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Background/Purpose

Anterior cruciate ligament reconstruction (ACLR) often leads to persistent
neuromuscular deficits, complicating return-to-sport decisions. Reliable functional
assessments are needed to guide RTS after ACLR. The main objective was to examine
countermovement jump (CM]) measures to identify which parameters can best
distinguish between ACLR and control participants. The secondary objective was to
determine whether performance alterations between operated and non-operated limb
exist during CMJ after ACLR.

Design

Non-randomized, single blinded, cross-sectional study

Methods

Limb symmetry index (LSI) was calculated for vertical ground reaction force (vGRF),
maximal power (MP), and eccentric rate of force development (RFDe) during
countermovement jumps (CM]J) performed on force plates by an ACLR group (n=64) and a
control group (n=47). First analysis compared LSI vGRF, LSI MP and LSI RFDe between
groups. Secondary analysis compared vGRF, MP and RFDe between the operated/
non-operated limb in the ACLR group and dominant/non-dominant limb in the control
group. Between-group comparisons were made using Mann-Whitney tests due to
non-normal data distribution. Effect sizes were calculated to assess the magnitude of
differences.

Results

Participants included 64 ACLR patients (mean age 26.5+5.0 years; 33 females) and 47
controls (mean age 23.6*2.1 years; 24 females). CM] measures in the ACLR group were
significantly reduced for LSI vGRF (p < 0.001), LSI MP (p < 0.001) and LSI RFDe (p <
0.001). The ACLR group exhibited significant differences between both limbs in terms of
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VGRF (p < 0.001), MP (p < 0.001), and RFDe (p < 0.01). No significant limb differences

were found in the control group.

Conclusion

Measures of deceleration from the CMJ are altered after ACLR and should be considered

throughout rehabilitation.

Level of Evidence
3

INTRODUCTION

Anterior cruciate ligament (ACL) injuries are among the
most prevalent and impactful knee injuries, especially in
sports that involve pivoting, jumping, and cutting maneu-
vers.! ACL reconstruction (ACLR) is a common surgical in-
tervention aimed at restoring knee stability and function,
particularly for athletes seeking to return to high-demand
activities.24 However, achieving a successful return to
sport (RTS) after ACLR remains a complex challenge influ-
enced by various factors, including graft type, rehabilita-
tion protocols, and results of functional assessments.>7

One of the critical components in the RTS process after
ACLR is the assessment of lower limb function and per-
formance.®? Harris et al. highlighted the inconsistency in
RTS criteria, with 65% of reviewed studies omitting specific
criteria for RTS, and only 10% reporting whether patients
could return to their pre-injury sports level.10 Although ex-
tensive research exists on this topic, clear and conclusive
guidelines for safe, unrestricted RTS are still lacking.%11
This underscores the rationale for evaluating patients at
the six-month postoperative period, a commonly refer-
enced milestone, to identify additional functional parame-
ters that may support informed RTS decisions.12:13

Traditional clinical assessments, including evaluations
of knee range of motion, strength, stability, and proprio-
ception provide essential insights into knee recovery but
may lack the sensitivity needed to detect subtle deficits in
dynamic movement, particularly those pertinent to sports
performance.?14-16 Identifying these nuanced deficits is
critical, as they can impact an athlete’s full return to per-
formance and may be indicative of reinjury risk.1” The rate
of second ACL injury has been reported to be 17.8%, with
9.3% occurring in the ipsilateral knee and 8.5% occurring in
the contralateral knee.18

In recent years, functional performance tests have
gained prominence in evaluating RTS readiness after
ACLR.%1920 Among these, the countermovement jump
(CMJ) has emerged as a valuable tool for assessing neu-
romuscular function and asymmetries between the lower
limbs. Studies have shown that ACLR patients frequently
exhibit kinetic deficits during CM]J, even after meeting RTS
criteria.1421-23 The CM]J, characterized by a rapid down-
ward motion followed by an explosive upward movement,
closely replicates the biomechanical demands of various
athletic actions, making it a relevant and dynamic tool for
assessing lower limb performance.24:25

