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ABSTRACT

Introduction: Rehabilitation in the first three months is an
expedient phase from a static load-bearing to a dynamic
one. Understanding of neuromuscular recovery is crucial for
preventing secondary injury and delay in return to sport.

Aim: To assess the relationship between Eccentric Peak Force
(EPF), Eccentric Peak Force Asymmetry (EPFA), Loading Rate
(LR) and Loading Rate Asymmetry (LRA) at three months after
Anterior Cruciate Ligament Reconstruction (ACLR) in athletes
and non athletes.

Materials and Methods: This study was a cross-sectional
study conducted in the Total Healthsums Physiotherapy
Centre, New Delhi, India, from January 2026 to April 2026. A
total of 30 patients with primary ACLR (16 athletes and 14 non
athletes) aged between 20 and 40 years were included as per
eligibility criteria. They were performed with isometric squat
testing on VALD ForceDecks dual force plates to evaluate EPF,
EPFA, LR, and LRA at three months post-ACLR. Two different
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groups (athletic and non-athletic group) were analysed using
an independent t-test or Mann-Whitney U test for parametric or
non parametric distribution, respectively. Spearman's test was
done to test correlation between EPF, EPFA, LR and LRA.

Results: There was a significant difference in EPFA and LRA
between the groups. A positive correlation was observed
between EPF and LR across entire sample (rs=0.55, p=0.002)
and non athletes (rs=0.56, p=0.035), but no linear relation in
athletes. Also, there is no correlation between EPFA and LRA in
any group but has linear relation across whole sample (rs=0.39,
p=0.030). EPFA and LRA are independent constructs in two
groups.

Conclusion: With an increase in force, LR increases in non
athletes as well as the entire sample population. There was no
significant correlation between force and LR in athletes and
between force asymmetry and LRA in both athletes and non
athletes.

Keywords: Anterior cruciate ligament, Isometric squat, Limb asymmetry, Return to sport

INTRODUCTION

Neuromuscular deficits persist in the ACL-reconstructed population,
increasing the risk of recurrence of injury [1]. Altered movement
patterns and compensatory strategies result from neuromuscular
impairments. These insufficiencies may be related to the imbalances
in the hip and knee muscles [2]. Inter-limb asymmetries are another
outcome of ACLR and have been analysed during landing and
jumping in a few studies. These studies focused on lower-limb
movement patterns [3-5].

To achieve lower limb strength post-ACLR, the bilateral squat, a
multi-joint exercise, is generally included in post-ACLR rehabilitation
[6-8]. During ACLR rehabilitation, there was inter-limb substitution,
through the load shifts to the healthy limb from the affected limb
or the load shifts from targeted muscle group, while performing a
bilateral squat [7,8]. Knee kinetics and kinematics are assessed
during the bilateral squats post-ACLR. It is of the essence to use
the bilateral isometric squat as an assessment to compare the
asymmetries between the limbs to enhance the knee function post-
ACLR [7].

The ‘rate’ of ‘force development’ or the LR is the speed at which
the force is developed in the contractile unit of the muscle. It is
a measure of explosive strength in an athlete [9,10]. Developing a
more explosive response may improve the athlete’s performance
[11]. The LR can be calculated from isometric, concentric, or
eccentric muscle force. However, one study shows that intrinsic
properties of the muscle and tendons are determined by eccentric
force rather than concentric force [11].
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The force developed during the descent phase of the squat is known
as the EPF [12]. Two studies suggested that EPF has good reliability
during loading movements [12,13]. The descent phase, involving
eccentric force, requires rapid deceleration to control descent and
restore kinetic force through eccentric muscle contraction [14].
So, it is important to work athletes’ eccentric muscles to support
the dynamic, rapid movements required for returning to sport. The
non-athletic population may need a different rehabilitation approach
based on their neuromuscular adaptation.

The first three months of rehabilitation are crucial for restoring
physical characteristics. It focuses on early weight-bearing and
improving joint mobility. It is a transitional phase towards dynamic
loading [15]. This phase should emphasise muscle activation
patterns, imbalances, and inter-limb asymmetry. There are studies
that emphasise strength deficits and asymmetries at six and
nine months postoperatively [14,16-18]. However, less literature
is available for the early phase of three-month postoperative
rehabilitation. A study was performed where asymmetry or Limb
Symmetry Index (LSl) as an early predictor in lower limbs of
athletes during loading was assessed while performing Sit-To-
Stand (STS) at one month postoperative [19]. Another study was
done where peak force and LR were assessed at three months
during squatting, standing and STS, where they unconsciously
underwork on their surgical limb [20]. There are numerous
studies on the asymmetries and performance of athletes post-
ACLR [14,16-18,21-23], but few distinguish among different
asymmetries [24,25]. Also, there is a lot of inconsistency in the
methodologies used to investigate these asymmetries [26]. Thus,
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the main objective was to add to the current knowledge of knee
kinetics post-ACLR. The present study aimed to correlate EPF,
EPFA, LR and LRA between athletes and non athletes in the initial
period of ACLR rehabilitation.

