of success 
with PT in the past, it did not appear that former PT 
interventions successfully addressed any transverse 
plane movement or sports specific activity. There-
fore, while past PT in combination with rest and brac-
ing was able to decrease symptoms enough to allow 
subject to resume sport activities, reinjury occurred 
soon after resuming repetitive throwing movements. 

The patient’s lower quarter findings were consistent 
with what is typically seen in a subject presenting 

Table 2. Flexibility and Muscle Strength.
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the terminal segment in integrated kinetic chain 
activities.”23,p. 189 If the patient appeared to lose core 
stability and assume faulty movement patterns that 
could lead to injury or a decrease in force control 
– including an excessive anterior pelvic tilt, genu 
valgum, or tibial internal rotation, the exercise was 
stopped and the patient was cued by the physical 
therapist to correct the pattern.

The three phases of treatment, outlined below, 
focused on maintaining core stability with a grad-
ual increase in difficulty, velocity, and amplitude 
of movement in all three planes of motion. The 
first phase of treatment addressed joint and soft 
tissue abnormalities and focused on isolated mus-
cle strengthening. The second phase challenged 
the subject through compound, rotational kinetic 
chain movements. The third phase of treatment 
progressed to more dynamic, loaded, and advanced 
sport movements. There is scarce research available 
for rehabilitation of the lacrosse athlete.19,21,28 How-
ever, the similarities between a baseball pitch and 
a lacrosse throw with regards to transfer of energy 
through the kinetic chain and movement pattern 
made it pragmatic to use established rehabilitation 
guidelines for the overhead athlete for the treatment 
of this subject.22

Phase 1-Addressing joint and soft tissue 
abnormalities, isolated strengthening
The initial phase of intervention was similar to those 
previously described in the literature. The goal of 
the initial phase was to decrease pain at rest and 
with activities of daily living (ADLs). This was done 
through mobility exercises, stretches, and isolated 
trunk and lower extremity strengthening in fron-
tal, sagittal, and transverse planes for motor control 
purposes. 

Flexibility training included stretches for the pec-
toralis major, latissimus dorsi, hamstrings, and gas-
trocnemius muscle groups to address impairments 
found during evaluation. It was hypothesized that 
a lack of flexibility in these muscles may have con-
tributed to increased stress on the lumbar spine dur-
ing sport due to changes in kinetic chain mechanics. 
Similar to a baseball pitcher during the cocking 
phase of throwing, maximum external rotation of the 
glenohumeral joint may be needed to successfully 

INTERVENTION
The subject attended a total of 14 visits over the 
course of 10 weeks. He initially attended therapy 
two times per week for the first five weeks, then 
transitioned to one time per week as the plan of care 
progressed, with the 13th and 14th visits occurring 
two weeks apart. Interventions included therapeu-
tic exercise and motor function training, operation-
ally defined by the APTA in the Guide to Physical 
Therapist Practice.27 Therapeutic exercise included 
aerobic capacity conditioning, flexibility exercises, 
neuromotor development training, and strength, 
power, and endurance training for trunk and limb 
muscles. Motor function training included balance 
training, motor control training, neuromuscular 
education, and task-specific performance training. 

Manual therapy was not included as part of the plan 
of care as subject had no complaints of any palpa-
ble trigger points or tenderness to palpation. Foam 
rolling was used at the beginning of every session 
to address thoracic joint mobility and address feel-
ing of lower quarter “tightness”, and the subject was 
encouraged to perform this prior to completing pro-
gram outside of the clinic.

The treatment plan based on existing literature and 
consideration of sport aimed to: 1) decrease subjec-
tive symptoms as measured via the ODI and NPRS; 
2) correct soft tissue and joint abnormalities thought 
to contribute to injury; 3) address neuromuscular 
control of core musculature through multiplanar 
movements; and 4) return subject to sport at pre-
injury level. 

The progression through the phases of this program 
resembled the stepwise pattern outlined previously 
by Wilk for the rehabilitation of the overhead throw-
ing athlete, broken into an acute, intermediate, and 
advanced phase.22 Progression to the next phase was 
dictated by completion of the previous program with 
maintenance of core stability and symptoms remain-
ing at a 2/10 or less during completion and following 
the program (Table 3). 

Core stability for this patient was defined according 
to Kibler’s previously published definition, “the abil-
ity to control the position and motion of the trunk 
over the pelvis and leg to allow optimum produc-
tion, transfer and control of force and motion to 
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of the lumbar spine with simple movements, such 
as a posterior pelvic tilt (PPT), PPT with alternating 
leg marches (Figure 1), and alternating isometrics 
in the transverse plane (Figure 2), were key to estab-
lish foundational neuromuscular control for muscle 
recruitment to stabilize the lumbar spine before pro-
gressing to more functional movements.21,28,31,32 

It was important that the subject did not lose this 
neuromuscular control and revert to dysfunctional 
movement patterns such as spinal rotation occur-
ring on an anteriorly tilted pelvis, which may cause 
more stress to the original fracture site. The subject 
reported good compliance with completion of this 
program every day outside of the clinic.

complete a high velocity lacrosse throw.29,30 The 
need for full thoracic spine mobility in the trans-
verse and sagittal planes and good pectoralis and 
latissimus dorsi flexibility is necessary to complete 
rotation without compensation from other parts of 
the kinetic chain, such as the lumbar spine.23,28 

Isolated core recruitment was important to estab-
lish as soon as possible due to the alleviating effects 
of increased intraabdominal pressure on vertebral 
stresses, especially on the pars interarticularis.10,20 
Isolated core recruitment was also important to estab-
lish early in treatment for this patient to increase 
the subject’s ability to establish and identify pelvic 
neutral. Kinesthetic and proprioceptive awareness 

Table 3. Phases of Intervention.
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Phase 2-Rotational, compound movements
The second phase of intervention focused around 
maintaining core stability with more advanced 
movements. Secondary to the correlation between 
hamstring tightness and spondylolysis lengthening 
the hamstrings was an important part of this inter-
vention.1,3,13 In the first phase, this was addressed 
with a static stretch. However, in the literature it is 
suggested that eccentric strengthening of the ham-
strings may be more effective for increasing flex-
ibility than static stretching, and this was introduced 
during phase two (Figure 3).33,34 

Increasing challenge was put on the deep and super-
ficial abdominal musculature, starting isometrically 
though abdominal holds (Figure 4), supine stability 
with alternating arms and legs, anti-rotation chest 
press (Figures 5 and 6), and rhythmic stabilization 
drills in half kneeling, full kneeling, and standing. 
When the subject reported decreased challenge 
and maintenance of core stability was observed 
with movements, isotonic movement through the 
trunk was added in all three planes of movement. 
Overhead movement was added during wall slides 
with a focus on maintaining core stability and pre-
venting compensatory spinal extension, as linking 

Figure 1. Posterior pelvic tilt with alternating leg march.

Figure 2. Alternating isometrics in transverse plane.
Figure 3. Single leg Romanian dead lift with 5 second iso-
metric hold.
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with a resistance band through the transverse plane 
pattern (Figure 8) to prepare musculature to stabi-
lize through all available range of motion prior to 
adding more challenging functional activities.

Upper extremity plyometrics were added in this 
phase through tall kneeling and standing rota-
tional medicine ball throws (Figures 9 through 12). 
Challenge was increased slowly by increasing the 
velocity, degree of rotational range of motion, and 
external load placed upon the spine through pro-
gressive weight and arm distance away from trunk. 
As the patient’s MOI was during eccentric control 
following a rotational pattern, thus, the focus of the 
exercise was core stability during the amortization 
and eccentric phases of the throw.22 It was important 

the shoulder joint to the core and lower extremity 
is crucial for optimal kinetic chain function (Fig-
ure 7).22,28,31 The goal of these progressions was to 
enhance neuromuscular control and increase coor-
dination, strength and stability of core musculature 
in pain free, controlled environments.21,22,32 The sub-
ject’s pain level and ability to maintain core stability 
were used to dictate the speed of progression.

Stretching and mobility exercises from Phase 1 were 
also completed during Phase 2. The subject contin-
ued to report good compliance outside of the clinic. 
Stretches were performed daily, and all other aspects 
of the program were completed five days per week.

Phase 3-Dynamic, loaded, and advanced 
movements
As the subject has reported reinjury during the 
eccentric control following a lacrosse throw, multi-
planar movements with increasing challenge were 
the focus of the Phase 3. The goals of this phase were 
to increase the subject’s ability to maintain good 
trunk control through full spinal rotational range of 
motion with increasing demands. Thoracic mobility 
drills completed in earlier phases were progressed 

Figure 4. 90/90 abdominal isometric hold completed for 
time (30 seconds x 3).

Figure 5. Pallof press: with resistance band, subject presses 
band straight out away from body and returns to starting 
position.
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lifts using a cable column, starting in a half kneel-
ing position to focus on maintaining core stability 
through a rotational pattern. As this became easier, 
the subject moved to standing to allow integration of 
the lower extremities into the kinetic chain through 
the movement pattern (Figure 13).

During this phase, the subject also initiated impact 
activities through lower extremity plyometric train-
ing and running. The subject reported no symptoms 
with any impact activities during sessions and out-
side of the clinic. 

