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Background: Return to running (RTR) after anterior cruciate ligament

reconstruction (ACL-R) remains challenging due to persistent neuromuscular

deficits. This study examines gastrocnemius activation and running

biomechanics in ACL-R patients.

Methods: Fifteen ACL-R patients and fifteen healthy controls were assessed

using surface electromyography during isometric testing and treadmill running

(10 km.h−1). Spatiotemporal parameters, including ground contact time, flight

time, step width, cadence, stride length, and vertical stiffness, were analyzed.

Results: ACL-R patients exhibited lower gastrocnemius activation during

isometric testing (medial: 48.5% vs. 55.9% MVIC, p= 0.01; lateral: 42.1% vs.

47.5% MVIC, p= 0.03) and during running (medial: 45.2% vs. 53.1% MVIC,

p < 0.01; lateral: 39.7% vs. 44.8% MVIC, p=0.04). They also demonstrated

altered running biomechanics, including longer ground contact time (0.29 vs.

0.26 s, p= 0.02, d=− 0.5), shorter stride length (1.32 vs. 1.41 m, p= 0.03,

d = 0.9), reduced vertical stiffness (21.8 vs. 25.6 kN.m−1, p=0.03, d= 0.5), and

slightly increased step width (0.14 vs. 0.13 m, p= 0.05, d=0.4). A significant

negative correlation was observed between medial gastrocnemius activation

during running and ground contact time (rs =−0.56, p=0.02, ES =−0.6).

Lateral gastrocnemius activation was positively correlated with stride length

(rs=0.49, p= 0.03, ES = 0.5), and medial gastrocnemius activation showed a

moderate positive correlation with vertical stiffness (rs = 0.52, p= 0.04,

ES = 0.5). Cadence did not show a statistically significant correlation with

either medial or lateral gastrocnemius activation (rs = 0.36, p= 0.08, ES = 0.4

and rs = 0.45, p= 0.09, ES = 0.4, respectively).

Conclusion: Gastrocnemius dysfunction persists after ACL-R, affecting running

mechanics. These findings suggest that current rehabilitation protocols may

need to incorporate plantar flexor training to optimize running mechanics

post-ACL-R.
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Introduction

Anterior cruciate ligament reconstruction (ACL-R) is a

common surgical intervention aimed at restoring knee stability

following its rupture. Despite surgical advancements, the

rehabilitation process remains complex, particularly in terms of

ensuring a safe and effective return to running (RTR) (1).

Running is a fundamental component of many sports, and its

resumption is often considered a critical milestone in post-

operative recovery (2). However, current RTR criteria focus

predominantly on clinical knee assessments, quadriceps and

hamstring muscle strength, and functional tests (3–6). While

these criteria provide valuable insight into knee function, they

largely overlook the contribution of the gastrocnemii muscles,

which play a crucial role in propulsion, stability, and force

transmission during running (7–9).

Studies have highlighted that biomechanical asymmetries persist

in lower limbs post-ACL-R, often lasting beyond six months and

contributing to altered neuromuscular control (10, 11). Such

asymmetries can lead to compensatory strategies, which not

only impair running efficiency but also increase the risk of

reinjury and osteoarthritis development (12–14). Although surface

electromyographic (sEMG) analysis has been employed to study

muscle activation patterns in ACL-R patients, limited research has

specifically examined the gastrocnemii muscle’s involvement in post-

operative running mechanics (9, 15, 16). Given that the gastrocnemii

play a pivotal role in ankle plantarflexion and force modulation, a

deeper understanding of its activation post-ACL-R is essential.

Among the plantar flexor muscles, the gastrocnemius plays a

particularly relevant role in running due to its biarticular nature,

spanning both the knee and ankle joints. This anatomical

configuration allows it to contribute not only to ankle plantarflexion

but also to knee flexion, making it a key muscle for propulsion and

dynamic stability during the stance phase of running (7). In contrast,

the soleus is a monoarticular muscle that acts solely at the ankle and

is predominantly composed of type I muscle fibers, contributing

more to postural control and endurance-based activities (8).