MATERIALS AND METHODS

The present was a cross-sectional study conducted in the Total
Healthsums Physiotherapy Centre, New Delhi, India, from January
2026 to April 2026. The Ethics Committee, MRIIRS, Faridabad,
Haryana, India, Reference number: EC/2023-24/046-A, approved
the study. In compliance with the Helsinki Declaration of 1964, revised
in 2013, ethical standards were maintained throughout the study.
The study was conducted in accordance with the Strengthening
the Reporting of Observational studies in Epidemiology (STROBE)
guidelines. The independent variable is patient type (athlete or non-
athlete), and the dependent variables are EPF, EPFA, LR, and LRA.

Inclusion and Exclusion criteria: The inclusion criteria were: male
and female aged between 20 and 40 years; the athletes should
have participated in pivoting or cutting sports before the ACLR and
had played for at least two years; the surgery for all the patients
was done with the primary arthroscopic ACLR with or without
meniscectomy of the single limb, the reconstruction was performed
using a hamstring tendon, and the duration should be three months
post-ACLR. The exclusion criteria were: history of any lower-limb
injury or surgery; involvement of both limbs in the injury or surgery;
any underlying systemic illness affecting musculoskeletal function,
such as thrombosis, pregnancy, epilepsy, cardiovascular disease,
or neurological conditions.

Sample size calculation: The sample size was calculated using
G*Power (Version 3.1.9.7, Heinrich Heine University, Disseldorf,
Germany). A priori power analysis was performed for a two-tailed
bivariate correlation, assuming a moderate effect size (r=0.50),
an o error probability of 0.05, and a statistical power of 80%. The
analysis indicated that 29 participants were required. Therefore, 30
participants were included in the study to ensure adequate statistical
power.

A total of 30 patients (16 athletes and 14 non athletes) were recruited
through referrals. Patients were grouped on the basis of their activity
levels before ACL injury: athletes who played competitive sports
and non athletes who participated in recreational sports less than
twice a week.

Study Procedure

All selected patients (athletic and non-athletic groups) underwent
ACLR rehabilitation with blood flow restriction training from the 6
week to three months post-ACLR. All the patients were adherent
to similar BFR training until the testing. At three months, they were
assessed with an isometric squat assessment. The assessor who
went for assessment of the outcome measures was blinded; he did
not know which group the patients were from.

Testing protocol: On a stationary cycle, a warm-up for 10 minutes
was performed before the test by the subjects. The testing protocol
was followed according to the VALD Hub Knowledge Base, which is
available on the website with the published protocols [27,28]. Dual
ForceDecks plates were placed on a flat surface, and both plates
were zeroed before each test [27,29]. Isometric squat holding or
static squat was performed by asking participants to stand on the
centre of the plate with feet shoulder-width apart and at a 90° knee
angle. The subjects were asked to hold the position for 2-3 seconds,
then perform a maximum contraction for 4-5 seconds. Three trials
were performed with a 2-minute break in between, and the superior
result was then used for analysis [26,30,31]. A training session was
given to each participant to omit learning bias. During the trials given,
an auditory cue was provided to the participants. The cue given was
“as fast and as hard as possible”. All the guidelines were followed
according to the manufacturer's guideline manuals. The results

www.jcdr.net

were then recorded and noted [31]. Intra-rater reliability {Intraclass
Correlation Coefficient (ICC)=0.75-0.97} has been reported to be
excellent in healthy individuals [27].

Outcome measures: Isometric squat assessment was analysed
using a VALD ForceDecks dual force plate (ForceDecks, FDLite V.2,
VALD Performance, Brisbane, Queensland, Australia). The testing
was performed using the isometric squat [32,33]. The wireless
configuration of two portable uniaxial force plates was used to assess
the variables. The patients were asked to stand on the force plates
with one foot on each plate, then they were asked to stand without
moving for a few seconds for baseline stability. Then, ForceDecks
software, installed on an iPad iOS application (Apple, CA, United
States), processed the force-time curves to calculate the variables.
The ForceDecks system assesses the EPF and LR by calculating the
vertical Ground Reaction Forces (GRF), and their asymmetries are
calculated within the software through the comparison of affected
versus unaffected lower limb vertical GRFs [27-29].

