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Context: Athletes with a history of concussion are at a
greater risk for lower extremity musculoskeletal injury. Female
athletes may be at an even greater risk than male athletes. Previ-
ous researchers on postconcussion landing biomechanics have
focused on the lower extremities, but the trunk plays a crucial role
as an injury risk factor.

Objective: To compare lower extremity and trunk biome-
chanics during jump-landing and cutting maneuvers between
female athletes with and those without a concussion history.

Design: Cross-sectional study.
Setting: Biomechanics laboratory.
Patients or Other Participants: A total of 26 athletes (mean 6

SD age ¼ 19.0 6 1.3 years, height ¼ 1.68 6 0.07 m, mass ¼
64.02 6 6.76 kg, body mass index ¼ 22.58 6 1.97 kg/m2; median
[interquartile range] time since most recent concussion ¼ 37.5
months [25.0 months, 65.8 months]) with a concussion history
and 38 athletes (age ¼ 19.0 6 1.1 years, height ¼ 1.71 6 0.08 m,
mass ¼ 64.72 6 9.45 kg, body mass index ¼ 22.14 6 1.80 kg/m2)
without a concussion history.

Main Outcome Measure(s): Peak kinetics (vertical ground
reaction force, vertical loading rate, external knee-abduction
moment, and external knee-flexion moment) and kinematics
(trunk-flexion angle, trunk lateral-bending angle, ankle-dorsiflexion

angle, knee-flexion angle, knee-abduction angle, and hip-flexion
angle) were obtained during the eccentric portion of jump-landing
and cutting tasks. Separate 2 (group) 3 2 (limb) between- and
within-factors analyses of covariance were used to compare
outcomes between groups. We covaried for time since the most
recent concussion and the limb that had a history of musculoskel-
etal injury.

Results: Athletes with a concussion history displayed a
greater peak knee-abduction angle in their nondominant
limb than their dominant limb (P ¼ .01, hp

2 ¼ 0.107) and the non-
dominant limb of athletes without a concussion history (P ¼ .02,
hp

2 ¼ 0.083) during jump landing. They also had less trunk lateral
bending during cutting compared with athletes without a concus-
sion history (P ¼ .005, hp

2 ¼ 0.126).
Conclusions: Our results indicated landing biomechanics

are different between female athletes with and those without a
concussion history. This finding may be due to impairments in neu-
romuscular control postconcussion that may ultimately increase the
risk of subsequent lower extremity injury, although further research
is warranted given the cross-sectional nature of our study.

Key Words: mild traumatic brain injury, sports medicine,
jump landing, cut, drop landing

Key Points

• Athletes with a concussion history displayed greater knee-abduction angle in their nondominant than dominant limb
during jump landing.

• The knee-abduction angle in the nondominant limb was greater in athletes with than those without a concussion
history during a jump landing.

• Athletes with a concussion history displayed less trunk lateral bending toward the planted limb during cutting compared
with athletes without a concussion history.

I n collegiate athletics, concussions account for 6.2% of all
reported injuries.1 Female athletes experience higher
concussion rates compared with male athletes in sex-

comparable sports.2 For example, collegiate women’s soccer
and basketball have a 56% and 61% higher concussion rate,
respectively, than men’s soccer and basketball.2 Concussions
also cause a myriad of symptoms, such as a slower reaction
time, headaches, neck pain, and difficulty concentrating.3

Female athletes experience these symptoms with greater severity
and for a longer time compared with male athletes.4

Beyond symptom-based concussion concerns, researchers
recently have found a 2 to 4 times greater risk for lower

extremity musculoskeletal injury (MSKI) postconcussion.5

The increased risk for MSKI postconcussion has been found
across sport levels and different populations, such as military
personnel.5 Female athletes may also be more likely to sustain
a lower extremity MSKI postconcussion than male athletes.6

For instance, female athletes with a concussion history had
1.88 to 2.54 greater odds of sustaining an ankle sprain or knee
injury compared with female athletes without a concussion
history; this increased risk was not present among male ath-
letes.6 Impaired neuromuscular control has been hypothesized
to be a potential reason for this increased risk in MSKI.7 Con-
cussions may lead to altered neuromuscular control through
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changes in motor planning, cortical excitability, dual-task
capabilities, and muscle activation.7,8 For example, cortical
excitability, as measured with transcranial magnetic stimu-
lation, of the brain region controlling the gluteus maximus is
related to hip-extensor moment and hip-flexion angle during a
single-legged landing.9 Neuromuscular control can be assessed
through dynamic tasks such as jump landing and cutting,
which are predictive of MSKI risk independent of concussion
history.10 In addition, some researchers have explored landing
and cutting mechanics postconcussion, but specific focus on
female athletes is lacking.11,12