Moreover, the gastrocnemius is more active during faster and more

explosive movements, and its recruitment is phase-dependent with a

peak during late stance and push-off, which are critical for forward

propulsion (17). From a methodological standpoint, sEMG is more

reliable and accessible for the gastrocnemius due to its superficial

location, whereas the soleus, being a deep muscle, is difficult to

assess accurately without invasive techniques (18). Therefore,

gastrocnemius represents a more feasible and functionally relevant

target for understanding after ACL-R neuromuscular adaptations

and their impact on running biomechanics.

Furthermore, muscle function assessments in ACL-R

rehabilitation predominantly emphasize quadriceps and

hamstring strength, often overlooking plantar flexor function

(19, 20). This research gap raises critical questions about the

appropriateness of current RTR guidelines, particularly regarding

whether patients adequately regain neuromuscular control in the

gastrocnemius muscles before resuming high-impact activities.

Addressing this gap may contribute to improved rehabilitation

protocols and safer return-to-sport decision-making.

The primary aim of this study is to investigate the

electromyographic activity and strength of the gastrocnemius muscles

in ACL-R patients during RTR and compare them with healthy

controls. Specifically, this study seeks to analyze gastrocnemius muscle

activation patterns in ACL-R patients relative to non-injured

individuals using sEMG (15, 21). It also examines differences in

spatiotemporal running parameters, such as stride length, cadence,

and contact time, between ACL-R patients and healthy subjects (11,

22). Potential correlations between gastrocnemius muscle activity and

these running parameters are determined to assess their role in

neuromuscular adaptations following ACL-R (9, 16, 23).

By addressing these objectives, this study aims to enhance

understanding of the gastrocnemii muscle’s function in post-ACL-

R locomotion, refine RTR criteria, and inform rehabilitation

strategies that optimize functional recovery and reduce reinjury risk.

We hypothesized that individuals following ACL_R would

exhibit increased gastrocnemius activation and altered running

biomechanics compared to healthy controls, and that these

neuromuscular deficits would be significantly associated with key

spatiotemporal running parameters.

Methods

Study design

This study is a controlled, cross-sectional observational study

designed to compare the electromyographic activity and strength

of the gastrocnemius muscles in ACL-R patients during RTR

with that of healthy control participants. Data collection was

conducted in a controlled laboratory environment using sEMG

and kinematic assessments to evaluate neuromuscular function

and running biomechanics (24).

Ethical approval for the study was obtained from the

Institutional Review Board, ensuring compliance with ethical

research guidelines. All participants provided written informed

consent before participation in accordance with the Declaration

of Helsinki (World Medical Association, 2013). Participants were

informed of the study objectives, procedures, potential risks, and

their right to withdraw at any time without consequences.

Sample size calculation

Post hoc sample size estimation was conducted using G*Power

3.1 to determine the minimum number of participants required per

group to detect a large effect size (d = 0.8) with a power of 0.80 and

an alpha level of 0.05. The analysis indicated that a minimum of 26

participants per group would be necessary.

Participants

A total of 30 participants were recruited, including 15 ACL-R

patients (199.2 days ± 28.1), and 15 healthy control subjects

matched for age, sex, Tegner and Marx Activity Scale. The
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ACL-R group consisted of individuals who underwent surgical

reconstruction performed by three different surgeons using the

same protocol at least 3 months prior and were cleared for RTR

based on clinical criteria.

Inclusion criteria

Participants had to be between 18 and 40 years of age, have

undergone unilateral ACL reconstruction using a hamstring graft,

and be involved in sports requiring running prior to their injury.

All participants have been operated on by three orthopedic

surgeons following the same standardized surgical procedure.