STATISTICAL ANALYSIS

Normality of all variables, including demographic data and
outcome measures, was assessed using the Shapiro-Wilk test,
kurtosis, and histograms. Normality was assessed using the
Shapiro-Wilk test at p<0.05 to distinguish between parametric
(normal) and non parametric (non normal) distributions of the data.
Independent t-test for normal distribution and Mann-Whitney U
test for non normally distributed data were used to compare EPF,
EPFA, LR and LRA between the ACLR athletes and non-athlete
groups. The relationships between LR and EPF, and between
LRA and EPFA, were evaluated using the Spearman’s correlation
coefficient. Spearman’s rank correlation was used for a small
sample size (N=30) and a non normal distribution of data, as it
is more robust to outliers than Pearson’s correlation [34]. The
magnitude of correlation was inferred as negligible (0-0.3), low
(0.3-0.5), moderate (0.5-0.7), high (0.7-0.9), and excellent (0.9-
1.0) [35]. All statistical analyses were conducted in IBM Statistical
Package for Social Sciences (SPSS) Statistics (Version 31.0, IBM
Corp., Armonk, NY, USA). Significance was reported if p<0.05.
Moreover, the confidence interval was set at 95%. The data were
presented as mean+SD.

RESULTS

Demographic and anthropometric characteristics of the subjects
are presented in [Table/Fig-1]. The mean and SD demonstrated the
quantitative data. Age, height, and weight had a normal distribution,
and when tested with an independent t-test, they did not differ
significantly between groups. The gender variable had a non-normal
distribution and showed no significant difference after the Mann-
Whitney test.

The EPF and LRA had normal distributions, while EPFA and LR had
non normal distributions [Table/Fig-2]. LRA showed a significant
difference (p=0.041) when tested with an independent t-test, whereas
EPF showed no significant difference (p=0.321). Applying the Mann-
Whitney test, EPFA showed a significant difference (p<0.001), whereas
LR showed no significant difference between the groups (p=0.361).

Athletic Non-athletic | Independent | Mann-Whitney
Group Group t-test U test
T3} =ik -value -value
Variables Mean+SD Mean+SD P p
Gender (M/F) 11/5 13/1 - 0.100
Age (year) 30.50+7.04 28.64+6.40 0.458
Height (cm) 162.00+10.64 | 165.71+10.22 0.341
Weight (kg) 71.50+7.82 76.14£13.65 0.275

[Table/Fig-1]: Demographic and anthropometric characteristics of athletic and

non-athletic group.
M: Male; F: Female; *: significant difference
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Non-athletic Independent | Mann-Whitney

Athletic Group Group t-test U test

Variables
(n=16) (n=14)
Mean+SD Mean+=SD p-value p-value

EPF 942.99+198.07 | 1027.46+259.38 0.321 -
EPFA 6.95+3.99 25.96+10.86 - <0.001*
LR 657.50+607.57 | 837.47+680.30 - 0.360
LRA 28.90+£21.87 47.62+25.89 0.041*

[Table/Fig-2]: EPF, EPFA, LR, and LRA between athletic group and non-athletic
group.

EPF: Eccentric peak force; EPFA: Eccentric peak force asymmetry; LR: Loading rate; LRA: Load-
ing rate asymmetry; *: significant difference

The LR displayed a moderate positive correlation (r.=0.56,
p=0.035) with EPF in the non athletes’ group, which is statistically
significant. LR is not related to EPF in the athlete group, as
indicated by the Spearman’s rank correlation test. However, LR
and EPF show a moderate, highly significant positive correlation
(r=0.55, p=0.002) in the Spearman’s rank correlation test for all
participants. LRA showed no strong linear relationship with EPFA
in either group and shows a significantly low correlation across the
entire group (r.=0.39, p=0.030), as assessed by the Spearman's
test [Table/Fig-3-5].

Parameters N r-value p-value
Group LR LR LR
Athlete EPF 16 0.388 0.137
Non-athlete EPF 14 0.565 0.035*
All EPF 30 0.553 0.002*
N r-value p-value
Group LRA LRA LRA
Athlete EPFA 16 0.368 0.161
Non-athlete EPFA 14 0.106 0.719
All EPFA 30 0.397 0.030*

[Table/Fig-3]: Spearman’s correlation coefficient for EPF, LR, EPFA and LRA.

