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in the FMS™ literature. Specifically, Bonazza et al.20 
recently calculated a pooled ICC statistic of 0.81 
across the FMS™ literature.

Results of the current study also suggest that a change 
in Overall ME Test score of 12.68 points is required 
for this change in overall functional movement qual-
ity to be considered “real” (MDC95% = 12.68). This 
MDC value is associated with the error of the mea-
sure itself11,13 and is based upon the SEM calculated 

between the Day 1 and Day 2 ME Test scores (SEM 
= 4.57). Thus, a 12.68 increase in Overall ME Test 
score may represent a practically significant change 
in functional movement quality when the ME Test is 
being utilized among practitioners and clinicians to 
assess changes in the functional movement quality 
of an individual as a result of an intervention. Unlike 
the FMS™,6,7 the ME Test utilizes a 0 – 100 scoring 
scale for both the Overall ME Test score and each the 
sub-test score of the ME Test. As a result, even though 

Table 3.  Intra-rater test-retest agreement of movement compensations 
observed during 2-Leg Squat with Heel Lift sub-test of the ME Test.

Table 2.  Intra-rater test-retest agreement of movement compensations 
observed during 2-Leg Squat sub-test of the ME Test.
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previous research by Teyhen et al.21 has examined the 
MDC of the FMS™, it is not possible to compare the 
MDC95% of the ME Test identified in the current study 
to the MDC95% of the FMS (12.68 vs. 2.07, respectively).

However, since several recent studies have failed to 
identify improvements in FMS™ scores as a result of 
targeted corrective or functional training program-
ming,22-24 the clinical utility of the FMS™ for use 

Table 4.  Intra-rater test-retest agreement of movement compensations 
observed during 1-Leg Squat sub-test of the ME Test.

Table 5.  Intra-rater test-retest agreement of movement compensations 
observed during Push-Up sub-test of the ME Test.

Table 6.  Intra-rater test-retest agreement of movement compensations 
observed during Shoulder Movements sub-test of the ME Test.
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among practitioners and clinicians has been ques-
tioned.8,9 It has been previously suggested that a lack 
of responsiveness of the FMS™ scoring system may 
be a result of the 0 – 3 ordinal scoring scale of the 
FMS™ sub-tests may contribute to the equivocal clin-
ical utility noted in the literature.25-29 Although a 0 
– 100 scale has been introduced by developers of the 
FMS™,30,31 there is currently a lack of research utiliz-
ing this scoring scale. It is possible that the 0 – 100 
scoring scale of the ME Test may prove to be more 
sensitive to changes in functional movement quality 
as a result of a targeted corrective exercise interven-
tion, but further research to confirm this hypothesis 
is warranted.

In addition, the minimal clinically important dif-
ference (MCID), or the smallest change in which 
a patient/individual would consider to be benefi-
cial,32 of the Overall ME Test score remains uniden-
tified. Therefore, future research should explore the 

relationships between changes in ME Test scores as 
the result of an intervention with these individual’s 
perceived benefits in functional movement qual-
ity.33 Such research would assist with determining 
the MCID associated with the ME Test and will help 
further elucidate the level of change in ME Test 
scores that are required to be clinically meaningful.

That said, systematic bias was potentially identified 
within the 2-Leg Squat with Heel Lift and Cervical 
Movements sub-tests, as significant differences ME 
Test scores were identified between Day 1 and Day 
2, suggesting that systematic bias may be apparent 
within these specific sub-tests. It is possible that the 
differences between Day 1 and Day 2 are related 
to the number of movement compensations being 
assessed, differences in precise implementation of 
testing instructions for these sub-tests, and/or an 
expected amount of variability in movement quality 
across days. However, these potential mechanisms 

Table 7.  Intra-rater test-retest agreement of movement compensations 
observed during Trunk Movements sub-test of the ME Test.

Table 8.  Intra-rater test-retest agreement of movement compensations 
observed during Cervical Movements sub-test of the ME Test.
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could only be considered speculative at this point 
and future research examining the potential vari-
ability in sub-tests scores across longer durations of 
time is required to further elucidate the potential, if 
any, influence of these factors. Furthermore, large 
ranges in the SEM and MDC statistics were identified 
within the individual sub-tests of the ME Test (Table 
1). Taken together, these results indicate that the 
response stability varies among the individual sub-
tests. Therefore, although the intra-rater test-retest 
reliability of the individual sub-tests ranged from 
fair-to-excellent, caution should be taken if utilizing 
a single sub-test of the ME Test to assess changes in 
functional movement quality and utilizing the Over-
all ME Test score may be more appropriate.

Similar to the results in the current study, previous 
research has also identified large, and sometimes 
conflicting, ranges in intra-rater test-retest reliability 
among the various FMS™ sub-tests in the FMS™ lit-
erature as well.34 Since it is possible that these ranges 
in FMS™ sub-test reliability may be contributing to 
the questionable construct of the FMS™ composite 
score,25-29 future research should also examine the fac-
torial validity of the Overall ME Test score. Moreover, 
although both the ME Test and the FMS™ quantify 
functional movement quality, the variance shared 
between these two assessments remains unexplored. 
Therefore, future research should also examine the 
criterion-reference validity of the ME Test in relation 
to the already established FMS™ assessment.

Finally, since the Fusionetics™ Human Performance 
System utilizes movement compensations identified 
during each sub-test to calculate each ME Test score, 
it is also important to examine the consistency asso-
ciated with identifying these specific movement 
compensations. As such, the intra-rater test-retest 
reliability of the binomial movement compensation 
data of each individual sub-test of the ME Test was 
examined as well. The results of the current study 
suggest that the intra-rater test-retest reliability of 
the individual movement compensations ranged 
from fair-to-almost perfect. Although a large range in 
κPABA statistics were observed (κPABA range = 0.30 – 
1.00), it should be noted that the vast majority (92%) 
of the individual movement compensations held 
moderate-to-almost perfect intra-rater test-retest reli-
ability and an average observed agreement of 85.7% 

was found between the movement compensations 
identified on Day 1 and Day 2. These results sug-
gest that the individual movement compensations 
associated with the scoring of each sub-test of the 
ME Test hold adequate intra-rater test-retest reliabil-
ity as well. Collectively, these results provide fur-
ther support for the response stability in the scoring 
of the Overall ME Test score, as consistency in the 
identification of these movement compensations 
would theoretically be required to create consis-
tency in this scoring process.