At the end of seven weeks, the subject initiated 
return to sport activities. He participated in non-
contact drills for one week, and following clearance 
from the physical therapist participated in one week 
of full practice with contact. At this point, game play 

to choose exercises that would translate well into 
optimal core stability during athletic performance. 
Increasing the challenge of the exercise through 
extremity movements and focusing on sport-specific 
movements may translate better to athletic activi-
ties than training on unstable surfaces, and thus was 
the focus of progressions.22,32,35,36

Proprioceptive neuromuscular facilitation (PNF) 
activities, such as chops and lifts, are also recom-
mended in the literature for core stabilization dur-
ing rehabilitation of the athlete.21–23 These activities 
should be completed through a pain free range of 
motion, which should progress through the entire 
available range of motion as the movement pattern 
is mastered.22 This subject completed chops and 

Figure 6. Pallof press with rotation: same as previous image 
but after subject presses band away from body, subject rotates 
away from anchor, rotates back in, and returns to starting 
position.

Figure 7. Wall slides with core stabilization – from this posi-
tion subject slides up wall while maintaining core stability.
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The subject’s strength and muscle length at dis-
charge were markedly improved over the examina-
tion (Table 1). Although there is no MCID or minimal 
detectable change (MDC) established for strength 
testing, MMT has been shown to be a valid and reli-
able clinical test of muscle strength.40 

The subject noted 0/10 pain at rest and with all sport 
activity, and occasional soreness following sport not 
exceeding 2/10 which was relieved with stretching 
and foam rolling. The subject also reported no fear 
of movement and increased confidence in his back 
during sport. He continued to perform a mainte-
nance program as a warm up prior to initiating any 
sport activity (Appendix A).

DISCUSSION
It is clear in the literature that conventional reha-
bilitation, centering around isolated lower extrem-
ity flexibility and core strengthening in the sagittal 
and frontal planes, serves as a foundation in the 

was initiated with the subject instructed to remove 
himself from game play if he felt more than 2/10 
pain. He was able to play unrestricted without an 
increase in symptoms. The subject participated in 
the remainder of the season without any setbacks or 
flareups of symptoms.

OUTCOMES
The subject was able to return to lacrosse after 
eight weeks of physical therapy and completed the 
remaining 10 weeks of the season without reinjury. 
He was discharged from formal physical therapy 
after 10 weeks with an ODI score of 0%, achiev-
ing the minimally clinically important difference 
(MCID) of 12.8%.37 The ODI is a valid tool and has 
high test retest reliability.38,39

Figure 8. Banded quadruped thoracic mobility.

Figure 9. Medicine ball rotational throws in full kneeling 
(catch).
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Lacrosse is not commonly associated with spinal 
stress fractures, although it shares several biome-
chanical similarities with sports that are associated 
with spondylolysis such as baseball and tennis.14,16,30 
Most notably is the requirement to transfer energy 
from the lower extremities through the trunk to 
the upper extremities to complete a high velocity, 
high amplitude movement through a pattern of spi-
nal extension and rotation with repetition. The lit-
erature reports that bracing and rest from sport is 
necessary to allow for proper bony healing by mini-
mizing intervertebral motion and promoting bony 
and fibrous healing.2,4,24,41 However once this healing 
occurs, it is important to properly prepare the ath-
lete for sport resumption after a period of inactivity, 
ideally utilizing a comprehensive rehabilitation pro-
gram that addresses found impairments in all planes. 

successful conservative management of many ath-
letes with spondylolysis, with return to sport rates 
between 75% and 96%.1,2,4,11,13,14,24,25 However, it is 
unclear why some athletes are unable to return to 
sport following conservative treatment and may 
undergo a complicated surgery that also has success 
rates in the 90% range. The current case describes 
the successful rehabilitation of a lacrosse player who 
had failed to return to play multiple times follow-
ing a standard PT approach. His symptoms occurred 
with rotational movements, and prior intervention 
programs did not incorporate transverse and multi-
planar activities. Therefore, it was hypothesized 
continued deficits in strength and lack of neuromus-
cular stabilization, especially through trunk muscu-
lature, as noted in his physical examination, were 
potential contributors to his ongoing symptoms. The 
addition of higher-level functional activities in all 
three planes of motion to the plan of care led to a 
successful outcome. 

Figure 10. Medicine ball rotational throws in full kneeling 
(amortization phase).

Figure 11. Medicine ball rotational throws in full kneeling 
(concentric throw).
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surgical intervention around 90 percent of athletes 
return to play.11,24 However, the complication rate 
following surgery to address spondylolysis is high. 
A recent systematic review found that of 75 subjects 
that underwent surgical intervention, 15 had peri-
operative complications including nonunion, screw 
fracture, wire breakage, and radiculopathy.11 With a 
complication rate this high, conservative treatment 
should be exhausted before pursuing surgical inter-
vention. It is believed by the authors that a rehabili-
tation program designed with consideration of the 
specific mechanics of sport may increase the like-
lihood of successful conservative management and 
avoid surgical intervention.

The authors considered the specific demands of the 
subject’s sport, particularly the high velocity exten-
sion with rotation movement when designing a 
rehabilitation program for this subject. It is possible 
that return to play rates, in lacrosse as well as other 
similar sports, may be further improved by incorpo-
rating more transverse plane loaded activities into 
the plan of care. 

When conservative treatment fails, surgery may 
be considered in these young athletes. Following 

Figure 12. Medicine ball rotational throws in standing.

Figure 13. Reverse chops completed with cable column.
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lumbar spondylolysis. Clin Radiol. 1998;53(10): 
723-728. 

6.  Belfi LM, Ortiz AO, Katz DS. Computed tomography 
evaluation of spondylolysis and spondylolisthesis in 
asymptomatic patients. Spine. 2006;31(24):E907-E910. 

7.  Fredrickson BE, Baker D, McHolick WJ, Yuan HA, 
Lubicky JP. The natural history of spondylolysis and 
spondylolisthesis. J Bone Joint Surg Am. 
1984;66(5):699-707. 

8.  Micheli LJ, Wood R. Back pain in young athletes. 
Significant differences from adults in causes and 
patterns. Arch Pediatr Adolesc Med. 1995;149(1): 
15-18. h

9.  Selhorst M, Fischer A, Graft K, et al. Long-term 
clinical outcomes and factors that predict poor 
prognosis in athletes after a diagnosis of acute 
spondylolysis: a retrospective review with telephone 
follow-up. J Orthop Sport Phys Ther. 2016;46(12): 
1029-1036. 

10.  Dietrich M, Kurowski P. The importance of 
mechanical factors in the etiology of spondylolysis-a 
model analysis of loads and stresses in human 
lumbar spine. Spine (Phila Pa 1976). 1985;10(6): 
532-542.

11.  Overley SC, McAnany SJ, Andelman S, et al. Return 
to play in adolescent athletes with symptomatic 
spondylolysis without llisthesis: a meta-analysis. 
Glob Spine J. 2018;8(2):190-197.

12.  McCleary MD, Congeni JA. Current concepts in the 
diagnosis and treatment of spondylolysis in young 
athletes. Curr Sports Med Rep. 2007;6(1):62-66. 

13.  Sys J, Michielsen J, Bracke P, Martens M, Verstreken 
J. Nonoperative treatment of active spondylolysis in 
elite athletes with normal X-ray findings: Literature 
review and results of conservative treatment. Eur 
Spine J. 2001;10(6):498-504. 

14.  Ruiz-Cotorro A, Balius-Matas R, Estruch-Massana A, 
Vilaró Angulo J. Spondylolysis in young tennis 
players. Br J Sports Med. 2006;40(5):441-446. 

15.  Motley G, Nyland J, Jacobs J, Caborn DNM. The 
pars interarticularis stress reaction, spondylolysis, 
and spondylolisthesis progression. J Athl Train. 
1998;33(4):351-358.

16.  Mercer J, Nielson J. Description of phases and 
discrete events of the lacrosse shot. The Sport 
Journal. http://thesportjournal.org/article/
description-of-phases-and-discrete-events-of-the-
lacrosse-shot/. Published 2012.

17.  Vincent HK, Chen C, Zdziarski LA, Montes J, 
Vincent KR. Shooting motion in high school, 
collegiate, and professional men’s lacrosse players. 
Sport Biomech. 2015;14(4):448-458. 

As with any case report, there are limitations to 
the applicability of this research to future subjects. 
It cannot be stated with certainty which, if any, of 
the described interventions had an impact on the 
successful outcome of this subject. It is possible 
that bony healing improved more during this bout 
of conservative care secondary to the continued 
maturation of the subject’s skeletal system. While 
still present, incident spondylosis rates significantly 
decrease after the age where bony maturity typi-
cally occurs.2,3,24,42 However, as the subject has had 
multiple bouts of standard care without successful 
return to sport, the authors believe there may be 
merit to this multi-phase intervention. Future stud-
ies incorporating multiplanar movements and con-
sidering the kinetic chain are suggested.

CONCLUSION
This paper details the successful rehabilitation of 
an 18-year-old lacrosse player in returning to sport 
without reinjury, This case report demonstrates the 
efficacy of a rehabilitation program centered around 
multiplanar movements and with consideration of 
the kinetic chain and sport specific demands in a 
lacrosse player with recalcitrant symptomatic spon-
dylolysis. Although the authors cannot establish 
whether this intervention was the reason for success-
ful return to play after three previous failed bouts of 
rehabilitation, future controlled trials should exam-
ine the effectiveness of incorporating transverse 
plane movements in a neutral lumbopelvic position 
in athletes with spondylolysis. 
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Appendix A. Maintenance program.