EPF: Eccentric peak force; EPFA: Eccentric peak force asymmetry; LR: Loading rate; LRA: Loading
rate asymmetry; *: statistical significance; N: Sample size; rs -value: Spearman's rho coefficient value

Athlete

Eceirtic PrakFerot EPF)
§
3

120000

Loading Rate (LR)

Whole Sample Group (N=30)

Footnote

[Table/Fig-4]: EPF versus LR regression plot for: a) Athlete; b) Non-athlete;

¢) Whole sample group.
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DISCUSSION

The present study demonstrates that an increase in the asymmetry
of one variable (EPF) correlates with the asymmetry of another
variable (LR) across the entire sample population, but neither group
correlates individually. A similar result was demonstrated in Labanca
L et al., where asymmetry in STS at the 1t month assessment was
used as a predictor of asymmetry in countermovement jump at
six months in postoperative ACLR group [19]. This suggests that
although a relationship exists, the the sample sizes were too small
to detect a statistically significant correlation within the individual
groups. Since both groups had low statistical power due to small
sample sizes of 16 and 14, the groups’ effect sizes are difficult to
detect. But when the entire population was combined, the statistical
power increased and surpassed the threshold. This indicates that
a study with a larger sample size may possibly show a correlation
between EPFA and LRA.

The present study demonstrates a significant positive correlation
between EPF and LR in the total group (N=30) and in non athletes.
This shows that the rate of force development augments with
increased strength. Nevertheless, the change is not significant for
athletes, depicting that EPF and LR are independent of each other
in a trained and elite population. Due to long-term advanced training
of elite athletes, the muscle-tendon structure changes by modifying
the pennation angles of muscle fibres and increasing tendon stiffness.
A stiff tendon independently accelerates and directly augments the
force transmitted to the bone [10]. Secondly, this could be due to
the ‘decoupling effect’ in athletes resulting from the training protocol
they undergo, which leads to adaptive changes in neural factors
that promote more advanced motor learning in the muscles. Motor
unit discharge rate (neural determinants) and LR show parallel
changes, and muscular capacity, which reflects muscular force, is an
independent construct [10]. These are the sport-specific adaptations
in athletes. Also, in athletes, increased EPF symmetry can still lead
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to LR asymmetry, which does not affect performance [36]. Similar
observations were made by Forelli F et al., who showed that LR
capacity remains incomplete in the late phase of rehabilitation, with
eccentric and concentric force remaining deficient, and that eccentric
force asymmetry is also hampered at 6 months in post-ACLR patients
[14].

Although no study has examined the post-ACLR correlation
between EPF and LR, the present study’s results align with
previous studies assessing asymmetry. A study by de Mille P et
al.,, observed faulty movements in athletes at six months post-
ACLR during multifunctional tasks [16]. This study demonstrated
that an improvement in performance (force) does not ensure an
improvement in the quality of the movement (symmetry) in athletes.
As seen in this research, the asymmetries are not correlated and
should thus be analysed and rehabilitated separately [37]. The
training protocol should be constructed based on the strength
deficiencies and imbalances of each muscle, as determined by
the assessment. The rehabilitation of non athletes should focus on
enhancing muscle strength, which, in turn, will increase LR, as EPF
and LR are correlated. However, for athletes, the focus should be
on rate of force development interventions with a comprehensive
neuromuscular analysis [37]. A study by Chan MS and Sigward S
supported the present observation that loading symmetry improves
when limb loading is prioritised during rehabilitation [20].

Limitation(s)

The main limitation is the study’s duration. At three months, there is
a rapid increase in muscle strength as it is still the recovery phase
following the acute phase postoperatively. Also, the sample size of
the present study is small, and the correlation in the athletic group
may not be detected. Future studies with increased sample size
and extended follow-up will authenticate these preliminary findings.
The ‘decoupling effect’ discovered post-hoc between EPF and LR
is another limitation. There is a risk of data overfitting due to the
small sample size, as this correlation was not a priori specified.
Thus, these findings should be viewed as hypothesis-generating
and exploratory for prospective studies in future to authenticate this
effect at three months in post-ACLR athletes. The cross-sectional
study design, having a single-time point evaluation and a lack of pre-
injury data, is also a limitation of the study, as it prevents establishing
causal relationships and determining whether the results are due to
the injury or if there was an existing pattern.

CONCLUSION(S)

The present research was conducted to investigate the
relationships between EPF and LR, and between EPFA and LRA,
in athletes and non athletes post-ACLR. The non athletes showed
a significant correlation between EPF and LR, while the athletes did
not. Asymmetries in EPF did not correlate to asymmetries in LR
or explosive speed (RFD) in either of the groups. However, there
was a correlation across the entire study population, as shown by
Spearman’s rank correlation.

Considering the cross-sectional study design and small sample
size, the interpretation and inference of the findings should be
approached with caution. However, the results in athletes suggest
that both asymmetries may improve if they are assessed and
rehabilitated separately. Contrarily, in non athletes, focusing solely
on strength (force) may increase the rate of force production. To
validate these clinical approaches, future longitudinal studies are
required with a larger sample size.
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