Completion of a standard rehabilitation protocol (2, 25–27) and

limb symmetry index (LSI) of at least 70% for quadriceps and

hamstrings strength on an 60°s−1 isokinetic assessment was

required, together with a numeric pain score below 2 and no

joint effusion (Swipe Test <1+) (3, 28). Additionally, they needed

at least 70% of contralateral performance on the Single Hop Test

and the Single-Leg Vertical Jump Test. They also had to be free

of pain or swelling at the time of testing.

Exclusion criteria

Participants with bilateral ACL injuries, additional ligamentous

or meniscal injuries requiring surgical repair, lower limb fractures

in the past year, or neurological conditions affecting movement

were excluded. Those with ongoing pain, functional limitations,

or a history of previous ACL reconstruction in the contralateral

knee were also ineligible. Additionally, individuals undergoing

current rehabilitation for other musculoskeletal injuries or with

contraindications for running, such as cardiovascular conditions,

were excluded (29).

Assessment protocol

Participants performed a standardized assessment protocol

beginning with a general warm-up consisting of five minutes of

light cycling and dynamic stretching. sEMG electrodes (BTS

Bioengineering, Garbagnate Milanese, Italy, 1,000 Hz) were

placed on the medial and lateral gastrocnemius muscles following

Surface Electromyography for the Non-Invasive Assessment of

Muscles (SENIAM) guidelines, ensuring optimal electrode

placement at the muscle belly while avoiding the myotendinous

junction (18). Skin preparation included shaving, abrasion, and

alcohol cleansing to reduce impedance and oil deposits.

Electrodes were secured with adhesive tape to prevent movement

artifacts during testing.

Triceps surae strength and gastrocnemius maximum voluntary

isometric contraction (MVIC) were assessed using an isokinetic

dynamometer (Biodex System 4, Biodex Medical Systems,

New York, USA, 2,000 Hz) with participants seated on the

dynamometer chair, the backrest slightly tilted. The participants

were seated with the hip flexed at 110° and the knee bent

between 70° and 80°, ensuring that the tibia remained parallel to

the ground (30–32). The ankle was fixed at 0° dorsiflexion, with

the fibular malleolus aligned with the axis of rotation of the

dynamometer. The foot was securely attached to the footplate,

and participants were stabilized with a waist strap and two

shoulder straps. They held onto the shoulder straps to minimize

extraneous movements. The dynamometer arm was adjusted to

align precisely with the ankle joint, and participants performed

three 5-s MVIC trials, separated by 30-s rest intervals. Verbal

encouragement and real-time feedback were provided to ensure

maximal effort. Prior to analysis, the raw EMG signals were

band-pass filtered between 20 and 450 Hz using a fourth-order

zero-lag Butterworth filter to remove movement artifacts and

high-frequency noise. The signals were then full-wave rectified

and smoothed using a root mean square (RMS) algorithm with a

50 ms sliding window. The RMS amplitude was extracted and

used as the reference value for further analysis. This processing

pipeline allowed for reliable quantification of muscle activation

during both isometric and dynamic running conditions.

Running trials were conducted on a motorized treadmill

OptoGait system (Microgate, Bolzano, Italy,1,000 Hz), a validated

optical measurement system for gait analysis. The OptoGait

system consists of an LED transmitter and receiver bar

positioned on either side of a treadmill to capture spatiotemporal

parameters with high precision. All participants performed the

running assessment at a fixed speed of 10 km/h for a duration of

three minutes (33). Spatiotemporal parameters, including stride

length, step width, flight time, cadence, vertical stiffness and

ground contact time, were recorded with OptoGait system

(Microgate, Bolzano, Italy,1,000 Hz).

Although kinetic analysis and musculoskeletal modeling would

provide additional biomechanical insights, this study focused on

surface electromyography and spatiotemporal parameters to

explore neuromuscular deficits under more accessible and

clinically translatable conditions. This choice aligns with the

study’s objective to inform real-world rehabilitation protocols.