Beyond the support regarding the reliability of the 
ME Test scoring methods, the current study intro-
duces to the literature preliminary insight into the 
level of change in ME Test scores that is required 
to hold practical relevance. To date, this informa-
tion is unknown and these results provide clinicians 
and practitioners with initial scientific evidence to 
guide the use of the ME Test as a functional outcome 
measure within their practice. Specifically, there is a 
growing trend among clinicians and practitioners to 
prescribe specific corrective exercises in an attempt 
to improve many of the same movement compensa-
tions observed during the ME Test.35,36 For example, 
the targeted strengthening of the gluteus medius and 
other proximal musculature in an effort to mitigate 
dynamic knee valgus observed during movement.37,38 
Based on this growing trend and the results of the 
current study, improvements in ME Test scores may 
indicate successful mitigation of the observed move-
ment compensations as a result of the targeted cor-
rective exercise programming. Such outcomes would 
provide additional rationale for the sensitivity of the 
ME Test and support for its use as a useful assess-
ment tool. However, further research examining both 
the responsiveness of the ME Test and the efficacy of 
such corrective exercise programming is required.

Limitations
There are limitations to consider with the current 
study. Similar to other commercially available prod-
ucts that rely on a proprietary algorithm to generate 
an outcome, the proprietary nature of the ME Test 
scoring does not allow for practitioners and research-
ers to identify how various movement compensa-
tions are weighted within the scoring calculations. 
Due to this, the reproducibility of this study is not 
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backgrounds (e.g., S&C professionals vs. PTs vs. 
ATCs, etc.), should be explored as well.

CONCLUSIONS
In conclusion, results of the current study indicate 
that the Fusionetics™ ME Test holds adequate intra-
rater test-retest reliability for use among practitio-
ners and clinicians. Results of the current study 
also suggest that a 12.68 point change in Overall ME 
Test score may represent a practically significant 
change in functional movement quality when utiliz-
ing the ME Test to assess changes in the functional 
movement quality of an individual as a result of an 
intervention. However, caution should be taken by 
practitioners and clinicians if deciding to utilize an 
individual sub-test of the ME Test to quantify and/
or monitor changes in functional movement quality.
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generalizable without utilizing the Fusionetics™ 
Human Performance System. The current study did, 
however, examine the intra-rater test-retest reliabil-
ity of the 60 total movement compensations for each 
individual sub-test as well. Since the vast majority 
(92%) of the individual movement compensations 
held moderate-to-almost perfect intra-rater test-retest 
reliability, it is likely that the response stability of 
these scoring criteria resulted in the fair-to-excellent 
intra-rater test-retest reliability identified within the 
ME Test scores.

The results of the current study can also only be 
generalized to college-aged university students, as 
reliability must be established within each sample 
population of interest.10 Therefore, future research 
examining the intra-rater test-retest reliability and 
MDC characteristics should be conducted among 
other various clinical populations of interest (e.g., 
collegiate & professional athletes, tactical athletes, 
etc.). In addition, the current study utilized live 
assessment methods during each testing session, 
which meets the intended utility of the movement 
screen. It is possible that the assessment of move-
ment compensations, and thus, the scoring of each 
sub-test, will differ between live and post hoc video 
analysis methods. Although use of video to make 
the assessments could become a practical limitation 
a movement screen for a clinician, future research 
should examine if differences in assessment meth-
ods exist within the scoring of the ME Test.

Finally, the researcher who performed all ME Test 
assessments in the current study (K.T.E.), was an 
ATC with greater than two years of previous expe-
rience with conducting the ME Test on numerous 
individuals. As a result, future research should be 
conducted to examine the intra-rater test-retest reli-
ability of practitioners and clinicians of other profes-
sional backgrounds (e.g., strength and conditioning 
[S&C] professionals, physical therapists [PTs], etc.), 
as well as the effect of training and familiarity with 
the ME Test on the intra-rater test-retest reliability 
among various practitioners and clinicians. Simi-
larly, although preliminary data has been presented 
regarding the inter-rater reliability of the ME Test,4,5 
further research investigating the consistency in ME 
Test scoring between raters, and the potential scor-
ing biases between raters of differing professional 
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Appendix B.  Movement Efficiency (ME) Test Grading Form.
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Appendix B.  Movement Efficiency (ME) Test Grading Form. (continued)



ABSTRACT
Background: Wearable devices validly assess spatiotemporal running parameters (cadence, vertical oscillation and ground contact 
time), but the relationship between these parameters and lower limb loading parameters (loading rate, peak vertical ground reac-
tion force [vGRF] and braking impulse) is unknown. 

Purpose: To characterize changes in lower limb loading parameters in runners instructed to run with increased cadence or low 
vertical oscillation, and to determine whether the change in spatiotemporal parameters predicted the changes in lower limb load-
ing parameters. 

Study Design: Cross Sectional Cohort Study 

Methods: Twenty healthy runners completed three running trials in three conditions: baseline, high cadence, and low vertical 
oscillation. Spatiotemporal parameters were measured with a wearable device and lower limb loading was measured using an 
instrumented treadmill. Spatiotemporal and loading parameters were analyzed between running conditions via a repeated mea-
sure ANOVA. A hierarchical regression model was used to determine if changes in spatiotemporal parameters predicted the change 
of loading parameters during conditions.

Results: High cadence and low oscillation conditions reduced average vertical loading rate (p = 0.013 and p = 0.002, respectively), 
instantaneous vertical loading rate (p = 0.022 and p = 0.001, respectively), and peak vGRF (p = 0.025 and p < 0.001, respectively). 
Braking impulse was significantly lower in the high cadence condition compared to baseline (p < 0.001), but not during the low 
oscillation (p = 1.000). The increase in cadence during the high cadence condition predicted the reduction of instantaneous verti-
cal loading rate (r2 = 0.213, p = 0.041) and braking impulse (r2 = 0.279, p = 0.017). The reduction in vertical oscillation was more 
predictive of the change of peak vGRF in both running conditions (high cadence, r2 = 0.436, p = 0.009; low oscillation r2 = 0.748, 
p < 0.001).

Conclusion: While both higher cadence and lower vertical oscillation resulted in reduced loading rates during running, cueing to 
reduce vertical oscillation was more successful in reducing peak vGRF and only the higher cadence condition reduced braking 
impulse. These findings will inform clinicians who wish to use wearable devices for running gait modification to select injury-
specific gait retraining cues.

