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Background  
Arthrogenic muscle inhibition (AMI) after anterior cruciate ligament reconstruction 
(ACLR) is a major barrier to muscle recovery, but early (within the first ~2 weeks after 
surgery) neuromuscular profiles remain poorly quantified. Excessive hamstring 
co-activation, a common compensatory response to quadriceps inhibition, may further 
compromise knee mechanics and rehabilitation outcomes. 
Hypothesis/Purpose: The primary objective of this study was to compare early quadriceps 
activation and quadriceps/hamstring co-activation patterns between individuals 
following ACLR and matched healthy controls (CTRL). The secondary objective was to 
determine whether these neuromuscular alterations were present bilaterally, affecting 
both the operated and non-operated limbs. It was hypothesized that individuals 
post-ACLR would demonstrate reduced voluntary quadriceps activation and increased 
hamstring co-activation compared to CTRL, as well as bilateral neuromuscular 
alterations within the ACLR group. 

Study Design   
Cross-sectional case–control study. 

Methods  
Thirty males (15 primary unilateral ACLR with hamstring autograft, 15 healthy controls) 
were assessed 15.3 ± 0.7 days after ACLR (pre-injury Tegner Activity Scale: 7 ± 1). 
Inclusion criteria required a Stroke Test score < 1+ and no passive extension deficit, 
defined by SANTI (Scientific Anterior Cruciate Ligament Network International) 
classification of AMI type 1-2. Participants performed three 5-second maximal voluntary 
isometric knee extensions (MVIC) in supine position with the knee fully extended; no 
sEMG normalization was performed, and raw RMS values were used for analysis. Surface 
electromyography (sEMG) was recorded from vastus lateralis (VL), vastus medialis (VM), 
biceps femoris (BF), and medial hamstrings (MH) at 1000 Hz; mean Root Mean Square 
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(RMS) values were then computed over a 3-s stable plateau window of each MVIC and 
used for analysis. Co-activation Indices (CoI) were calculated for the agonist–antagonist 
pairs VL–BF, VM–BF, VL–MH, and VM–MH. ACLR group versus CTRL was via 
independent-samples t-tests, and intra-individual ACLR group comparisons (operated vs. 
non operated limb) via paired-samples t-tests. Effect sizes (Hedges’ g for between-group, 
Cohen’s d for paired comparisons; rank-biserial correlation for non-parametric tests) 
were reported with 95% confidence intervals. 

Results  
Significantly lower mean values were found in the operated limb of the ACLR group 
compared to CTRL for VL (4.15 ± 2.24 vs 7.89 ± 1.50 μV, p < 0.001), VM (4.07 ± 2.25 vs 
9.07 ± 1.24 μV, p < 0.001), and BF (3.73 ± 2.64 vs 5.79 ± 3.56 μV, p = 0.011). In the 
operated limb, all CoI were significantly higher (all p < 0.001) in the ACLR group than in 
CTRL for VL–BF (47.77 ± 9.92% vs 32.07 ± 9.32%), VM–BF (48.83 ± 8.98% vs 29.10 ± 
5.45%), VL–MH (49.83 ± 11.58% vs 31.08 ± 6.78%), and VM–MH (48.17 ± 9.38% vs 29.11 ± 
5.69%). Intra-individual and contralateral comparisons showed that the ACLR group 
presented with significantly higher CoI in the non-operated limb compared to CTRL for 
VL–MH (36.1 ± 5.1% vs 29.9 ± 6.0%, p = 0.018) and VM–MH (35.7 ± 5.9% vs 28.4 ± 4.9%, p 
< 0.001). No significant between-group differences were found for MH activation (p = 
0.250). 

Conclusion  
Within the first 15.3 ± 0.7 days after ACLR, subjects who had undergone ACLR showed 
markedly reduced voluntary quadriceps activation associated with increased, bilateral 
hamstring co-activation, in both the operated and non-operated limb. 

Level of Evidence    
Level 3, cross-sectional case–control study. 

INTRODUCTION 

Anterior cruciate ligament (ACL) injuries represent one of 
the most common causes of knee dysfunction among ath
letes and physically active individuals.1 In Italy, more than 
30,000 ACL reconstruction (ACLR) procedures are per
formed each year, with the highest incidence rate per year 
in 100,000 inhabitants of 3,711 ACLR performed per 
100,000 inhabitants observed in individuals aged ≥15 who 
participate in high-impact sports such as soccer, skiing, and 
basketball.2,3 ACL injury results in a substantial loss of knee 
joint stability and neuromuscular control, often accompa
nied by pain, swelling, and proprioceptive deficits that hin
der a safe and effective return to sport.4 

