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Purpose 
There is a high rate of second anterior cruciate ligament (ACL) injury (ipsilateral graft or 
contralateral ACL) upon return-to-sport (RTS) following ACL reconstruction (ACLR). 
While a significant amount of epidemiological data exists demonstrating sex differences 
as risk factors for primary ACL injury, less is known about sex differences as potential risk 
factors for second ACL injury. The purpose of this study is to determine if there are 
sex-specific differences in potential risk factors for second ACL injury at the time of 
clearance for RTS. 

Methods 
Ten male and eight female athletes (age: 20.8 years ±6.3, height: 173.2 cm ±10.1, mass: 
76.6 kg ±18.3) participated in the study following ACLR at time of RTS (mean 10.2 
months). Performance in lower extremity isokinetic and isometric strength testing, static 
and dynamic postural stability testing, and a single leg stop-jump task was compared 
between the sexes. 

Results 
Normalized for body weight, males had significantly greater isokinetic knee flexion 
(141±14.1 Nm/kg vs. 78±27.4 Nm/kg, p=0.001) and extension strength (216±45.5 Nm/kg 
vs. 159±53.9 Nm/kg, p=0.013) as well as isometric flexion (21.1±6.87% body weight vs. 
12.5±5.57% body weight, p=0.013) and extension (41.1±7.34% body weight vs. 27.3±11.0% 
body weight, p=0.016) strength compared to females. In the single-leg stop jump task, 
males had a greater maximum vertical ground reaction force during landing (332±85.5% 
vs. 259±27.4% body weight, p=0.027) compared to females. 

Conclusions 
Based on these results, there are significant differences between sexes following ACLR at 
the time of RTS. Lower knee flexion and extension strength may be a potential risk factor 
for second ACL injury among females. Alternatively, the increased maximum vertical 
force observed in males may be a potential risk factor of second ACL injury in males. 
Although these results should be interpreted with some caution, they support that 
rehabilitation programs in the post-ACLR population should be individualized based on 
the sex of the individual. 

Corresponding author: 
Zachary Sullivan, MD 
zbsulliv@gmail.com 
828-696-6001 
Saint Agnes Medical Center, Fresno, CA 

a 

Sullivan ZB, Sugarman BS, Faherty MS, et al. Females have Lower Knee Strength and
Vertical Ground Reaction Forces During Landing than Males Following Anterior Cruciate
Ligament Reconstruction at the Time of Return to Sport. IJSPT. 2022;17(4).

https://orcid.org/0000-0002-2576-6294
https://doi.org/10.26603/001c.35575
mailto:zbsulliv@gmail.com


Level of Evidence 
Level 3 

INTRODUCTION 

Anterior cruciate ligament (ACL) rupture is a common and 
debilitating injury in both competitive and recreational ath-
letes. The annual incidence of these injuries is estimated at 
68.6 per 100,000 person-years in the US.1 ACL reconstruc-
tion (ACLR) is the standard of care following ACL rupture, 
but there is a high rate of reinjury upon return-to-sport 
(RTS).2 The overall risk of re-injury to the ipsilateral graft 
ranges from 3-25%,3–8 and risk of contralateral ACL injury 
ranges from 2-24%.3–8 These epidemiological data are wor-
risome and warrant research to determine the risk factors 
for reinjury following RTS post ACLR. 

There has been some exploration of risk factors that con-
tribute to second ACL injury, defined here as ipsilateral 
graft failure or contralateral ACL rupture following RTS, in-
cluding young age,4 return to high level of activity,4 mus-
culoskeletal factors,9 lower psychological readiness,10 and 
not meeting specific discharge11 or RTS9 criteria. One sys-
tematic review demonstrated that both young age (<25y/o) 
and return to a high level of activity are factors associated 
with an increased risk of second ACL injury.4 Musculoskele-
tal factors including asymmetrical quadriceps strength9 and 
a decreased hamstring to quadriceps strength ratio11 have 
been found to have an association with second ACL injury. 
Recent authors have demonstrated that lower psychological 
readiness in younger patients (<20y/o) is associated with in-
creased risk of second ACL injury.10 And, as expected, not 
meeting specific discharge11 or RTS9 criteria also lead to in-
creased risk. Despite the success with the identification of 
risk factors, second ACL injury remains a concern upon RTS. 

One potential area of research that may be helpful is the 
examination of sex differences in potential risk factors for 
second ACL injury. This area of research has contributed 
to the development of successful sex-specific injury pre-
vention programs for primary ACL injury.12–17 This was 
prompted by the significant amount of epidemiological data 
demonstrating sex differences in primary ACL injury 
rates18–20 with female athletes at greater risk than male 
athletes when competing in similar sports.18 Previously 
studied sex differences that likely contribute to this dis-
parity include anatomic, neuromuscular and biomechanical 
factors.19–26 Current data is not conclusive regarding sex 
differences in second ACL injury rates, but there are some 
preliminary data suggesting that they may be present. 
While two previous systemic reviews showed no differences 
between men and women incurring ipsilateral graft in-
jury,27,28 a more recent meta-analysis found women to have 
a higher overall rate of secondary ACL injury and increased 
contralateral ACL injury rate while men had a higher rate 
of ipsilateral graft injuries.8 Given these epidemiological 
data, it is appropriate to examine if similar sex differences 
are present in biomechanical, neuromuscular, and muscu-
loskeletal characteristics at the time of RTS following ACLR. 

The purpose of this study was to determine if there are 
sex-specific differences in potential risk factors for second 
ACL injury at the time of clearance for RTS. The hypothesis 

that females would demonstrate more dangerous (less knee 
flexion, more valgus, and greater ground reaction forces) 
landing biomechanics; lower hip and knee strength; better 
static postural stability; and worse dynamic postural stabil-
ity scores was tested. The findings of significant differences 
in neuromuscular, biomechanical, or musculoskeletal vari-
ables between sexes in the post ACL reconstruction popula-
tion could be used to inform current guidelines for physical 
therapy or timelines for RTS in order to prevent second ACL 
injury. 

