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Background: Residual interlimb deficits after anterior cruciate ligament reconstruction (ACLR) can lead to functional maladapta-
tion and increase the risk of reinjury. The tuck jump assessment (TJA) may offer a more effective evaluation of ACLR status as
compared with traditional tasks owing to increased risk of altered landing mechanics, asymmetrical landing, and increased
knee valgus attributed to the cyclical nature of the task. However, it remains unclear whether altered TJA kinetics resolve over
time or persist through return-to-play phases of rehabilitation.

Purpose: To examine longitudinal kinetics, asymmetries, and functional performance deficits during TJA at 9 and 12 months after
ACLR in female athletes at high risk of reinjury.

Study Design: Cohort study; Level of evidence, 2.

Methods: Female athletes (ACLR, n = 24; controls, n = 19; total, N = 43) performed a single trial of TJA on dual-force plates at 2
time points. The ACLR group (mean 6 SD age, 16.8 6 1.9 years) was tested at 9 and 12 months after surgery, and the control
group (16.5 6 3.6 years) was tested at similar time points. All athletes participated in similar sports and had comparable activity
levels. Discrete time point analysis and statistical parametric mapping were used to identify deficits within each group.

Results: At 9 months after surgery, the ACLR group exhibited significant interlimb differences in all kinetic variables (P\ .05), which
persisted at 12 months with only small reductions in magnitude. As compared with controls, the ACLR group demonstrated a per-
sistent offloading strategy in the involved limb by exhibiting larger interlimb asymmetries for a range of kinetic variables and a greater
vertical ground-reaction force in the uninvolved limb during most of the stance phase at both time points (P \ .001). Distinct differ-
ences in functional performance of TJA were evident at both time points, characterized by lower peak vertical ground-reaction force,
peak center of mass displacement, and relative vertical leg stiffness and longer ground contact times (P \ .001).

Conclusion: This study revealed that young female athletes after ACLR exhibit persistent interlimb deficits and functional mal-
adaptations up to 12 months after surgery. The TJA identified significant biomechanical impairments to both limbs, resulting in
asymmetrical loading and altered movement strategies as compared with healthy controls. Despite some improvements, athletes
with ACLR continued to demonstrate offloading to the uninvolved limb, indicating incomplete neuromuscular recovery.

Keywords: ACL; asymmetry; knee; rehabilitation

Anterior cruciate ligament (ACL) injury, considered one of
the most severe sports-related injuries for time lost in sport,
typically requires surgical ACL reconstruction (ACLR) and
an extensive rehabilitation period to restore knee joint sta-
bility and function.2,39 Return-to-play assessments often
encompass a variety of single-leg functional tests32,33,35,42,52

to measure the extent of recovered function in the involved
limb as compared with the uninvolved limb,21 while func-
tion and asymmetry can also be assessed during dual-limb

jump-landing tasks.17,23 Unilateral tests are generally con-
sidered better for evaluating the true capacity of each
limb in isolation, while bilateral assessments offer greater
insights into compensatory strategies, as both limbs interact
to perform the task. Neither approach is inherently supe-
rior, but each provides unique information that contributes
to our understanding of recovery from ACLR.

Bilateral drop jump and countermovement jump tasks
have revealed that male and female athletes with ACLR
can continue to exhibit residual deficits in function 8 to
12 months after surgery.1,23,26,50,52 These deficits, includ-
ing reduced peak vertical ground-reaction force (VGRF),
altered loading rates, and changes in braking and propul-
sive phase variables, are indicative of persistent
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limitations in load absorption and force generation capabil-
ities of the involved limb.6,50 Consequently, athletes may
continue to employ compensatory movement strategies in
late stages of rehabilitation, whereby greater reliance on
the uninvolved limb is necessary to not only execute the
task but offload and mitigate excessive strain on the ACL.

Evidence supports the inclusion of more dynamic test-
ing as part of post-ACLR functional assessment to demon-
strate each athlete’s ability to meet the demands of one’s
sport.21,25,30 The tuck jump assessment (TJA) is a biome-
chanical assessment readily used by clinicians to visually
assess lower limb injury risk by identifying functional
movement deficits associated with reduced neuromuscular
control.5,20,36,43,51 While the TJA has typically been used as
a visual, field-based screening tool to assess ACL injury
risk, assessment of VGRF across multiple jumping cycles
may offer a more detailed understanding of movement
asymmetry17,28 and athletic rebounding capabilities.4,5

Thus, this approach may be more sensitive to changes
over time, especially for those with ACLR.

Kinetic assessment of the TJA in healthy female ath-
letes (age \25 years) revealed peak VGRF up to 5-times
body weight (BW), with .10% interlimb kinetic asymme-
tries in variables such as VGRF, loading rate, and propul-
sive force.27-29 Statistical parametric mapping also showed
significant interlimb differences during 77% to 99% of
ground contact across jumping cycles.28 Combined, these
findings challenge the assumption of high symmetry in
uninjured individuals and emphasize the need to differen-
tiate between injury-related asymmetry and natural per-
formance variability.25,37 Although limited kinetic data
exist for the TJA in clinical populations, previous research
shows large asymmetries (14.6%-34.7%) in male and
female athletes with ACLR (age\25 years) during the first
5 jumping cycles, with higher forces in the uninvolved
limb.53 Although this demonstrates the importance of
exploring interlimb kinetic asymmetries during TJA, anal-
yses were limited by small sample sizes, single time points,
and lack of control data, making it difficult to assess func-
tional status relative to rehabilitation progress. Further

investigation of interlimb asymmetries across multiple
time points in ACLR rehabilitation is needed and could
enhance clinical approaches by offering unique and invalu-
able insights on rehabilitation status.

Research indicates that 9 and 12 months are critical
time points for assessing recovery and readiness to return
to sport, as this period often coincides with key stages in
the rehabilitation process and the transition to high-
demand activities.44 Therefore, our primary aim was to
compare kinetics, asymmetries, and task performance of
young female athletes (age \25 years) with ACLR at
each time point with those of healthy matched controls.
We hypothesized that even though there would be reduced
interlimb kinetic asymmetries at 9 and 12 months after
surgery, incomplete restoration of function and residual
deficits would be evident in the involved and uninvolved
limbs when compared with the matched controls.

METHODS

Participants

A priori power analysis was conducted using G*Power (Ver-
sion 3.1.9.6),18 which indicated that a sample size of 36 was
required to detect moderate effect sizes (F statistic = 0.25)
for comparing means between 2 independent groups. This
estimate was based on the primary outcome measure of
peak VGRF, with an aim to achieve a statistical power of
0.95 with an alpha error of P\ .05. Consequently, 43 female
athletes (24 with ACLR and 19 healthy age-matched con-
trols) were prospectively recruited to participate in this
study (Table 1). Participants were recruited at 2 institutions
from July 2021 to March 2024. Patients with ACLR were
female team sport athletes (eg, soccer, basketball, and vol-
leyball) aged 13 to 25 years who had undergone primary
unilateral ACLR. Participants who had multiple-ligament
reconstructions, previous ACL surgery, or meniscal repair
were excluded from the study. Participants in the control
group (aged 13-25 years) were identified and cross-matched
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by age and sport from local sports teams to participate in
the study. For the ACLR group, testing was conducted at
9 months (T1) and 12 months (T2) after ACLR, while testing
occurred at baseline (0 months; T1) and 3 months later (T2)
for the control group. During the 3-month period between
testing, control athletes continued with their normal life-
styles, including sports participation, but did not receive
any strength conditioning and/or training targeting ACL
injury prevention. Patients with ACLR engaged with stan-
dardized rehabilitation with the goal to return to the same
level of sport. Participants were excluded if they had a his-
tory of musculoskeletal injury of the lower limb within 3
months before baseline testing or in the period between test-
ing sessions. Analysis indicated no significant differences in
age, height, or body mass between the ACLR and control
groups. All participants recruited to the study completed
all aspects of data collection, and there were no dropouts
(Figure 1). In accordance with previously published
approaches, limb dominance for each group was determined
as the preferred landing leg.13,19,28 Informed consent was
obtained from all participants before testing, and parental
consent was obtained for those \18 years of age. All proce-
dures were approved by the institutional research ethics
committees (STUDY00002682 and STA1346) and con-
formed with the Declaration of Helsinki.