Most researchers studying postconcussion 3-dimensional
landing and cutting have focused on lower extremity joints
such as the ankle, knee, and hip.11–13 For instance, Dubose
et al reported that collegiate football players displayed
increased hip and decreased knee stiffness approximately
50 days postconcussion compared with preseason stiffness
values during a single-legged landing.11 Avedesian et al
reported that adolescent athletes with a concussion history
displayed less ankle dorsiflexion during 30- and 60-cm jump-
landing tasks compared with those without a concussion his-
tory.13 In addition, although not statistically different, recrea-
tionally active individuals with a concussion history have
displayed moderate effect sizes for greater vertical ground
reaction force (Cohen d ¼ 0.41) and vertical loading rate
(Cohen d ¼ 0.46) compared with those without a concussion
history during a drop landing.14 However, of all the studies in
which 3-dimensional biomechanics postconcussion were
examined, only 1 study included trunk as an outcome. Specifi-
cally, Lynall et al reported that, at a median of 126 days
(range, 28–432 days) postconcussion, individuals displayed
greater trunk flexion during an anticipated cut on the nondomi-
nant limb compared with matched controls without concus-
sion.12 Trunk biomechanics have been implicated in numerous
injuries, such as anterior cruciate ligament tear.15 A more
thorough understanding of trunk biomechanics postcon-
cussion is warranted, especially among women, who display
worse trunk biomechanics compared with men.16

Asymmetry between limbs is also related to MSKI risk
in populations without concussion.17 A concussion may dif-
ferentially influence dominant and nondominant limbs and
lead to asymmetric whole-body movements. Lynall et al
reported that individuals approximately 126 days postconcus-
sion displayed a longer time to stabilization for their nondomi-
nant limb compared with controls.18 In addition, Wilkerson
et al reported that side-to-side asymmetry values during accel-
eration and reaction-time tasks strongly discriminated between
athletes an average of 4.6 years postconcussion and athletes
without a concussion history.19 Therefore, including dominant
and nondominant limbs in our analysis may elucidate impor-
tant differences between groups and limbs.
The purpose of our study was to compare the kinematics

and kinetics of the lower extremity and the trunk during
jump-landing and cutting tasks between female collegiate
athletes with and those without a concussion history. We
hypothesized that female athletes with a concussion history
would display greater vertical ground reaction force, greater
vertical loading rates, smaller ankle-dorsiflexion angles,
smaller knee-flexion angles, larger knee-abduction angles,
a larger external knee-abduction moment, a larger external
knee-flexion moment, smaller hip-flexion angles, smaller
trunk-flexion angles, and greater trunk lateral bending
compared with athletes without a concussion history. We

expected to see these differences across all tasks based on
previous literature comparing individuals with and those
without a concussion history, previous literature comparing
individuals preconcussion and postconcussion, and the fact
that female athletes tend to have higher risk biomechanics
than male athletes.11–13,20–25

METHODS

This study is part of an ongoing clinical research program in
conjunction with athletics to biomechanically screen incoming
student-athletes before they began their collegiate athletic
careers. All participants provided written informed consent, and
the study protocol was approved by the Institutional Review
Board of the University of Georgia (PROJECT00000876).

Participants

Given that some of our data (concussion history, demo-
graphics) came from the Concussion Assessment, Research
and Education Consortium of the National Collegiate Athletic
Association and US Department of Defense, athletes had to
consent both to the clinical research project study and the Con-
cussion Assessment, Research and Education Consortium to
be included. Athletes were included if they were varsity level
and medically cleared for competition. We did not exclude ath-
letes based on injury history or orthopaedic surgery history, as
is common in stricter biomechanics research.20 The only exclu-
sion criterion was not consenting to participate in the research.
Two participants reported a concussion history but no date
(month or year) and were removed from all analyses. The
final sample (n ¼ 64) included 26 athletes with and 38 ath-
letes without a concussion history.
Concussion history was self-reported and collected using

the Michigan TBI History form.26 Athletes self-reported con-
cussion history as diagnosed or undiagnosed. Three partici-
pants only reported the year of their most recent concussion.
The month of June was used for analyses of these participants.
Injury and orthopaedic surgery histories were also self-reported
by athletes. Injury was defined as a traumatic injury to a
ligament, such as a tear, meniscus damage, or fracture to
the lower extremity. Minor injuries such as sprains, in which
athletes immediately returned to activity, and upper extremity
injuries were not considered in the analysis. Surgery was
defined as any kind of surgery to the lower extremity. Domi-
nant limb was defined as the preferred limb for kicking a soc-
cer ball for distance.