ABSTRACT
Background and Purpose: Injuries frequently occur in competitive wrestling, with the elbow joint repre-
senting about 25% of all injuries. Specific to the elbow, the ulnar collateral ligament (UCL) can be injured 
traumatically from takedowns in wrestling. In athletes with complete UCL tears, surgical management is 
often recommended with nonoperative management resulting in less favorable outcomes. The purpose of 
this case report is to present a nonoperative criterion-based rehabilitation program for a high school wres-
tler with a complete UCL tear of the elbow. 

Case Description: A 17-year-old male wrestler presented to outpatient physical therapy with a complete 
UCL tear sustained from falling on an outstretched hand during a wrestling match. He presented with 
limited elbow range of motion (ROM), medial elbow instability, and weakness of the involved shoulder and 
forearm musculature. A three staged criterion-based rehabilitation protocol was developed for this subject 
based on specific criteria, including pain, elbow ROM, arm strength, and functional outcomes.

Outcomes: The subject was treated for nine visits over six weeks, and demonstrated improvements in all 
strength tests of the involved upper extremity, with elbow flexion strength improving the most by 58%. 
Return to sport (RTS) tests were used to assess the subject’s ability to return to practice. At approximately 
eight weeks after initial injury, the subject was able to return to full participation in competitive wrestling 
with no reports of elbow pain or instability.

Discussion: Through the utilization of a criterion-based rehabilitation protocol for the nonoperative man-
agement of an UCL injury, this high school wrestler was able to safely progress back to wrestling without 
pain or instability in an accelerated time frame. Previously, no detailed rehabilitation guidelines for non-
operative management of UCL injuries in contact sports have been described. Additionally, few studies 
exist which report on the inclusion of RTS testing following an injury to the UCL of the elbow, as RTS test-
ing is optimal for determining readiness for sport. 

Level of Evidence: 4, Case Report
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BACKGROUND AND PURPOSE:
Injuries to the ulnar collateral ligament (UCL) in ath-
letic competition have become increasingly recognized 
in the last two decades, with a high incidence in throw-
ing athletes, due to the repetitive valgus stress to the 
medial elbow.1-4 Traumatic injury to the UCL can also 
occur in sports such as wrestling and gymnastics.5,6 In a 
recent epidemiological study of collegiate athletic inju-
ries, the highest rate of severe UCL injury occurred in 
wrestling (17.3/10,000 athletic events).7 Elbow injury 
rates among collegiate wrestlers have been reported 
to account for up to 28% of all injuries sustained, with 
UCL tears the most common diagnosis.2

The UCL functions to stabilize the medial elbow.5 
This ligament is made up of 3 bundles, with the ante-
rior bundle serving as the primary restraint to val-
gus stress and providing rotational stability.5  When 
contacting the ground with the elbow in extension, 
the UCL is the primary static restraint to elbow val-
gus and the external rotary moment placed on the 
joint.5 In combat sports like wrestling, athletes can 
land in this position throughout training and com-
petition, putting them at risk for injury, which can 
range from capsuloligamentous sprains to complete 
ligament tears at the elbow.2,3 Cadaveric studies 
have demonstrated that with an elbow hyperexten-
sion injury, the elbow sustains a consistent pattern 
of injury which includes tearing of the anterior joint 
capsule and UCL, as well as potential rupture of the 
wrist flexor and pronator muscles.8

Diagnosis of UCL injuries is typically made through 
diagnostic imaging, via magnetic resonance imaging 
(MRI), magnetic resonance (MR) arthrogram, and/
or ultrasound (US).9-11 Physical examination will often 
reveal tenderness at the medial epicondyle, with val-
gus laxity and/or pain with clinical testing.9,10,12-14 Asso-
ciated pathology can include soft tissue injury to the 
flexor pronator mass due to its anatomical relevance to 
the UCL, in addition to symptoms of ulnar neuropathy.9

Management of UCL injuries in athletes consists 
of either conservative or surgical options. Surgi-
cal reconstruction is most common for athletes in 
high levels of competition, especially in overhead 
athletes.9,15,16 Several surgical UCL reconstruction 
approaches have been described in the literature, of 
which most commonly harvest the palmaris longus 
tendon with or without ulnar nerve transposition.17 

A systematic review by Watson et al.18 found vary-
ing outcomes based on the available techniques, 
with return to sport (RTS) percentages ranging from 
62-92%. Surgical complications following this proce-
dure have also been reported to be as high as 20%.17,19 
The nonoperative management of UCL injuries has 
garnered less attention in the literature. Typically, 
nonoperative treatment is recommended for ath-
letes with partial UCL tears or sprains.9 Results of 
nonoperative treatment are generally poor in over-
head athletes, with a 42-50% RTS rate over a reported 
follow-up range of 13-54 weeks.20 More recently, 
Dodson et. al21 reported successful nonoperative 
rehabilitation in nine out of 10 National Football 
League (NFL) quarterbacks with a mean RTS time 
of 26.4 days. However, three of the participants were 
classified as having a complete (Grade 3) UCL rup-
ture, and averaged significantly longer (mean 67.3 
days) RTS time.21 Nicolette and Gravlee6 reported a 
successful return to full competition with a nonop-
erative approach in four out of five Division 1 gym-
nasts with UCL tears. Three of the four gymnasts in 
this case series had a Grade 2 injury or greater with 
a mean RTS time of approximately 10 weeks.6 Out-
comes from these studies suggest that the demands 
of the sport (overhead athlete vs. non-overhead ath-
lete) could have an impact on time to return to sport.

The biomechanics of throwing have been well 
described in literature, with the UCL being placed 
under the most stress during the late-cocking/early 
acceleration phase.4,22,23 Biomechanical demands of 
wrestling maneuvers are less commonly studied, how-
ever traumatic contact injuries are the most common 
mechanism for UCL injury in this population.2 Pasque 
and Hewett24 reported that injuries in wrestling often 
occur during a takedown maneuver, with the defen-
sive wrestler at greater risk, due to the intense nature 
of this action. Further, they postulated that due to the 
various takedown and defensive maneuvers available 
to wrestlers, it is difficult to accurately calculate the 
forces that are exerted on the upper extremity.24 Injury 
risk is greater during matches than practices due to 
the inherent nature of wrestling competition.2,25 

The purpose of this case report is to present a non-
operative criterion-based rehabilitation program for 
a high school wrestler with a complete UCL tear of 
the elbow. 
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followed up with an orthopedic physician three days 
after the initial injury. The orthopedist discontin-
ued the sling immobilization, prescribed right elbow 
active range of motion (ROM) exercises to tolerance 
for home, and referred the subject to physical ther-
apy. The subject was informed that the data concern-
ing his case would be submitted for publication, and 
permission was granted by both he and his parent.

Examination Findings
The subject presented to outpatient physical therapy 
18 days after the initial injury. He completed the 
Disabilities of the Arm, Shoulder, and Hand (DASH) 
questionnaire, and initial self-report pain values 
were recorded using the numeric pain rating scale 
(NPRS) (Table 1). Past medical history revealed mul-
tiple prior elbow hyperextension injuries to both the 
involved (2) and uninvolved (1) upper extremities 
from wrestling over the past three years. The subject 
stated that his prior injuries to both the involved and 
uninvolved elbows were treated conservatively with 
rest. He denied any prior neck, shoulder or wrist 
injuries. The subject was not taking any over-the-
counter or prescription medication, and he reported 
no other significant past medical history. Upon 
observation, the subject had no visible deformities 
of the upper extremity, but held his involved elbow 
in approximately 90 degrees of flexion using the sup-
port of his non-involved arm. Skin was intact with-
out any erythema or trophic changes. Sensation was 
grossly intact and capillary refill testing was nor-
mal to the right upper extremity. Reflex testing and 

CASE DESCRIPTION
A 17-year-old male (body mass index 23.41 kg/m2; 
weight class 160 pounds) presented to an outpa-
tient physical therapy clinic with complaints of right 
(dominant side) elbow pain which began approxi-
mately 2.5 weeks prior. The subject stated that he 
was participating in a high school wrestling tour-
nament when he was taken down during a match 
and fell on an outstretched hand, causing his right 
elbow to hyperextend upon landing. The match was 
immediately stopped by the match official due to the 
injury. The subject reported experiencing immediate 
pain and swelling at his right elbow, and was tem-
porarily unable to bend his elbow. He was taken to 
a local emergency department where radiographs 
were taken. The results of the radiographs were 
inconclusive due to the amount of swelling, and his 
right upper extremity was immobilized in a sling.  He 
underwent an MRI the following day, which revealed 
a complete tear of the ulnar collateral ligament, par-
tial thickness common flexor tendon tear, possible 
radial head buckle fracture with radial neck and lat-
eral humeral condyle contusion injuries, and low-
grade partial thickness tears of pronator teres and 
flexor digitorum superficialis (Figure 1). The subject 

Figure 1. T1 Magnetic Resonance Imaging (MRI) with 
report which revealed a complete UCL tear (blue arrows) 2) 
Partial-thickness common flexor tendon tear, 3) Possible radial 
head buckle fracture with radial neck and lateral humeral 
condyle contusion injuries, 4) Low-grade partial-thickness 
tears of the pronator teres and flexor digitorum superficialis.