Procedures

Participants were asked to perform repeated tuck jumps in
accordance with the TJA protocol43 for 10 seconds at T1
and T2 on 2 synchronized force platforms: for ACLR, 600
3 900 mm triaxial recorded at 1200 Hz (Advanced Mechan-
ical Technology Inc); for control, 600 3 400 mm recorded at
1000 Hz (type 2812a; Kistler Instruments AG). The TJA pro-
tocol was described and demonstrated to participants, as well
as supplemented with an instructional video that illustrated
the required technique for performing tuck jumps. After this,
participants were given the opportunity to familiarize them-
selves (~10 minutes) with the test procedure atop the force
platforms. During this time, the principal investigator was

present to offer guidance and feedback. Before initiation of
the test, participants were instructed to perform continuous
maximal-height tuck jumps for 10 seconds while adhering
to the following instructions: (1) bring the knees up to hip
height during each jump, (2) maintain the same landing foot-
print, and (3) face forward during the test.43 The investigator
provided verbal feedback to ensure that participants met
these criteria, adjusting their techniques as necessary to
achieve technical proficiency. This familiarization process
was designed to minimize variability in technique and ensure
that participants could perform the test consistently, reflect-
ing their true abilities during the actual testing sessions.

After zeroing the dual-force ground-fixed plates, partic-
ipants were instructed to stand upright on the plates with
their feet aligned to 2 vertical strips of tape 35 cm apart,
connected with a horizontal line forming an H shape.
Data were captured over 15 seconds to allow for a quiet
stance period at the start and end of each trial, and a single
valid attempt was recorded for each participant (ie, full
foot contact on each force plate for all jumping cycles). In
the event of an invalid attempt (eg, landing off the force
plates), participants were asked to repeat the trial; a max-
imum 3 trials were performed with a 5-minute rest period
in between. All protocols were implemented with the same
testing instructions at T1 and T2, and participants com-
pleted the same 10-minute dynamic warm-up before testing.
The warm-up included multidirectional jogging to increase
heart rate, dynamic stretching targeting major muscle
groups, bilateral and unilateral jumps to activate lower
extremity muscles, acceleration and deceleration exercises
over 5 to 10 m, and change-of-direction drills. The principal
investigator demonstrated each exercise and provided verbal
instructions, while participants were encouraged to gradu-
ally increase exercise intensity throughout.

TABLE 1
Participant Characteristicsa

ACLR

(n = 24)

Control

(n = 19) P Value

Age, y 16.8 6 1.9 16.5 6 3.6 .67

Body mass, kg 62.05 6 10.07 60.74 6 10.08 .58

Height, m 1.69 6 0.86 1.64 6 0.94 .07

Operative limb

Right 13 (54) —

Left 11 (46) —

Graft type: autograft

Bone–patellar tendon–bone 2 (8) —

Quadriceps tendon 22 (92) —

Dominant limb

Right 23 (96) 17 (89)

Left 1 (4) 2 (11)

aData are expressed as mean 6 SD or No. (%). ACLR, anterior cruciate

ligament reconstruction.

Figure 1. Study flow diagram. ACLR, anterior cruciate liga-
ment reconstruction; CON, control group; T1, testing at
time point 1; T2, testing at time point 2.
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Data Analyses

A customized script in MATLAB (R2023b; MathWorks Inc)
was used for processing, with data filtered using a recur-
sive, fourth-order, low-pass digital Butterworth filter
with a cutoff frequency of 50 Hz as determined by residual
analysis. The initial countermovement jump was excluded
from analysis, and the number of jumping cycles per-
formed thereafter was included for data analysis. The
threshold criterion to identify the beginning of each jump-
ing cycle (ie, initial contact) and the end of the ground con-
tact phase was determined when the force was .10 N.54

Force-time data for all participants were normalized to
BW. The following discrete kinetic variables for each
limb and combined limbs (bilateral data) were calculated
using previously reported methods and definitions and
are described in Appendix Table A127,28,49 (available in
the online version of this article): peak VGRF (BW), ground
contact time (GCT; seconds), flight time (seconds), time of
each jumping cycle (ie, touchdown to touchdown; seconds),
jump height (meters), peak center of mass displacement
(meters), relative vertical leg stiffness (kiloNewton /
meters), vertical average and instantaneous loading rates
(BW / seconds), total impulse (BW 3 seconds), braking
impulse (BW 3 seconds), propulsive impulse (BW 3 sec-
onds), braking to propulsive impulse ratio, duration of pro-
pulsive impulse (seconds), peak braking force (BW), peak
propulsive force (BW), time of peak braking force (seconds),
and time of peak propulsive force (seconds). In addition,
the following discrete kinetic variables were determined
and derived from bilateral data only27,29: flight time,
jump height, time of each jumping cycle, peak center of
mass displacement, and net impulse. An example of
force-time data is presented in Figure 2 to show a typical
VGRF and accompanying center of mass displacement dur-
ing the ground contact phase of 1 jumping cycle in the TJA.
Within-session coefficients of variation at T1 are presented
in Appendix Table A2 (available online) and show similar
reliability levels across the majority of variables for the
control and ACLR groups.

Interlimb kinetic asymmetries for each discrete variable
within a jumping cycle were calculated for the ACLR group
(involved vs uninvolved limb) and the control group (dom-
inant vs nondominant limb) at T1 and T2 using the Bilat-
eral Asymmetry Index 1 (equation 1). This method was
used to ensure that interlimb differences measured during
the bilateral TJA task were calculated relative to the sum
of that variable.3,7,8 Mean absolute asymmetries for each
participant were used for statistical analyses:

(ACLR or dominant limb – uninvolved or
nondominant limb) / (ACLR or dominant limb

1 uninvolved or nondominant limb) 3 100. (1)

Temporal data for each jumping cycle (ie, initial contact
to take-off) within a trial were interpolated to 101 data

points (100% of jumping cycle) to enable continuous wave-
form analysis between limbs at T1 and T2.28

Statistical Analyses

Descriptive statistics (mean and standard deviation) were
calculated for all variables at each testing session (T1
and T2) for each group. Participant characteristics for
the ACLR and control groups were compared using inde-
pendent t tests. All data were included for data analysis
and were examined for normality using a Shapiro-Wilk
test before analysis. For primary analyses, differences
between groups and between limbs were compared
between time points. Mean discrete kinetic variables
were examined using 2 3 2 3 2 analysis of variance, in
which group refers to ACLR or control, limb denotes the
involved or uninvolved limb for the ACLR group or the
dominant or nondominant limb for the control group, and
time refers to the time of testing (T1 or T2). For between-
group comparisons, involved and uninvolved limbs of the
ACLR group were compared with dominant and nondomi-
nant limbs of the control group, respectively.47 Mean bilat-
eral kinetic data were examined using a 2 3 2 analysis of
variance, with group as a between-subject factor and time
as a within-subject factor. To mitigate against the risk of
type I error owing to the number of variables analyzed,
a Bonferroni-Holm correction was applied. Interlimb
kinetic asymmetries were examined using Wilcoxon rank
sign or Mann-Whitney U test for within- and between-
group comparisons, respectively. Cohen d and Wilcoxon
signed rank (r) effect sizes were used to determine the
magnitude of differences, with effect sizes classified as fol-
lows: trivial (d \0.20), small (d = 0.20-0.49), moderate (d =
0.50-0.79), or large (d � 0.80).12