The CM]J offers several advantages as an RTS assessment
tool. First, it provides a dynamic measure of lower limb

power and force generation—a crucial factor in sports per-
formance.26-28 Second, the CMJ enables clinicians to eval-
uate both bilateral and unilateral limb function, which is
essential for detecting asymmetries between the ACL-re-
constructed limb and the contralateral limb.26-28 Such
asymmetries have been linked to an elevated risk of rein-
jury and may indicate lingering neuromuscular deficits that
could compromise RTS outcomes.28

Research supports the utility of CMJ parameters for pre-
dicting RTS outcomes and identifying residual functional
impairments after ACLR.%22 For instance, Myer et al. found
that athletes meeting specific CM]J criteria before RTS had
a lower risk of sustaining a second ACL injury.29 Similarly,
Di Stasi et al. observed that jump performance asymmetries
were common even in athletes cleared for RTS, highlighting
the need for comprehensive functional assessments beyond
traditional clinical measures.23

Moreover, advances in technology, such as force plates
and motion capture systems, have enhanced the precision
of CMJ assessments, allowing for detailed analysis of ki-
netic and kinematic variables during the jump. These tools
enable clinicians to detect subtle movement patterns and
compensatory strategies that might otherwise go unno-
ticed, offering insights into the neuromuscular deficits that
may persist after ACLR.

In summary, the CM]J is a valuable tool for assessing RTS
readiness after ACLR, as it provides critical insights into
lower limb power, symmetry, and movement quality. De-
spite its benefits, there is still limited information on the
specific CM] parameters that are most informative for RTS
decision-making. The main objective is to examine coun-
termovement jump (CM]J) measures to identify which pa-
rameters can best distinguish between ACLR and control
participants. The secondary objective was to determine
whether performance alterations between operated and
non-operated limb exist during CM]J after ACLR.

METHODS

STUDY DESIGN

This preliminary non-randomized, single blinded, cross-
sectional study received approval by the COS-RGDS- ethics
committee (IRB00010835). All patients were treated in
agreement with the Declaration of Helsinki and provided
written informed consent. The STROBE guidelines were fol-
lowed in this study.
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PARTICIPANTS

Data was retrieved for the records of the Clinic of Domont
Physiotherapy department between January 2023 and
March 2024.

Inclusion criteria were that participants had to be aged
between 18 and 40 years old, have undergone an ACLR us-
ing a hamstring graft, have body mass index (BMI) lower
than 30 kg.m2 and above 18.5 kg.m2. Exclusion criteria
were any history of knee injury prior to the ACL injury,
pregnancy, missing information or data from the medical
record and associated injuries other than meniscal injuries
(treated either by meniscal suture or meniscectomy) such
as osteochondral injury and/or other complex ligament in-
juries.

From the original 140 ACLR patients, 50 patients were
excluded. 23 patients did not meet the inclusion criteria,
two patients declined to participate, 24 had incomplete or
missing data, and one patient was excluded because he had
difficulty understanding English or French.

A total of 64 recreational athletes (33 female and 31
male) were recruited six months after an ACLR surgery. The
ACLR was performed by one of three orthopedic surgeons
following the same surgical procedure using a hamstring
graft. Participants were recruited from the three rehabili-
tation centers that followed the same ACLR rehabilitation
programs. The ACLR rehabilitation programs follows the
Aspetar guidelines by using OKC and CKC to recover muscle
strength as well as isokinetic training.30

A total of 47 recreational athletes (24 female and 23
male) with no lower limb injury or surgery history were re-
cruited as the control group. Inclusion criteria were partic-
ipants had to between 18 and 40 years old, and BMI had
to be lower than 30kg.m2. Exclusion criteria were any his-
tory of lower limb injury, pregnancy, missing information
or data from the medical record. Two groups were formed,
an ACLR group (n=64) and a control group (n=47).