Level of Evidence: Level 3

Key Words: running retraining, ground reaction forces, wearable devices 
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INTRODUCTION
High levels of certain metrics of ground reaction 
forces during running are associated with the devel-
opment of common running related injuries. For 
instance, high average and instantaneous vertical load-
ing rates (AVLR and IVLR, respectively) of the vertical 
ground reaction forces are associated with runners 
with tibial stress fracture,1,2 plantar fasciopathy,3 and 
patellofemoral pain.4 High braking impulses have 
been observed in runners with Achilles tendinopa-
thy.5,6 Similarly, high levels of the peak vertical ground 
reaction force (peak vGRF) have been associated with 
knee pain7 and other running-related injuries.8 For 
instance, a high peak vGRF relative to measures of 
tibial bone strength was reported in runners with a 
recent history of tibial stress fracture.9 Notably, these 
running-related injuries are associated with a high rate 
of chronicity of recurrence.10–12 Runners with a past 
history of a tibial stress fracture have, for instance, a 
six-fold increased risk of sustaining a subsequent tibial 
stress fracture.10 Due to the high rates of re-injury, gait 
retraining has been proposed as a means to address 
lower extremity biomechanics in the hope to improve 
rehabilitation outcomes in runners.13

Recent advances in wearable technologies provide 
clinicians with the capability to assess running gait 
mechanics, cue changes in certain gait parameters, 
and then measure the runner’s adherence with the 
new running pattern during field-based runs.14 A 
commercially available running watch was recently 
found to be able to offer valid and reliable assess-
ment of running cadence, ground contact time and 
vertical oscillation of a runner’s center of mass.15 
Furthermore, Willy et al16 used a wearable device to 
cue a modest increase of 7.5% in running cadence, 
which reduced AVLR and IVLR at the conclusion 
of the eight-session gait retraining program. Moni-
toring of the participants’ running mechanics via 
the mobile device revealed that the runners suc-
cessfully changed their running mechanics during 
the field-based retraining sessions and maintained 
these changes in the absence of feedback during 
the 30-day follow-up period.16,17 The results of these 
studies demonstrate the ability of clinicians to uti-
lize widely available mobile technology to quantify 
and retrain certain running mechanics without the 
need for a fully instrumented gait laboratory.15 

Besides reducing loading rates, a 5-10% increase in 
preferred running cadence (+5-10% over preferred) 
reduces the peak vGRF and braking impulse.16,18 
However, there may be additional simple gait modi-
fications that can affect ground reaction forces dur-
ing running. Wille et al19 found that both cadence 
and magnitude of center of mass excursion are asso-
ciated with vertical ground reaction forces and brak-
ing impulse. Thus, instructing a runner to reduce 
vertical oscillation of their center of mass may be 
a viable alternative cue to increased cadence if a 
reduction in loading rates, peak vGRF and braking 
impulse is desired. To date, it is not known which 
of these alterations is more effective at reducing 
lower limb loading patterns associated with running 
related injuries.

Therefore, the purposes of this study were twofold. 
First,  to characterize the change in loading rates, peak 
vGRF and braking impulse in runners instructed to 
run with increased cadence or low vertical oscil-
lation. Second, to determine whether changes in 
running mechanics predicted the changes in verti-
cal loading rates, peak vGRF and braking impulse 
during the two running conditions. Understanding 
the relationship of gait modifications and lower limb 
loading can provide clinicians and patients with 
clinically applicable strategies that can be quantified 
and monitored using accurate and reliable wearable 
devices. 

 METHODS
 Participants
 A convenience sample of twenty active runners 
(running experience 11.5 ± 6.9 years and average 
running distance 37.3 ± 27.8 Km per week) was 
recruited to participate in this study. To be eligible, 
participants were required to be between the ages of 
20-55, running at least 60 minutes per week and free 
of any injuries for the past 12 months. This study 
was approved by the University of Delaware Insti-
tutional Review Board and each participant gave 
informed consent prior to data collection.

Proc edure
Participants wore a commercially available watch 
(fēnix2; Garmin Ltd, Schaffhausen, Switzerland), 
paired with a heart rate strap equipped with a tri-
axial accelerometer (HRM-Run; Garmin Ltd) during 
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the experiment. This watch and associated acceler-
ometer has previously been shown to be a valid and 
reliable assessment of cadence and vertical oscilla-
tion during running.15 Participants were asked to run 
on one of the two moving belts of an instrumented 
treadmill (Bertec Corporation, Columbus, OH).

Participants started running at a speed of 1.5m/s. 
Running speed was increased 0.1m/s every 10 sec-
onds until participants reported reaching a comfort-
able self-selected running speed on the treadmill. 
Once participants reported a comfortable speed, 
they ran for one minute to become familiar with 
the treadmill and speed. If changes in speed were 
requested during the familiarization period, the 
speed was changed and another minute of familiar-
ization was provided. Subjects continued to run after 
the familiarization period for one minute while data 
were acquired (baseline condition). 

After the baseline condition, the first ten participants 
continued to run for two different thirty second run-
ning conditions at the same running speed as the base-
line condition. In the first condition (high cadence), 
participants were asked to increase their running 
cadence. One of the investigators, a board certified 
orthopedic and sports specialist Physical Therapist, 
instructed participants to “Increase the number of 
times your foot hits the ground by 10%”. The investi-
gator observed the participant and provided feedback 
prior to and during the condition. In the second condi-
tion (low oscillation), the investigator instructed par-
ticipants to “keep their body as low to the ground as 
possible without slouching to reduce “bouncing” when 
running”. The investigator provided verbal feedback 
prior to and during the condition. Participants had a 
minimum of thirty seconds of running at their self-
selected form before the second condition began. 

Running spatiotemporal data (cadence, vertical oscil-
lation, and ground contact time) were collected with 
the running watch. GRF’s were acquired using the 
instrumented treadmill at 1080Hz. To assure simul-
taneous data collection, a countdown was provided 
by one investigator for the start of the collection on 
both the watch and the instrumented treadmill soft-
ware. The three conditions (baseline, high cadence, 
and low oscillation) were separated by at least 
30-second intervals, during which time the runners 

returned to their habitual running mechanics and 
data were not recorded. The first ten subjects per-
formed the high cadence condition followed by the 
low oscillation condition, with a reverse order after 
baseline for the remaining ten subjects. 