Statistical analysis

Descriptive statistics were computed for all demographic and

clinical variables, including mean and standard deviations for

continuous variables and frequency distributions for categorical

variables. Normality of data was assessed using the Shapiro–Wilk test.

For between-group comparisons, independent t-tests were used

for normally distributed variables, while Mann–Whitney U tests

were applied to non-normally distributed data.

Correlation analyses were conducted using Pearson’s correlation

coefficient for parametric data and Spearman’s rank correlation for

non-parametric data to explore relationships between

gastrocnemius activation, spatiotemporal running parameters, and

limb symmetry indices. We performed a stepwise multiple

regression analysis to identify significant predictors of

neuromuscular performance and return-to-running success.

A significance level of p < 0.05 was used for all analyses.

Confidence intervals were reported at 95%, and all statistical
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analyses were carried out using SPSS version 26.0 (IBM Corp.,

Armonk, New York, USA). To control multiple comparisons,

Bonferroni corrections were applied where necessary.

Results

Participant characteristics

The ACL-R group had an average age of 27.3 ± 4.20 years,

while the control group had an average age of 26.8 ± 4.00 years

(p = 0.67). The mean height was 1.75 ± 0.06 m for ACL-R

patients and 1.76 ± 0.07 m for controls (p = 0.72). Body weight

averaged 72.50 ± 6.30 kg in the ACL-R group and 73.0 ± 6.50 kg

in the control group (p = 0.81). No significant differences were

observed in these parameters between the groups (Table 1).

Triceps surae muscle strength

The maximum isometric strength of the triceps surae was

significantly lower in the ACL-R group, with a mean force

of 105.60 ± 11.90 Nm compared to 120.30 ± 12.40 Nm in

controls (p = 0.02).

Gastrocnemius muscle activity during
isometric testing

During isometric testing (Table 2), the medial gastrocnemius

activation was significantly lower in ACL-R patients (48.5 ± 7.9%

MVIC) compared to controls (55.9 ± 8.3% MVIC, p = 0.01). The

lateral gastrocnemius also showed reduced activation, with ACL-R

patients reaching 42.1 ± 6.4% MVIC, whereas controls exhibited

47.5 ± 6.9% MVIC (p = 0.03). These findings suggest altered motor

patterns in the gastrocnemii following ACL reconstruction.

Gastrocnemius muscle activity during
running

During running (Table 3), the medial gastrocnemius activation

was significantly lower in ACL-R patients, with a mean activation

of 45.20 ± 8.10% MVIC compared to 53.10 ± 7.80% MVIC in

controls (p < 0.01). Similarly, the lateral gastrocnemius was less

activated in ACL-R patients (39.70 ± 6.50% MVIC) than in

controls (44.80 ± 7.20% MVIC, p = 0.04).

Spatiotemporal running parameters

All reported p-values in the correlation analyses (Table 4) reflect

Bonferroni-adjusted values to account for multiple comparisons

(adjusted α = 0.01). Ground contact time was significantly longer in

ACL-R patients, averaging 0.29 ± 0.01 s, compared to 0.26 ± 0.01 s in

controls (p = 0.02). Stride length was reduced in ACL-R patients,

with an average of 1.32 ± 0.05 m vs. 1.410 ± 0.04 m in controls

(p = 0.03). Vertical stiffness was also significantly lower in ACL-R

patients, at 21.80 ± 3.500 kN·m−1 compared to 25.60 ± 3.90 kN·m−1

in controls (p = 0.03). The cadence of ACL-R patients was higher,

with a mean of 166.50 ± 6.40 steps/min, whereas controls reached

150.20 ± 5.90 steps.min−1 (p = 0.07), though this difference was not

statistically significant. Flight time was reduced in ACL-R patients,

averaging 0.11 ± 0.01 s, compared to 0.12 ± 0.01 s in the control

group (p = 0.04), indicating a lower ability to generate effective

propulsion. Step width was slightly increased in ACL-R patients,

measuring 0.14 ± 0.01 m, while controls had an average step width

of 0.13 ± 0.01 m (p = 0.05) (Table 4).