Statistical parametric mapping with 2-tailed paired t
tests was performed to compare VGRF differences between
limbs during the stance phase of all jumping cycles in the
ACLR group (T1, n = 265; T2, n = 267) and control group
(T1, n = 293; T2, n = 287) at each time point. Statistical
parametric mapping was conducted in MATLAB using
the open-source software package SPM 1D 0.4 (Version
M0.4; https://spm1d.org/).46 Perfect agreement between
limbs led to no regions of significant difference, whereas
dissimilar waveforms led to large regions of difference
and thus rejection of the null hypothesis.45,46 Cohen d effect
sizes were used to determine the magnitude of significant
differences between limbs in a point-by-point manner.
Mean VGRF for each limb and mean effect size over the
phase were reported using the aforementioned thresh-
olds.12 Positive effect sizes indicated higher values on the
involved or dominant limb, while negative effect sizes indi-
cated higher values on the uninvolved or nondominant
limb. Statistical significance was determined at an alpha
level of P \ .05, and all analyses were conducted in SPSS
(Version 27.0; IBM).
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RESULTS

Discrete Kinetic Variables

Mean discrete kinetic variables for each limb in the ACLR
and control groups at each time point are displayed in Appen-
dix Table A3 (available online). With the exception of instan-
taneous loading rate, braking to propulsive impulse ratio,
and time of peak braking force, significant main effects for
group were observed for all discrete kinetic variables (P \
.05). Significant main effects for limb were observed only
for VGRF, GCT, total impulse, braking impulse, duration of
propulsive impulse, and peak braking force (all P \ .05).
There were no significant main effects for time.

Significant group 3 limb 3 time interactions were
observed for discrete kinetic variables (P \ .05). In the
ACLR group, between-limb differences at T1 were evident
for all kinetic variables except braking to propulsive ratio
and time of peak braking and propulsive force. These dif-
ferences persisted at T2, albeit with a small reduction in
the magnitude of between-limb differences as compared
with T1, primarily related to the reduced kinetics in the
uninvolved limb. Trivial to moderate differences between
limbs were evident in the control group at T1 for peak
VGRF, relative vertical leg stiffness, total impulse, propul-
sive impulse, braking to propulsive impulse ratio, and peak

propulsive force (P \ .05), although significant differences
were not apparent at T2.

Mean bilateral kinetic data for the ACLR and control
groups are presented in Appendix Table A4 (available online).
Data indicated a significant main effect for group for all
kinetic variables except for flight time, jump height, instanta-
neous loading rate, net impulse, braking to propulsive ratio,
and time of peak braking force. However, there was no signif-
icant main effect for time. Significant group 3 time interac-
tions were observed at both time points for a range of
bilateral kinetic variables, with the ACLR group demonstrat-
ing consistently lower peak VGRF (d = –2.20 to –2.39), peak
center of mass displacement (d = –1.63 to –1.70), and relative
vertical leg stiffness (d = –1.92 to –1.74) and longer GCT (d =
1.63-1.85) and time to complete each jumping cycle (d = 1.76-
1.73) as compared with the healthy controls. Additionally,
larger braking (d = 1.75-1.89) and propulsive impulses (d =
1.55-1.64) were evident at both time points when compared
with the control group (all P \ .001). Notably, where signifi-
cant group 3 time interaction effects are reported, the differ-
ences exceeded the within-session reliability.

Interlimb Kinetic Asymmetries

Mean interlimb kinetic asymmetries for both groups at
each time point are displayed in Appendix Table A5

Figure 2. Sample force-time curve for a single jumping cycle in the tuck jump assessment. The continuous line represents the ver-
tical force (relative to body weight [BW]), and the dashed line represents the center of mass displacement throughout the ground
contact period (0.21 seconds). Peak vertical ground-reaction force (circle at the peak) occurs during the braking phase and, in
this example, coincides with the braking peak. Peak center of mass displacement (circle between phases) occurs at 0.083 seconds
of ground contact, marking the end of the braking phase, which is the ‘‘stretching’’ aspect of the stretch-shortening cycle. During
this phase, muscles such as the quadriceps and calf muscles lengthen to absorb energy as the body moves downward. After a brief
amortization phase, the propulsive phase begins, which is the ‘‘shortening’’ phase of the stretch-shortening cycle, and lasts until
take-off at 0.21 seconds. During this phase, stored elastic energy is released, and the muscles contract to generate upward force.
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(available online). In the ACLR group, small reductions in
asymmetries were observed for peak VGRF, relative verti-
cal leg stiffness, and peak braking force from T1 to T2 (all
P \ .05). The control group also demonstrated small reduc-
tions in asymmetries for the same variables and total
impulse from T1 to T2. Larger asymmetries were evident
in the ACLR group at T1 and persisted at T2 for VGRF, rel-
ative vertical leg stiffness, average loading rate, peak brak-
ing force, and time of peak braking and propulsive force
(P \ .05; T1, r = 0.44-0.65; T2, r = 0.40-0.72) as compared
with the control group. Larger asymmetries were evident
in the ACLR group for total impulse and braking impulse
only at T2 (P \ .05; r = 0.31-0.32). Asymmetries were
smaller in the ACLR group at T1 and T2 for GCT (P \
.05; r = –0.45 and –0.36) and duration of propulsive
impulse (P \ .05; r = –0.39 and –0.32) when compared
with the control group, while all other asymmetries did
not significantly differ between groups at T1 or T2.

Waveform Analysis of VGRF

In the ACLR group, statistical parametric mapping analy-
sis revealed trivial to moderate differences in VGRF
between limbs for most of the stance phase of all jumping
cycles at T1 (2%-7% and 7%-100%; P \ .001; d = –0.17

and –0.58) and T2 (4%-5% and 6%-100%; P \ .001; d =
–0.10 and –0.47), with greater VGRF in the uninvolved
limb (T1, 0.58 and 1.34 BW; T2, 0.63 and 1.30 BW) when
compared with the involved limb (T1, 0.53 and 1.09 BW;
T2, 0.60 and 1.12 BW). In the control group, trivial to small
differences in VGRF between limbs were evident during
several phases of the stance for all jumping cycles at T1
(0%-5%, 11%-31%, and 46%-88%; P \ .05; d = 0.17, 0.30,
and 0.27) and T2 (1%-3%, 12%-35%, and 51%-81%; P \
.05; d = 0.11, 0.22, and 0.23), with greater VGRF in the
dominant limb (T1, 0.23, 1.64, and 1.81 BW; T2, 0.11,
1.46, and 1.92 BW) as compared with the nondominant
limb (T1, 0.21, 1.51, and 1.70; T2, 0.10, 1.37, and 1.83) (Fig-
ure 3).

DISCUSSION

Athletes with ACLR demonstrated persistent limb deficits,
with greater interlimb asymmetries and distinct differen-
ces in functional performance when compared with healthy
controls. Notably, as compared with controls, athletes with
ACLR exhibited longer GCT; lower peak VGRF, relative
vertical leg stiffness, average loading rate, and peak brak-
ing and propulsive forces; and larger braking and

Figure 3. Interlimb differences in normalized vertical ground-reaction force during the tuck jump assessment for the ACLR and control
groups at T1 and T2. (A) Mean waveforms and SD clouds. (B) Statistical parametric mapping t statistic inference curves with critical
threshold lines (dashed line) and suprathreshold clusters (shaded areas) indicating significant differences between limbs (P \ .05). (C)
Mean Cohen d effect size and 95% confidence interval clouds. ACLR, anterior cruciate ligament reconstruction; BW, body weight;
DOM, dominant; NDOM, nondominant; SPM, statistical parametric mapping; T1, testing at time point 1; T2, testing at time point 2.
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propulsive impulses at 9 and 12 months after surgery. A
persistent ‘‘offloading’’ strategy was evident in athletes
with ACLR, with time series waveforms revealing signifi-
cantly greater VGRF on the uninvolved limb for most of
the stance phase of all jumping cycles. Despite slight
improvements at 12 months, there was a continued reli-
ance on the uninvolved limb for successful task execution,
highlighting persistent functional deficits. These findings
suggest that assessment of TJA kinetics can effectively
detect undesirable jump-landing strategies in athletes
with ACLR at 9 and 12 months after surgery, indicative
of inadequate functional restoration.