SAMPLE SIZE CALCULATION

The sample size calculation was performed using G*Power
version 3.1.9.7, conducting a power analysis for an indepen-
dent two-group comparison. Considering a large effect size
(d =0.8), a significance level of 5% (a = 0.05), and a statisti-
cal power of 80% (1 - B = 0.80), the analysis estimated that
a minimum of 26 participants per group (52 in total) would
be required to detect a significant difference between the
groups

ASSESSMENT PROTOCOL

The participant’s height (cm), mass (kg), age and sport ac-
tivity level (using a Tegner Activity scale) and operated limb
or dominant leg (self-reported) were recorded before the
start of the tests. Before the jump tests, participants per-
formed a standardized warm-up that consisted of five min-
utes on a bicycle, five two-legged squats and two submax-
imal CM]J’s. Participants were instructed to stand on two
legs on the force plates (Delta Force Plate; Kinvent; V2;
2000 Hz; Montpellier; FRANCE). The data were collected

with Kinvent Physio App (v2.7.1). With their hands on their
hips, they were asked to perform a CM], jumping as high
and fast as possible without upper limb movement. Par-
ticipants were instructed to remain motionless for at least
three seconds before initiating the jump to ensure a stable
baseline force measurement at body weight. Subsequently,
players executed a downward movement (descent phase)
until reaching their self-selected depth, followed by a rapid
reversal involving triple extension at the hip, knee, and an-
kle joints. The objective was to maximize vertical acceler-
ation and the displacement of the center of mass. Partici-
pants kept their hands on their hips throughout the jump,
and no knee flexion was allowed while airborne. Each par-
ticipant performed three trials, with a 30-second rest in-
terval between jumps. The mean values of the three jumps
were recorded for further analysis.3!

The CM] was evaluated using two synchronized force
plates to independently capture ground reaction forces
from each limb. This setup enabled precise calculation of
the Limb Symmetry Index (LSI) for vertical ground reaction
force (vGRF), maximal power (MP), and rate of force de-
velopment during the deceleration phase (Decel RFD). For
each parameter, the LSI was calculated as: LSI=(Operated
LimbNon-Operated Limb)x100LSI=(Non-Operated Limb-
Operated Limb)=100 in the ACLR group, and similarly using
dominant/non-dominant limbs in the control group. The
maximal value from each limb across the three trials was
used for analysis.3! First analysis compared LSI vGRF, LSI
MP and LSI Decel RFD between both groups during CM]J.
Secondary analysis compared vGRF, MP and Decel RFD be-
tween operated/non-operated limb in the ACLR group and
dominant/non-dominant limb in the control group.

STATISTICAL ANALYSIS

All statistical tests were performed using a significance
level of a = 0.05, with corresponding 95% confidence inter-
vals (CI9 reported where applicable. Statistical analysis was
conducted using the JASP® software.

Descriptive statistics were calculated for both groups for
each of the variables in the population: age, height, weight,
sex, BMI, Tegner score, Marx score, and the operated side
or dominant leg.

The verification of the normality of data distribution was
carried out using a Kolmogorov-Smirnov test, for each of
the variables of the two groups.

To examine for differences in demographic character-
istics between the ACLR and control groups, independent
samples t-tests were used for normally distributed quanti-
tative variables, and Mann-Whitney U tests were used for
non-normally distributed variables. A Pearson’s Chi-square
(Chi-2) test was conducted for qualitative variables (sex,
operated side).

After verifying the normality of the distribution and the
homogeneity, the Mann-Whitney test was used on the vari-
ables corresponding to the results of the jump test due to
lack of normal distribution. This was to compare the two
limbs for each group for any significant difference, operated
versus non-operated for the ACLR group and dominant ver-
sus non-dominant for the control group. The Mann-Whit-
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Table 1. Anthropometric data

Variable ACLR Group (n=64) Mean + SD Control Group (n=47) Mean = SD p-value
Age (years) 26.50+5.00 23.60+2.10 <0.001
Height (m) 1.72+0.09 1.75+1.12 0.83
Weight (kg) 71.40+10.00 70.30£8.00 0.26
BMI (kg/m?) 24.50 £ 2.40 21.60+£2.00 0.13
Tegner Activity Scale 6.50+2.00 7.00+1.50 0.67
Marx Score 11.90+£3.10 10.20+3.30 0.46
Sex (M/F) 33/31 23/24 0.61
Operated side / Dominant side (R/L) 32/35 28/19 0.21

SD - standard deviation; cm - centimeter; kg - kilogram; kg/m2 - kilogram per square meter; BMI - Body Mass Index; M/F - Male/Female; R/L - right/left.