After ACLR, one of the main barriers to functional and 
muscle recovery is arthrogenic muscle inhibition (AMI), a 
neuromuscular impairment in which voluntary quadriceps 
activation is reduced due to mechanical or nociceptive al
terations within the joint.5,6 Despite the anatomical in
tegrity of the quadriceps muscle being preserved, adequate 
force production cannot be achieved because cortico-spinal 
drive is compromised.7,8 As described by Rice and McNair, 
AMI is a clinical hallmark of ACL injury and reconstruction, 
characterized by the inability to fully contract the quadri
ceps despite the absence of structural damage or acute 
pain.9 This phenomenon is driven by altered afferent sig
naling from the injured/operated joint, including effusion 
and mechanoreceptor disruption, that modulates both 
spinal and supraspinal pathways.10,11 While AMI is tradi
tionally associated with the injured/operated limb, contem

porary evidence suggests a centrally mediated component 
leading to bilateral motor reorganization.12 In addition to 
the quadriceps, the hamstring muscles play a key role in 
knee joint stabilization by limiting anterior tibial transla
tion and protecting the ACL graft.13 In the presence of re
duced quadriceps activation, increased hamstring co-acti
vation is commonly observed as a compensatory strategy to 
enhance joint stability. However, excessive or prolonged co-
activation may contribute to altered knee mechanics and 
reduced movement efficiency.14 

The precise patterns of early post-operative quadriceps 
inhibition and hamstring co-activation remains poorly 
characterized. Quantifying these neuromuscular alter
ations is critical, as they can compromise knee joint mobil
ity and early ACLR rehabilitation outcomes.15,16 The early 
post-operative period (within the first two to three weeks 
after ACLR) represents a critical window for neuromuscular 
recovery, as arthrogenic muscle inhibition is typically most 
pronounced during this phase due to joint effusion, pain, 
and altered afferent input. Investigating neuromuscular ac
tivation at approximately 15 days post-surgery allows for 
the assessment of these early inhibitory mechanisms before 
substantial rehabilitation-induced adaptations occur.17,18 

If not addressed, initial or early AMI may evolve from a 
transient protective response into a persistent dysfunc
tional motor pattern, contributing to chronic quadriceps 
weakness and compensatory strategies.19 While many au
thors have described longer-term deficits, characterizing 
neuromotor impairments in the immediate post-operative 
period (e.g., the first two weeks) is essential to understand 
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when inhibitory quadriceps mechanisms emerge and how 
they generalize.19,20 Specifically, objectively quantifying 
early alterations in quadriceps voluntary activation and 
quadriceps/hamstring co-activation in both the recon
structed and contralateral limbs can clarify whether AMI-
related patterns are localized or reflect a broader, centrally 
mediated neuromotor reorganization.21 To compensate for 
reduced quadriceps efficiency, the nervous system increases 
hamstring co-activation with the quadriceps as a compen
satory strategy.4 Furthermore, individuals with ACLR ex
hibit increased hamstring co-activation together with re
duced voluntary quadriceps activation, resulting in a 
compensatory pattern that, while passively stabilizing the 
knee, reduces the mechanical efficiency of movement and 
promotes the development of knee joint stiffness.22,23 The 
biceps femoris and the medial hamstrings were analyzed 
separately because they may exhibit distinct activation pat
terns: the biceps femoris primarily contributes to lateral 
knee stabilization and resistance to anterior tibial trans
lation, whereas the medial hamstrings act as key medial 
stabilizers and have been shown to display selective re
cruitment patterns after ACLR.24 Comparing these muscles 
allows determination of whether early post-ACLR co-ac
tivation reflects a generalized neuromuscular response or 
a muscle-specific compensatory strategy associated with 
quadriceps inhibition in both the operated and non-op
erated limbs.24 Similarly, the vastus lateralis and vastus 
medialis were analyzed separately because they may show 
different inhibition patterns after ACLR: the VM is prefer
entially affected during arthrogenic muscle inhibition due 
to its role in active knee extension and patellar stabiliza
tion, whereas the VL contributes more to global force gen
eration. Examining both heads allows for a more sensitive 
characterization of quadriceps activation deficits.25 Early 
recognition of altered activation patterns is therefore es
sential for implementing individualized ACLR rehabilita
tion strategies aimed at restoring extensor activation and 
limiting excessive hamstring co-activation.11,21,26 

Early postoperative neuromuscular adaptations have 
been only partially described, and there is limited evidence 
objectively quantifying reduced quadriceps activation and 
hamstring co-activation in the two first weeks after ACLR 
particularly with simultaneous analysis of both the recon
structed and non-reconstructed limbs.27 The need to objec
tify what is currently assessed clinically has led to focused 
analysis of individual muscles through surface electromyo
graphy (sEMG), translating clinical observations regarding 
the progression of quadriceps activation into quantifiable 
neuromuscular patterns. 
The primary objective of this study was to compare early 

quadriceps activation and quadriceps/hamstring co-activa
tion patterns between individuals following ACLR and 
matched healthy controls (CTRL). The secondary objective 
was to determine whether these neuromuscular alterations 
were present bilaterally, affecting both the operated and 
non-operated limbs.16,28 It was hypothesized that individ
uals post-ACLR would demonstrate reduced voluntary 
quadriceps activation and increased hamstring co-activa

tion compared to CTRL, as well as bilateral neuromuscular 
alterations within the ACLR group. 