Table 1. Comparison of patient self-report pain 
rating and standardized outcome measures from 
initial physical therapy evaluation to discharge  
(6 weeks).
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MRI findings. Examination results were discussed 
with the subject and his parent/guardian. Given that 
the subject’s goal was to compete in his high school 
district’s wrestling tournament in eight weeks, the 
subject, guardian, and physician had agreed to trial 
a course of nonoperative treatment without under-
going surgery. A comprehensive physical therapy 
treatment plan based on the subject’s goals for return 
to wrestling was developed utilizing a criteria-based 
progression (Table 5). 

Interventions 
In this case report, physical therapy initially pro-
gressed the subject from weeks two to three post 
injury, gradually restoring elbow active ROM and pro-
moting tissue healing and collagen reformation.26,27 
Strengthening exercises in this phase included the 
elbow flexor-pronator group, which has been shown 
to contribute to stability of the medial elbow.28 Addi-
tional strengthening addressed the elbow extensors, 
rotator cuff musculature, periscapular muscles, and 
the muscles of grip/mass grasp. In addition to the 
importance of these muscles on upper extremity 
function, stronger grip strength has been shown to be 
correlated with improved sport performance in wres-
tlers.25 Cryotherapy was applied as needed at conclu-
sion of each visit. Criteria for advancing to the next 
phase of rehabilitation included full, pain-free elbow 
flexion with minimal elbow joint swelling, as well as 
low (<3/10) pain levels with strengthening exercises.

The second phase of rehabilitation, which began at 
approximately four to five weeks following the ini-
tial injury, progressed to include plyometrics and 
advancement of total arm strength. Plyometric 

upper limb tension tests were not performed due to 
location and acuity of injury.

Upon palpation, there was tenderness noted across 
the right medial humero-ulnar joint line and bony 
landmarks, including the radial head, medial epi-
condyle, coronoid process, and olecranon process. 
The subject was tender to palpation across his right 
elbow flexor/pronator mass, triceps and biceps bra-
chii tendons with muscle guarding present. Girth 
measurements for swelling taken at the level of the 
elbow joint were 32.3 cm on the right and 31.6 cm 
on the left. A ROM assessment was performed with 
no significant motion restrictions or reproduction 
of symptoms in the subject’s cervical spine, shoul-
ders, or wrists. Right elbow active and passive ROM 
was noticeably restricted with an empty end feel for 
all end ranges. The greatest elbow ROM limitations 
were in flexion and extension respectively (Table 2). 
Elbow joint stability tests were performed and were 
positive for laxity and/or pain with valgus loading to 
the involved extremity (Table 3). A strength assess-
ment was performed using a hand-held dynamom-
eter which revealed significant deficits primarily 
with right grip strength and elbow flexion respect-
fully (Table 4). Overall, the subject’s presentation of 
medial elbow instability with associated swelling and 
concomitant loss of elbow ROM and strength was con-
sistent with his orthopedic physician’s diagnosis and 

Table 2. Improvement in elbow active range of motion 
in degrees from initial evaluation to discharge (6 weeks).

Table 3. Elbow joint special testing comparison from 
initial physical therapy evaluation to discharge (6 weeks).

Table 4. Strength assessment in kilograms via hand held 
dynamometry from initial physical therapy evaluation to 
discharge (6 weeks).
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exercises initially began in a closed-kinetic-chain posi-
tion in partial weight bearing, and were progressed 
gradually into full single arm weight bearing on stable 
and unstable surfaces (Figures 2 and 3). Criteria for 
advancing to the third phase of rehabilitation, return 
to sport training, included the subject achieving 90% 
limb symmetry for elbow strength. Limb symmetry 
indices have been used as reliable progression crite-
ria in lower extremity injuries, typically utilizing a 
less than 10% difference between sides in strength 
and functional testing.29 Because limb symmetry 
indices have been shown to potentially overestimate 

function in post-operative lower extremity injuries,30 
a 90% index was used as minimum criteria for pro-
gression in this current case.

The return to sport phase was initiated at approxi-
mately six weeks following the initial elbow injury. 
In this phase, the subject began sport specific training 
for wrestling in preparation to practice with his team. 
Exercises included dynamic loading of his affected 
upper extremity in varying degrees of elbow flex-
ion, extension, pronation, and supination, progress-
ing the affected elbow’s ability to absorb a takedown 

Table 5. Rehabilitation criteria protocol.
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stability.34 A 90% limb symmetry index on the YBT-
UQ was also used as a minimum criterion for progres-
sion to return to sport, similar to the strength index in 
the prior phase.

maneuver in a match (Figures 4-6). The Closed Kinetic 
Chain Upper Extremity Stability Test (CKCUEST) and 
the Y-Balance Test Upper Quarter (YBT-UQ) were uti-
lized as functional tools to assess readiness for return 
to sport. The CKCUEST has been shown to be a reli-
able and valid measure to assess upper limb stabil-
ity.31 A minimum score of 30 repetitions on this test 
was used as a requirement to return to sport, based 
on normative data in overhead throwers.32 This crite-
rion was used due to the high impact demands of the 
sport, the severity of subject’s injury, and his history 
of previous elbow injuries, as normative data in dif-
ferent athlete populations vary.32-35 The YBT-UQ has 
also been proven to assess dynamic upper quarter 

Figure 5. High plank stability with weight pull. (a) The ath-
lete begins in a high plank position on a foam (unstable) sur-
face. A weighted object (kettlebell) is underneath the upper 
extremity of the stabilizing arm. (b) While stabilizing on the 
affected upper extremity, the opposite upper extremity hori-
zontally adducts and reaches for the weight while maintain-
ing proper plank alignment. (c) The weighted object is pulled 
through horizontal abduction to the opposite side. It is then 
repeated with the other arm back to starting position.

Figure 6. Plyometric push ups. (a) The athlete begins in the 
pushup position as pictured. (b) The athlete then produces a 
powerful movement to push his body upwards, allowing his 
upper extremities to leave the floor. While in the air, he per-
forms a clap with his hands. (c) The athlete then lands his 
hands back on the floor, with varying degrees of elbow flexion 
required to stabilize his body.

Figure 2. Single arm stability on a foam pad.

Figure 3. High plank shoulder taps on a foam pad.

Figure 4. Controlled fall pushup. (a) The athlete begins the 
controlled fall with elbows extended and a physio ball safely 
secured against a surface. (b) The athlete begins to accept his 
body’s weight onto the physio ball, landing with slight elbow 
flexion. (c) The athlete controls the fall through a pushup 
maneuver onto the physio ball.
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to 0 and 0 respectively. The subject’s performance 
on the CKCUEST at discharge was similar to those 
reported in healthy overhead throwing athletes 
(Table 1.32) The results of the YBT-UQ results were 
also similar when comparing the involved and unin-
volved upper extremity (Table 6).34,39 Joint integrity 
tests at discharge were only found to be positive for 
right elbow laxity with the valgus stress tests (Table 
3). The subject denied any right elbow pain at rest or 
with return to sport testing at discharge.

Following discharge from physical therapy, the sub-
ject began participating in wrestling practices with 
his high school team. Training load in practice was 
monitored by his athletic trainer, and participation 
in competitive matches was reached at approxi-
mately 1.5 weeks upon returning. Approximately 
two weeks after discharge, the Subject began expe-
riencing increased soreness in his affected elbow. 
Upon recommendation from the physical therapist 
and athletic trainer, the subject began using an elbow 
stability brace (DonJoy Bionic Elbow Brace II, Dal-
las, TX) to support him during competition. The sub-
ject was able to successfully participate in matches 
and his district tournament without any soreness, 
pain, or complaints of instability to his right elbow. 
During a phone conversation three months after dis-
charge, the subject expressed he had elected not to 
undergo surgery, and continued to train in prepara-
tion for college participation without any issues. 

DISCUSSION
This case report highlights the successful non-oper-
ative rehabilitation program of an in-season high 
school wrestler with a traumatic complete UCL tear 
at the elbow. A criterion-based physical therapy 
program was utilized which progressed the subject 
through elbow ROM, progressive strengthening, 

Explanation of Exercise Dosage
The description and exact dosage of exercise inten-
sity, frequency and duration varied throughout each 
phase of exercise. In the early phase, dosage of exer-
cise remained comparatively lower than in later 
phases due to the acuity of elbow injury, and pain. 
Overall Phase 1 training volume and resistance of 
exercise was low to moderate (1-3 sets, 6-10 repeti-
tions), and was based on pain levels (<3/10), and 
rate of perceived exertion (RPE) (<6/10). As the 
subject progressed through each phase, training vol-
ume resistance was increased to moderate to high 
levels (3-5 sets, 6-15 repetitions), as this has shown 
to improve strength compared to lower dosages.36 In 
later phases of rehabilitation (Phases 2 and 3), resis-
tance was based on repetitions in reserve (RIR).  As 
an example of how this scale was utilized, the sub-
ject was asked how many more repetitions he could 
perform at the conclusion of a set of a particular 
exercise. If the subject responded that he could per-
form zero to one more repetition of the exercise (0-1 
RIR), this would indicate that the exercise required 
maximum effort. If the subject answered that he 
could perform four or more repetitions (>4 RIR), 
then resistance or difficulty was adjusted so that he 
felt that he could perform less than 4 RIR.  The dos-
age of exercise varied based on the goal of the exer-
cise (strength, power, endurance).37 

The subject also performed a home exercise program 
two times per week to supplement his one to two 
times per week of formal physical therapy. These 
exercises were primarily strength based, and were 
adjusted throughout his course of rehabilitation in 
order to be consistent with the goals of each phase.