ney test was also used to compare the quantitative values
from the CM]J of the non-dominant limb of control group
with the operated limb of group ACLR. In accordance with
previous literature, the non-dominant limb is often used as
a comparator for the operated limb in ACL research, as it
is presumed to be less influenced by compensatory adap-
tations following surgery.32 This comparison helps to bet-
ter assess residual deficits and neuromuscular asymmetries
that may persist post-rehabilitation, providing a more ac-
curate representation of functional recovery and injury risk.
A Mann-Whitney test was used to compare the LSI values
from the CM] between groups, to determine whether differ-
ences in LSI were present in ACLR patients compared to the
control group.33

In addition to statistical significance testing, effect sizes
were calculated to assess the magnitude of differences be-
tween groups. Cohen’s d was used for normally distributed
variables, while non-parametric effect size estimates (r =
Z / VN) were used for data that did not meet normality
assumptions. Effect size quantifies the strength of an ob-
served difference by standardizing it relative to the vari-
ability in the data. According to conventional thresholds,
an effect size of 0.2 is considered small, 0.5 moderate, and
0.8 large.3* This approach enhances the understanding of
the intervention’s effectiveness beyond statistical signifi-
cance alone, offering insights into the practical relevance of
the observed changes.

RESULTS

PARTICIPANTS CHARACTERISTICS

A complete summary of the anthropometric data with de-
tails for each group is presented in Table 1. No statistically
significant differences were observed between the groups
except for age, (p <0.001) with the control group being
younger.

Statistically significant differences were observed for the
LSI vGRF and the LSI MP. For the LSI vGRF (Table 2), there
is a difference of 9% (94.90% = 5.28 vs 85.90% * 9.57; p
< 0.001; ES= -0.64). For the LSI MP, there is a difference
of 10.7% (95.60% * 4.15 vs 84.90% * 8.39; p < 0.001; ES=
-0.78). For the LSI Decel RFD, there is a difference of 8.7%
(76.70% * 17.2 vs 68.00% * 23.14; p= 0.081; ES= -0.19). For

jump height, a significant difference of 7.6 cm is observed
(28.7£10.03 cm vs 21.1 £ 7.44 cm; p < 0.001; ES = -0.42)

For VGRF, there is a difference of 1.60 N.kg'! (9.20
N.kg-1 + 1.19 vs 10.60 N.kg'! * 1.36; p < 0.001; ES= 1.1).
For MP, there is a difference of 2.70 W.kg™! (17.60 W.kg™! +
4.03 vs 20.30 W.kg! + 4.16; p < 0.001; ES= 0.70). For Decel
RFD, there is a difference of 383 N.s™! (842.00 N.s'! + 621
vs 1225.00 N.s'! + 878; p= 0.004; ES= 0.50). The detailed re-
sults are summarized in Table 3.

No statistically significant differences were observed be-
tween the dominant and non-dominant limbs for any of the
variables in the control group. These results are summa-
rized in Table 4.

DISCUSSION

The primary aim of this study was to determine which CM]
parameters could most effectively differentiate ACLR pa-
tients from a control group and identify asymmetries be-
tween operated and non-operated limbs during bilateral
tasks. Six months post-surgery, ACLR participants dis-
played notable deficits in LSI for vGRF and MP compared
to healthy controls. Additionally, significant discrepancies
were observed between the operated and non-operated
limbs within the ACLR group, highlighting ongoing kinetic
asymmetries despite clearance to RTS.

These findings align with the growing body of evidence
indicating that kinetic asymmetries often persist after
ACLR, even when patients achieve standard clinical bench-
marks, such as full range of motion, absence of pain, and
clearance for return to sport based on strength and func-
tional assessments (e.g., limb symmetry index >90%).935
Myer et al. demonstrated that asymmetrical performance
in tests like the CMJ could be predictive of reinjury risk,
underscoring the clinical relevance of assessing inter-limb
discrepancies in the rehabilitation context.2? Specifically,
athletes who did not meet established kinetic criteria had
an increased risk of reinjury compared to those with sym-
metrical performance, suggesting that asymmetries might
serve as critical indicators of neuromuscular deficiencies

that increase the likelihood of reinjury upon RTS.%1217.36,
37
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Table 2. Comparison of CM] values between ACLR group and control group