Effective performance of the TJA requires sufficient
reactive strength to adhere to test criteria and resist aber-
rant landing biomechanics.43 Healthy female athletes in
this study and previous literature28,29 typically demon-
strated a jump-landing strategy during the TJA that was
indicative of fast stretch-shortening cycle (SSC) function,
characterized by high leg stiffness and short GCT (\250
ms).34 In contrast, group-level analysis in this study indi-
cates that athletes with ACLR at 9 and 12 months after
surgery had compromised SSC performance, with signifi-
cantly longer GCT (.250 ms), lower VGRF, and reduced
relative vertical leg stiffness, resulting in fewer jumping
cycles performed. Despite superior braking and propulsive
impulses owing to extended ground contact, athletes with
ACLR did not achieve greater jump heights, suggesting
diminished neural regulation of SSC function after sur-
gery. This highlights the need for a greater emphasis on
plyometric and ballistic training methods within perio-
dized rehabilitation programs to improve SSC function
and reduce residual deficits.10,11 Clinicians could also con-
sider monitoring TJA metrics associated with SSC capabil-
ities, such as ground contact time, relative vertical leg
stiffness, braking and propulsive impulses, and jump
height, at key time points during ACLR rehabilitation to
help guide training prescription and return-to-play
decision-making.

The distinct interlimb differences and persistent biome-
chanical deficits in athletes with ACLR in this study are
consistent with previous literature.23,53 The involved limb
had reduced ground-reaction forces, resulting in larger
interlimb kinetic asymmetries when compared with con-
trols. Over time, the only asymmetry variables that signif-
icantly improved at 12 months after surgery in the ACLR
group were peak VGRF, relative vertical leg stiffness,
and peak braking force, albeit these changes were small
in magnitude. Thus, it is apparent that athletes with
ACLR continued to display an asymmetrical limb loading
pattern at 12 months after surgery as compared with con-
trols. Mean interlimb asymmetries ranged considerably
across all discrete variables for athletes with ACLR at 9
months (1.8%-18.8%) and 12 months (1.9%-19.7%) after
surgery, with subtle nonsignificant increases observed in
some variables, such as average loading rate, braking to
propulsive ratio, and time of peak braking force. In con-
trast, control athletes demonstrated consistently smaller
asymmetries (0.9%-13.0%) across time points, with minor
reductions in VGRF, relative vertical leg stiffness, total
impulse, and peak braking force. The smaller asymmetry

ranges reported in this study as compared with previous
research53 may stem from analyzing all jumping cycles
rather than just the first few, which tend to be inherently
variable.28 Because current literature indicates that asym-
metries are task- and variable-specific, it is difficult to com-
pare asymmetry values across different tasks.25 Thus, the
asymmetry measures presented here may provide clini-
cians with normative reference values within this sample
population. Clinicians should also consider individual
changes in asymmetry,38 which may offer more valuable
insight into rehabilitation status and return-to-play readi-
ness as compared with the group-level changes reported in
this study.

Interlimb kinetic asymmetries across discrete variables
at both time points often surpassed the arbitrary threshold
of 10% to 15% for acceptable asymmetry that is regularly
associated with increased risk of primary ACL injury.9,22

However, relying solely on measures of asymmetry may
overlook the risk of more global strength loss and func-
tional impairment in the uninvolved limb, which poten-
tially inflate symmetry calculations.25 Although the
ACLR group showed some improvements in asymmetry
at 12 months, indicating a shift toward more symmetrical
loading during the TJA, significant differences between
groups persisted. Both limbs of the ACLR group had lower
peak VGRF, leg stiffness, loading rates, braking force, and
propulsive force when compared with controls. These ath-
letes also had longer GCT, leading to higher total, braking,
and propulsive impulses, with a delayed peak propulsive
force. Such between-group differences indicate continual
impairments in both limbs of the ACLR group and high-
light that assessing asymmetry values alone may not ade-
quately indicate rehabilitation status.

Our data indicate a persistent offloading strategy to the
uninvolved limb in athletes with ACLR, which likely indi-
cates insufficient recovery of the involved limb despite an
extensive postsurgery period. This offloading strategy,
often observed during other bilateral functional
tasks,6,14,17,24,26,47,52 may be driven by decreased knee
moments17 and quadriceps strength,16 causing redistribu-
tion of force production to the uninvolved limb. Given
that the goal of the TJA is to perform maximal-height
tuck jumps repeatedly for 10 seconds,43 athletes must con-
tinually generate a sufficient impulse to vertically displace
the center of mass during each jumping cycle. Further-
more, adequate reactive strength capabilities of both limbs
are required to resist unwanted movement during the in-
flight phase of the task (eg, excessive trunk lean) and land-
ing phase (eg, unequal foot contact).51 In the present study,
time series waveforms and kinetic data revealed unequal
distribution, with greater force production and load
absorption evident on the uninvolved limb in athletes at
9 months after ACLR as compared with controls. Similar
patterns have been observed in male and female athletes
after ACLR during a bilateral vertical drop jump test,
and a persistent avoidance strategy to load the involved
limb is evident up to 10 months after surgery.3,31,40,41

Vertical jump impulse deficits and asymmetries after
ACLR are associated with heightened risk of ACL rein-
jury17,48 and appear to be consistently observed when
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evaluating a task that involves a higher eccentric compo-
nent.3,50 Our data indicate that athletes with ACLR con-
tinually demonstrate an inability to effectively dissipate
forces, with few changes between 9 and 12 months. Time
series waveforms demonstrated consistent differences
between limbs, and instantaneous loading rate for the
uninvolved limb was the only discrete kinetic variable to
significantly decrease over time in the ACLR group. All
other variables for each limb within each group remained
unchanged. When compared with controls, athletes with
ACLR in this study produced significantly larger braking
and propulsive impulses, indicating asymmetrical loading
patterns that may partly indicate greater risk of injury to
either limb.15,48,55 Clinically, our results emphasize the
need for extended rehabilitation beyond 9 to 12 months.
Kinetic assessments of the TJA can help clinicians monitor
force production and load absorption, identifying patients
who remain overly reliant on the uninvolved limb and
guiding individualized rehabilitation strategies.

The distinct jump-landing patterns observed in athletes
with ACLR are believed to be characterized by a compro-
mised SSC function, highlighting the importance of evalu-
ating both limbs and functional performance to guide
return-to-play decision-making. As the TJA is a high-
impact reactive task with a large eccentric component, it
is essential to restore adequate strength and function of
the involved limb before subjecting athletes with ACLR
to the repeated jumping exercise. Clinicians should gradu-
ally load the knee during early stages of rehabilitation,
where equal force distribution should be encouraged to
avoid persistent offloading strategies to the uninvolved
limb. Training should then progress and focus on restora-
tion of SSC function through the integration of appropri-
ately periodized plyometric exercises. Findings further
support the importance of bilateral cyclical assessments
such as the TJA for thorough evaluation of neuromuscular
function in ACLR rehabilitation. Although the findings in
this study are based on group-level data, injury risk
screening and rehabilitation assessment should be con-
ducted on an individualized basis. This approach ensures
that clinicians consider individual responses to surgery,
which will appropriately guide return-to-play readiness.