OUTCOMES
The subject was seen in physical therapy for a total 
of nine visits over six weeks. Table 4 presents the 
subject’s strength assessment measurements at dis-
charge, with an improvement noted in all strength 
measures in both the affected and unaffected extrem-
ity. Elbow flexion strength demonstrated the greatest 
improvement from baseline to discharge (7.9 kgs), 
followed by grip strength (6.8 kgs) in the affected 
upper extremity. The DASH questionnaire and the 
DASH Sport Score improved significantly (based on 
the minimal clinically important difference of 10.8 
points38) from initial examination from 17.5 and 100, 

Table 6. Patient results of the YBT-UQ taken at discharge 
(6 weeks) (Limb Length- 84.4 cm).
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when compared to prior reports. In the early phases 
of physical therapy rehabilitation, exercise dosage 
remained less intense overall in order to assist with 
tissue healing and reduce swelling in this subject. 
Application of the RPE scale was used in this phase, 
along with pain and fatigue levels, as a way to moni-
tor over exertion and maintain a conducive healing 
environment.41 In later phases of rehabilitation, the 
RIR scale was used in place of the RPE scale, as it 
has also been suggested to accurately gauge exercise 
intensity.42 In these phases, the subject had lower 
comparative pain levels and was beginning plyomet-
ric and return to sport activities. Therefore, in order 
to adequately challenge the subject, the clinician 
deemed the RIR scale could more adequately dose 
the subject’s exercise intensity and volume, promot-
ing strength, stability, and endurance. With these 
principles in mind, it is important to note that the 
exact amount of repetitions and sets changed both 
during and between physical therapy sessions.

Another unique feature of this case report is that 
it is the first to incorporate return to sport testing 
as part of the RTS criteria, as previous studies have 
lacked this important facet of RTS assessment. Rel-
evant return to sport testing is crucial to provide the 
physical therapist with information for the clinical 
decision-making process. The use of these tests in 
wrestlers is particularly relevant, as both tests require 
the participant to display adequate strength and sta-
bility of both upper limbs for sport related tasks. 

Limb symmetry indices were also included in 
the  criterion-based progression for the athlete. In 
general, limb symmetry indices have been well 
researched in knee injuries, in particular referring 
to muscle strength, and functional testing.29,30,43-45 
Using these principles, a 90% threshold criteria 
was utilized in this case as an objective means to 
determine readiness for sport. Further research on 
normative data may help to better quantify strength 
indices in athlete subgroups such as for wrestlers.

Upon completion of the rehabilitation protocol, the 
subject was able to resume full wrestling team activi-
ties at eight weeks, which was quicker in comparison 
to previous studies of complete UCL tears.6,10,20,21 In 
these studies, longer RTS rates were typically found 
in throwers when compared to non-throwers.6,10,20,21 

and sport-specific training. No detailed rehabilita-
tion guidelines for nonoperative management of 
UCL injuries in contact sports have previously been 
described in the literature. Therefore, the physical 
therapy program utilized in this case report was 
based on prior published studies in an effort to return 
the subject to competitive wrestling.6,9,10,15,20,21,40

Previous studies which highlighted nonoperative 
management for subjects with UCL tears have gener-
ally consisted of a short period of immobilization or 
bracing, ranging from two to six weeks, allowing for 
gradual increases in elbow ROM to tolerance.6,10,20,21 
The subject in this case was immobilized for three 
days, which is much more progressive than what 
has been described in the literature with this type of 
injury. Through discontinuing the sling earlier post-
injury, the subject was able to initiate ROM activities 
more quickly, which may have minimized impair-
ments to his elbow ROM at his initial presentation 
to physical therapy. Utilization of non-steroidal 
anti-inflammatory (NSAIDs) medication or modali-
ties have also been advocated in the early phase of 
recovery following this injury10,21 The subject in this 
case report did not receive any medication for the 
management of pain, nor were any modalities uti-
lized other than cryotherapy.

Following the initial period of immobilization, the 
interventions described in prior studies varied based 
on the reported subject population.6,10,20,21 Dodson et. 
al21 did not report any interventions beyond the ini-
tial phase of immobilization, NSAIDs, and ROM exer-
cises in NFL quarterbacks. Rettig et. al20 reported the 
use of a progressive strengthening program prior 
to returning athletes to throwing at three months, 
although no specific details for intervention timing, 
dosage, or targeted muscle groups were reported. 
Nicolette and Gravlee6 reported on the conserva-
tive management of UCL injuries in gymnasts with 
a strengthening program to target relevant elbow 
and shoulder muscle groups, however the timing 
of interventions was not reported. Additionally, no 
information was included regarding exercise dosage 
based on injury severity, criteria for progression to 
sport specific exercises, or return to sport testing.6

The inclusion of the description of exercise dos-
age is an important distinction in this case report 
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Hammoud S, Atanda A. Epidemiology of elbow 
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7. Kay MC, Register-Mihalik JK, Gray AD, Djoko A, 
Dompier TP, Kerr ZY. The epidemiology of severe 
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injuries. J Shoulder Elbow Surg. 1998;7(3):272-283.
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collateral ligament injuries of the elbow in the 
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Schickendantz MS. Non-operative management of 
ulnar collateral ligament injuries in the throwing 
athlete. Phys Sportsmed. 2017;45(3):234-238.
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ulnar collateral ligament tear using musculoskeletal 
ultrasound in a collegiate baseball pitcher: a case 
report. N Am J Sports Phys Ther. 2010;5(4):227-233.

12. Callaway GH, Field LD, Deng XH, et al. 
Biomechanical evaluation of the medial collateral 
ligament of the elbow. J Bone Joint Surg Am. 
1997;79(8):1223-1231.
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valgus stress test” for medial collateral ligament 
tears of the elbow. Am J Sports Med. 
2005;33(2):231-239.

14. Rossy WH, Oh LS. Pitcher’s elbow: medial elbow 
pain in the overhead-throwing athlete. Curr Rev 
Musculoskelet Med. 2016;9(2):207-214.

15. Redler LH, Degen RM, McDonald LS, Altchek DW, 
Dines JS. Elbow ulnar collateral ligament injuries in 

A shorter RTS rate in this case report may have 
been attributed to the shorter initial period of elbow 
immobilization. Additionally, the subject was braced 
when returning to wrestling, which may have pro-
vided increased stability of the elbow joint and 
allowed for less fear of reinjury by the subject.

LIMITATIONS
There is a general dearth of detailed research regard-
ing nonoperative management of UCL tears, leaving 
a lack of structure to guide clinicians in the manage-
ment of this population. Furthermore, there are no 
studies that discuss the correlation of upper extrem-
ity limb strength symmetry, or functional testing 
symmetry on readiness to return to sport. The lack 
of data tracking length of care before returning the 
athlete to their sport is also not well established with 
nonoperative management of UCL tears.

Additionally, in this case report, the athlete used a 
brace during competition, as he reported subjective 
improvements in stability with its use. The athlete 
did not perform any RTS testing while wearing his 
brace, giving the treating physical therapist no com-
parative data. It is therefore difficult to determine if 
the athlete would have been able to participate in the 
athletic competition without any instability while not 
wearing his brace. Consequentially, as this case rep-
resents a single athlete, it has limited generalizability.

CONCLUSION
This case report highlights the successful nonopera-
tive rehabilitation of a traumatic UCL tear in a high 
school wrestler based on existing evidence and pro-
gressive integration of advancing sport specific skills. 
The use of specific criteria, (i.e. limb symmetry indi-
ces, plyometric progressions, RTS tests) to progress an 
athlete through a return to sport rehabilitation pro-
tocol should be emphasized in subjects with similar 
presentations and in future clinical trials. The inter-
ventions chosen in this report were based on general 
biomechanical and anatomic principles and adjusted 
accordingly to address the needs of a wrestling athlete.
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ABSTRACT
Background/Purpose: The number of hip arthroscopies (HAs) performed in the United States is increas-
ing exponentially. Previous authors have shown improvements in short- and mid-term functional out-
comes after HA. Despite established overall improvements, functional and objective impairments may 
persist. In particular, preliminary work demonstrates differences in hip strength between patients who 
undergo HA when compared to healthy controls at 12- and 24-months post-operative. The purpose of this 
clinical commentary is to highlight the persistent hip muscle strength and neuromuscular deficits that 
occur after HA, as well as propose the utilization of neuromuscular electrical stimulation (NMES) as an 
adjunct to strengthening exercises in early post-operative rehabilitation to address deficits. 

Description of Topic: Arthrogenic muscle inhibition (AMI), drives neuromuscular dysfunction and has 
been shown to occur in peripheral joints. The knee and hip have historically benefited from NMES to aid 
in improved muscular function, such as in those who have undergone anterior cruciate ligament recon-
struction, total hip or knee arthroplasties. Improving muscular strength is a hallmark component of reha-
bilitation after HA, however, current post-operative HA rehabilitation protocols do not include NMES as a 
standard treatment intervention. Therapeutic intervention strategies to target muscular inhibition after 
HA, in particular with the goal to address neural reflex inhibition, have not been thoroughly investigated. 
This absence of understanding of this important problem yields a critical gap in the treatment of post-
operative muscular deficits in patients after HA.