Variable ACLR Group (n=64) Mean + SD Control Group (n=47) Mean + SD p-value Effect Size (ES)
Jump Height (cm) 21.1+7.44 28.7 +10.03 <0.001 -0.42
VGRF LSI (%) 85.90+9.57 94.90 £5.28 <0.001 -0.64
MP LSI (%) 84.90 £ 8.39 95.60+4.15 <0.001 -0.78
Decel RFD LSI (%) 68.00+23.14 76.70+£17.21 0.081 -0.19

LSI - Limb Symmetry Index; SD - standard deviation; vGRF - vertical Ground Reaction Force; MP — Maximal Power ; Decel RFD - Rate of Force Development. Negative effect sizes in-
dicate that the ACLR group had lower values than the control group for the respective variable.

Table 3. Comparison between operated and non-operated limbs during the CMJ for ACLR group.

. Operated Limb (OP) Mean + Non-Operated Limb (NOP) Mean + p- Effect Size
Variable
SD SD value (ES)
-1 <
VvGRF (N.kg™) 9.20+1.19 10.60 + 1.36 0.001 -0.91
-1 <
MP (W.kg™) 17.60+4.03 20.30+4.16 0.001 -0.66
DEE,C\T'SE)FD 842+ 621 1225+878 0.004 -0.50

OP - operated limb; NOP - non-operated limb; vGRF - vertical Ground Reaction Force; MP - Maximum Power; Decel RFD - Rate of Force Development; N - Newton; kg - kilogram; W

- Watt; s - second. Negative effect sizes indicate that the ACLR group had lower values than the control group for the respective variable.

Table 4. Comparison between dominant and non-dominant limbs during the CMJ for control group

Variable Non-Dominant Limb (NDL) Mean + Dominant Limb (DL) Mean + p- Effect Size
SD SD value (ES)
VGRF (N.kg™) 10.80 + 1.45 11.00 + 1.49 0.42 -0.14
MP (W.kg™?) 23.30 £ 6.34 23.60+6.14 0.76 -0.05
De(lc\le'si)FD 1464.00 + 898 1772.00 + 1049 0.13 -0.32

NDL - non-dominant limb; DL - dominant limb; vGRF - vertical Ground Reaction Force; MP -Maximum Power; Decel RFD - Rate of Force Development; N - Newton; kg - kilogram; W
- Watt; s - second. Negative effect sizes indicate that the ACLR group had lower values than the control group for the respective variable.

The observed deficits in LSI vGRF in the current study
are consistent with findings from Read et al., who noted
decreased symmetry in vGRF among ACLR patients, par-
ticularly within the six to nine month postoperative win-
dow.38 These authors also reported that vVGRF asymmetries
are particularly prevalent in the early stages of rehabil-
itation, with symmetry often only marginally improving
as rehabilitation progresses. However, unlike the current
findings, Read et al. observed higher symmetry in their con-
trol group, with their ACLR patients displaying more pro-
nounced asymmetries.38 This discrepancy could stem from
methodological differences, such as variations in CMJ pro-
tocol and differences in sample demographics. Such differ-
ences emphasize the need for standardized, consistent test-
ing protocols in clinical research to facilitate comparability
across studies.

Lastly, the current findings are corroborated by Baum-
gart et al., who showed that vGRF asymmetries strongly
correlate with poorer subjective function, as measured by
the International Knee Documentation Committee score, in
ACLR patients — a measure that was not included in the
current study.3® This correlation between subjective func-

tion and kinetic asymmetry supports the notion that kinetic
measures—specifically, bilateral assessments like CMJ—can
serve as objective markers of functional recovery. Baum-
gart’s findings align with the current results, indicating that
even six months after ACLR, kinetic discrepancies remain
significant, suggesting that kinetic asymmetries should be a
critical consideration in the RTS decision-making process.$:
9,40

Similarly, the present study’s findings on LSI MP echo
results from King et al., who found that MP asymmetries
in ACLR patients were strongly associated with incomplete
functional recovery.4! However, King et al. reported a
smaller MP deficit than observed in the current study,
which could be attributed to the unipedal CM] protocol
used in their research.#! A unilateral testing approach may
yield lower MP deficits by isolating performance in each
limb, while the current study approach using a bipedal pro-
tocol potentially heightens asymmetries due to the inter-
play of both limbs during the jump task. This contrast un-
derscores the need for future studies to explore whether
unilateral CMJ assessments might provide a different and
potentially more accurate picture of limb-specific deficits
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than bilateral assessments, potentially offering a more sen-
sitive measure of neuromuscular function.