MATERIALS AND METHODS 
PARTICIPANTS 

Male and female athletes were recruited for participation at 
the time of RTS following an initial ACLR surgery. Partici-
pants were recruited from Duke University. All participants 
must have been cleared by their provider to return-to-sport 
prior to participation. All participants provided written in-
formed consent prior to enrollment and testing. Inclusion 
criteria included a minimum age of 12, participation in a 
sport at any level prior to ACL injury, and intention to RTS 
following ACLR. Exclusion criteria included any history of 
any major lower extremity injury, greater than one ACL in-
jury or surgery, significant back injury or surgery, or any 
conditions affecting balance. 

INSTRUMENTATION 

Ground reaction forces (GRF) during static and dynamic 
postural stability testing were collected at 1000 Hz with an 
AMTI force plate (Advanced Mechanical Technologies, Inc., 
Watertown, MA). Knee isokinetic strength was measured 
using an isokinetic dynamometer (Biodex Medical systems, 
Inc., Shirley, NY). Hip and knee isometric strength were 
measured using a handheld dynamometer (Lafayette In-
strument Company, Lafayette, IN). Knee flexion and knee 
valgus angles were quantified using a camera based motion 
analysis system with an integrated force plate system (Vi-
con Motion Systems, Centennial, CO). 

DATA COLLECTION 

Single-leg static postural stability was tested under eyes 
open (EO) and eyes closed (EC) conditions. Participants as-
sumed a single-leg stance on the force plate with their 
hands on their hips and were asked to remain as still as pos-
sible for each ten second trial. They focused on a marker ap-
proximately ten feet in front of them at eye height for the 
EO condition and assumed the same stance with their eyes 
closed for EC condition. Participants completed one prac-
tice trial for each condition before three ten second trials 
were collected for data analysis. Trials were discarded and 
recollected if the participant’s non-stance limb touched the 
stance limb or the ground around the force plate, or if there 
was any movement of the foot of the stance limb relative to 
the force plate. This protocol has been previously described 
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and found to be reliable.29–33 Following data reduction, pri-
mary variables included standard deviation of the ground 
reaction forces across the ten seconds of data collection in 
the anterior-posterior (AP), medial-lateral (ML), and verti-
cal (V) directions32 along with a combined value for both EO 
and EC. 

Dynamic postural stability was calculated during a sin-
gle-leg landing. Participants were instructed to jump for-
ward off two feet over a 30.5 cm hurdle and land on foot on a 
force plate located at a distance of 40% of their height. Indi-
viduals were asked to stick the landing and hold the stance 
for at least five seconds. Participants completed a minimum 
of one practice trial on each foot, and then three trials land-
ing on each foot were collected for data analysis. Trials were 
discarded and recollected if the participant’s non-stance 
limb touched the stance limb or the ground around the force 
plate, or if there was any movement of the foot of the stance 
limb relative to the force plate after sticking the landing. 
This method was performed as previously described.32,34,35 

The variables analyzed following data reduction were an in-
dex of resultant ground reaction force based on each of the 
three force directions (AP, ML, and V) along with the calcu-
lated dynamic postural stability index (DPSI) shown in Fig-
ure 1. 

Knee flexion and extension strength were assessed with 
an isokinetic dynamometer concentrically at 60° per sec-
ond. Testing was performed with the participant in a seated 
position with torso straps and a thigh strap (for the tested 
lower extremity) in place in order to reduce accessory mo-
tion and isolate knee flexion and extension performance. 
Range of motion limits were set for knee flexion and ex-
tension with maximum flexion measured at 90 degrees and 
maximum extension measured at zero degrees. On each 
limb, participants performed three practice trials of knee 
flexion and extension at 50% of their maximum strength, 
followed by three practice trials at maximum strength. Fol-
lowing one minute of rest, participants proceeded with five 
consecutive repetitions of flexion and extension at max-
imum strength. Reliability of the knee protocol has been 
previously established and determined to be excellent.29 

Variables calculated included knee flexion average peak 
torque normalized to body weight and knee extension aver-
age peak torque normalized to body weight. 

A handheld dynamometer was used to assess isometric 
knee flexion and extension strength along with hip abduc-
tion strength. For knee flexion, participants were tested in 
the prone position on an exam table with their knee in 
30-45° of flexion. The participant then flexed the knee to 
full flexion strength while the examiner resisted the partici-
pant’s flexion using a handheld dynamometer placed on the 
distal one-third of the calf. For knee extension, participants 
sat on the edge of the exam table with their legs hanging off 
in 30-45° of flexion. With the dynamometer secured using 
a gait belt on the distal one-third of the tibia, participants 
extended the knee to maximum strength. For hip abduc-
tion, the participants were tested in the side-lying position 
on the examination table and the dynamometer was placed 
on the distal one-third of the lateral side of the upper leg 
while the knee was kept fully extended as the participant 
abducted the hip to full strength. Each trial with the hand-
held dynamometer was repeated three times on each limb, 

Figure 1. Calculation of the DPSI. 

with the average of the three trials used for data analysis. 
Handheld dynamometry has been previously described and 
validated for reliability.36–40 

Kinematic and kinetic analysis of a single-leg stop-jump 
(SLSJ) task was performed bilaterally. Retroreflective mark-
ers were placed on specific anatomic landmarks of the lower 
body Plug-in Gait marker set (bilateral anterior-superior il-
iac spine, posterior-superior iliac spine, iliac crest, lateral 
thigh, lateral femoral epicondyle, lateral mid-tibia, poste-
rior superior calcaneus, lateral malleolus, and first 
metatarsal).41 All tasks were completed in the participant’s 
own athletic footwear or footwear was provided by the lab 
if necessary. The SLSJ task was performed with participants 
standing 40% of their height from the force plate. Partici-
pants were instructed to jump forward off of two legs onto 
a force platform landing on the instructed limb on a single 
force plate, and immediately perform a maximum vertical 
jump. The task was completed three times for each leg. Tri-
als were repeated if the participant did not land completely 
on the platform, paused between landing and vertical jump, 
or did not perform a vertical jump. This method has been 
previously described in the literature.42 

DATA REDUCTION 

Following data collection, a custom MATLAB (MathWorks, 
v7.0.4, Natick, MA) script file was used to filter and process 
the static postural stability data. A low-pass Butterworth 
filter was used to filter the data with a cutoff frequency of 
20 Hz. Three successful trials were averaged for each lower 
extremity. All ground reaction forces from successful trials 
were normalized to body weight. The standard deviation of 
the ground reaction forces was calculated in three direc-
tions (AP, ML, V). A combined value for both EO and EC was 
calculated by taking the square root of the sum of squares 
of the three primary variables. 