This study provides novel data and insight into the
rehabilitation process and return-to-play readiness of
young female athletes with ACLR. When interpreting the
results, it is important to acknowledge potential limita-
tions. Kinematic assessment was not included in this
study, which may have helped define the underlying mech-
anisms and interpret adaptations in interlimb asymme-
tries and functional performance of the TJA.
Nonetheless, intralimb kinetics are associated with knee
joint moments and are clinically relevant to evaluate func-
tional movement during rehabilitation.17,48 It should be
noted that VGRF asymmetries and movement assessment
may not account for all risks related to subsequent ACLR
injury. Although patient-reported outcomes were not mea-
sured during this study (eg, International Knee Documen-
tation Committee Subjective Form scores), biomechanical
analysis of double- and single-leg drop jumps at 9 months
after ACLR has shown fair to good ability to predict

subsequent contralateral ACL rupture.30 Kinetic assess-
ment of the TJA at 9 and 12 months after surgery thus
may highlight functional limitations in plyometric ability
that also may reflect poorer patient-reported outcomes
and increased risk of injury. Further research should con-
sider evaluating patient-reported outcomes to provide
additional context regarding the subjective experience of
functional performance and recovery. Last, our analyses
did not consider the influence of limb dominance, which
could be a key consideration for future research.

CONCLUSION

This study highlights that young female athletes demon-
strated residual deficits in kinetics and interlimb asymme-
tries, resulting in functional limitations that persisted up
to 12 months after ACLR. Persistent asymmetrical loading
to the uninvolved limb was evident and indicates incom-
plete neuromuscular recovery of the involved limb. Despite
extensive time from surgery, these athletes also exhibited
significant biomechanical impairments in the uninvolved
limb as compared with healthy controls, suggesting that
a more global loss of function extends beyond the impair-
ments experienced by the involved limb after surgical
intervention. Furthermore, kinetic assessment of the TJA
effectively identified undesirable jump-landing strategies,
emphasizing the need for extended and targeted rehabili-
tation beyond the typical 12-month rehabilitation period.

ORCID iDs

Lucy S. Kember https://orcid.org/0000-0001-7722-9370
Gregory D. Myer https://orcid.org/0000-0002-9983-8422

REFERENCES

1. Ardern CL, Webster KE, Taylor NF, Feller JA. Return to the preinjury

level of competitive sport after anterior cruciate ligament reconstruc-

tion surgery: two-thirds of patients have not returned by 12 months

after surgery. Am J Sports Med. 2011;39(3):538-543. doi:10.1177/

0363546510384798

2. Ardern CL, Webster KE, Taylor NF, Feller JA. Return to sport follow-

ing anterior cruciate ligament reconstruction surgery: a systematic

review and meta-analysis of the state of play. Br J Sports Med.

2011;45(7):596-606. doi:10.1136/bjsm.2010.076364

3. Bakal DR, Morgan JJ, Lyons SM, Chan SK, Kraus EA, Shea KG. Anal-

ysis of limb kinetic asymmetry during a drop vertical jump in adoles-

cents post anterior cruciate ligament reconstruction. Clin Biomech

(Bristol). 2022;100:105794. doi:10.1016/j.clinbiomech.2022.105794

4. Bates NA, Ford KR, Myer GD, Hewett TE. Impact differences in

ground reaction force and center of mass between the first and sec-

ond landing phases of a drop vertical jump and their implications for

injury risk assessment. J Biomech. 2013;46(7):1237. doi:10.1016/

J.JBIOMECH.2013.02.024

5. Bates NA, Ford KR, Myer GD, Hewett TE. Timing differences in the

generation of ground reaction forces between the initial and second-

ary landing phases of the drop vertical jump. Clin Biomech (Bristol).

2013;28(7):796-799. doi:10.1016/j.clinbiomech.2013.07.004

6. Baumgart C, Schubert M, Hoppe MW, Gokeler A, Freiwald J. Do

ground reaction forces during unilateral and bilateral movements

exhibit compensation strategies following ACL reconstruction?

340 Kember et al The American Journal of Sports Medicine



Knee Surg Sports Traumatol Arthrosc. 2017;25(5):1385-1394.

doi:10.1007/s00167-015-3623-7

7. Bishop C, Read P, Chavda S, Turner A. Asymmetries of the lower

limb: the calculation conundrum in strength training and conditioning.

Strength Cond J. 2016;38(6):27-32. doi:10.1519/SSC.00000000

00000264

8. Bishop C, Read P, Lake J, Chavda S, Turner A. Interlimb asymme-

tries: understanding how to calculate differences from bilateral and

unilateral tests. Strength Cond J. 2018;40(4):1-6. doi:10.1519/

SSC.0000000000000371

9. Bishop C, Turner A, Read P. Effects of inter-limb asymmetries on

physical and sports performance: a systematic review. J Sports

Sci. 2018;36(10):1135-1144. doi:10.1080/02640414.2017.1361894

10. Chmielewski TL, George SZ, Tillman SM, et al. Low- versus high-

intensity plyometric exercise during rehabilitation after anterior cruci-

ate ligament reconstruction. Am J Sports Med. 2016;44(3):609-617.

doi:10.1177/0363546515620583/FORMAT/EPUB

11. Chmielewski TL, Myer GD, Kauffman D, Tillman SM. Plyometric exer-

cise in the rehabilitation of athletes: physiological responses and clin-

ical application. J Orthop Sports Phys Ther. 2006;36(5):308-319.

doi:10.2519/jospt.2006.2013

12. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd

ed. Hillsdale; 1988.

13. Collings TJ, Gorman AD, Stuelcken MC, Mellifont DB, Sayers MGL.

Do the landing mechanics of experienced netball players differ

from those of trained athletes competing in sports that do not require

frequent landings? J Sci Med Sport. 2020;23(1):48-52. doi:10.1016/

j.jsams.2019.08.017

14. Costley JAE, Miles JJ, King E, Daniels KAJ. Vertical jump impulse

deficits persist from six to nine months after ACL reconstruction.

Sports Biomech. 2023;22(1):123-141. doi:10.1080/14763141.2021

.1945137
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APPENDIX 



Table A1. Kinetic variable definitions, relevance and calculations 

Variable Definition and relevance Calculation 

Peak vertical ground reaction force 
(VGRF) [BW] 

The maximum force exerted on the ground during landing or take-off. Often  
associated with the risk of injury,8 but also associated with better performance.7 

Peak vertical ground reaction force during the active peak of each jumping cycle and normalized to 
body weight. 

Ground contact time (GCT) [s] 
The duration for which the feet remain in contact with the ground during a jumping cycle. A key 
metric in assessing stretch-shortening cycle (SSC) function with < 250ms considered fast SSC 
function, and >250ms slow SSC function.10   

𝐺𝐺𝐺𝐺𝐺𝐺 (𝑠𝑠) = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑡𝑡 𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑡𝑡 𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡ℎ 𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 

Flight time [s] The time the athlete spends in the air between jumps. Can indicate explosive power capabilities and 
reduced values may indicate deficits in function.  𝐹𝐹𝐺𝐺 (𝑠𝑠) = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑡𝑡 𝑡𝑡𝑜𝑜𝑡𝑡𝑡𝑡ℎ 𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑡𝑡 𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜 

Jump cycle [s] The total time taken for one complete jump. Increased time may indicate poorer SSC function and 
plyometric capabilities. 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑗𝑗𝑡𝑡𝑡𝑡𝑗𝑗𝑡𝑡𝑑𝑑𝑗𝑗 𝑡𝑡𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡 (𝑠𝑠) = 𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐹𝐹𝐺𝐺 

Jump height [m] 
The vertical distance the athlete achieves during a jump. Reduced values in ACLR athletes can 
indicate lingering deficits in strength and functional recovery, which are critical for return-to-play 
decisions. 

𝐽𝐽𝑡𝑡𝑡𝑡𝑗𝑗 ℎ𝑡𝑡𝑡𝑡𝑗𝑗ℎ𝑡𝑡 (𝑡𝑡) = 𝐹𝐹𝐺𝐺2 ×  �
𝑗𝑗
8
� 

Peak center of mass displacement [m] The maximum vertical movement of the body’s center of mass during the jump. 

Peak vertical displacement of the body’s center of mass during ground contact was determined by 
dividing the vertical ground reaction force by body mass to determine acceleration. Centre of mass 
displacement was then calculated through the double integration of acceleration from initial ground 
contact. 