Another notable finding in the current study is the
deficit observed in Decel RFD within the ACLR group com-
pared to controls. Decel RFD represents a crucial parame-
ter, capturing an individual’s capacity to modulate force
absorption during landing—a fundamental aspect of jump
mechanics relevant to injury prevention and RTS.42:43
While Decel RFD has not yet been widely adopted as a
clinical measure, a recent study by Kotsifaki et al. support
its potential utility in RTS assessments.22 Their research
highlights that deficiencies in force absorption can persist
even in athletes who meet clinical strength criteria, sug-
gesting that Decel RFD may capture residual neuromuscu-
lar deficits overlooked by conventional strength and func-
tional performance metrics.22:44

The current study results further suggest that reliance
on LSI as a singular measure for RTS clearance may over-
simplify the complex interplay between limbs. Wellsandt et
al. cautioned against the sole use of LSI in RTS decisions,
emphasizing that LSI assumes the non-operated limb func-
tions as a reliable benchmark, which may not always be ac-
curate. Instead, they advocate for a multifaceted approach
that considers the unique compensatory strategies devel-
oped during rehabilitation, as well as potential deficits in
both limbs.45 Incorporating independent measures of both
limbs’ functional status may therefore provide a more nu-
anced view of an athlete’s readiness for unrestricted sports
participation.46

The findings from this study reinforce the clinical impor-
tance of comprehensive functional assessments, such as bi-
lateral CM]J, in determining RTS readiness post-ACLR. The
results suggest that continued kinetic asymmetries in load
absorption, power generation, and force modulation may
signify incomplete neuromuscular recovery, underscoring
the need for protocols that assess these parameters longi-
tudinally. While LSI remains a valuable measure, its limi-
tations call for supplementary metrics like Decel RFD and
independent limb assessments to capture more accurate
functional recovery profiles. Future research should focus
on standardizing CM] protocols and exploring Decel RFD’s
predictive value for reinjury risk to establish evidence-
based guidelines for RTS following ACLR.

LIMITATIONS

This study has several notable limitations that should be
considered when interpreting the results. One significant
limitation is the age discrepancy between the ACLR and

control groups, as our control group included younger par-
ticipants, leading to a lack of homogeneity. Age-related dif-
ferences in neuromuscular performance could have influ-
enced the findings, and a more age-matched control group
would provide more comparable data. Additionally, the
time each ACLR participant had been allowed to engage in
jump-related activities was not accounted for. Participants
who recently resumed jumping may display lower perfor-
mance metrics than those who had more time to retrain and
adapt. Although the rehabilitation protocols across centers
were similar, individual variations in specific rehabilitation
phases may have introduced variability in performance out-
comes.

Another potential source of bias is the absence of psy-
chological assessment before the CM]J test. Psychological
factors, such as apprehension or fear of reinjury, could af-
fect jump performance, particularly in ACLR patients, and
the inclusion of a psychological assessment measure could
provide valuable context for interpreting CM] outcomes.
Future studies should also consider using additional func-
tional assessments alongside CM]J to create a more compre-
hensive view of neuromuscular recovery and RTS readiness.

CONCLUSION

The current findings indicate more pronounced asymme-
tries in load absorption, force generation, and power in
patients with ACLR than in controls. The findings align
with previous literature using similar protocols, emphasiz-
ing significant compensatory strategies that may be used
for load absorption, force production, and power among
ACLR patients during bipedal vertical jumps compared to
healthy controls. Load absorption, force generation, and
power appear to be valuable markers in assessing readiness
to RTS. Future research should explore whether targeted
rehabilitation strategies can effectively address deficits in
these areas and influence return-to-sport outcomes.
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