The second set of ten participants was asked to run 
a second baseline condition to establish reliability of 
the loading parameters. Between the two baseline 
conditions, participants were asked to rest or walk 
around for several minutes without running. Dur-
ing the second baseline condition, the speed of the 
treadmill was matched to the speed of the first base-
line condition. After one minute of familiarization 
with the new running pattern, data were collected 
simultaneously with both the watch and the instru-
mented treadmill in a similar manner to that of the 
first baseline condition.

Data  analysis
Cadence, vertical oscillation, and ground contact 
time were calculated using the proprietary algo-
rithm of the Garmin Connect software and the aver-
age value for each condition was reported in step/
min (cadence), centimeters (COM), and millisec-
onds (ground contact time).

Visual3D software (version 5, C-Motion, German-
town, MD, USA) and a customized LabVIEW program 
(National Instruments, Austin, Tx) were used for the 
analysis of the GRF data. GRF data were filtered using 
a low-pass, fourth-order Butterworth recursive filter 
using a cutoff frequency of 50Hz. This filter cutoff fre-
quency is routinely used when calculating loading rate 
of the vertical GRF during running, as described by 
Milner et al.20 A 20N threshold of the vGRF was cho-
sen to identify footstrike and subsequent toeoff and 
accurate stance detection was confirmed with visual 
inspection of the individual trials. This stance thresh-
old minimizes the chance of spurious event detec-
tion in running data collected on an instrumented 
treadmill.21 The GRF’s were then normalized to body 
weight (BW). Ten consecutive right stance phases were 
retained for calculation of discrete variables of interest. 

The braking impulse22 was calculated as the time inte-
gral of the posterior-portion of the anterior-posterior 
GRF curves during stance and expressed in BW*sec. 
Next, loading rates of the vGRF’s were calculated. 
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AVLR (expressed in BW/sec) was calculated as the 
average slope of the middle 60% of the vGRF’s curve 
between footstrike and the vertical impact peak.23 In 
the case of an absent vertical impact peak, an index 
of 0.13 of stance length was used, as previously vali-
dated.24 During the same time window, IVLR (BW/
sec) was calculated as the steepest part of the curve 
using the first central difference method.24 (Figure 1) 

 Statistical analysis

 Reliability analysis
The reliability of the lower limb loading variables 
(AVLR, IVLR, braking impulse, and peak vGRF) was 
calculated in the subset of participants who ran two 
baseline conditions. Average values were compared 
between the two baseline conditions using Inter-
class Correlation Coefficient (ICC3,10). Pooled stan-
dard deviation was used to calculated the standard 
error of the measurement and minimal detectable 
change at the 95% confidence interval (MDC95).

 Between-running conditions analysis
Running dynamic variables (cadence, vertical oscilla-
tion, and ground contact time) and lower limb load-
ing variables (AVLR, IVLR, braking impulse, and peak 
vGRF) were compared between conditions (baseline, 
high cadence, and low oscillation) using a repeated 
measure analysis of variance (ANOVA). In case of a 
significant within conditions effect, Tukey Post-Hoc 
test with Bonferroni correction was used to measure 
differences between each running conditions. To 
assess clinical magnitude of change and to permit 

comparison with previous investigations, percent 
change, confidence interval, and effect size (d) were 
calculated.25 Two independent hierarchical linear 
regression models were used to predict the change 
of lower limb loading variables during the two run-
ning conditions (high cadence and low oscillation). 
The feedback given to participants focused on either 
increasing running cadence or decreasing vertical 
oscillation. Therefore, the change in cadence (for 
the high cadence condition) or the change in verti-
cal oscillation (for the low oscillation condition) were 
entered first in the regression model. The change in 
secondary running dynamic variables (vertical oscil-
lation and ground contact time, for the high cadence 
condition; and cadence and ground contact time for 
the low oscillation condition) were entered second in 
the regression model. This was done to understand 
whether the secondary variables would significantly 
improve the model prediction after accounting for 
the change in the primary variable. Statistical analysis 
was carried out using SPSS software (version 23, IBM, 
Amrok, NY, USA) and alpha level was set at 0.05. 

 RESULTS

 Reliability analysis
All variables demonstrated excellent reliability, with 
ICC ranging from 0.985 to 0.999 (Table 1).

 Between-running conditions analysis
Both spatiotemporal measures (Figure 2) and lower 
limb loading variables (Figure 3) were significantly 
different between running conditions (main effect 

Figure 1. Calculation of vertical and braking and propulsive ground reaction force variables. A) average vertical loading rate 
(AVLR) and instantaneous vertical loading rate (IVLR) were calculated in the middle 60% of the vertical ground reaction force 
(GRF) curve between footstrike and the vertical impact peak. B) braking and propulsive impulse were calculated as the time inte-
gral of the respective portions of the anterior-posterior GRF curve.
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of running condition, p < 0.001). The post-hoc 
analyses revealed that cadence increased 8.1% dur-
ing the high cadence and 2.6% during low oscilla-
tion conditions compared to baseline, respectively. 
Moreover, cadence was higher in the high cadence 
condition compared to the low oscillation condition 
(MD: 8.7 step/min, p = 0.001). Vertical oscillation 
decreased 17.1% during the high cadence condi-
tion and 21.7% during the low oscillation condition 
compared to baseline, however no significant dif-
ferences were observed between high cadence and 

low oscillation conditions (MD: 0.05cm, p = 0.999). 
Ground contact time decreased 4.7% during the 
high cadence condition compared to baseline; in 
contrast, ground contact time increased 3.5% dur-
ing the low oscillation condition compared to base-
line. AVLR significantly decreased 21.2% during the 
high cadence and 33.4% during the low oscillation 
conditions compared to baseline. IVLR significantly 
decreased 16.0% during the high cadence and 25.6% 
during the low oscillation conditions compared to 
baseline. Braking impulse significantly decreased 

Table 1. Reliability analysis of lower limb loading parameters.

Figure 2. Average change in cadence, vertical displacement, and ground contact time during the baseline, high cadence and low 
oscillation running conditions. Error bars represent standard deviation.
a, Repeated measure ANOVA, main effect of condition (p < 0.001)
b, Tukey post-hoc with Bonferroni correction, baseline vs. high cadence (p < 0.05)
c, Tukey post-hoc with Bonferroni correction, baseline vs. low oscillation (p < 0.05)
d, Tukey post-hoc with Bonferroni correction, high cadence vs. low oscillation (p < 0.05)
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9.2% during the high cadence condition compared 
to baseline, but not during the low oscillation condi-
tion. Peak vGRF significantly decreased 3.5% during 
the high cadence and 11.4% during the low oscilla-
tion conditions compared to baseline. Furthermore, 
peak vGRF was significantly lower in the low oscil-
lation condition compared to the high cadence con-
dition (MD: -0.18 BW, p < 0.001). Mean change and 
effect sizes can be found in Table 2.