Correlations between muscle activity and
spatiotemporal running parameters

A significant negative correlation was observed between medial

gastrocnemius activation during running and ground contact time

(rs =−0.56, p = 0.02, ES =−0.6). Lateral gastrocnemius activation

TABLE 1 Participant characteristics.

Data ACL-R (n = 15) Control (n = 15) p-value

Mean± SD Mean ± SD

Age (year) 27.30 ± 4.20 26.80 ± 4.00 0.67

Height (m) 1.75 ± 0.06 1.76 ± 0.07 0.72

Weight (kg) 72.50 ± 6.30 73.00 ± 6.50 0.81

Women (n, %) 5 (33%) 6 (40%) 0.78

Tegner Score 6.5 ± 1.3 6.6 ± 1.7 0.95

Marx Score 6.7 ± 1.4 7.8 ± 2.8 0.53

ACL-R, anterior cruciate ligament reconstruction; SD, standard deviation; m, meter;

kg, kilogram.

TABLE 2 Gastrocnemius muscle activity during isokinetic testing.

Data ACL-R
(n = 15)

Control
(n= 15)

p-value ES

Mean ± SD Mean ± SD

Medial gastrocnemius

(%MVIC)

48.50 ± 7.90 55.90 ± 8.30 0.01 −0.9

Lateral gastrocnemius

(%MVIC)

42.10 ± 6.40 47.50 ± 6.90 0.03 −0.2

ACL-R, anterior cruciate ligament reconstruction; MVIC, maximum voluntary isometric

contraction; SD, standard deviation.

TABLE 3 Gastrocnemius muscle activity during running.

Data ACL-R
(n = 15)

Controls
(n = 15)

p-value ES

Mean ± SD Mean ± SD

Medial gastrocnemius

(%MVIC)

45.20 ± 8.10 53.10 ± 7.80 <0.01 0.8

Lateral gastrocnemius

(%MVIC)

39.70 ± 6.50 44.80 ± 7.20 0.04 0.5

ACL-R, anterior cruciate ligament reconstruction; MVIC, maximum voluntary isometric

contraction; SD, standard deviation.
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was positively correlated with stride length (rs = 0.49, p = 0.03,

ES = 0.5). Vertical stiffness exhibited a moderate positive

correlation with medial gastrocnemius activation (rs = 0.52,

p = 0.04, ES = 0.5). Cadence did not show a significant correlation

with either medial or lateral gastrocnemius activation (rs = 0.36,

p = 0.08, ES = 0.4 and rs = 0.45, p = 0.09, ES = 0.4, respectively).

Discussion

The primary aim of this study was to evaluate neuromuscular

function in ACL-R patients by analyzing gastrocnemius muscle

activation and its relationship with spatiotemporal running

parameters. The findings confirm that ACL-R patients exhibit

persistent deficits in muscle activation and running mechanics

after completion of a standard rehabilitation protocol compared

to healthy controls. The reduced gastrocnemii activation observed

both during isometric testing and running suggests impaired

neuromuscular patterns, which may contribute to biomechanical

inefficiencies. Furthermore, the correlation analyses reveal

significant associations between muscle activity and key running

parameters, highlighting the impact of gastrocnemii function on

dynamic performance. These results align with previous studies

showing prolonged neuromuscular deficits following ACL

reconstruction, emphasizing the need for rehabilitation strategies

targeting plantar flexor function (16, 19).