Discussion: The consequence of hip muscle inhibition is likely to include deficits in strength and function, 
similar to that seen in other muscular groups. Filling the void of current knowledge with regard to muscle 
inhibition and strength deficits after hip arthroscopy is critical to establish standardized post-operative 
rehabilitation protocols, as well as to provide targeted training to address muscular inhibition. Ultimately, 
these strategies could produce improved outcomes guided by robust evidence-based protocols. 

Level of Evidence: 5

Key words: hip arthroscopy, movement system, neuromuscular electrical stimulation
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BACKGROUND AND PURPOSE
The number of hip arthroscopies (HAs) performed 
in the United States increased nearly six-fold from 
2004 to 2009.1 The incidence of hip arthroscopy 
(HA) in the United States continued to rise in 2007 
through 2014.2 HA addresses a constellation of inju-
ries and associated surgical procedures including 
labral debridement and repair, correction of cam 
and pincer morphology seen in femoroacetabular 
impingement syndrome (FAI), chondroplasty, osteo-
plasty, microfracture, synovectomy, repair of the 
ligamentum teres, treatment for capsular hyperlax-
ity, and loose body removal.3 Recent advancements 
in clinical examination skills and diagnostic imaging 
have yielded a large increase in the recognition of 
non-arthritic, intra-articular hip pathologies. Thus, 
there is a critical need to provide outstanding post-
operative care in order to maximize patient out-
comes after HA.

Previous authors have shown functional outcome 
improvements in short- and mid-term patient follow 
ups after HA.4 A review by Khan et al analyzed pooled 
data from 104 studies aimed to quantify short and 
midterm clinical outcomes after HA.4 This review 
identified post-operative functional improvements, 
in comparison to preoperative baseline, using sev-
eral outcome measures, including the modified Har-
ris Hip Score (mHHS), Hip Outcome Score (HOS), 
Non-Arthritic Hip Score (NAHS) and Visual Analog 
Scale (VAS) up to 24 months postoperative.4 Ten year 
follow ups using the modified mHHS also demon-
strate improvements in pain and function.5,6

Rates of return to sport after HA are high.7,8 Memon 
et al completed a systematic review to assess return 
to sport rates after HA.7 This review included 38 
studies and 1,773 patients with a mean age of 28 
years old.7 Mean return to sport rate was 93% in this 
cohort which included recreational, competitive 
and professional athletes returning to several differ-
ent sports.7 O’Connor et al completed a systematic 
review and meta-analysis aimed to determine mean 
return to play duration and return to sport rate.8 
Their analysis included 22 studies and 1,296 patients 
which included recreational through elite level ath-
letes returning to different sports with a mean age of 
40 years.8 In this older cohort, the mean duration for 
return to play was 7.4 months and the mean return 

to sport rate was lower than the previous cohort at 
84.6%.8

Despite established subjective improvements, func-
tional and objective impairments may persist after 
HA. Kemp et al used the Hip disability and Osteo-
arthritis Outcome Score Quality-of-life subscale 
(HOOS-Q) and the International Hip Outcome 
Tool (iHOT-33) to demonstrate that even eighteen 
months after HA, patients reported lower quality of 
life in self-reported outcome measures when com-
pared to healthy controls.9 Preliminary work also 
demonstrates deficits in objective and modifiable 
physical measures, including hip strength and active 
range of motion in patients who undergo HA when 
compared to healthy controls at 12 and 24 months 
post-operative.9,10 Regarding active range of motion, 
Kemp et al found that patients 12-24 months after 
HA demonstrated decreased active hip internal rota-
tion range of motion as assessed with an inclinome-
ter, in comparison to healthy controls.10 Additionally, 
those after HA demonstrated decreased hip adduc-
tion, extension, flexion, internal and external rota-
tion isometric strength peak torque normalized to 
body weight when assessed with a hand held dyna-
mometer.10 This suggests that long term deficits per-
sist post-operatively. 

These lower performances on objective measures 
and functional, self-reported outcomes may be 
related. Kemp et al revealed that greater hip flexion 
range of motion and adduction strength were associ-
ated with better scores on the HOOS-Q and iHOT-33 
in patients 12- to 24-month post-arthroscopy.9 More-
over, these modifiable physical measures exhibited 
a stronger association with the HOOS-Q and iHOT-
33 scores in comparison to non-modifiable measures 
including older age, joint space narrowing and more 
severe chondropathy which are commonly associ-
ated with poorer outcomes.9 

Muscle impairments are also commonly present 
pre-operatively. Isometric and isokinetic strength 
testing demonstrate that patients with symptomatic 
labral tears also display significantly decreased max-
imum voluntary contraction strength with hip flex-
ion, abduction, adduction and external rotation in 
comparison to healthy controls.1,4 Pre-operative dys-
function may relate to post-operative impairments. 
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Overall, patients who undergo HA experience a 
protracted period, including pre and post-operative 
care, of muscular dysfunction and associated mus-
cular weakness.9–11 

The purpose of this clinical commentary is to high-
light the persistent hip muscle strength and neu-
romuscular deficits that occur after HA, as well as 
propose the utilization of neuromuscular electrical 
stimulation (NMES) as an adjunct to strengthening 
exercises in early post-operative rehabilitation to 
address deficits. 

DESCRIPTION OF TOPIC WITH RELATED 
EVIDENCE
Injury and surgical intervention result in physical 
impairments, as illustrated in Figure 1. The goal 
of rehabilitation is to implement reliable strategies 
which effectively resolve these impairments. The 
current body of the literature in regard to HA post-
operative rehabilitation protocols is largely based on 
clinical experience and lacks standardization.3,4,12,13 
While there is a common consensus regarding early 
post-operative rehabilitation goals as shown in 
Figure 2, these protocols are void of objective per-
formance standards to guide patient progression 
after HA. Multiple authors have cited the need for 

continued research on the management of HA in 
order to establish evidence-based protocols.3,4,11–16

Physical impairments in patients with hip pain are 
well documented. Neuromuscular adaptations exist 
in patients with symptomatic labral pathology.11,17 
Patients with symptomatic femoroacetabular 
impingement demonstrate decreased electromy-
ography (EMG) activity in the gluteus maximus in 
comparison to healthy controls when performing the 
ascent phase of a lunge.17 Symptomatic patients also 
demonstrate significantly decreased EMG activity in 
the tensor fasciae latae with active hip flexion.11 The 
presence of these alterations in neuromuscular acti-
vation warrants further investigation. 

Numerous authors have demonstrated significant 
strength deficits, ranging from 11-28% in compari-
son to asymptomatic controls in the hip abductors, 
flexors, external rotators and hip adductors muscles, 
in patients with symptomatic femoroacetabular 
impingement.11,15,18,19 Preliminary studies indicate 
that strength impairments persist after HA. Kemp 
et al found that patients who underwent HA 12-24 
months prior, achieved significantly decreased 
muscular strength in hip flexion, extension, abduc-
tion (women only) and adduction in comparison to 
healthy controls.10 

Figure 1. Physical impairments which result from an injury 
or surgery.

Figure 2. Early post-operative rehabilitation goals after HA.
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The mechanism causing these deficits as well as the 
temporal relationship are not yet well understood. 
Investigators have determined that pain inhibition, 
muscle atrophy, mechanical/anatomic limitations 
and muscular activation deficits as potential contribu-
tors to deficits in muscular activation and strength.11,15 

Arthrogenic muscle inhibition (AMI), which contrib-
utes to neuromuscular dysfunction, is described as 
an inhibition in a neural reflex inhibition in which 
the central nervous system is unable to completely 
activate a muscle.20–22 This phenomenon most com-
monly occurs in muscles surrounding peripheral 
joints in the setting of intra-articular injuries, surgi-
cal intervention, or joint distension.21,22 Overcoming 
AMI is a rehabilitation challenge and can be a bar-
rier to therapeutic advancements.23 Immediate con-
sequences of muscular inhibition include impaired 
strength development and compromised healing 
capacity.21,22 Long term consequences include persis-
tent deficits in muscular strength and neuromuscu-
lar control which can result in an inability to return 
to normal function and early onset osteoarthritis.21–23 
Figure 3 identifies the consequences of AMI. 

Similar to that which commonly occurs in the knee, 
AMI also occurs at the hip joint.21 Freeman et al 

demonstrated that peak gluteus maximus EMG 
values decreased significantly in patients with hip 
pathology when performing supine bridge and 
prone hip extension following injection of intra-
articular fluid. The joint distension and subsequent 
AMI caused by the injected fluid is comparable to 
that which occurs with hip joint injuries and subse-
quent joint effusion. These findings indicate that hip 
joint effusion is a contributor to gluteus maximus 
inhibition. 

The consequence of hip muscle inhibition is likely 
to include deficits in strength and function, similar 
to that seen in other muscular groups. The inhibition 
of hip muscles after hip injury is an important clini-
cal consideration. The current body of literature, 
however, has not evaluated the presence of AMI in 
patients after HA nor specific therapeutic strategies 
to address these deficits.

Restoration of muscular strength is of paramount 
importance in post-operative rehabilitation. Lower 
extremity (LE) strength correlates with function in 
patients who have undergone orthopedic surgery, 
including anterior cruciate ligament reconstruction, 
total hip and knee arthroplasties as well as HA.9,24,25 
Therefore, improvements in strategies implemented 
to gain muscular strength may also lead to higher 
functional outcomes. 