Vertical relative leg stiffness (kleg) 
[BW·m–1] 

A measure of how stiff the leg is during the jump, indicating the ability to resist deformation during 
ground contact. This also reflects how well an athlete can store and release elastic energy during a 
jump (i.e., SSC function).15 Abnormally high or low stiffness can indicate inefficiency in force 
absorption and production, which may predispose athletes to injury during dynamic movements like 
jumping.1 

𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙 (𝐵𝐵W · 𝑡𝑡−1) = 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 𝑉𝑉𝐺𝐺𝑉𝑉𝐹𝐹 ÷ 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡𝑐𝑐𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 𝑑𝑑𝑡𝑡𝑠𝑠𝑗𝑗𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡 

Vertical average loading rate (LRAv) 
[BW·s–1] 

The average rate at which force is applied to the body during the landing phase. A higher average 
loading rate may suggest a more abrupt application of force, which can strain soft tissues and increase 
injury risk.4,6,11 

The average change in force between 20 and 80% of the time to peak impact, 12 normalized to body 
weight. 

Vertical instantaneous loading rate (LRIns) 
[BW·s–1] 

The peak rate of force application at the moment of landing, representing the intensity of impact 
forces. High values are particularly concerning because they indicate a sharp, sudden application of 
force that muscles and tendons may struggle to absorb, leading to higher injury risk.4,6,11 

The maximum change in force between each time point within 20 and 80% of the time to peak impact. 

Net impulse (ImpNet) [BW·s] Net impulse is the difference between the propulsive and braking impulses during ground contact. 
Provides an indication of how an athlete dissipates and produces force over time.13 

Obtained by integrating the vertical ground reaction force over this period, while accounting for the 
individual's body weight impulse.3 

Total impulse (ImpTotal) [BW·s] The cumulative force applied over time during the entire jump. The integral of the vertical ground reaction force using a trapezoidal rule for the duration of ground 
contact.3 

Braking impulse (BrakeImp) [BW·s] The force applied to decelerate the body during landing. A higher braking impulse indicates greater 
deceleration demands on the limb. 2,14 

The total vertical impulse applied to the ground during the braking phase of ground contact. It is 
calculated by summing the instantaneous impulse values between initial ground contact and peak 
center of mass displacement,15  normalized to body weight. 

Propulsive impulse (PropImp) [BW·s] 
The force applied to propel the body upwards during take-off. A higher propulsive impulse reflects 
the force available for takeoff. Abnormalities in braking and propulsive impulse can point to 
compensatory strategies, weakness, or inefficiencies, raising injury risk.2,14 

The total vertical impulse applied to the ground during the propulsive phase of ground contact. It is 
calculated by summing the instantaneous impulse values between peak center of mass displacement 
and take-off,15 normalized to body weight. 

Braking:propulsive impulse ratio 
(Brake:Prop) 

The ratio of braking force to propulsive force, indicating balance between deceleration and 
acceleration. 𝐵𝐵𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝑗𝑗: 𝑗𝑗𝑐𝑐𝑜𝑜𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡𝑝𝑝𝑡𝑡 𝑡𝑡𝑡𝑡𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡 𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑜𝑜 = 𝑏𝑏𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝑗𝑗 𝑡𝑡𝑡𝑡𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡 ÷ 𝑗𝑗𝑐𝑐𝑜𝑜𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡𝑝𝑝𝑡𝑡 𝑡𝑡𝑡𝑡𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡 

Propulsive impulse duration (PropImp 
time) [s] The time over which the propulsive force is applied during take-off. 𝑃𝑃𝑐𝑐𝑜𝑜𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡𝑝𝑝𝑡𝑡 𝑡𝑡𝑡𝑡𝑗𝑗𝑡𝑡𝑠𝑠𝑡𝑡 𝑑𝑑𝑡𝑡𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑜𝑜𝑑𝑑 (𝑠𝑠)

= 𝑗𝑗𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝑡𝑡𝑜𝑜𝑑𝑑𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡𝑐𝑐𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡𝑎𝑎𝑠𝑠𝑠𝑠 𝑑𝑑𝑡𝑡𝑠𝑠𝑗𝑗𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡 

Peak braking force (BrakePeak)[BW] 
The maximum decelerating force applied during landing. Non-contact ACL rupture occur during the 
braking phase of landing,5 therefore understanding the forces athletes are exposed to 
during this phase can be of interest for stratifying risk.15 

The force transient with the greatest magnitude during the braking phase.  

Peak propulsive force (PropPeak) [BW] The maximum force applied to push off the ground during takeoff. The force transient identified between peak center of mass displacement and take-off.  

Time of braking peak (BrakePeak time) [s] 
The time point during the jump when the peak braking force occurs. Given that ACL ruptures have 
been estimated to occur within the first ~60 ms after initial ground contact,9 understanding whether 
athletes are exposed to large forces during this timeframe is noteworthy.15 

𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑏𝑏𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝑗𝑗 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 (𝑠𝑠) = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 𝑏𝑏𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑑𝑑𝑗𝑗 𝑜𝑜𝑜𝑜𝑐𝑐𝑡𝑡𝑡𝑡 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡𝑑𝑑𝑡𝑡𝑡𝑡𝑎𝑎𝑐𝑐 𝑗𝑗𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝑡𝑡𝑜𝑜𝑑𝑑𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 

Time of propulsive peak (PropPeak time) 
[s] 

The time point during the jump when the peak propulsive force occurs. If the propulsive peak occurs 
substantially later than the peak center of mass displacement, a loss of stiffness at peak center of mass 
displacement may be suggested and could impair the effectiveness of the SSC leading to more 
concentric jumping strategy.15,16 

𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑗𝑗𝑐𝑐𝑜𝑜𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡𝑝𝑝𝑡𝑡 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 (𝑠𝑠)
= 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑗𝑗𝑡𝑡𝑎𝑎𝑡𝑡 𝑗𝑗𝑐𝑐𝑜𝑜𝑗𝑗𝑡𝑡𝑐𝑐𝑠𝑠𝑡𝑡𝑝𝑝𝑡𝑡 𝑜𝑜𝑜𝑜𝑐𝑐𝑡𝑡𝑡𝑡 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡𝑑𝑑𝑡𝑡𝑡𝑡𝑎𝑎𝑐𝑐 𝑗𝑗𝑐𝑐𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝑡𝑡𝑜𝑜𝑑𝑑𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 
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Table A2. Within-session reliability of bilateral TJA kinetic variables at T1 for CON and ACLR groups 

Variable 
CON ACLR 

CV% Lower  
95% CI 

Upper  
95% CI CV% Lower  

95% CI 
Upper  

95% CI 

VGRF 9.41 8.56 10.47 11.54 10.43 12.92 
GCT 7.03 6.41 7.82 8.22 7.44 9.19 

Flight time 4.69 4.28 5.21 2.97 2.70 3.31 
Jump cycle 3.56 3.24 3.95 4.39 3.98 4.90 
Jump height 9.60 8.74 10.69 6.02 5.45 6.72 

COM displacement 10.05 9.14 11.19 10.39 9.40 11.64 
kleg 17.82 16.16 19.92 20.63 18.57 23.21 

LRAv 19.82 17.97 22.18 44.49 39.70 50.63 
LRIns 26.39 23.70 29.82 29.37 26.36 33.20 
ImpNet 2.99 2.73 3.32 2.02 1.84 2.25 
ImpTotal 2.97 2.71 3.30 3.97 3.60 4.43 
BrakeImp 3.48 3.18 3.86 6.81 6.16 7.60 
PropImp 3.07 2.80 3.40 8.05 7.28 8.99 

Brake:Prop 2.70 2.46 2.99 13.15 11.88 14.74 
PropImp duration 7.03 6.41 7.82 13.88 12.53 15.57 

BrakePeak 9.44 8.59 10.51 11.63 10.51 13.03 
PropPeak 9.59 8.72 10.67 6.34 5.75 7.09 