The persistence of neuromuscular impairments in ACL-R

patients raises concerns about the effectiveness of current

rehabilitation protocols in fully restoring lower limb function (6,

34, 35). Although traditional rehabilitation programs prioritize

quadriceps and hamstring strengthening, the deficits observed in

gastrocnemii activation suggest that the recovery of plantar flexor

function is not adequately addressed. Given that the gastrocnemii

contribute significantly to propulsion and shock absorption

during running, reduced activation of these muscles may be

associated with some of the biomechanical alterations observed

in this study (7, 11).

During isometric testing, ACL-R patients demonstrated

significantly lower activation of both medial and lateral

gastrocnemius muscles compared to healthy controls. This

decrease suggests deficits in motor unit recruitment and

neuromuscular drive, likely influenced by altered proprioceptive

feedback and central nervous system adaptations following ACL

injury and its surgical management (36–39). The inability to

effectively activate the gastrocnemii may result in decreased ankle

plantarflexion force, which is crucial for stabilizing the knee joint

and assisting in shock absorption (12, 40, 41).

The reduced gastrocnemius activation observed during running

supports the possibility of ongoing neuromuscular alterations

following ACL reconstruction. Lower activation levels may result

in decreased force production during push-off, limiting forward

propulsion and altering stride mechanics (16, 40). This decrease

in muscle engagement can lead to a redistribution of mechanical

demands, with increased reliance on proximal muscle groups

such as the hamstrings and hip extensors to compensate for

plantar flexor deficiencies (42–45). Such compensatory strategies

may not fully restore optimal running biomechanics and could

contribute to secondary musculoskeletal impairments, including

patellofemoral pain syndrome or Achilles tendinopathy due to

altered load distribution (46).

The alterations in spatiotemporal parameters observed in ACL-

R patients provide further evidence of compromised running

mechanics. The prolonged ground contact time suggests an

inability to generate rapid force during the stance phase, possibly

due to reduced plantar flexor strength and inefficient

neuromuscular coordination (47). This adaptation may increase

the metabolic cost of running and contribute to early fatigue,

potentially limiting return-to-sport performance (22). The

lengthened stance phase may also indicate a protective strategy

aimed at reducing joint loading, yet such adaptations could

compromise running efficiency and expose ACL-R patients to

additional biomechanical stressors (12).

The reduction in stride length further indicates impaired

propulsive capacity, likely reflecting the observed deficits in

gastrocnemii activation. Since stride length is closely linked to

running efficiency and overall performance, these findings suggest

that ACL-R patients may struggle to achieve optimal gait patterns

even after rehabilitation (12, 16, 43, 45). Furthermore, the significant

increase in vertical stiffness supports the notion that ACL-R patients

exhibit a reduced ability to store and return elastic energy, a key

factor in efficient running mechanics (11, 23). This may reflect

impairments in the stretch-shortening cycle of the gastrocnemii,

further limiting its contribution to propulsion and force attenuation.

The slight increase in step width may represent a compensatory

strategy aimed at improving postural stability during dynamic

movements. Previous studies have indicated that ACL-R patients

TABLE 4 Spatiotemporal running parameters.

Data ACL-R (n= 15) Controls (n= 15) p-value Cohen’s d

Mean ± SD Mean ± SD

Ground contact time (s) 0.29 ± 0.01 0.26 ± 0.01 0.02 −0.5

Stride length (m) 1.32 ± 0.05 1.41 ± 0.04 0.03 0.9

Vertical stiffness (kN·m−1) 21.80 ± 3.50 25.60 ± 3.90 0.03 0.5

Cadence (steps.min−1) 166.50 ± 6.40 150.20 ± 5.90 0.07 0.9

Flight time (s) 0.11 ± 0.01 0.12 ± 0.01 0.04 0.2

Step width (m) 0.14 ± 0.02 0.13 ± 0.01 0.05 0.4

p-values are Bonferroni-corrected for multiple comparisons. ACL-R, anterior cruciate ligament reconstruction; MVIC, maximum voluntary isometric contraction; SD, standard deviation; s,

second; m, meter; kN, kilonewton.
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often adopt wider steps to enhance balance control and mitigate

instability risks (43–46). However, this adaptation may come at

the cost of increased mechanical demand on the lower limb and

altered muscle coordination patterns. A wider base of support

can alter lower limb joint kinetics and may lead to increased

medial-lateral ground reaction forces, which could contribute to

inefficient movement patterns and potentially higher injury risks

in the long term (6, 48).