The increase in cadence during the high cadence con-
dition significantly predicted the reduction of IVLR 
(r2 = 0.213, p = 0.041) and braking impulse (r2 = 
0.279, p = 0.017). During the same high cadence con-
dition, the changes in vertical oscillation and ground 
contact time were more predictive of the change of 
peak vGRF (r2 change = 0.436, p = 0.009) compared 
to the change in cadence (r2 = 0.026, p = 0.493). The 
decrease of vertical oscillation during the low oscil-
lation condition was predictive of the reduction of 
peak vGRF (r2 = 0.748, p < 0.001). During the same 
low oscillation condition, the change in cadence and 
ground contact time did not significantly increase 
the prediction of the regression model (Table 3).

 DISCUSSION
Gait retraining can be an effective component of a 
comprehensive rehabilitation program for injured 
runners,13 yet it may be challenging to determine 
which gait parameters to target. Findings from 
the study revealed that cueing to either increase 
cadence or reduce vertical oscillation resulted in a 
decrease of AVLR and IVLR. These findings suggest 
that both methods of cueing may be used to manipu-
late spatiotemporal running parameters in patients 
with injuries related to changes in AVLR and IVLR, 
such as plantar fasciopathy3 or patellofemoral pain.4 
Based on these data, cueing an increase in running 
cadence may be the preferred cue when the goal 
of the retraining is to decrease braking impulse. 
For instance, runners with Achilles tendinopathy 
were reported to run with ~9% greater braking 
impulse compared with healthy controls,5,26 which 
is equivalent to the reduction found in the present 
investigation during the high cadence condition. A 
recent report also found that increases in running 
cadence result in a small reduction in Achilles ten-
don loads.27 Taken together, these findings suggest 
that running with a modest increase in cadence may 

Figure 3. Average change in loading parameters, average loading rate, instantaneous loading rate, breaking impulse and peak 
vertical ground reaction force during the baseline, high cadence and low oscillation running conditions. Error bars represent 
standard deviation.
a, Repeated measure ANOVA, main effect of condition (p < 0.001)
b, Tukey post-hoc with Bonferroni correction, baseline vs. high cadence (p < 0.05)
c, Tukey post-hoc with Bonferroni correction, baseline vs. low oscillation (p < 0.05)
d, Tukey post-hoc with Bonferroni correction, high cadence vs. low oscillation (p < 0.05)
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be particularly helpful for runners recovering from 
Achilles tendinopathy.

The reductions in AVLR and IVLR noted with both 
the (-21.2- -24.0%) high cadence and (-18.9%- -16.8%) 
low oscillation conditions were associated with 
moderate to large effect sizes and likely clinically 

meaningful. Specifically, Milner and colleagues23 
previously reported that runners with a past history 
of tibial stress fracture ran with AVLR and IVLR that 
were 16.0% and 13.9% higher, respectively, com-
pared with healthy matched controls. Reductions in 
loading rates in the present study are consistent with 
other studies that cued 5-10% increases in running 
cadence,16,28 yet lower than interventions that cued 
a reduction in tibial shock (~ -32%), 29 switching to 
a forefoot strike (~ -47%)28 or provided feedback 
on sound-intensity of footfalls (~ -35%).30 Future 
study is required to determine which of these inter-
ventions is most effective in reducing injury risk in 
runners who are thought to be prone to sustaining a 
tibial stress fracture. 

Both methods of cueing also reduced peak vGRF 
from baseline, but the peak vGRF during the low 
oscillation condition was significantly lower than 
high cadence running condition. Further, the change 
from baseline of vertical oscillation predicted 46% 
of the variance of the change in peak vGRF during 
the high cadence condition (after accounting for 
the change in cadence); and 75% during the low 
oscillation condition. Previously, a low tibial bone 
strength relative to peak vGRF was observed in run-
ners with a past history of tibial stress fracture.9 Due 
to reduction in both vertical loading rates and peak 
vGRF, cueing a reduction in vertical oscillation dur-
ing running may have greater potential to reduce 
risk of a tibial stress fracture when compared with 
cueing an increase in running cadence. The kine-
matic strategies used to increase running cadence 
are well documented,31 but less is known for cues 
targeting vertical oscillation and is a topic for further 

Table 2. Change from baseline of spatiotemporal and 
loading parameters during the high cadence and low 
oscillation running conditions.

Table 3. Regression analysis to identify predictors of loading based on the change from baseline of spatiotemporal variables 
during the high cadence and low oscillation running conditions.
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study. When using cues for vertical oscillation, it is 
important that runners do not “slouch” or adopt a 
“groucho” running style.32 

The use of commercially available wearable devices 
to measure spatiotemporal parameters of running is 
on the rise. These devices provide clinicians with 
reliable and accurate methods to track spatiotempo-
ral running parameters.15 The results of this study 
show that changes in spatiotemporal running param-
eters measured with a wearable device can predict 
changes in lower limb loading measured with an 
instrumented treadmill. Clinicians may be able to 
utilize these devices to provide training feedback 
outside of a laboratory or clinical settings, and to 
monitor patients’ ability to alter gait mechanics and 
compliance with the prescribed alterations. Impor-
tantly, many wearable devices also record data on 
both running cadence and vertical oscillation during 
in-field runs, enabling clinicians to assess patient 
adherence during gait retraining interventions.14 
Thus, both retraining cues tested in this study can 
be readily employed outside the clinic in a runner’s 
normal training environment.14 The customization 
of gait retraining to certain injury-specific mechan-
ics and the ability to measure adherence with a 
retraining program may lead to enhanced outcomes 
for rehabilitation programs for the injured runner.