Jump-Landing and Cutting Instructions

A 30-cm-high box was placed a distance half the athletes’
height away from 2 force plates (Bertec). Athletes were
instructed to stand on the box and get into an athletic position
(ie, knees and hips slightly flexed) when the researcher (E.S.
or J.O.) said, “Get set.” A green light was illuminated ran-
domly by a member of the research team (E.S. or J.O.) within
5 seconds of athletes assuming the “get set” position.27 The
illumination of the light was the cue for the athletes to jump
forward, not up, toward the 2 force plates. Athletes were
instructed to react as quickly as possible to the light. For the
jump-landing task, they were required to land with both feet
simultaneously and fully on the 2 force plates (1 foot per
plate) and, immediately on landing, to jump straight up as high
as possible. For the cutting task, athletes were required to land
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on 1 limb, immediately and explosively cut to the opposite
direction at a 458 angle (eg, left limb landing, right-cut direc-
tion), and run through a set of cones. Both tasks were consid-
ered unsuccessful and were repeated if participants jumped
up for height from the box rather than straight forward, they
stepped rather than jumped off the box, or their feet did not
land fully on the force plate(s). All athletes were given at
least 1 practice trial for each task and could practice until
they were comfortable with the task. Three successful jump
landings and cuts off both limbs (6 total cuts, 3 in each direc-
tion) were collected.

Data Processing and Reduction

Retroreflective markers were placed bilaterally on the
acromioclavicular joint, iliac crest, greater trochanter, anterior-
superior iliac spine, medial and lateral femoral epicondyles,
medial and lateral malleoli, calcaneus, fifth metatarsal, and
second metatarsal. A marker was also placed on the sternal
notch. A cluster of noncollinear markers was placed on the
posterior-superior iliac spine and sacral body and placed bilat-
erally on the thigh, shank, and foot. Static calibration markers
were removed before jumping and cutting. Marker position
data were sampled at 240 Hz with an 8-camera (Qualisys
MIQUIS; Qualisys Systems) motion capture system. Force
plate data were sampled at 1200 Hz.
Raw marker position data and force plate data were exported

to Visual 3D (C-Motion Inc) software for analysis. All data
were processed with a fourth-order, low-pass Butterworth filter
at 10 Hz. The anterior- and posterior-superior iliac spines
defined the pelvis, hip joint centers were estimated using the
method of Bell et al, knee-joint centers were estimated using
the midpoint between the medial and lateral femoral epicon-
dyles, and ankle-joint centers were estimated using the mid-
point between the medial and lateral malleoli.28 Euler-Cardan
angles (Y-X-Z rotation sequence) were used to calculate
the hip, knee, and ankle angles. Hip motions were defined
as the thigh relative to the pelvis, knee motions were defined
as the shank relative to the thigh, and ankle motions were
defined as the foot relative to the shank. Trunk motion was
defined relative to the global axis system (Y-X-Z rotation).
Rotation about the y-, x-, and z-axes was flexion-extension,
abduction-adduction (trunk lateral bending), and internal-
external rotation, respectively.
For the jump landing, trunk lateral bending was calculated

as peak bending toward either limb. In other words, the largest
displacement toward (away from straight up-down [08]) either
the dominant or nondominant limb was used in the analysis.
During cutting, the largest value toward the cutting limb (ie,
planted limb) for peak trunk lateral-bending angle was used in
the analysis.
Joint moments were calculated with standard inverse

dynamics and resolved in the proximal segment coordinate
system. Vertical loading rate was calculated as the first deriva-
tive of the vertical ground reaction force slope. Joint moments
were normalized to the product of body weight and height
(BW 3 HT). Vertical ground reaction force and loading rate
were normalized to body weight (3BW).
Peak kinetics (vertical ground reaction force, vertical load-

ing rate, external knee-abduction moment, and external knee-
flexion moment) and kinematics (ankle-dorsiflexion angle,
knee-flexion angle, knee-abduction angle, hip-flexion angle,
trunk-flexion angle, and trunk lateral-bending angle) were

obtained during the eccentric portion of the task (ie, initial
ground contact to peak knee-flexion angle). Initial ground
contact was defined as the point at which vertical ground
reaction force exceeded 10 N. Kinetic and kinematic vari-
ables were averaged across all 3 trials for each task. Limbs
were analyzed separately rather than averaged together, as
previous researchers have shown asymmetries in move-
ment after concussion and different results for each limb
compared with controls.18,19