BrakePeak time 11.94 10.85 13.31 22.59 20.33 25.45 
PropPeak time 9.96 9.07 11.10 19.01 17.13 21.37 

CV% – percentage of coefficient of variation; CI – confidence interval; VGRF – peak vertical ground reaction force; GCT – ground contact time; COM – centre 
of mass; kleg – leg stiffness; LRAv – average loading rate; LRIns – instantaneous loading rate;  ImpNet – net impulse; ImpTotal – total impulse; BrakeImp – braking 
impulse; PropImp – propulsive impulse; Brake:Prop – braking:propulsive impulse phase ratio; Brakepeak – peak braking force; PropPeak – peak propulsive force; 



 

  

Table A3. Comparison of TJA kinetics (mean ± SD) within and between ACLR and control groups at T1 and T2 

Variable 
ACLR (T1)  ACLR (T2)  Control (T1)  Control (T2)  Involved vs Dominant Uninvolved vs Non-dominant 

T1 T2 T1 T2 

Involved Uninvolved ES Involved Uninvolved ES Dominant Non-
dominant ES Dominant Non-dominant ES p value ES p value ES p value ES p value ES 

VGRF (BW) 1.81 ± 0.43 2.19 ± 0.52a -0.85 1.83 ± 0.38 2.09 ± 0.52a -0.53 2.90 ± 0.29 2.74 ± 0.33a 0.51 2.92 ± 0.40 2.83 ± 0.40 0.23 < 0.001 -2.75 < 0.001 -2.45 < 0.001 -1.05 < 0.001 -1.46 

GCT (s) 0.41 ± 0.17 0.42 ± 0.17a -0.05 0.39 ± 0.13 0.39 ± 0.13a -0.05 0.21 ± 0.02 0.21 ± 0.02 0.17 0.21 ± 0.03 0.21 ± 0.03 0.05 < 0.001 1.49 < 0.001 1.64 < 0.001 1.58 < 0.001 1.73 

kleg (kN.m-1) 9.11 ± 4.42 10.86 ± 5.48a -0.35 9.54 ± 4.75 11.07 ± 7.01b -0.21 21.98 ± 5.23 20.89 ± 6.05a 0.19 22.3 ± 6.49 21.46 ± 5.79 0.14 < 0.001 -2.35 < 0.001 -2.00 < 0.001 -1.49 < 0.001 -1.48 

LRAv (BW·s–1) 45.75 ± 18.13 51.29 ± 18.75b -0.42 42.95 ± 14.01 47.94 ± 18.17b -0.29 66.89 ± 16.01 63.87 ± 17.02 0.18 69.06 ± 15.84 67.2 ± 14.05 0.12 < 0.001 -1.24 < 0.001 -1.73 0.050 -0.62 < 0.001 -1.17 

LRIns (BW·s–1) 86.75 ± 31.46 94.96 ± 35.43a -0.33 83.9 ± 30.00 83.49 ± 27.05c -0.07 92.18 ± 31.96 89.69 ± 27.7 0.08 94.82 ± 27.23 94.17 ± 23.8 0.01 0.597 -0.16 0.225 -0.45 0.412 0.25 0.316 -0.39 

ImpTotal (BW·s) 0.38 ± 0.08 0.47 ± 0.11a -0.90 0.38 ± 0.08 0.44 ± 0.06a -0.82 0.33 ± 0.03 0.30 ± 0.03a 0.96 0.32 ± 0.03 0.31 ± 0.03 0.55 0.018 0.76 0.006 0.94 < 0.001 2.11 < 0.001 2.07 

BrakeImp (BW·s) 0.19 ± 0.03 0.23 ± 0.05a -0.88 0.19 ± 0.03 0.21 ± 0.03a -0.74 0.16 ± 0.02 0.15 ± 0.01 0.73 0.16 ± 0.02 0.16 ± 0.02 0.39 0.010 0.83 < 0.001 1.05 < 0.001 1.86 < 0.001 1.85 

PropImp (BW·s) 0.19 ± 0.05 0.24 ± 0.06a -0.84 0.19 ± 0.05 0.23 ± 0.04a -0.83 0.16 ± 0.02 0.15 ± 0.02a 0.96 0.16 ± 0.02 0.15 ± 0.02 0.57 0.041 0.65 0.018 0.79 < 0.001 2.14 < 0.001 2.12 

Brake:Prop 1.02 ± 0.16 0.96 ± 0.12 0.34 1.02 ± 0.13 0.94 ± 0.10b 0.70 1.01 ± 0.11 1.05 ± 0.13 -0.36 1.03 ± 0.16 1.04 ± 0.11 -0.09 0.725 0.11 0.822 -0.04 0.064 -0.58 < 0.001 -1.03 

PropImp time (s) 0.22 ± 0.10 0.23 ± 0.10a -0.10 0.21 ± 0.08 0.22 ± 0.08a -0.08 0.12 ± 0.02 0.11 ± 0.01 0.24 0.11 ± 0.02 0.11 ± 0.01 0.09 < 0.001 1.34 < 0.001 1.45 < 0.001 1.52 < 0.001 1.61 

BrakePeak (BW) 1.81 ± 0.43 2.19 ± 0.52a -0.85 1.83 ± 0.38 2.08 ± 0.52a -0.51 2.90 ± 0.29 2.74 ± 0.33a 0.51 2.92 ± 0.40 2.83 ± 0.40 0.24 < 0.001 -2.73 < 0.001 -2.45 < 0.001 -1.05 < 0.001 -1.48 

PropPeak (BW) 1.38 ± 0.48 1.67 ± 0.65a -0.53 1.40 ± 0.43 1.66 ± 0.61a -0.39 2.59 ± 0.38 2.41 ± 0.39a 0.47 2.60 ± 0.43 2.49 ± 0.43 0.27 < 0.001 -2.62 < 0.001 -2.39 < 0.001 -1.22 < 0.001 -1.48 

BrakePeak time (s) 0.08 ± 0.02 0.08 ± 0.02 0.09 0.08 ± 0.02 0.08 ± 0.02 -0.04 0.08 ± 0.01 0.08 ± 0.01 0.06 0.07 ± 0.01 0.07 ± 0.01 0.07 0.632 0.15 0.324 0.31 0.673 0.13 0.279 0.41 

PropPeak time (s) 0.27 ± 0.17 0.28 ± 0.17 -0.04 0.24 ± 0.11 0.25 ± 0.13 -0.03 0.10 ± 0.01 0.10 ± 0.01 -0.02 0.10 ± 0.02 0.10 ± 0.02 0.00 < 0.001 1.27 < 0.001 1.50 < 0.001 1.30 < 0.001 1.47 

VGRF – peak vertical ground reaction force; GCT – ground contact time; kleg – leg stiffness; LRAv – average loading rate; LRIns – instantaneous loading rate; ImpTotal – total impulse; BrakeImp – braking impulse; PropImp – propulsive impulse; 
Brake:Prop – braking:propulsive phase ratio; BrakePeak – peak braking force; PropPeak – peak propulsive force; BW – body weight; ES – Cohen’s d effect size. 
 
aSignificant difference between limbs, within group p < 0.001 
bSignificant difference between limbs, within group p < 0.05 
cSignificant difference between timepoints, within group p < 0.05 
All significant differences highlighted in bold. 