The DPSI was calculated to quantify dynamic postural 
stability in each participant. Three successful trials of the 
dynamic postural stability task were averaged for data 
analysis. A stability index was created for each anatomical 
direction in addition to a composite score of all three direc-
tions. The first three seconds following initial contact was 
used for calculation. Initial contact was defined as the point 
where the vertical ground reaction force exceeded 5% of the 
participants’ body weight. Following data collection, a cus-
tom MATLAB script filtered and processed the data. A low-
pass Butterworth filter was used to filter the data with a cut-
off frequency of 20 Hz. 

Lower extremity kinematic and kinetic data calculated 
using Nexus Software (version 1.8.5: Vicon Motion Systems) 
according to the Plug-In Gait (version 1.9: Vicon Motion 
Systems) biomechanical model. This is the Vicon version of 
the conventional gait model and is based on the Newing-
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Table 1. Participant Demographics. 

Age (years) Height (cm) Weight (kg) 

Mean SD Mean SD Mean SD 

Male n=10 21.6 7.1 179.0 8.0 76.9 10.7 

Female n=8 20.0 5.6 165.9 7.4 76.3 25.8 

Total n=18 20.8 6.3 173.2 10.1 76.6 18.3 

ton-Helen Hayes gait model.41 Raw marker trajectory data 
were filtered using a Woltring filter routine. Ground reac-
tion force data were not filtered to avoid producing errors in 
peak GRFs, joint moments, and joint force calculations. Us-
ing an anatomic reference system, the Plug-In Gait model 
uses relative Euler rotation angles and inverse dynamics to 
calculate joint kinematic and kinetic measurements. A cus-
tom MATLAB script (version R2014a; The MathWorks Inc, 
Natick, MA) was used to identify joint angles and forces at 
initial contact as well as maximum values during landing. 
The values of maximum knee flexion angle, knee flexion 
angle at initial contact, maximum knee valgus angle, and 
maximum vertical force were averaged across three success-
ful trials and used for statistical analysis. 

DATA ANALYSIS 

The means, medians, and standard deviations were calcu-
lated for all variables for each sex. The data for each variable 
was assessed for normality utilizing the Shapiro-Wilk test. 
Comparisons between sexes were made utilizing indepen-
dent sample t-tests or their non-parametric equivalent 
(Mann-Whitney U test) depending on the results of the 
Shapiro-Wilk test. Significance was set at p < 0.05 a priori. 
We used SPSS (version 24; IBM Corp, Armonk, NY) for all 
statistical analysis. 

RESULTS 

A total of ten male and eight female athletes who had un-
dergone primary unilateral ACLR were enrolled. Demo-
graphic information for the entire group and for males and 
females is presented in Table 1. At the time of testing males 
averaged 10.4 months post-op and females 10.0. 

The means, medians, and standard deviations for all 
variables are presented based on sex in Table 2(ACLR Leg) 
and Table 3(Healthy Leg). Significant differences are noted 
by grey shading. In the ACLR leg, males had significantly 
greater knee strength for isokinetic flexion (IKKF) and ex-
tension (IKKE) as well as isometric flexion (IMKF) and ex-
tension (IMKE) compared to females. In the SLSJ task, fe-
males had a significantly greater valgus angle at initial 
contact (KVAIC) (valgus = + direction). Male mean initial 
knee contact angle was 4.44 degrees varus and female 0.59 
degrees valgus. Males had a greater maximum vertical force 
(MVF) after normalization to body weight compared to fe-
males. All other comparisons of the ACLR leg were not in-
significant. 

In the healthy leg, males had significantly greater knee 
strength for isokinetic flexion and extension, as well as iso-
metric flexion and extension compared to females. In the 

SLSJ task, females had a significantly greater valgus angle 
at initial contact compared to males. Male mean initial knee 
contact angle was 2.1 degrees varus and female 2.4 degrees 
valgus. All other male to female comparisons for the 
healthy leg were not significant. 

DISCUSSION 

Second ACL injury continues to be a problem in the ACL re-
construction population. While there has been some explo-
ration of risk factors that contribute to second ACL injury, 
further exploration into sex differences as a potential risk 
factor could provide valuable information to support sex-
specific injury rehabilitation programs for the prevention of 
second ACL injury. The hypothesis that there would be sex-
specific differences in potential risk factors for second ACL 
injury was explored by testing postural stability, strength, 
and stop-jump biomechanics at the time of clearance for 
RTS. There were significant differences between male and 
females in isometric knee strength, isokinetic knee 
strength, and knee valgus angle at initial contact in a stop-
jump task in both the ACLR and healthy leg. There was also 
a significant difference in the ACLR leg for maximum verti-
cal ground reaction force in a stop-jump task. These results 
illuminate sex-specific differences in potential risk factors 
that may contribute to ACL injury in the male and female 
ACLR populations. These differences may provide specific 
evidence to support how physical therapy programs for this 
population may need to be adjusted based on the sex of the 
individual. 

As expected, females were found to have lower knee 
strength in both isokinetic and isometric flexion and ex-
tension in both the ACLR and healthy leg. The lower knee 
strength in females at RTS is consistent with the lower knee 
strength in female athletes prior to ACL injury.43,44 Al-
though not studied in this investigation, lower knee 
strength of both the extensor and flexor muscle groups may 
contribute to increased difficulty in successful RTS or po-
tential for second ACL injury. 