The correlation analyses provide further insight into the

functional impact of gastrocnemius activation on running

biomechanics. The significant negative correlation between

medial gastrocnemius activation and ground contact time

(rs =−0.56, p = 0.02, ES =−0.6) suggests that higher muscle

activation is associated with a shorter stance phase, which could

contribute to improved running efficiency (22). This finding

indicates that deficits in gastrocnemii function may directly

prolong stance duration, reducing the effectiveness of propulsion

and increasing mechanical loading on the knee joint.

Similarly, the positive correlation between lateral

gastrocnemius activation and stride length (rs = 0.49, p = 0.03,

ES = 0.5) indicates that greater neuromuscular engagement may

enhance forward propulsion, supporting the role of the

gastrocnemii in optimizing gait mechanics (40). This suggests

that insufficient activation of the lateral gastrocnemius may

contribute to shorter strides, reinforcing the hypothesis that

ACL-R patients adopt inefficient movement strategies due to

persistent neuromuscular impairments.

The lateral head is more involved in horizontal propulsion,

contributing significantly to forward movement during activities

such as running and jumping (17). In contrast, the medial head is

primarily responsible for postural stabilization, aiding in the

maintenance of balance and control during standing and slow

movements (49). This functional differentiation may explain why

activation of the lateral gastrocnemius correlates with stride length,

as its engagement directly influences propulsion dynamics (17, 49).

After ACL-R, patients often develop compensatory strategies to

mitigate deficits in quadriceps strength and neuromuscular control.

These adaptations may include increased reliance on the lateral

gastrocnemius to assist in propulsion, while the medial head’s

involvement in propulsion diminishes, potentially due to its

stabilizing role being compromised by altered neuromuscular

patterns. Additionally, after ACL-R neuromuscular impairments

and changes in lower limb alignment can disrupt the activation

patterns of the gastrocnemius muscle, further reducing the

medial head’s contribution to gait mechanics.

While gastrocnemii was the focus of the present study, we

acknowledge that the soleus also plays a critical role in ankle

plantarflexion and contributes substantially to propulsion and

vertical support during running. Its predominantly slow-twitch fiber

composition and monoarticular structure make it particularly suited

for endurance and postural control functions. However, due to its

deep anatomical location beneath the gastrocnemius, surface EMG

does not allow for reliable and selective recording of soleus activity

without significant crosstalk or signal degradation (18). This

methodological constraint led us to focus our analysis on the

gastrocnemius, which is both functionally important and accessible

using non-invasive sEMG techniques. We recognize this as a

limitation and suggest that future studies consider using

intramuscular EMG or advanced imaging methods to assess soleus

activation in conjunction with gastrocnemius function. A more

comprehensive understanding of the plantar flexor group may help

further refine rehabilitation protocols after ACL reconstruction.

Vertical stiffness was also positively correlated with medial

gastrocnemius activation (rs = 0.52, p = 0.04), highlighting the

muscle’s contribution to energy storage and return during dynamic

movements. Reduced vertical stiffness has been linked to increased

mechanical energy dissipation, which may lead to greater fatigue and

decreased running economy (50–54). These findings suggest that

restoring adequate gastrocnemii function is essential for optimizing

the stretch-shortening cycle and improving running performance.