Statistical Analysis

Demographic information such as age, height, mass, and
body mass index was compared using a series of independent
t tests. The proportions of lower extremity injuries or surgeries
(yes or no), injured or surgical limb (none, both, dominant, or
nondominant), limb dominance (left or right), and sport (soccer,
gymnastics, or volleyball) were compared between groups
(concussion history or no concussion history) using the Fisher
exact test (Table 1).
Separate 2 (group) 3 2 (limb) between-within analyses of

covariance (ANCOVAs) with Bonferroni adjustments were
used to compare jump-landing and cutting biomechanics.
The between factors were athletes with and without a con-
cussion history. The within factors were the dominant and
nondominant limb. The covariates were mean centered time
since the most recent concussion and the limb that had a history
of MSKI (coded as none, both, dominant, or nondominant).12

Mean centering was calculated by subtracting each athlete’s
time since their most recent concussion from the group mean
time since their most recent concussion, then assigning the con-
trol group a value of 0.12 Trunk flexion and lateral bending dur-
ing jump landing were compared using a 1-way ANCOVA as
both limbs contacted the ground simultaneously. Partial h2

(hp
2) effect sizes were interpreted as small (�0.05), medium

(0.06–0.13), and large (�0.14) and reported with 90% CIs.
We chose a 90% CI because hp

2 values cannot be,0 because
F tests are 1-sided; therefore, using a 95% CI may include
zero when the P value is significant, causing confusion.29–31

Covariate adjusted means with 95% CIs and mean differences
with 95% CIs are reported. An a level of .05 was established
a priori. We used IBM SPSS Statistics for Windows (version
28.0; IBM Corp) for analyses.
We performed a sensitivity analysis to confirm that the 3

athletes who reported only the year of their concussion were
not influencing the results. We removed the 3 athletes, recal-
culated the mean centered time since their most recent con-
cussion, and rechecked the ANCOVA results. Our sensitivity
analysis results were the same as the full analysis results.

RESULTS

None of the demographic data were different between
groups (Table 1). Athletes with a concussion history reported
the following injuries and surgeries: 1 lateral meniscus tear, 1
Achilles tendon tear, 1 knee arthroscopic surgery, and 3 ante-
rior cruciate ligament tears. Athletes without a concussion his-
tory reported the following injuries and surgeries: 1 medial
collateral ligament tear, 1 shank fracture, 2 ankle fractures, 6
anterior cruciate ligament tears, 1 meniscus tear, 1 femur
fracture, and 2 unspecified ankle surgeries. A Fisher exact test
revealed no differences in the proportion of injury or surgery
type between groups (P¼ .67). Raw (non–covariate-adjusted),
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time-normalized waveforms are shown in Figures 1 and 2 for
all biomechanics outcomes.

Jump Landing

We observed a group-by-limb interaction for peak knee-
abduction angle (F1,60 ¼ 4.6, P ¼ .04, hp

2 ¼ 0.071 [90%
CI ¼ 0.002, 0.185]). The peak knee-abduction angle in the
nondominant limb was larger in athletes with than those
without a concussion history (mean difference ¼ 4.358; 95%
CI ¼ 0.638, 8.088; P ¼ .02, hp

2 ¼ 0.083 [90% CI ¼ 0.006,
0.201]). Athletes with a concussion history displayed larger
peak knee-abduction angles in their nondominant than domi-
nant limb (mean difference ¼ 4.308; 95% CI ¼ 1.088, 7.518;
P ¼ .01, hp

2 ¼ 0.107 [90% CI ¼ 0.014, 0.229]). No other
interactions were found (P range ¼ .09–.89; Table 2; Supple-
mental Table 1, available online at https://dx.doi.org/10.4085/
1062-6050-0259.23.S1).
No group main effects were observed for any jump-landing

outcomes (P range¼ .14–.77; Table 2; Supplemental Table 1).
We observed a limb main effect for peak vertical ground

reaction force (F1,60 ¼ 4.6, P ¼ .041, hp
2 ¼ 0.068 [90% CI ¼

0.002, 0.185]), peak knee-abduction angle (F1,60 ¼ 4.2, P ¼
.046, hp

2 ¼ 0.065 [90% CI ¼ 0.001, 0.177]), and peak exter-
nal knee-flexion moment (F1,60 ¼ 7.3, P ¼ .009, hp