Females were found to have a greater valgus knee initial 
contact angle compared to males in both the ACLR and 
healthy leg. The increased knee valgus angle in females is 
consistent with male to female differences prior to ACL in-
jury.45–47 Even though a significant difference was found 
between the males and females, this is not likely clinically 
relevant. The means for both groups were close to a neutral 
(safe) position in both the ACLR and healthy legs for both 
sexes. The largest mean valgus knee initial contact angle 
of 2.4° found in the female healthy leg group is still near 
neutral. The minimally increased valgus angle is unlikely to 
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Table 2. ACLR Leg Statistical Data. 

Male Female 
p-

Value 

Mean Median SD Mean Median SD  

Height(cm) 178.97 176.45 8.02 165.88 165.30 7.38 0.003 

Weight(kg) 76.89 75.40 10.74 76.33 70.57 25.82 0.951 

Age at Time of Testing (years) 21.58 18.95 7.09 19.95 18.20 5.58 0.534* 

Eyes Open Static Balance Anterior/
Posterior(N) 

2.71 2.63 0.67 2.68 2.50 1.19 0.936 

Eyes Open Static Balance Medial/
Lateral(N) 

3.58 3.33 1.23 3.47 2.89 1.84 0.879 

Eyes Open Static Balance Vertical(N) 5.44 5.89 1.77 5.37 5.37 2.36 0.943 

Eyes Open Static Balance 
Combined(N) 

7.09 7.31 2.13 6.95 6.64 3.18 0.910 

Eyes Closed Static Balance Anterior/
Posterior(N) 

5.45 5.43 1.48 6.26 5.20 4.30 0.582 

Eyes Closed Static Balance Medial/
Lateral(N) 

9.73 8.69 4.07 10.22 8.08 7.67 0.863 

Eyes Closed Static Balance 
Vertical(N) 

12.06 11.25 4.52 13.42 12.18 7.65 0.929* 

Eyes Closed Static Balance 
Combined(N) 

16.50 14.54 6.05 18.09 16.43 11.48 0.859* 

Dynamic Postural Stability Index 
(DPSI)a 0.37 0.36 0.05 0.33 0.33 0.02 0.123 

DPSI Anterior/Posterior 0.14 0.14 0.01 0.14 0.14 0.01 0.546 

DPSI Medial/Lateral 0.03 0.03 0.01 0.03 0.03 0.004 0.520 

DPSI Vertical 0.34 0.33 0.05 0.30 0.30 0.02 0.112 

Isokinetic Knee Extension (Nm/kg) 216.38 220.80 45.56 158.97 138.92 53.95 0.013* 

Isokinetic Knee Flexion (Nm/kg) 141.74 148.20 14.11 78.21 70.02 27.48 0.001 

Isometric Knee Flexion (% Body 
Weight) 

21.11 21.34 6.87 12.50 13.61 5.57 0.013 

Isometric Knee Extension (% Body 
Weight) 

41.10 42.76 7.35 27.32 23.29 10.98 0.016* 

Isometric Hip Abduction (% Body 
Weight) 

18.04 16.85 6.16 14.40 13.15 4.56 0.183 

Knee Flexion at Initial Contact (deg) 18.20 17.60 9.15 16.71 16.81 3.41 0.647 

Max Knee Flexion (deg) 61.57 65.44 9.86 61.24 63.36 7.02 0.942 

Knee Valgus Initial Contact (deg) -4.44 -3.04 4.26 0.59 -0.73 5.32 0.047 

Max Knee Valgus (deg) 3.84 2.02 7.44 4.33 2.54 5.21 0.770* 

Max Vertical Force Normalized to 
Body Weight (%) 

331.80 316.13 85.55 258.63 264.24 27.44 0.027 

* Mann-Whitney U Test used for comparison. 
a Wikstrom 35 created this variable (JATA). Formula in methods section. It is unitless. 
Bolded cells indicate statistically significant differences. 

contribute to the increased risk of contralateral side second 
ACL injury in females.8 Of note, a consistent shift of ap-
proximately 2° in the varus direction was found in both the 
male and female groups when comparing the ACLR leg (2° 
increased varus) to the healthy leg. 

There were no significant differences observed in static 
postural stability testing between sexes in either the ACLR 
leg or the healthy leg. This result did not support the hy-
pothesis which was based on previous research showing fe-
males to have better static postural stability scores.33,48 

Previous research included a similar population of active 
military professionals33 and college level athletes,48 but 
these participants were not at the time of RTS from ACLR. 
There were also no significant differences observed in dy-
namic postural stability testing between males and females 
in either the ACLR leg or the healthy leg. This did not sup-
port the hypothesis that males would have better dynamic 
postural stability based on gender differences observed in 
strength, components of joint stability, and landing bio-
mechanics.48–50 Previous research comparing dynamic pos-
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Table 3. Healthy leg statistical data. 

 Male Female 
P-

Value 

 Mean Median SD Mean Median SD  

Eyes Open Static Balance Anterior/
Posterior (N) 

3.07 2.96 0.87 2.98 2.38 1.59 0.887 

Eyes Open Static Balance Medial/
Lateral(N) 

3.59 3.39 0.90 3.55 3.11 1.72 0.534* 

Eyes Open Static Balance 
Vertical(N) 

5.03 4.58 1.38 5.92 5.21 2.74 0.385 

Eyes Open Static Balance 
Combined(N) 

6.93 6.46 1.74 7.53 6.31 3.56 0.642 

Eyes Closed Static Balance 
Anterior/Posterior(N) 

5.86 5.77 1.59 5.98 5.79 3.21 0.918 

Eyes Closed Static Balance Medial/
Lateral(N) 

9.34 8.70 3.77 10.58 9.20 8.16 0.674 

Eyes Closed Static Balance 
Vertical(N) 

11.36 10.50 4.03 13.22 13.49 7.34 0.503 

Eyes Closed Static Balance 
Combined(N) 

15.90 14.65 5.54 18.08 17.51 11.21 0.595 

Dynamic Postural Stability Index 
(DPSI)a 0.375 0.377 0.043 0.345 0.328 0.057 0.234 