 
  

Table A4. Comparison of TJA bilateral kinetics (mean ± SD) within and between ACLR and control groups at different timepoints 

Variable 
ACLR  Control  ACLR vs control (T1) ACLR vs control (T2) 

T1 T2 ES T1 T2 ES p value ES p value ES 

VGRF (BW) 3.79 ± 0.95 3.73 ± 0.86 -0.07 5.54 ± 0.53 5.66 ± 0.73 0.19 < 0.001 -2.20 < 0.001 -2.39 

GCT (s) 0.43 ± 0.17 0.4 ± 0.13 -0.18 0.22 ± 0.02 0.21 ± 0.03 -0.08 < 0.001 1.63 < 0.001 1.85 

Flight time (s) 0.43 ± 0.04 0.42 ± 0.04 -0.23 0.41 ± 0.04 0.42 ± 0.04 0.22 0.113 0.51 0.663 0.05 

Jump cycle (s) 0.86 ± 0.17 0.82 ± 0.14 -0.23 0.63 ± 0.05 0.63 ± 0.05 0.15 < 0.001 1.76 < 0.001 1.73 

Jump height (m) 0.23 ± 0.04 0.22 ± 0.04 -0.23 0.21 ± 0.04 0.22 ± 0.04 0.22 0.179 0.49 0.692 0.04 

COM disp (m) 0.23 ± 0.07 0.22 ± 0.06 0.20 0.14 ± 0.03 0.14 ± 0.03 0.02 < 0.001 1.63 < 0.001 1.70 

kleg (kN.m-1) 11.81 ± 6.21 12.02 ± 6.76 0.03 24.86 ± 7.45 26 ± 9.44 0.14 < 0.001 -1.92 < 0.001 -1.74 

LRAv (BW·s–1) 86.37 ± 30.51 79.88 ± 27.88 -0.22 123.3 ± 28.09 128.77 ± 27.26 0.20 < 0.001 -1.25 < 0.001 -1.77 

LRIns (BW·s–1) 139.5 ± 47.86 132.39 ± 39.76 -0.16 158.57 ± 45.43 164.11 ± 42.69 0.14 0.340 -0.41 0.035* -0.80 

ImpNet (BW·s) 0.43 ± 0.04 0.42 ± 0.04 -0.13 0.41 ± 0.04 0.42 ± 0.04 0.19 0.207 0.38 0.823 0.05 

ImpTotal (BW·s) 0.85 ± 0.17 0.82 ± 0.13 -0.21 0.63 ± 0.05 0.63 ± 0.05 0.12 < 0.001 1.70 < 0.001 1.81 

BrakeImp (BW·s) 0.41 ± 0.08 0.39 ± 0.05 -0.27 0.3 ± 0.03 0.3 ± 0.03 0.10 < 0.001 1.75 < 0.001 1.89 

PropImp (BW·s) 0.45 ± 0.1 0.43 ± 0.08 -0.16 0.33 ± 0.02 0.33 ± 0.02 0.13 < 0.001 1.55 < 0.001 1.64 

Brake:Prop 0.92 ± 0.09 0.91 ± 0.08 -0.09 0.92 ± 0.05 0.92 ± 0.04 0.00 0.800 -0.08 0.580 -0.22 

PropImp duration (s) 0.23 ± 0.1 0.22 ± 0.08 -0.14 0.12 ± 0.02 0.12 ± 0.02 -0.06 < 0.001 1.48 < 0.001 1.63 

BrakePeak (BW) 3.79 ± 0.95 3.72 ± 0.86 -0.08 5.54 ± 0.53 5.66 ± 0.74 0.19 < 0.001 -2.20 < 0.001 -2.41 

PropPeak (BW) 3.03 ± 1.14 3.05 ± 1.04 0.01 5.05 ± 0.72 5.16 ± 0.85 0.14 < 0.001 -2.07 < 0.001 -2.19 

BrakePeak time (s) 0.08 ± 0.02 0.08 ± 0.02 0.13 0.08 ± 0.01 0.08 ± 0.01 -0.13 0.625 0.07 0.324 0.32 

PropPeak time (s) 0.28 ± 0.17 0.25 ± 0.12 -0.17 0.1 ± 0.01 0.1 ± 0.02 -0.07 < 0.001 1.38 < 0.001 1.71 

VGRF – peak vertical ground reaction force; GCT – ground contact time; COM disp – center of mass displacement; kleg – leg stiffness; LRAv – average loading rate; LRIns – instantaneous 
loading rate; ImpNet – net impulse; ImpTotal – total impulse; BrakeImp – braking impulse; PropImp – propulsive impulse; Brake:Prop – braking:propulsive phase ratio; BrakePeak – peak braking 
force; PropPeak – peak propulsive force; BW – body weight; ES – Cohen’s d effect size. 
 
All significant differences highlighted in bold. 
*Deemed non-significant following the application of the Bonferroni-Holm correction. 



 

Table A5. Comparison of TJA interlimb kinetic asymmetries (mean ± SD) within and between ACLR and control groups at different timepoints 

Variable 
ACLR asymmetry (%)  Control asymmetry (%)  ACLR vs control (T1) ACLR vs control (T2) 

T1 T2 ES T1 T2 ES p value ES p value ES 

VGRF (BW) 13.42 ± 4.51 11.44 ± 4.40a -0.30 9.89 ± 3.93 8.11 ± 3.28a -0.34 0.003 0.45 0.004 0.44 

GCT (s) 1.77 ± 0.93 1.92 ± 1.27 0.02 2.50 ± 0.80 2.47 ± 0.76 -0.04 0.003 -0.45 0.018 -0.36 

kleg (kN.m-1) 13.44 ± 4.51 11.44 ± 4.40a -0.30 9.89 ± 3.93 8.11 ± 3.28a -0.34 0.003 0.48 0.004 0.44 

LRAv (BW·s–1) 18.83 ± 9.17 19.71 ± 6.75 0.05 11.84 ± 4.70 10.9 ± 3.55 -0.10 0.001 0.49 < 0.001 0.57 

LRIns (BW·s–1) 12.10 ± 4.70 11.13 ± 4.60 -0.22 12.96 ± 5.03 12.18 ± 3.76 -0.14 0.942 -0.01 0.310 -0.16 

ImpTotal (BW·s) 11.61 ± 5.02 10.24 ± 4.77 -0.11 9.80 ± 3.93 7.63 ± 3.51a -0.36 0.187 0.20 0.040 0.31 

BrakeImp (BW·s) 11.65 ± 5.08 10.52 ± 4.75 -0.20 8.87 ± 3.62 7.58 ± 3.21 -0.20 0.060 0.29 0.033 0.32 

PropImp (BW·s) 12.55 ± 5.50 11.66 ± 5.05 -0.15 12.51 ± 5.09 10.62 ± 3.94 -0.22 0.942 0.09 0.434 0.12 

Brake:Prop 7.52 ± 2.42 8.06 ± 2.69 0.12 8.77 ± 2.54 9.16 ± 3.55 0.00 0.078 -0.23 0.365 -0.14 

PropImp time (s) 3.42 ± 1.95 3.71 ± 2.50 0.02 4.67 ± 1.50 4.60 ± 1.42 -0.03 0.011 -0.39 0.037 -0.32 

BrakePeak (BW) 13.58 ± 4.90 11.67 ± 4.29a -0.30 9.89 ± 3.93 8.18 ± 3.26a -0.32 0.003 0.49 0.003 0.46 

PropPeak (BW) 10.03 ± 4.29 8.66 ± 4.67 -0.28 9.46 ± 4.28 7.63 ± 3.58 -0.24 0.625 0.15 0.434 0.12 

BrakePeak time (s) 10.36 ± 8.03 10.79 ± 5.63 0.08 5.04 ± 1.56 5.42 ± 2.39 0.12 0.004 0.44 0.008 0.40 

PropPeak time (s) 6.77 ± 5.46 8.38 ± 6.34 0.26 1.12 ± 1.33 0.87 ± 1.20 -0.12 < 0.001 0.65 < 0.001 0.72 

VGRF – peak vertical ground reaction force; GCT – ground contact time; kleg – leg stiffness; LRAv – average loading rate; LRIns – instantaneous loading 
rate; ImpTotal – total impulse; BrakeImp – braking impulse; PropImp – propulsive impulse; Brake:Prop – braking:propulsive phase ratio; BrakePeak – peak 
braking force; PropPeak – peak propulsive force; BW – body weight; ES –  Wilcoxon signed-rank (r) effect size. 
 
aSignificant difference in absolute asymmetry within group p < 0.05 
All significant differences highlighted in bold.  
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