2 ¼ 0.108
[90% CI ¼ 0.015, 0.231]). However, post hoc analysis
showed no difference between limbs for peak vertical ground
reaction force (mean difference ¼ 0.09 3BW; 95% CI ¼
�0.01, 0.19 3BW; P ¼ .08, hp

2 ¼ 0.052 [90% CI ¼ 0.000,
0.159]). The peak knee-abduction angle (mean difference ¼
1.758; 95% CI ¼ 0.168, 3.348; P ¼ .03, hp

2 ¼ 0.075 [90%
CI ¼ 0.003, 0.190]) and peak external knee-flexion moment
(mean difference ¼ 0.02 BW 3 HT; 95% CI ¼ 0.01, 0.02
BW 3 HT; P , .001, hp

2 ¼ 0.382 [90% CI ¼ 0.215, 0.497])
were greater in the nondominant than the dominant limb. We

observed no other limb main effects (P range ¼ .05–.78;
Table 2; Supplemental Table 1).

Dominant- and Nondominant-Limb Cut

No group-by-limb interactions were found (P range ¼ .07–
.88; Table 3; Supplemental Table 2).
We observed a group main effect for peak trunk lateral-

bending angle (F1,60 ¼ 8.7, P ¼ .005, hp
2 ¼ 0.126 [90% CI ¼

0.023, 0.252]). Athletes with a concussion history displayed a
smaller peak trunk lateral-bending angle toward the planted
limb compared with athletes without a concussion history
(mean difference ¼ 4.758; 95% CI ¼ 1.528, 7.978; P ¼ .005,
hp

2 ¼ 0.126 [90% CI ¼ 0.023, 0.252]). No other group main
effects were found (P range ¼ .13–.80; Table 3; Supplemen-
tal Table 2).
A limb main effect was found for peak external knee-

abduction moment (F1,60 ¼ 15.3, P , .001, hp
2 ¼ 0.206

[90% CI ¼ 0.067, 0.332]) and peak trunk lateral-bending
angle (F1,60 ¼ 7.0, P ¼ .01, hp

2 ¼ 0.104 [90% CI ¼ 0.014,
0.226]). Peak trunk lateral bending toward the planted, nondom-
inant limb was greater during cuts with the nondominant than
dominant limb (mean difference ¼ 2.248; 95% CI ¼ 0.978,
3.5328; P, .001; hp

2 ¼ 0.171 [90% CI ¼ 0.047, 0.300]). Peak
external knee-abduction moment was smaller during cuts with
the nondominant than dominant limb (mean difference ¼
0.0068; 95% CI¼ 0.0048, 0.0088; P, .001; hp

2 ¼ 0.315 [90%
CI ¼ 0.151, 0.434]). We observed no other limb main effects
(P range¼ .10–.88; Table 3; Supplemental Table 2).

DISCUSSION

Athletes with a concussion history displayed larger
nondominant-limb knee-abduction angles during jump landing
and less trunk lateral bending during cutting tasks compared

Table 1. Patient Characteristicsa

Characteristic No Concussion History (n ¼ 38) Concussion History (n ¼ 26) P Value

Age, mean 6 SD, y 19.0 6 1.1 19.0 6 1.3 .83

Height, mean 6 SD, m 1.71 6 0.08 1.68 6 0.07 .23

Mass, mean 6 SD, kg 64.726 9.45 64.02 6 6.76 .73

Body mass index, mean 6 SD 22.146 1.80 22.58 6 1.97 .36

Lower extremity injury or surgery, % (No.) yes 36.8 (14) 23.1 (6) .28

Injured or surgical limb, % (No.)b .74

None 63.2 (24) 76.9 (20)

Both 2.6 (1) 0.0 (0)

Dominant 21.1 (8) 15.4 (4)

Nondominant 13.2 (5) 7.7 (2)

Right limb dominant, % (No.) 100.0 (38) 84.6 (22) .02

Sport, % (No.) .93

Gymnastics 23.7 (9) 23.1 (6)

Soccer 60.5 (23) 65.4 (17)

Volleyball 15.8 (6) 11.5 (3)

Concussion frequency, % (No.)