Although this study focused on running gait mechan-
ics that can be identified using wearable devices 
outside of the confines of the laboratory, other 
studies have examined the change of gait mechan-
ics on additional kinematic and kinetic parameters. 
An increase in cadence has been reported to be 
accompanied by reductions in peak hip adduction 
angle, hip external adduction and internal rotation 
moments,16,18,33 decrease in vertical impact loading 
rate,33 decreases in eccentric knee joint loads16,18,34,35 
and patellofemoral and tibiofemoral joint loads.34,36,37 
One of the temporospatial strategies associated with 
an increase in running cadence is a shortened step 
length31, placing the initial loading closer to the 
runner’s center of mass18 and a reduction in stance 
time.31,38 Furthermore, increased leg stiffness has 
been reported when cadence is increased,38 primar-
ily influenced by the reduced stance duration. Thus, 
it would be expected that our cohort increased leg 
stiffness in the high cadence condition due to the 

reduction in stance duration.38 During the low oscil-
lation condition we found that participants adopted 
not only reduced vertical oscillation but also a 2.6% 
increase in cadence from baseline, resulting in a 
reduction in peak vGRF. These findings are consis-
tent with a prior study that found an inverse rela-
tionship between vertical oscillation and cadence 
with peak vGRF during running.19 In contrast to the 
high cadence condition, cueing a reduction in verti-
cal oscillation failed to reduce braking impulse. The 
unchanged braking impulse, coupled with the lower 
cadence in the low oscillation condition, is consis-
tent with a slightly longer step length than the high 
cadence condition.18 Identification of the key biome-
chanical contributors for a change in AVLR, IVLR, 
and peak vGRF during the low oscillation condition 
requires a full analysis of kinematics and kinetics of 
the runners.

It is important to consider that this study was 
designed to measure the immediate effect of alter-
ing spatiotemporal parameters on loading variables. 
Adopting any new running mechanics may require 
short-term increases in metabolic demand. Large 
increases in running cadence39 or an exaggerated 
decrease in vertical oscillation40 have both been 
linked to an increase in the metabolic cost of run-
ning. The increase in metabolic demand may poten-
tially negate the benefits associated with cadence or 
vertical oscillation manipulation, making it difficult 
for the runner to maintain the change in mechan-
ics. However, Clansey and colleagues found no 
change in the metabolic demand of running when 
runners were cued to reduce tibial shock after an 
eight-session gait retraining program.41 Sustained 
changes of cadence and oscillation may produce dif-
ferent effects on metabolic measures. Future stud-
ies are required to determine the long-term effect 
on manipulating cadence or vertical oscillation on 
metabolic energy costs.

The current study is not without limitations includ-
ing small sample size, lack of an injured population, 
and short duration of running. Future studies should 
look to assess full kinematic, kinetic, and loading 
rate parameters associated with changes in spatio-
temporal measures over a longer duration of run-
ning during  data collection, as well as in runners 
with a history of running-related injuries. Future 
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studies should also look to see long-term outcomes 
for changes in loading rates and metabolic demand. 

 CONCLUSION
Gait retraining cues for low vertical oscillation may 
be an effective alternative to increasing cadence for 
certain running related injuries. While both higher 
cadence and lower vertical oscillation resulted in 
reduced loading rates, there may be some advantages 
of low vertical oscillation in reducing peak vGRF and 
higher cadence in reducing braking impulse. Clini-
cians may look to use accurate and reliable wear-
able devices for gait retraining in a clinical setting 
to provide feedback to the patient and monitor their 
ability to modify running gait parameters. 
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ABSTRACT
Background: Participation in high school cross-country continues to increase with over 492,000 participants during 
the 2016-17 cross-country season. Several studies have indicated a high incidence of running-related injuries (RRI) in 
high school cross-country runners. Risk factors for RRI can be divided between intrinsic and extrinsic risk factors. 
Intrinsic risk factors such as structural asymmetries have received less attention in recent years.

Purpose: The primary purposes of the current study were to (1) describe the prevalence of leg-length inequality 
among female and male high school cross-country runners, and (2) to determine whether leg-length inequality was 
associated with increased RRI in female and male high school cross-country runners.

Study Design: Prospective observational cohort study.

Methods: Three hundred ninety-three (222 males, 171 females) athletes competing in high school cross-country run-
ning were followed, prospectively. The runners’ right and left leg-lengths were measured with a standard cloth tape 
measure in a supine position. Incidence of low back/lower extremity RRI during practices or competitive events was 
monitored using the Daily Injury Report.

Results: A similar percentage of leg-length inequality greater than 0.5 cm was found among female (19.3%) and male 
(22.1%) runners. No statistically significant associations were found between leg-length inequality and (RRI) for 
female or male runners, with the exception that after adjusting for BMI, males with a leg-length inequality >1.5 cm 
were over seven times more likely to incur a lower leg RRI (Adjusted Odds Ratio=7.47; 95%CI: 1.5, 36.9; p=0.01) than 
males with a leg-length inequality <0.5 cm. Side of RRI was not associated with side of longer limb length.

Conclusions: While leg-length inequality was not associated with RRI, in general, males with a leg-length inequality 
>1.5 cm were at greater likelihood of sustaining a lower leg RRI.

Level of Evidence: 2b

Keywords: Asymmetry, Leg-length, High school, Cross-country running, Prospective, Running-related injury
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INTRODUCTION
Running continues to be a popular sport. According 
to RunningUSA, the number of running event finish-
ers in the U.S. increased from an estimated 4,797,000 
in 1990 to 17,114,800 in 2015.1 However, running 
has a relatively high incidence of lower extremity 
injury, with the incidence ranging from 17.9-79.3% 
based on the study design.2 Thus, understanding 
the relationship of factors related to the etiology of 
running-related injury (RRI) is an important focus of 
running research.

There is running-related literature that suggest that 
extremes of anatomic variation and malalignment 
may predispose runners and military populations 
engaged in running-related activities to musculo-
skeletal overuse injury.3-10 Of these, increased navic-
ular drop5-7 and large quadriceps angle ([Q-angle] 
the angle formed between lines from the anterior 
superior iliac spine to the center of the patella, 
and from the center of the patella to the center of 
the tibial tubercle) or greater right-left Q-angle dif-
ference8-10 have gained support as risk factors. The 
literature regarding leg-length inequality as a risk 
factor for RRI is equivocal in adult competitive and 
recreational runners11-21 and military training popu-
lations.8,10,22 Several factors may contribute to the 
mixed results including differing study designs and 
measurement techniques, which do not allow direct 
comparisons among studies.8,10-22 Further, there is no 
consensus on a criterion that distinguishes a normal 
from an abnormal leg-length inequality.23 

Over 492,000 female and male athletes participated 
in cross-country running in the United States during 
the 2016-2017 high school season.24 Recent studies 
of high school runners have indicated that the inci-
dence of RRI ranges from 33% to 47% per season.25-28 
Presently, there are no published prospective cohort 
reports that have provided an in-depth analysis on 
the relationship between leg-length inequality and 
RRI among high school runners. The author has 
previously reported on several risk factors in a large 
prospective observational cohort study.27 In this pre-
vious study, data was collected on leg-length but was 
not reported in-depth. Thus, the primary purposes 
of the current study were to (1) describe the preva-
lence of leg-length inequality among female and 
male high school cross-country runners, and (2) to 

determine whether leg-length inequality was asso-
ciated with increased RRI in female and male high 
school cross-country runners. Additionally, as the 
evidence for whether side of inequality is related to 
injury is mixed in adult running or military popu-
lations,17,18,29-35 side of inequality was examined to 
determine if the shorter or longer leg limb was asso-
ciated with side of running-related injury in female 
and male high school cross-country. Further, as 
body mass index has been associated with RRI,36,37 
particularly lower leg RRI,38-40 its influence on the 
relationship between leg-length inequality and RRI 
was assessed.