In contrast, cadence did not show significant correlations with

gastrocnemius activation (rs = 0.36, p = 0.08 and rs = 0.45, p = 0.09,

respectively) suggesting that stride frequency adjustments in ACL-

R patients may be influenced by other neuromuscular adaptations

rather than direct plantar flexor involvement (16, 55). This

highlights the complexity of post-ACL-R running mechanics,

where multiple factors, including proprioceptive deficits,

quadriceps activation asymmetries, and altered motor control

strategies, interact to shape movement patterns.

One possible explanation for the reduced gastrocnemius

activation observed in ACL-R patients, despite having completed

rehabilitation, may lie in persistent neuromuscular alterations.

Several mechanisms could account for this, including persistent

quadriceps-gastrocnemius co-contraction patterns that inhibit

gastrocnemius recruitment (56), arthrogenic muscle inhibition

linked to altered afferent input from the injured joint (57), and

possible deconditioning or neuromuscular reorganization

resulting from altered gait patterns early in recovery (19).

Moreover, most rehabilitation programs focus primarily on

quadriceps and hamstring recovery, potentially under-addressing

plantar flexor function. These mechanisms could contribute

to ongoing neuromuscular alterations despite apparent

functional recovery.

These results underscore the critical role of gastrocnemii in

determining running performance after ACL reconstruction.

Persistent deficits in neuromuscular function may contribute to

inefficient gait mechanics, prolonged ground contact times, and

reduced propulsive capacity, ultimately affecting return-to-sport

readiness. Future research should further investigate how targeted

interventions can enhance gastrocnemii function and restore optimal

neuromuscular coordination, potentially improving running

efficiency and reducing reinjury risk in ACL-R patients. Additionally,

longitudinal studies assessing the long-term consequences of these

neuromuscular impairments will be crucial in refining rehabilitation

strategies and optimizing functional recovery.

Limits

This study has several limitations that should be considered

when interpreting the findings. First, the relatively small sample

size may limit the generalizability of the results. A larger cohort
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would improve statistical power and help confirm the

observed correlations.

Second, our analysis was limited to surface electromyography

and spatiotemporal parameters. We did not include kinematic or

kinetic measurements such as joint angles, ground reaction

forces, or joint moments, which restricts our ability to explore

detailed joint mechanics or load distribution. While these

measures require more complex setups, their integration—

particularly through musculoskeletal modeling—could provide a

deeper understanding of ACL strain, patellofemoral joint loading,

and compensatory strategies during running (58, 59).

Third, we did not objectively measure the ankle range of

motion. As a result, it remains unclear whether reduced

gastrocnemius activation reflects neuromuscular inhibition or

mechanical restrictions such as limited dorsiflexion. Future

research should include a standardized range of motion

assessments (e.g., weight-bearing lunge test) to clarify this

distinction and better tailored rehabilitation strategies.

Fourth, the protocol was conducted at a fixed submaximal

speed (10 km.h−1) under non-fatiguing conditions. While this

ensured consistency across participants, it may have masked

endurance-related neuromuscular deficits that often emerge with

fatigue. Including prolonged running trials or fatigue protocols in

future studies could help reveal compensatory changes that affect

return-to-sport readiness.

Finally, the cross-sectional design prevents any inference about

causality between gastrocnemius dysfunction and altered

biomechanics. Longitudinal studies tracking recovery and

adaptation over time are needed to determine whether these

deficits persist despite rehabilitation and whether targeted

interventions can improve outcomes.

Conclusion

This study identifies reduced gastrocnemii activation and

altered spatiotemporal running parameters in ACL-R patients,

which may reflect neuromuscular adaptations potentially linked

to running performance and injury risk. The findings suggest

that inadequate plantar flexor recruitment contributes to

prolonged ground contact times, reduced stride length, and

impaired propulsion, all of which may affect return-to-sport

readiness. The observed correlations between muscle activation

and biomechanical parameters further support the importance of

neuromuscular control in optimizing running mechanics. Future

studies should focus on longitudinal assessments and targeted

rehabilitation strategies to restore gastrocnemius function and

improve running efficiency in ACL-R patients.
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