DPSI Anterior/Posterior 0.14 0.14 0.01 0.14 0.14 0.01 0.338 

DPSI Medial/Lateral 0.04 0.04 0.01 0.03 0.03 0.003 0.243 

DPSI Vert 0.34 0.35 0.05 0.31 0.30 0.06 0.243 

Isokinetic Knee extension 266.68 271.06 45.37 184.81 173.52 39.29 0.001 

Isokinetic Knee Flexion 140.41 146.42 20.35 86.10 73.78 23.48 0.001 

Isometric Knee Flexion (% Body 
Weight) 

25.99 25.97 6.09 16.87 17.12 5.97 0.007 

Isometric Knee Extension (% Body 
Weight) 

46.42 47.38 11.89 28.58 28.05 8.38 0.003 

Isometric Hip Abduction (% Body 
Weight) 

15.99 15.35 4.70 14.89 14.60 3.79 0.598 

Knee Flexion at Initial Contact (deg) 18.16 17.83 6.21 18.47 19.68 3.68 0.909 

Max Knee Flexion (deg) 68.05 66.36 11.29 69.10 70.65 6.76 0.831 

Knee Valgus Initial Contact (deg) -2.10 -1.30 3.94 2.40 3.80 4.54 0.046 

Max Knee Valgus (deg) 4.80 6.28 5.38 4.49 5.20 4.34 0.900 

Max Vertical Force Normalized to 
Body Weight (%) 

349.56 328.51 105.06 271.02 254.83 38.16 0.063 

*Mann-Whitney U Test used for comparison 
a Wikstrom 35 created the DPSI variable (JATA). Formula in methods section. It is unitless. 
Bolded cells indicate statistically significant differences. 

tural stability between sexes in healthy populations has 
been equivocal33,48,51–53 which is consistent with these 
findings of no significant differences at the time of RTS. 

After adjusting for body weight, males showed a statisti-
cally significant greater maximum vertical force when land-
ing in the stop-jump task. This finding was only statistically 
significant in the ACLR leg and may be a potential factor 
increasing the risk of second ACL injury in males. This re-
sult is interesting considering that a recent meta-analysis 
found males to have a higher rate of second ACL injury of 
the ipsilateral graft even though women were found to have 
a higher overall rate of second ACL injury.8 The increased 
vertical force observed in males in the ACLR leg could in-

crease stresses experienced at the knee and be a potential 
risk factor for ipsilateral graft injury potentially contribut-
ing to the differences in injury rates observed. 

There are a few limitations to the study. First, there was 
a small sample size of 18 individuals. This included compar-
isons between the groups of eight females and ten males. 
While significant differences were found, a larger sample 
size could increase the power of the study and strength of 
the results. Second, postural stability trials during which 
participants failed to complete the task (for example step-
ping off of the force plate) were not counted. The number of 
failed trials per participant may provide additional insight 
into that participant’s static balance performance. Third, 
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this study did not take into account the specific rehabilita-
tion that each participant went through prior to clearance 
for RTS. Further research could focus on the effect of phys-
ical therapy rehabilitation programs after ACLR on biome-
chanical and neuromuscular risk factors for second ACL in-
jury. 

CONCLUSIONS 

The results of the current study indicate a significantly 
lower knee strength in both the ACLR and healthy leg in fe-
males as well as a significantly greater maximum vertical 
force in the ACLR leg in males when landing in a stop-jump 
task. These findings of sex differences in potential risk fac-
tors between males and females could contribute to the cur-
rent preliminary data8,27,28 regarding differences in second 
ACL injury rates based on sex. Given these findings, it may 
be important to individualize rehabilitation programs based 
on the sex of the individual. Examples of modifications or 

changes to physical therapy programs could include an in-
crease in the volume, frequency, or length of training of the 
specific difference observed. Given the decreased hamstring 
and quadricep strength found in females, a greater empha-
sis on hamstring and quadricep strengthening exercises for 
females may be warranted. Given the data showing males 
landing with a proportionally greater ground reaction force, 
rehabilitation programs emphasizing landing techniques to 
decrease the maximum vertical force in males may also be 
warranted. 

CONFLICT OF INTEREST STATEMENT 

The authors report no conflicts of interest. 

Submitted: October 13, 2021 CDT, Accepted: January 23, 2022 

CDT 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre-

ativecommons.org/licenses/by-nc/4.0/legalcode for more information. 

Females have Lower Knee Strength and Vertical Ground Reaction Forces During Landing than Males Following Anterior Cruciate...

International Journal of Sports Physical Therapy



REFERENCES 

1. Sanders TL, Maradit Kremers H, Bryan AJ, et al. 
Incidence of anterior cruciate ligament tears and 
reconstruction: a 21-year population-based study. Am 
J Sports Med. 2016;44(6):1502-1507. doi:10.1177/0363
546516629944 

2. Nagelli CV, Hewett TE. Should return to sport be 
delayed until 2 years after anterior cruciate ligament 
reconstruction? Biological and functional 
considerations. Sports Med. 2017;47(2):221-232. doi:1
0.1007/s40279-016-0584-z 

3. Salmon L, Russell V, Musgrove T, Pinczewski L, 
Refshauge K. Incidence and risk factors for graft 
rupture and contralateral rupture after anterior 
cruciate ligament reconstruction. Arthroscopy. 
2005;21(8):948-957. doi:10.1016/j.arthro.2005.04.110 

4. Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, 
Webster KE, Myer GD. Risk of secondary injury in 
younger athletes after anterior cruciate ligament 
reconstruction: a systematic review and meta-
analysis. Am J Sports Med. 2016;44(7):1861-1876. 