METHODS
Setting & Sample
The study prospectively followed 12 Washington 
State high school cross-country teams during a high 
school cross-country season. Four hundred twenty-
one runners (186 females, 235 males), who competed 
on their teams during the high school cross-country 
season and were free of symptoms from any RRI at 
the time of the measurements, participated in the 
study. The study was approved by The University 
of Washington Human Subjects Division and the 
Seattle High School District. Parental consent and 
athlete assent was obtained for each subject prior 
to the baseline measurements. During the course of 
the season, 28 runners (15 females, 13 males) did 
not finish the season due to noninjury (i.e., stopped 
competing, dismissed from team). Thus, complete 
data for 393 runners (171 females, 222 males) were 
used in the final study analysis.

Data Collection
Leg-Length. Just prior to the season, the main 
investigator went to each high school at a scheduled 
meeting time and place to measure their school’s 
runners’ leg-lengths. The leg-length of both lower 
extremities for all runners were assessed with the 
subject in the supine position where each runner’s 
absolute leg-length was measured with a cloth tape 
measure from the anterior superior iliac spine to the 
medial malleolus and recorded in centimeters.41

Pilot Reliability Study. At a summer running camp 
prior to the season, the intrarater reliability for the 
leg-length measurements was established using a 
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convenience sample of 20 high school runners (10 
females, 10 males; n = 40 limbs). The intrarater 
intraclass correlation coefficient (ICC 3,1) and stan-
dard error of measurement (SEM) value for the 
main investigator was 0.99 (1.05), and was similar 
for right and left limb lengths, indicating strong reli-
ability and limited measurement error.

Questionnaire. At the time of the leg-length mea-
surements, all subjects completed a questionnaire 
on baseline characteristics, which asked them to 
report their sex, age, height and weight.

Running-Related Injury (RRI). Prior to the season, 
the research team educated the runners to report 
any RRI symptoms to their coach. Additionally, 
each coach was trained in how to recognize com-
mon RRI symptoms among their runners and how 
to properly record them in the daily injury report 
(DIR) form.26,27 A RRI was defined as any reported 
muscle, joint, or bone problem/RRI of the low back 
or lower extremity (i.e., hip, thigh, knee, shin, calf, 
ankle, foot) resulting from running in a practice or 
meet that required the runner to be removed from 
a practice or competitive event or to miss a subse-
quent practice or competitive event.26,27 A day lost to 
RRI was any day in which the runner was not able 
or permitted to participate in an unrestricted man-
ner.26,27 For each RRI, the coaches recorded the body 
location and side injured.

DATA ANALYSIS
Mean and standard deviations for age, height, 
weight, body mass index (BMI), and leg-length were 
calculated by gender to document the runner’s 
personal characteristics. Statistical comparisons of 
baseline characteristics by gender were performed 
with the Student t test.42 The likelihood of a RRI by 
leg-length inequality was analyzed in four ordered 
categories (<0.5cm, >0.5 cm to <1.0 cm, >1.0 cm 
to <1.5 cm, >1.5 cm) to evaluate a possible graded 
dose-response effect, using the leg-length <0.5cm as 
the reference group. This latter group was chosen 
as the referent category because leg-length inequal-
ity in this range have been suggested as normal.8,10,18 
Only the runner’s initial RRI was used in all data 
analyses. Univariate odds ratios (ORs) with 95% con-
fidence intervals (CIs) were used to compare initial 
RRI risks at different levels of leg-length inequality, 

comparing the cumulative incidence in an exposed 
group (>0.5 cm to <1.0 cm, >1.0 cm to <1.5 cm, or 
>1.5 cm), divided by the cumulative incidence in 
the baseline or referent group (<0.5cm). ORs and 
95% CIs were also computed to assess whether side 
of RRI was associated with the side of longer leg-
length. Univariate ORs and 95% CIs were then calcu-
lated to determine if RRI to specific lower extremity 
body parts were associated with leg-length inequal-
ity.42,43 Finally, multivariable logistic regression was 
used to calculate the adjusted ORs (AORs) and 95% 
CIs to assess the effect of body mass index (BMI) 
a potential confounding factor on the association 
between leg-length inequality and increased likeli-
hood of RRI.7,36-40 An alpha level of 0.05 was used for 
all statistical analyses. All data were analyzed with 
SPSS (IBM Statistics SPSS 22.0, Armonk, NY). 

RESULTS
Participants
Selected baseline characteristics of the 393 runners 
are presented in Table 1. Females and males were 
similar in age (p=0.82) (Table 1). While females 
were lighter and shorter than males, no significant 
differences were found in regards to BMI (p=0.34).

On average, females had significantly shorter 
(mean±SD) right (87.38 cm ± 4.34) and left (87.39 
cm ± 4.31) leg-lengths than males (92.98 cm ± 4.39 
and 93.10 cm ± 4.42, respectively) (p<0.0001). The 
mean difference between right and left leg-lengths 
for females (0.34 cm ± 0.51) was not significantly dif-
ferent from the right and left leg-length mean differ-
ence for males (0.37 cm ± 0.57) (p=0.66). Females 

Table 1. Baseline characteristics of high school cross-
country runners (N=393).
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(19.3%) and males (22.1%) had a similar percentage 
of leg-length inequality greater than 0.5 cm (Fig-
ure 1). Only one runner, a female, had a leg-length 
inequality value (2.5 cm) that exceeded 2.0 cm.

RRI Incidence
While 69 (40.4%) of the 171 female runners sustained 
at least one RRI, 79 (35.6%) of the 222 male runners 
experienced at least one RRI during the high school 
season. For females, the shin (42%) was the most 
common RRI site, followed by the knee (23%), hip 
(12%), and ankle (10%). For males, the knee (30%) 

was the body location most commonly injured, fol-
lowed by the shin (22%) and ankle (13%).