0 100.0 (38) 0.0 (0)

1 NA 53.8 (14)

2 NA 34.6 (9)

3þ NA 11.5 (3) NA

Time since most recent concussion, median (IQR), mo NA 37.5 (25.0, 65.8) NA

Abbreviations: IQR, interquartile range; NA, not applicable.
a Percentages were rounded, and the sum may not equal 100%.
b Any athlete in the “both” category for injured/surgical limb outcome was not reported in duplicate in the “dominant” or “nondomi-
nant” category.
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Figure 1. Jump landing. Raw (non–covariate-adjusted), time-normalized landing waveforms. A, Vertical ground reaction force. B, Vertical
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with athletes without a concussion history. Athletes with a
concussion history also displayed larger knee-abduction
angles during a jump landing with their nondominant than
dominant limb. These results were not observed among athletes
without a concussion history.
The larger knee-abduction angle during jump landing for

athletes with a concussion history may be due to deficits in
neuromuscular control. Our results agree with those reported
in previous literature, and larger knee-abduction angles are
predictive of anterior cruciate ligament tears.10,21 The causes
of larger knee-abduction angle can vary. Researchers have
shown that females have larger knee-abduction angles than
males during landing, which may be a potential reason for
the increased risk of MSKI postconcussion.6,32 Athletes may
have different jump-training–specific backgrounds, which have
been shown to decrease the knee-abduction angle during land-
ing.33 In addition, a large predictor of knee-abduction angle is
hip-abductor muscle strength and activation.34 Neural drive is a
large component of muscle strength, and individuals postcon-
cussion have shown lower levels of electromyographic activity
compared with controls during hand movements.35 Individuals
have displayed altered cortical measurements of excitability
and inhibition for up to 30 years postconcussion.36,37 Cortical
excitability measures also play a key role in muscular
strength.38,39 These factors may have influenced knee-abduction
angles in our athletes with a concussion history. Future research
on the lower extremity neural control of movement postconcus-
sion, which we did not collect, is warranted.
Although the peak knee-abduction angle throughout stance

phase (initial ground contact to toe-off) during a jump-landing
task is a risk factor for future anterior cruciate ligament tear,
some researchers have reported other findings.10 For instance,
the knee-abduction angle at initial ground contact is a risk fac-
tor for anterior cruciate ligament tears.40 Furthermore, peak

knee-abduction moment is also a common risk factor for
anterior cruciate ligament tears and other MSKIs but was
not different in our study.10,40,41 In other words, although we
found a difference in the knee-abduction angle between indi-
viduals with and those without a concussion history, it is not
clear if this difference truly means the risk for MSKI is
increased. Longitudinal research is needed to explore
this connection and should include both peak and initial
ground-contact outcomes, as time since concussion has been
shown to be related to other landing biomechanics, such as
knee-flexion angle.14

The reduced trunk lateral bending for athletes with a concus-
sion history was unexpected yet in agreement with findings
reported in previous literature.12 Greater trunk lateral bending
toward the planted limb (results from our study) and less trunk
flexion are considered dangerous landing positions and risk
factors for lower extremity MSKI.12,15 Lynall et al reported
greater trunk flexion among individuals with than those with-
out a concussion history.12 One possible explanation is that
athletes with a concussion history performed the task more
quickly (ie, better performance), as researchers have shown
better performance metrics are related to more hazardous bio-
mechanics.42 In addition, Blackburn and Padua focused
on group differences between a natural and instructed
trunk-flexion position with safer lower extremity biome-
chanics, but a curvilinear relationship may exist between
general trunk control and landing biomechanics that has
not been explored.43 Furthermore, the existence of a previous
injury or risk factor (in this case, concussion) may moderate
the relationship between what is considered safe or less haz-
ardous. We see this in ankle injuries, for which univariate
analyses have indicated ankle-torque asymmetry is not predic-
tive of ankle injuries in a military population; however, the
combination of body mass (a known MSKI risk factor) and

Table 2. Jump-Landing Outcomes Compared Between Limbs and Groups

Outcome Limb

Group, Covariate Adjusted Mean (95% CI)a P Value

No Concussion

History (n ¼ 38)

Concussion

History (n ¼ 26)

Group3 Limb

Interaction

Group Main

Effect

Vertical ground reaction force, 3BWb Dominant 1.8 (1.6, 3.0) 1.8 (1.6, 2.0) .23 .49

Nondominant 1.8 (1.6, 3.0) 1.6 (1.4, 1.8)

Vertical loading rate, BW/s Dominant 126.5 (108.6, 144.3) 118.8 (95.6, 142.1) .59 .77

Nondominant 115.5 (99.7, 131.34) 114.3 (93.7, 134.9)

Ankle-dorsiflexion angle, 8 Dominant 92.7 (90.3, 95.0) 93.8 (90.8, 96.9) .89 .60

Nondominant 93.3 (91.0, 95.5) 94.1 (91.2, 97.0)

Knee-flexion angle, 8 Dominant 90.2 (84.9, 95.5) 91.4 (84.5, 98.3) .43 .64

Nondominant 88.7 (83.1, 94.3) 92.2 (85.0, 99.5)