Muscular strengthening is a hallmark component of 
rehabilitation after HA. Prior to achieving strength 
gains, muscular inhibition must be addressed. The cur-
rent body of literature identifies early post-operative 
rehabilitation goals to include improving muscular 
activation, preventing muscular inhibition, re-educat-
ing correct firing patterns and motor function.12,14,16,26–28 
Phase I protocols consistently utilize various isometric 
hip strengthening strategies to target muscular activa-
tion. Throughout rehabilitation, muscular strength-
ening is strategically progressed from isometric to 
isotonic strengthening addressing hip, core and LE 
musculature, advancing ultimately into functional 
and activity specific strengthening. Strength gains, 
however, will be limited without specific strategies to 
reduce muscular inhibition. Additional therapeutic 
intervention strategies to target muscular inhibition, 
in particular with the goal to address neural reflex 
inhibition, have not been thoroughly discussed. 

Figure 3. Evidence based consequences of arthrogenic mus-
cle inhibition.
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NMES: HISTORICAL UTILITY AND AS A 
PROPOSED INTERVENTION AFTER HA
NMES has been used for decades to increase the 
recruitment and strength of both healthy and com-
promised skeletal muscle.29 NMES augments voli-
tional recruitment by applying electrical current 
over muscles and nerves to produce muscle contrac-
tions.30 NMES is used in many settings as an adjunct 
to exercise. In the neurologic setting it is often used 
in patients with cerebral palsy to facilitate gait. In 
orthopedic and sports rehabilitation, NMES is used 
in the post-operative environment as an adjunct to 
exercise to aid in reversing the negative effects of 
AMI and facilitate improved muscular activation, 
strength, and function.31 

When using NMES in patients with musculoskeletal 
pathologies, both operative and non-operative, there 
is no consensus regarding treatment protocol.31 Vari-
ability can exist in multiple parameters, including 
electrode placement, stimulation parameters, as well 
as treatment schedule.30 Despite this variability, a few 
common principles exist. NMES is consistently shown 
to be most valuable in patients who demonstrate vol-
untary activation failure.31 Treatment protocols are 
consistent in that high volume treatments, in which 
NMES is completed at least daily, is most effective.31 

A recent current concepts review by Spector et al 
proposes a two phase criteria based algorithm for 
NMES therapy aimed to restore quadriceps volun-
tary activation and muscle strength after orthope-
dic surgery.31 Following a one to two week period 
of NMES familiarization, patients complete phase 
one which is characterized by high intensity and 
high volume NMES.31 After about three weeks, the 
patient is reassessed, and if volitional activation fail-
ure still exists, the patient proceeds to Phase 2 which 
is characterized by high intensity and low volume 
NMES for approximately three weeks.31 Finally, the 
patient is progressed to voluntary strengthening.31 
The purpose of this review was to provide clinicians 
an algorithm to optimize and simplify clinical appli-
cation of NMES.31 

Given the utility of NMES in aiding improved mus-
cular function in quadriceps function a review of the 
literature was completed to evaluate the utilization 
of NMES to restore hip muscle function after HA, 

in order to inform the current clinical commentary. 
None of the 968 articles in the search utilized NMES 
in hip muscles or in patients following HA and there-
fore none met inclusion criteria. Thus, a review of 
the literature determined that this aspect of muscu-
lar inhibition demonstrates a critical need to pursue 
in future studies. While NMES can be a useful tool 
in aiding improved muscular function in those who 
have undergone ACLR, total hip arthroplasty and 
total knee arthroplasty, there are currently no stud-
ies which utilize NMES to enhance hip strength or 
evaluate the effects of NMES in patients after HA. 
Furthermore, current post-operative HA rehabilita-
tion protocols do not include NMES as a standard 
treatment intervention.14,16,28,32,33 Therefore, the rela-
tionship between muscular dysfunction and the effi-
cacy of NMES in patients after HA is unclear. This 
absence of understanding of this important problem 
yields a critical gap in the treatment of post-operative 
muscular deficits in patients after HA. At this time, 
specific recommendation for utilization of NMES on 
hip muscles in patients after HA are undefined.

DISCUSSION
Filling the current knowledge void with regard to 
hip muscle inhibition after HA is critical to estab-
lish standardized post-operative rehabilitation pro-
tocols and optimize patient outcomes; particularly 
with the recent increase in HA. Subsequent EMG 
studies could be implemented to evaluate hip mus-
cle volitional activation serially and longitudinally 
throughout the post-operative interval. Studies 
that quantify the level of volitional muscle activa-
tion with strength testing as well as functional tasks 
could provide objective insight into the state of mus-
cular activation patterns in post-operative patients. 

Further investigation into effective treatment strate-
gies which can address hip muscle deficits is also 
needed. The effectiveness of NMES has been stud-
ied extensively and has shown to be a useful tool 
to improve strength and performance in post-oper-
ative setting.34–37 NMES is commonly applied to 
the quadriceps muscle after anterior cruciate liga-
ment reconstruction (ACLR), total hip arthroplasty 
and total knee arthroplasty.35 Additionally, previ-
ous studies have shown NMES used in adjunct with 
physical therapy produces greater gains in quadri-
ceps strength, in comparison to therapy alone, after 
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ACLR.35 Numerous studies demonstrate strength 
and function improvements in operative and non-
operative musculoskeletal conditions after the use 
of NMES.30 While NMES is thought to be one of the 
most effective treatment methods for arthrogenic 
muscle inhibition, the current body of literature 
does not yet describe its use with patients after HA.31 
Studies which assess the ability of NMES to improve 
volitional hip muscular activation could provide fur-
ther direction for effective rehabilitation strategies. 
This result may provide insight to guide rehabilita-
tion interventions after HA to facilitate muscular 
strength gains.

There is a critical need to investigate the status of 
hip muscular activation and the effects of NMES in 
patients after HA. Continued research will result 
in improved understanding of patterns of recovery 
after HA. Furthermore, future studies may provide 
insight into effective therapeutic interventions strat-
egies to enhance post-operative strength function 
and outcomes. As a result, rehabilitation specialists 
will be able to develop and utilize evidence-based 
treatment protocols that address patients’ persistent 
post-operative impairments. 

CONCLUSIONS
The current body of literature has not evaluated the 
presence of AMI in patients after HA nor presented 
specific therapeutic strategies to address these defi-
cits. Consequently, current evidence-based rehabili-
tation protocols are incomplete without addressing 
these potential muscular activation deficits. Future 
clinical studies which assess hip muscles activa-
tion and effective treatment strategies are needed. 
Identification of post-operative deficits as well as 
methods for improvement will fill a critical void 
for rehabilitation of patients after HA. As research 
regarding recovery after HA progresses, rehabilita-
tion specialists will be better informed to provide 
targeted training to address muscular inhibition to 
ultimately produce improved outcomes guided by 
robust evidence-based protocols. 
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ABSTRACT

 As clinicians strive to apply evidence-based principles, team-based practitioners have identified a large gap 
as it relates to published research, ideal applications of evidence-based practice, and actual clinical practice 
related to injury prevention in elite sport within the United States. For rehabilitation professionals, espe-
cially those intimately involved in the research of injury prevention, the solution often seems quite clear 
and defined. However, preventing injury by implementing the latest recommendation from the most 
recent prospective study on the using the FIFA 11+ warm-up, a Copenhagen Adduction exercise, or a plyo-
metric drill with elite athletes may not be as effective as was seen among the cohort used in the study. In 
addition to extrapolating research, clinicians face additional challenges such as variance among profes-
sions, schedule density, and off-season contacts with athletes. There is an inherent difficulty in the applica-
tion of research to practice in elite sport as it relies on the teamwork of not only the practitioner and 
athlete, but the entire sporting organizational structure and those involved in athlete participation. The 
purpose of this clinical commentary is to explore the difficulty with application of research in clinical 
practice and to discuss potential strategies for improving carry over from research to clinical practice. 

Key Words: Injury Prevention, Risk Reduction, Exercise, Movement System
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INTRODUCTION
The multi-factorial impact of sporting injury often 
goes underappreciated. As previously documented 
in the literature, the effects of injury impact the ath-
lete, medical personnel, organizations, and other 
supporting individuals intimately involved in an 
athlete’s health and success.1 This impact pertains 
to, but is not limited to, the global health, wellness, 
and financial success of the individual athlete as 
well as the competitive and professional success of 
all vested parties who are connected to the athlete.2,3 
The resultant pressures and anxiety placed on ath-
letes, medical professionals, as well as coaches, 
agents, family, athletic directors, and sporting man-
agement are well documented, and likely are height-
ened in an age of instant information.4,5 To reduce 
these adverse events, the importance of injury pre-
vention has become of mainstream focus, as nearly 
every injury is now documented, scrutinized, and 
information is increasingly desired withi the public 
domain.6 From video analysis on social media, esti-
mations regarding time loss by commentators, and 
media questions relating to the competitive abilities 
of an individual, information available to the general 
public about athlete’s personal health information is 
at an all-time high. Injuries in elite sports are com-
monly critiqued from various perspectives, even to 
the possible detriment of the physical health and 
mental wellness of an athlete.7-9 

WHAT IS INJURY PREVENTION AND IS IT 
POSSIBLE?
To prevent, is “to keep from happening”, as defined 
by Merriam-Webster. While this is a noble goal in 
musculoskeletal injury, the nature of sport and 
injury leads clinicians to attempt to find practical 
ways to manage and reduce risk. General prevention 
and ‘load management’ methods often rely on the 
removal of exposure, which is not advantageous to 
sporting population.2,10 After all, avoiding loss of par-
ticipation is the goal of prevention. Risk reduction 
strategies are likely to be a more realistic strategy for 
the common goal.11,12 In considering risk reduction 
as it relates to athletic injury, the paradigm is best 
defined as a complex systems approach.13 Numer-
ous interrelated factors may contribute to an injury, 
and these can be moderated or mediated by internal 
and external factors. These factors are constantly in 

a state of dynamic flux, and can be altered by the 
slightest change in sleep, diet, or stressors, let alone 
prior injury or increased competitive exposure.14-16

REVIEWING THE EVIDENCE
At the time of this review, the authors suggest that 
there are areas with significant limitations regard-
ing the current body of evidence. These issues range 
from the carry-over of evidence-based intervention 
to evidence that may or may not be applicable.17 The 
issues with the current body of evidence can be for a 
myriad of reasons including limited descriptions in 
the research to limitations in population carry over. 