Likelihood of RRI by Leg-length Inequality
Unadjusted and adjusted likelihood estimates of 
RRI in relation to leg-length inequality for females 
and males are presented in Table 2. For females and 
males, no statistically significant association was 
found between leg-length inequality and RRI. Simi-
larly, when adjusted for BMI, no statistically signifi-
cant relationships between leg-length inequality and 
RRI were found.

Side of RRI by Limb Side
While a slightly higher percentage of RRI occurred 
on the side of RRI on the limb with the greater leg-
length (>0.5 cm) for males, the association was not 
statistically significant (p=0.68) (Table 3). Similarly, 
no association was found between side of RRI and 
longer limb side (>0.5 cm) for females (p=0.57). 
The relationship between leg-length inequality and 
body location injured is presented in Table 4. 

Likelihood of Injured Body Location by 
Leg-length Inequality
After adjusting for BMI, males with a leg-length 
inequality >1.5 cm were over seven times more 
likely to incur a lower leg (shin/calf) RRI (AOR 

Figure 1. Distribution of leg-length asymmetry among high 
school cross-country runners (N=393).

Table 2. Unadjusted and adjusted relationships between all RRIs and leg-length inequality 
among high school cross-country runners (N=393).
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=7.47, 95% CI: 1.5, 36.9; p=0.01) than males with 
a leg-length inequality <0.5 cm. No statistically sig-
nificant associations were found between leg-length 
inequality at other body locations for males or for 
females at any body location. 

DISCUSSION
The findings of this study suggest that most female 
and male cross-country runners had symmetric 
right and left leg-lengths. While leg-length inequal-
ity was not associated with RRI, in general, males 
with a leg-length inequality >1.5 cm were at greater 
likelihood of sustaining a lower leg RRI. Finally, a 
larger leg-length inequality was not related to side of 
injured limb for female or male runners.

Despite the use of leg-length inequality as a measure 
of structural abnormality to predict injuries in run-
ning and military populations, few studies have pro-
vided the prevalence of clinically-measured leg-length 
inequality data.8,10,12,18 Furthermore, the difficulty in 
comparing the prevalence of leg-length inequality 
is that there is no widely accepted criterion value 
for what constitutes a large or excessive leg-length 
inequality for males or females, especially for adoles-
cent runners. The criterion values reported in prior 
running and other athletic and military studies has 
varied from leg-length inequality of 0.5 cm to >2.54 
cm (>1.0 inch).8,10,12,18 Consistent with prior reports, 
few runners in this study had a leg-length inequality 
that would be considered excessive. Approximately 
80% of the runners had a leg-length inequality less 
than 0.5 cm with a slightly higher prevalence of 
leg-length inequality i.e., >0.5 cm, among the boy 

runners. Overall, using Reid and Smith’s classification 
of bilateral discrepancy,44 all the runners’ leg-length 
discrepancies would have been considered mild (i.e., 
inequalities less than 3 cm).

Consistent with prior studies,8,12,21 this study did not 
find a statistically significant relationship between 
leg-length inequality and overall RRI for high school 
cross-country runners. Noteworthy though was that 
for female and male runners, the findings suggested 
a pattern toward greater risk of RRI as the leg-length 
inequality increased. The non-statistically sig-
nificant risk estimates may be partially due to the 
smaller number of runners with greater leg-length 
inequalities >1.0 cm. Different measurement tech-
niques have been used to examine the relationship 
between leg-length inequality and RRI. Only two 
studies were appropriate for direct comparison using 
the same measurement technique and criterions in 
this study,10,18 with the findings in this study consis-
tent with those reported by Rauh et al10 but differing 
from those observed by Bennell et al.18 Comparisons 
with other studies that used the same measurement 
technique but did not specify a criterion were also 
equivocal.11,14,15,17,19,20 The mixed findings indicate 
that further study is needed to determine if there is 
a more sensitive measurement technique or crite-
rion, or both, that might be more valid to evaluate 
the risk relationship between leg-length inequality 
and RRI.

Several authors have reported associations between 
leg-length inequality and specific body locations 
(i.e., low back injury,19 ankle injury19) or injury type 

Table 3. Cumulative incidence of RRI by side of RRI and side of greater-length inequality among high school 
cross-country runners.
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(stress fracture,18 plantar fasciitis14,15). In the current 
study, of the five body locations examined, only the 
lower leg, (shin/calf) was found to be associated with 
RRI among male runners with a leg-length inequality 
>1.5 cm. This finding differentiates from other stud-
ies that examined leg-length inequality and lower leg 
pain and found no significant relationship.10,12,17 It is 
possible that these previously cited reports did not 
find a relationship due to cross-sectional design,12,17 
smaller samples,12,17 and populations studied (adult 
runners12,17, female recruits10). Even though the rela-
tionship between leg-length inequality and lower leg 
RRI was strengthened as the association remained 
significant after adjusting for body mass index, some 
caution is advised when interpreting the statistical 
(95% confidence interval was fairly wide indicating 
limited precision of the association) and clinical sig-
nificance of this finding as they are based on only 
seven male runners who had a leg-length inequal-
ity of >1.5 cm, of which three had a lower leg RRI. 
Still, the finding provides some support that greater 
malalignment of the lower extremities may increase 
the odds of a male high school runner incurring a 
RRI.

The evidence regarding whether the longer limb or 
shorter limb is at greater risk of RRI appears equivo-
cal and has been primarily examined in adult run-
ning or military populations. While several authors 
have reported the longer limb had a higher occur-
rence of RRI,29-33 others have indicated that the 
shorter limb was at more risk,33,34 and others no asso-
ciation.18,35 The results of the current study indicate 
that the RRI did not always occur on the limb with 
the larger limb length. A possible reason why a side 
difference may not have been observed is that the 
cutpoint used may have been more conservative 
than prior studies. Additionally, including a bilateral 
limb injured group may have affected the ability to 
observe a right or left side greater side difference as 
over one-third (n=54) of the RRI were considered 
bilateral. 

Several limitations of this study are noteworthy. 
The RRI collected in this study was based on a) self-
reported RRI symptoms from the runners to the 
coaches or b) direct observation by the coaches if 
they suspected that a runner was experiencing a 
RRI symptom. The use of self-reported RRI data is Ta
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