5. Hui C, Salmon LJ, Kok A, Maeno S, Linklater J, 
Pinczewski LA. Fifteen-year outcome of endoscopic 
anterior cruciate ligament reconstruction with 
patellar tendon autograft for “isolated” anterior 
cruciate ligament tear. Am J Sports Med. 
2011;39(1):89-98. doi:10.1177/0363546510379975 

6. Bourke HE, Gordon DJ, Salmon LJ, Waller A, 
Linklater J, Pinczewski LA. The outcome at 15 years of 
endoscopic anterior cruciate ligament reconstruction 
using hamstring tendon autograft for “isolated” 
anterior cruciate ligament rupture. J Bone Joint Surg 
Br. 2012;94(5):630-637. doi:10.1302/0301-620x.94b
5.28675 

7. Reid D, Leigh W, Wilkins S, Willis R, Twaddle B, 
Walsh S. A 10-year retrospective review of functional 
outcomes of adolescent anterior cruciate ligament 
reconstruction. J Pediatr Orthop. 2017;37(2):133-137. 
doi:10.1097/bpo.0000000000000594 

8. Nawasreh Z, Adams G, Pryzbylkowski O, Logerstedt 
D. Influence of patient demographics and graft types 
on acl second injury rates in ipsilateral versus 
contralateral knees: a systematic review and meta-
analysis]. Int J Sports Phys Ther. 2018;13(4):561-574. 

9. Grindem H, Snyder-Mackler L, Moksnes H, 
Engebretsen L, Risberg MA. Simple decision rules can 
reduce reinjury risk by 84% after ACL reconstruction: 
the Delaware-Oslo ACL cohort study. Br J Sports Med. 
2016;50(13):804-808. doi:10.1136/bjsports-2016-0960
31 

10. McPherson AL, Feller JA, Hewett TE, Webster KE. 
Psychological readiness to return to sport is 
associated with second anterior cruciate ligament 
injuries. Am J Sports Med. 2019;47(4):857-862. doi:1
0.1177/0363546518825258 

11. Kyritsis P, Bahr R, Landreau P, Miladi R, Witvrouw 
E. Likelihood of ACL graft rupture: not meeting six 
clinical discharge criteria before return to sport is 
associated with a four times greater risk of rupture. Br 
J Sports Med. 2016;50(15):946-951. doi:10.1136/bjspor
ts-2015-095908 

12. Hewett TE, Ford KR, Myer GD. Anterior cruciate 
ligament injuries in female athletes: part 2, a meta-
analysis of neuromuscular interventions aimed at 
injury prevention. Am J Sports Med. 
2006;34(3):490-498. doi:10.1177/0363546505282619 

13. Hewett TE, Lindenfeld TN, Riccobene JV, Noyes 
FR. The effect of neuromuscular training on the 
incidence of knee injury in female athletes. A 
prospective study. Am J Sports Med. 
1999;27(6):699-706. doi:10.1177/03635465990270060
301 

14. Alentorn-Geli E, Mendiguchia J, Samuelsson K, et 
al. Prevention of non-contact anterior cruciate 
ligament injuries in sports. Part II: systematic review 
of the effectiveness of prevention programmes in 
male athletes. Knee Surg Sports Traumatol Arthrosc. 
2014;22(1):16-25. doi:10.1007/s00167-013-2739-x 

15. Yoo JH, Lim BO, Ha M, et al. A meta-analysis of 
the effect of neuromuscular training on the 
prevention of the anterior cruciate ligament injury in 
female athletes. Knee Surg Sports Traumatol Arthrosc. 
2010;18(6):824-830. doi:10.1007/s00167-009-0901-2 

16. Donnell-Fink LA, Klara K, Collins JE, et al. 
Effectiveness of knee injury and anterior cruciate 
ligament tear prevention programs: a meta-analysis. 
PLoS One. 2015;10(12):e0144063. doi:10.1371/journa
l.pone.0144063 

17. Petushek EJ, Sugimoto D, Stoolmiller M, Smith G, 
Myer GD. Evidence-based best-practice guidelines for 
preventing anterior cruciate ligament injuries in 
young female athletes: a systematic review and meta-
analysis. Am J Sports Med. 2019;47(7):1744-1753. do
i:10.1177/0363546518782460 

18. Agel J, Rockwood T, Klossner D. Collegiate ACL 
injury rates across 15 sports: National collegiate 
athletic association injury surveillance system data 
update (2004-2005 Through 2012-2013). Clin J Sport 
Med. 2016;26(6):518-523. doi:10.1097/jsm.000000000
0000290 

Females have Lower Knee Strength and Vertical Ground Reaction Forces During Landing than Males Following Anterior Cruciate...

International Journal of Sports Physical Therapy

https://doi.org/10.1177/0363546516629944
https://doi.org/10.1177/0363546516629944
https://doi.org/10.1007/s40279-016-0584-z
https://doi.org/10.1007/s40279-016-0584-z
https://doi.org/10.1016/j.arthro.2005.04.110
https://doi.org/10.1177/0363546510379975
https://doi.org/10.1302/0301-620x.94b5.28675
https://doi.org/10.1302/0301-620x.94b5.28675
https://doi.org/10.1097/bpo.0000000000000594
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.1177/0363546518825258
https://doi.org/10.1177/0363546518825258
https://doi.org/10.1136/bjsports-2015-095908
https://doi.org/10.1136/bjsports-2015-095908
https://doi.org/10.1177/0363546505282619
https://doi.org/10.1177/03635465990270060301
https://doi.org/10.1177/03635465990270060301
https://doi.org/10.1007/s00167-013-2739-x
https://doi.org/10.1007/s00167-009-0901-2
https://doi.org/10.1371/journal.pone.0144063
https://doi.org/10.1371/journal.pone.0144063
https://doi.org/10.1177/0363546518782460
https://doi.org/10.1177/0363546518782460
https://doi.org/10.1097/jsm.0000000000000290
https://doi.org/10.1097/jsm.0000000000000290


19. Huston LJ, Greenfield ML, Wojtys EM. Anterior 
cruciate ligament injuries in the female athlete. 
Potential risk factors. Clin Orthop Relat Res. 
2000;(372):50-63. doi:10.1097/00003086-20000300
0-00007 

20. Hewett TE, Myer GD, Ford KR. Anterior cruciate 
ligament injuries in female athletes: part 1, 
mechanisms and risk factors. Am J Sports Med. 
2006;34(2):299-311. doi:10.1177/0363546505284183 

21. Sutton KM, Bullock JM. Anterior cruciate ligament 
rupture: differences between males and females. J Am 
Acad Orthop Surg. 2013;21(1):41-50. doi:10.5435/jaao
s-21-01-41 

22. Dai B, Herman D, Liu H, Garrett WE, Yu B. 
Prevention of ACL injury, part I: injury 
characteristics, risk factors, and loading mechanism. 
Res Sports Med. 2012;20(3-4):180-197. doi:10.1080/15
438627.2012.680990 

23. Laible C, Sherman OH. Risk factors and 
prevention strategies of non-contact anterior cruciate 
ligament injuries. Bull Hosp Joint Disease. 
2014;72(1):70-75. 