Knee-abduction angle, 8b,c Dominant 6.9 (5.0, 8.8) 6.2 (3.7, 8.7) .04 .21

Nondominant 6.1 (4.2, 8.1) 10.5 (8.0, 13.0)

External knee-abduction moment, BW 3 HT Dominant 0.02 (0.02, 0.03) 0.01 (0.01, 0.02) .17 .18

Nondominant 0.02 (0.01, 0.02) 0.02 (0.01, 0.02)

External knee-flexion moment, BW 3 HTb Dominant 0.11 (0.10, 0.13) 0.10 (0.09, 0.12) .09 .14

Nondominant 0.14 (0.12, 0.15) 0.11 (0.09, 0.13)

Hip-flexion angle, 8 Dominant 93.3 (85.9, 100.8) 100.7 (91.0, 110.4) .60 .26

Nondominant 93.2 (86.2, 100.3) 101.5 (92.4, 110.7)

Trunk-flexion angle, 8 NA 36.8 (32.0, 41.6) 40.1 (33.9, 46.4) NA .47

Trunk lateral-bending angle, 8 NA 2.6 (2.0, 3.2) 3.0 (2.2, 3.7) NA .50

Abbreviations: BW, body weight; HT, height; NA, not applicable.
a Peak kinetics and kinematics were obtained during the eccentric portion of the task (ie, initial ground contact to peak knee-flexion angle).
b Main effect of limb.
c Group-by-limb interaction after Bonferroni correction; athletes with a concussion history displayed a larger peak knee-abduction angle in
their nondominant limb compared with their dominant limb and the nondominant limb of athletes without a concussion history.
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ankle-torque asymmetry in a single model is predictive of
MSKI.44,45 In other words, when several risk factors are
explored together, injury prediction improves. Future research
should be done to investigate postconcussion trunk neuro-
muscular control between male and female athletes. Female
athletes tend to have greater lateral trunk displacement dur-
ing various jumping tasks compared with male athletes, as
reported in a systematic review of athletes with unknown
concussion histories.46 However, we observed that athletes
with a concussion history had less high-risk trunk biome-
chanics. Trunk biomechanics may not be implicated in future
MSKI postconcussion for female athletes; however, longitudinal
research is needed for confirmation.
Limb asymmetry is common among healthy individuals.47

Injuries often lead to more extreme biomechanical asymme-
tries, and resolving these asymmetries is a common compo-
nent of rehabilitation programs.48 Our overall sample,
both athletes with and those without a concussion history,
may benefit from programs specifically addressing these
asymmetries, especially as asymmetries have been related
to an increased risk for lower extremity MSKI.17 However,
athletes with a concussion history exhibited larger peak knee-
abduction angles during a jump landing in their nondominant
than dominant limb, whereas athletes without a concussion
history showed no difference. This indicates greater asymmetry
in knee-abduction angle for athletes with a concussion history.
Lynall et al reported differences between athletes with and
those without a concussion history for specific limbs.18

In our study, values that were different had medium to large
effect sizes. Implementing dynamic movement–focused train-
ing programs may be useful for certain individuals during

their return-to-play protocols. Jump-training programs have
been shown to reduce MSKI in general and reduce fear of
movement (kinesiophobia) after anterior cruciate ligament
reconstruction.49,50 Jump training could be important to imple-
ment postconcussion because kinesiophobia is associated with
an increased risk for MSKI postconcussion.51 However, no
longitudinal evidence supports the widespread adoption of
landing-specific training to reduce the risk of lower extremity
MSKI postconcussion specifically. Later stages of the concus-
sion return-to-play protocol include dynamic movements and
other noncontact sport-specific drills.52,53 However, the dura-
tion and specific exercises in this stage for a given athlete are
highly individualized by the medical practitioner treating the
athlete. Future research may be done to explore if more time
spent in a given stage or step of the return-to-play protocol or
specific training protocols reduces MSKI risk postconcussion
as jump training reduces MSKI in other populations.49 Prelim-
inary evidence (Cohen d ¼ 0.480) showed that athletes with
no MSKI postconcussion spent a longer time in their return-
to-play protocols compared with athletes who went on to
experience MSKI postconcussion.54

Limitations for this study include self-reported concussion
and injury history. Although we used self-report measures
similar to those used in a previous study, this does not
remove the risk of athletes misreporting their histories.26