It is well established that properly dosed exercise 
intervention is a gateway to injury risk reduction. 
However, the details regarding exercise dosing (fre-
quency, intensity, type, time) and exercise choice is 
often elusive. Frequently, the exercise dosing infor-
mation is poorly described in various systematic 
reviews by reducing it to the simplest of terms. For 
example, proprioceptive training for ankle sprain 
reduction is recommended by the National Ath-
letic Training Association to be performed for 5-30 
minutes, 1-5 times a week, for a duration of four 
weeks or the full duration of competitive season.18 
Within the review, there is no definition of which 
method of proprioceptive exercise is preferred for 
the intervention. 

Perhaps the most frequently described injury pre-
vention methods relate to the knee, specifically, the 
anterior cruciate ligament. Interestingly, this is the 
only injury prevention topic published within the 
JOSPT Clinical Practice Guidelines (CPG).19 The 
likely populations shown to benefit from the CPG 
are primarily adolescent females, in particular those 
playing soccer, volleyball, and handball.19,20 While the 
concern of such a catastrophic injury is warranted, 
in select populations such as the National Basketball 
Association and the National Football League, Major 
League Baseball, and the National Hockey League, 
this injury accounts for less than 2% of all injuries, 
rendering these clinical practice guidelines less 
applicable to the athletes in these leagues.21,22 

While injury is an unfortunate event within any 
population, it is accepted that playing at greater 
levels of competition and skill put an individual at 
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greater risk. There is a greater need for risk reduc-
tion strategies at elite levels in addition to guidelines 
published for other populations.23 While those who 
participate in elite sport often have decreased mor-
tality, the long-term effects of sports injuries have 
high potential to negatively impact the individual 
and the health care system long after their playing 
career is done.24-26

At this time the soft tissue injury literature primar-
ily focuses on hamstring and adductor strains. Addi-
tionally, elite sports research studies are commonly 
focused on soccer, rugby, and Australian rules foot-
ball athletes. In muscle injury studies that involve 
team sport, there is a common reliance on publi-
cations from professional, semi-professional, and 
amateur sports leagues in within Europe and Aus-
tralia. With these two biases, including a focus on 
specific muscle injuries and specific populations, 
it is imperative that clinicians understand the dan-
gers that come with generalizing the outcomes that 
are described relative to a given sport, at a defined 
competition level, and that address a specific body 
region. When the study populations shift from pro-
fessional to semi-professional and to sub-elite youth 
athletes, it makes the application of research inher-
ently challenging. In the United States, team-based 
studies usually come from collegiate level sports, 
and often are a combination of varying sports or 
a range of different tiers of athletic level (Division 
1-3). Homogenous injury prevention literature from 
major American professional sports or major Divi-
sion 1 sports is scarce. 

To the authors’ knowledge, no successful injury 
prevention programs have been rigorously exam-
ined and published within the major American 
professional sporting leagues. This lack of high-
level evidence could be due to several factors, one 
of which is the cultural differences in sports clubs’ 
recognition of research and the application of this 
information into common sporting practice. High 
performance problems and questions are not unique 
to any sport or country, but the methods in which 
these are tackled is significantly different from sport 
to sport and region to region. The significant limi-
tation in resources for proper investigation are not 
unique to any specific leagues, organizations, or 
their collective bargaining agreements.1 Embedded 

research programs, that are intimate within the 
sporting league and organization, as common in 
aforementioned cultures, would improve the qual-
ity of evidence for practitioners and care for athletes 
downstream. 

REVIEWING CLINICAL PRACTICE
Currently, practicing clinicians are best served by 
loosely translating evidence from different popula-
tions whose demographics, sporting demands and 
potential mechanisms of injury are different. 

For example, the current best evidence for reduc-
ing hamstring strains relies on recommendations of 
eccentric training, proper pre-season sport specific 
training, and appropriately dosed high speed run-
ning.27 However, in basketball, a hamstring injury 
may have a deceleration mechanism of injury, with 
demands of the sport never achieving max speeds as 
mechanisms found in other field based sports. Addi-
tionally, athletes are exposed to congested sched-
ules (>three contests per week average, situations 
of back to back contests, three games in four nights) 
which decreases recovery time and minimizes sec-
ondary prevention opportunity.28 When considering 
muscle damage and fatigue variables associated with 
competition and eccentric exercise combined with 
inadequate physiologic time to recover between 
contests, when can a clinician safely dose sprinting 
and Nordic hamstring exercises?28-34 

Current evidence recommending secondary pre-
vention via “load management” pathways allows 
training modifications in preparation for weekly to 
bi-weekly contests, while still considering the per-
formance demands placed on the athlete.31 34 This is 
not pragmatic in many of the professional sporting 
leagues as it relies on universal adherence from ath-
letes, clinicians, coaches, in addition to league and 
team scheduling decisions.

Proper high load pre-season training is reported to 
decrease the risk of injury.14 16 23 However, in many 
professional leagues, a period of sport-specific train-
ing is not mandatory for the athletes, and thus this 
stimulus is often missed leading in to the highest risk 
period. In particular, these high-risk periods include 
pre- and early season competition where the ath-
lete’s prior training stimulus may be unknown.23,35 
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Pathways for in-season loading for positive train-
ing adaptations are possible, but are often limited 
by athlete time, engagement, and allotted team time 
instituted by the respective leagues, organizations, 
and dependent on the priority of coaching staff.31 

If an athlete voluntarily chooses to participate in 
such recommended training, there is a question as to 
whether a specific injury prevention program would 
be superior to appropriately dosed general train-
ing.36,37 Specific exercises can be integrated within a 
warm-up program and be defined as a “prevention 
program”.38 However, these exercises are commonly 
dosed as recommended within common strength 
and conditioning programs without the distinction 
of being a “prevention program.” How are clinicians 
in elite sport expected to differentiate an “injury pre-
vention program” from current best practice across 
the strength and conditioning field which includes 
all the related variables? These variables include 
athlete engagement, staff communication, appropri-
ate programming and dosing. 

A practical recommendation would be for improved 
coordination in hiring, developing, and program-
ming between athletes, medical providers, perfor-
mance and sporting coaches, and management. A 
cohesive group would allow for the application of 
evidence-informed constructs required to achieve a 
protective exercise stimulus. This common ground is 
difficult to achieve currently due to the often-siloed 
realms of injury prevention, strength and condition-
ing, sports science, and sporting activity.

A VIEW FROM THE FIELD
Regardless of the proposed program, adherence and 
dosing are common pitfalls to the success of risk 
reduction. Recent studies have proclaimed astound-
ing success and failure in their ability to reduce 
injury occurrence.17,38 However, a commonality 
is that the optimal volume of training is often not 
achieved, with reports of adherence ranging from 
15 to 32 percent.17,38 Once again, this issue is often 
best related to institutional buy-in, as well as athlete 
engagement.39 40 Even in the most well supported 
populations and recommendations, as seen in ACL 
prevention models, adherence to programming is 
poor, with key stakeholders being identified as a lim-
iting factor.20

A culture that promotes health and well-being 
requires collaboration among all parties regarding 
health recommendations. This culture is heavily 
influenced not just by the athlete and performance 
staff, but also by the coaching, management, and 
representation responsible for additional demands 
on their livelihood.1 41 It is important to remember 
that key participants of athlete health involve the 
athlete themselves, as well as those who control the 
athlete’s sporting exercise experience. Engagement 
and leadership among all parties has been directly 
tied to health outcomes.41

While current research continues to support ave-
nues of active strategies to reduce injury risk, 
current practice does not facilitate a means for 
implementation of evidence-based practice. Time 
and effort would best be served to focus on systemic 
education, implementation and application of not 
only current recommended exercise strategies, 
but also avenues for institutional understanding 
and collaboration between all vested parties.40 On 
a short term, practical level, developing a shared 
vision, communicating effectively, and facilitating 
shared-decision making are strategies all necessary 
to implement current-best practice models. Long 
term development includes embedding research-
ers/research groups into sporting populations, 
clubs, and leagues who are equipped to challenge 
current practice and systematically. address prag-
matic clinical questions. These strategies would 
best focus on athlete health in the present, while 
also developing long-term integrated research-
based avenues to improve upon where elite sports 
practice stands today.1 42
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