24. Benjaminse A, Gokeler A, Fleisig GS, Sell TC, 
Otten B. What is the true evidence for gender-related 
differences during plant and cut maneuvers? A 
systematic review. Knee Surg Sports Traumatol 
Arthrosc. 2011;19(1):42-54. doi:10.1007/s00167-010-1
233-y 

25. Holden S, Boreham C, Delahunt E. Sex differences 
in landing biomechanics and postural stability during 
adolescence: a systematic review with meta-analyses. 
Sports Med. 2016;46(2):241-253. doi:10.1007/s4027
9-015-0416-6 

26. Alentorn-Geli E, Myer GD, Silvers HJ, et al. 
Prevention of non-contact anterior cruciate ligament 
injuries in soccer players. Part 1: Mechanisms of 
injury and underlying risk factors. Knee Surg Sports 
Traumatol Arthrosc. 2009;17(7):705-729. doi:10.1007/
s00167-009-0813-1 

27. Tan SH, Lau BP, Khin LW, Lingaraj K. The 
importance of patient sex in the outcomes of anterior 
cruciate ligament reconstructions: a systematic 
review and meta-analysis. Am J Sports Med. 
2016;44(1):242-254. doi:10.1177/0363546515573008 

28. Ryan J, Magnussen RA, Cox CL, Hurbanek JG, 
Flanigan DC, Kaeding CC. ACL reconstruction: do 
outcomes differ by sex? A systematic review. J Bone 
Joint Surg Am. 2014;96(6):507-512. doi:10.2106/jbj
s.M.00299 

29. Abt JP, Sell TC, Laudner KG, et al. Neuromuscular 
and biomechanical characteristics do not vary across 
the menstrual cycle. Knee Surg Sports Traumatol 
Arthrosc. 2007;15(7):901-907. doi:10.1007/s00167-00
7-0302-3 

30. Goldie PA, Bach TM, Evans OM. Force platform 
measures for evaluating postural control: reliability 
and validity. Arch Phys Med Rehabil. 
1989;70(7):510-517. 

31. Goldie PA, Evans OM, Bach TM. Steadiness in 
one-legged stance: development of a reliable force-
platform testing procedure. Arch Phys Med Rehabil. 
1992;73(4):348-354. doi:10.1016/0003-9993(92)9000
8-k 

32. Sell TC. An examination, correlation, and 
comparison of static and dynamic measures of 
postural stability in healthy, physically active adults. 
Phys Ther Sport. 2012;13(2):80-86. doi:10.1016/j.pts
p.2011.06.006 

33. Sell TC, Lovalekar MT, Nagai T, Wirt MD, Abt JP, 
Lephart SM. Gender differences in static and dynamic 
postural stability of soldiers in the army’s 101st 
airborne division (Air Assault). J Sport Rehabil. 
2018;27(2):126-131. doi:10.1123/jsr.2016-0131 

34. Rosso F, Bonasia DE, Cottino U, Cambursano S, 
Dettoni F, Rossi R. Factors affecting subjective and 
objective outcomes and return to play in anterior 
cruciate ligament reconstruction: a retrospective 
cohort study. Joints. 2018;6(1):23-32. doi:10.1055/s-0
038-1636931 

35. Wikstrom EA, Tillman MD, Smith AN, Borsa PA. A 
new force-plate technology measure of dynamic 
postural stability: the dynamic postural stability 
index. J Athl Train. 2005;40(4):305-309. 

36. Jackson SM, Cheng MS, Smith AR Jr, Kolber MJ. 
Intrarater reliability of hand held dynamometry in 
measuring lower extremity isometric strength using a 
portable stabilization device. Musculoskel Sci Pract. 
2017;27:137-141. doi:10.1016/j.math.2016.07.010 

37. Mentiplay BF, Perraton LG, Bower KJ, et al. 
Assessment of lower limb muscle strength and power 
using hand-held and fixed dynamometry: a reliability 
and validity study. PLoS One. 2015;10(10):e0140822. d
oi:10.1371/journal.pone.0140822 

38. Hebert LJ, Maltais DB, Lepage C, Saulnier J, Crete 
M, Perron M. Isometric muscle strength in youth 
assessed by hand-held dynamometry: a feasibility, 
reliability, and validity study. Pediatr Phys Ther. 
2011;23(3):289-299. doi:10.1097/PEP.0b013e318227cc
ff 

Females have Lower Knee Strength and Vertical Ground Reaction Forces During Landing than Males Following Anterior Cruciate...

International Journal of Sports Physical Therapy

https://doi.org/10.1097/00003086-200003000-00007
https://doi.org/10.1097/00003086-200003000-00007
https://doi.org/10.1177/0363546505284183
https://doi.org/10.5435/jaaos-21-01-41
https://doi.org/10.5435/jaaos-21-01-41
https://doi.org/10.1080/15438627.2012.680990
https://doi.org/10.1080/15438627.2012.680990
https://doi.org/10.1007/s00167-010-1233-y
https://doi.org/10.1007/s00167-010-1233-y
https://doi.org/10.1007/s40279-015-0416-6
https://doi.org/10.1007/s40279-015-0416-6
https://doi.org/10.1007/s00167-009-0813-1
https://doi.org/10.1007/s00167-009-0813-1
https://doi.org/10.1177/0363546515573008
https://doi.org/10.2106/jbjs.M.00299
https://doi.org/10.2106/jbjs.M.00299
https://doi.org/10.1007/s00167-007-0302-3
https://doi.org/10.1007/s00167-007-0302-3
https://doi.org/10.1016/0003-9993(92)90008-k
https://doi.org/10.1016/0003-9993(92)90008-k
https://doi.org/10.1016/j.ptsp.2011.06.006
https://doi.org/10.1016/j.ptsp.2011.06.006
https://doi.org/10.1123/jsr.2016-0131
https://doi.org/10.1055/s-0038-1636931
https://doi.org/10.1055/s-0038-1636931
https://doi.org/10.1016/j.math.2016.07.010
https://doi.org/10.1371/journal.pone.0140822
https://doi.org/10.1371/journal.pone.0140822
https://doi.org/10.1097/PEP.0b013e318227ccff
https://doi.org/10.1097/PEP.0b013e318227ccff