In addition, our sample reported a long, heterogeneous time
postconcussion, which limits our ability to discuss short- ver-
sus long-term landing biomechanics. However, we covaried
for time since concussion to help alleviate some of these con-
cerns. Future researchers should focus on these outcomes lon-
gitudinally for a comprehensive understanding of movement

Table 3. Cutting Outcomes Compared Between Limbs and Groups

Outcome Limb

Group, Covariate Adjusted Mean (95% CI)a P Value

No Concussion

History (n ¼ 38)

Concussion

History (n ¼ 26)

Group3 Limb

Interaction

Group Main

Effect

Vertical ground reaction force, 3BW Dominant 2.2 (2.0, 2.4) 2.2 (1.9, 2.5) .32 .65

Nondominant 2.2 (2.0, 2.4) 2.1 (1.8, 2.4)

Vertical loading rate, BW/s Dominant 109.1 (86.7, 131.5) 85.3 (56.2, 114.5) .58 .31

Nondominant 105.7 (84.7, 126.7) 88.6 (61.2, 116.0)

Ankle-dorsiflexion angle, 8 Dominant 98.1 (95.3, 100.9) 100.8 (97.2, 104.4) .84 .13

Nondominant 97.6 (94.7, 100.5) 101.1 (97.3, 104.9)

Knee-flexion angle, 8 Dominant 58.0 (54.8, 61.1) 56.2 (52.2, 60.3) .68 .36

Nondominant 58.5 (55.4, 61.5) 55.5 (51.5, 59.4)

Knee-abduction angle, 8 Dominant 6.0 (4.0, 7.9) 6.6 (4.1, 9.1) .32 .26

Nondominant 6.6 (4.5, 8.7) 9.6 (6.8, 12.3)

External knee-abduction moment, BW 3 HTb Dominant 0.02 (0.01, 0.02) 0.01 (0.01, 0.02) .07 .80

Nondominant 0.01 (0.01, 0.01) 0.01 (0.01, 0.01)

External knee-flexion moment, BW 3 HT Dominant 0.12 (0.11, 0.14) 0.11 (0.09, 0.13) .55 .43

Nondominant 0.12 (0.10, 0.13) 0.11 (0.09, 0.13)

Hip-flexion angle, 8 Dominant 57.1 (53.1, 61.0) 59.7 (54.6, 64.8) .62 .61

Nondominant 58.5 (54.3, 62.8) 59.6 (54.1, 65.2)

Trunk-flexion angle, 8 Dominant 36.7 (33.7, 39.7) 38.6 (34.7, 42.5) .77 .55

Nondominant 36.0 (33.0, 39.0) 37.2 (33.3, 41.2)

Trunk lateral-bending angle, 8b,c,d Dominant 4.5 (2.3, 6.7) �0.1 (�3.0, 2.8) .88 .005

Nondominant 6.9 (5.3, 8.5) 2.0 (�0.1, 4.1)

Abbreviations: BW, body weight; HT, height.
a Peak kinetics and kinematics were obtained during the eccentric portion of the task (ie, initial ground contact to peak knee-flexion
angle).

b Main effect of limb.
c Main effect of group.
d The trunk lateral-bending angle is reported toward (þ) or away from (�) the specified limb.
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changes postconcussion. Furthermore, previous injuries are
known to influence dynamic movements and neuromuscular
control.48 Although we covaried for previously injured
limb(s), this is still a limitation. In addition, our sample did
not include male athletes, so we cannot state that female ath-
letes postconcussion demonstrate different landing mechan-
ics than male athletes that may predispose them to a higher
risk of MSKI.6 At the same time, the inclusion of an all-
female sample is a strength, as female athletes are highly
underrepresented in concussion literature and have a
higher risk for lower extremity MSKI.6,55 Although our sample
comprised only female athletes, we did not collect menstrual
cycle information. Different menstrual cycle phases alter land-
ing biomechanics and increase the risk for MSKI regardless of
concussion history.56,57

CONCLUSIONS

Athletes with a concussion history displayed larger knee-
abduction angles in the nondominant limb during jump landing
and less trunk lateral bending during jump-landing and cutting
tasks than athletes without a concussion history. This finding
may be due to impairments in neuromuscular control postcon-
cussion, but future research is needed to better understand
potential deficits. The reason for less trunk lateral bending
among athletes with a concussion history is not entirely clear.
A smaller trunk lateral-bending angle toward the planted limb
is typically considered a safer landing pattern. Perhaps the exis-
tence of a previous risk factor (eg, concussion history) changes
what is considered a safe movement pattern. Future longitudi-
nal evidence is needed to explore this concept and the link
between landing biomechanics and MSKI postconcussion.
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