39. McCann RS, Bolding BA, Terada M, Kosik KB, 
Crossett ID, Gribble PA. Isometric hip strength and 
dynamic stability of individuals with chronic ankle 
instability. J Athl Train. 2018;53(7):672-678. doi:10.40
85/1062-6050-238-17 

40. Thorborg K, Petersen J, Magnusson SP, Holmich P. 
Clinical assessment of hip strength using a hand-held 
dynamometer is reliable. Scand J Med Sci Sports. 
2010;20(3):493-501. doi:10.1111/j.1600-0838.2009.00
958.x 

41. Kadaba MP, Ramakrishnan HK, Wootten ME. 
Measurement of lower extremity kinematics during 
level walking. J Orthop Res. 1990;8(3):383-392. doi:1
0.1002/jor.1100080310 

42. Heebner NR, Rafferty DM, Wohleber MF, et al. 
Landing kinematics and kinetics at the knee during 
different landing tasks. J Athl Train. 
2017;52(12):1101-1108. doi:10.4085/1062-6050-52.1
1.25 

43. Anderson AF, Dome DC, Gautam S, Awh MH, 
Rennirt GW. Correlation of anthropometric 
measurements, strength, anterior cruciate ligament 
size, and intercondylar notch characteristics to sex 
differences in anterior cruciate ligament tear rates. 
Am J Sports Med. 2001;29(1):58-66. doi:10.1177/03635
465010290011501 

44. Buchanan PA, Vardaxis VG. Sex-related and age-
related differences in knee strength of basketball 
players ages 11-17 years. J Athl Train. 
2003;38(3):231-237. 

45. 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. doi:10.1249/01.Mss.00000893
46.85744.D9 

46. Russell KA, Palmieri RM, Zinder SM, Ingersoll CD. 
Sex differences in valgus knee angle during a single-
leg drop jump. J Athl Train. 2006;41(2):166-171. 

47. Yu B, McClure SB, Onate JA, Guskiewicz KM, 
Kirkendall DT, Garrett WE. Age and gender effects on 
lower extremity kinematics of youth soccer players in 
a stop-jump task. Am J Sports Med. 
2005;33(9):1356-1364. doi:10.1177/036354650427304
9 

48. Rozzi SL, Lephart SM, Gear WS, Fu FH. Knee joint 
laxity and neuromuscular characteristics of male and 
female soccer and basketball players. Am J Sports Med. 
1999;27(3):312-319. doi:10.1177/03635465990270030
801 

49. Lephart SM, Ferris CM, Riemann BL, Myers JB, Fu 
FH. Gender differences in strength and lower 
extremity kinematics during landing. Clin Orthop 
Relat Res. 2002;(401):162-169. doi:10.1097/0000308
6-200208000-00019 

50. Sell TC, Abt JP, Crawford K, et al. Warrior model 
for human performance and injury prevention: eagle 
tactical athlete program (ETAP) Part I. J Spec Oper 
Med. 2010;10(4):2-21. 

51. Teyhen DS, Riebel MA, McArthur DR, et al. 
Normative data and the influence of age and gender 
on power, balance, flexibility, and functional 
movement in healthy service members. Mil Med. 
2014;179(4):413-420. doi:10.7205/milmed-d-13-0036
2 

52. Wikstrom EA, Tillman MD, Kline KJ, Borsa PA. 
Gender and limb differences in dynamic postural 
stability during landing. Clin J Sport Med. 
2006;16(4):311-315. doi:10.1097/00042752-20060700
0-00005 

53. Gorman PP, Butler RJ, Rauh MJ, Kiesel K, Plisky PJ. 
Differences in dynamic balance scores in one sport 
versus multiple sport high school athletes. Int J Sports 
Phys Ther. 2012;7(2):148-153. 

Females have Lower Knee Strength and Vertical Ground Reaction Forces During Landing than Males Following Anterior Cruciate...

International Journal of Sports Physical Therapy

https://doi.org/10.4085/1062-6050-238-17
https://doi.org/10.4085/1062-6050-238-17
https://doi.org/10.1111/j.1600-0838.2009.00958.x
https://doi.org/10.1111/j.1600-0838.2009.00958.x
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.4085/1062-6050-52.11.25
https://doi.org/10.4085/1062-6050-52.11.25
https://doi.org/10.1177/03635465010290011501
https://doi.org/10.1177/03635465010290011501
https://doi.org/10.1249/01.Mss.0000089346.85744.D9
https://doi.org/10.1249/01.Mss.0000089346.85744.D9
https://doi.org/10.1177/0363546504273049
https://doi.org/10.1177/0363546504273049
https://doi.org/10.1177/03635465990270030801
https://doi.org/10.1177/03635465990270030801
https://doi.org/10.1097/00003086-200208000-00019
https://doi.org/10.1097/00003086-200208000-00019
https://doi.org/10.7205/milmed-d-13-00362
https://doi.org/10.7205/milmed-d-13-00362
https://doi.org/10.1097/00042752-200607000-00005
https://doi.org/10.1097/00042752-200607000-00005

	Purpose
	Methods
	Results
	Conclusions
	Level of Evidence
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Instrumentation
	Data Collection
	Data Reduction
	Data Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	Conflict of Interest Statement

	References