MATERIALS AND METHODS 

STUDY DESIGN 

This cross-sectional case–control study was conducted in 
accordance with the Strengthening the Reporting of Ob
servational Studies in Epidemiology (STROBE) guidelines 
for reporting observational studies. Data were collected be
tween July and September 2025 at the Restart Physiother
apy, Rome, Italy. The study protocol was approved by the 
institutional ethics committee GCS Ramsay Healthcare 
(COS-RGDS-2025-05-002-FORELLI-F; IRB: 00010835) and 
was conducted in accordance with the Declaration of 
Helsinki, and all participants provided written informed 
consent prior to inclusion.29 

SAMPLE SIZE CALCULATION 

This study was designed as an exploratory feasibility in
vestigation in the acute post-operative period after ACLR 
(≤ 20 days). Given the narrow recruitment window and the 
limited availability of robust prior estimates of variability 
and expected effect sizes for sEMG root mean square (RMS) 
and co-activation indices in the first weeks after ACLR, an 
a priori sample size calculation was not performed. Conse
quently, the sample size was determined by the number of 
eligible participants available during the study period. This 
study should therefore be interpreted as hypothesis-gener
ating. 

PARTICIPANTS 

To reduce heterogeneity related to sex-specific neuromus
cular characteristics, only male participants were recruited 
for this study.30 Patients who had undergone primary ACLR 
were assessed for eligibility. Inclusion criteria for the ACLR 
group were: unilateral ACLR using hamstring tendon auto
graft (non-contact mechanism) within 20 days prior to test
ing (mean 15.3 ± 0.7 days), a Stroke Test score < 1+, no pas
sive extension deficit assessed with a digital goniometer,31 

SANTI group (Scientific Anterior Cruciate Ligament Net
work International) classification of AMI type 1-2,26 and 
absence of other known neuromuscular disorders. Exclu
sion criteria included revision surgery (meniscus repair or 
meniscectomy, ACLR, cartilage repair, etc), history of con
tralateral knee surgery, and presence of neurological disor
ders. The time point of approximately 15 days post-ACLR 
was selected to capture the early post-operative phase, dur
ing which AMI is expected to be most prominent and neu
romuscular adaptations are still developing.18 Healthy con
trols (CTRL) were required to have no history of ACL 
rupture and no current knee symptoms or pathology. Con
trols were recruited voluntarily from the local community 
and hospital staff. Frequency-based age-matching and ac
tivity-level matching (Tegner Activity Scale [TAS]: 7.3 ± 1.1) 
was performed to minimize confounding between groups. 
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PROTOCOL AND INSTRUMENTATION 

All participants attended a single testing session where 
sEMG signals were recorded using two dual-channel wire
less K-MYO sensors (Kinvent®, Montpellier, France) at a 
sampling frequency of 1000 Hz. Electrode placement fol
lowed Surface ElectroMyoGraphy for the Non-Invasive As
sessment of Muscles (SENIAM) recommendations.32 Bipo
lar electrodes were positioned over the vastus lateralis (VL), 
vastus medialis (VM), biceps femoris (BF), and medial ham
string (MH). Prior to electrode application, the skin over 
each muscle belly was prepared in accordance with SENIAM 
recommendations: hair was shaved when needed, the area 
was lightly abraded with fine sandpaper and cleansed with 
a 70% isopropyl alcohol wipe to reduce skin impedance.31 

Disposable Ag/AgCl bipolar surface electrodes (inter-elec
trode distance: 20 mm) were then applied along the lon
gitudinal axis of each muscle. The K-MYO wireless sensors 
were secured to the corresponding electrode pair through 
their integrated adhesive interface and additionally fixed 
with hypoallergenic adhesive tape to prevent sensor dis
placement during contraction. Specifically, electrodes were 
placed at two-thirds of the line from the anterior superior 
iliac spine (ASIS) to the patella for VL, at 80% of the line 
from the ASIS to the medial joint line for VM, and at 50% 
of the line from the ischial tuberosity to the lateral femoral 
epicondyle for BF and from the ischial tuberosity to the me
dial tibial epicondyle for MH; a reference electrode was se
cured over the patella (Figure 2). This configuration allowed 
simultaneous recording from the four muscles of a single 
limb. Both limbs were assessed during the same session and 
tested successively using identical procedures, with stan
dardized rest periods between trials. 
Participants were positioned supine on the examination 

table, with the hip in neutral rotation and the knee in full 
extension (0°), resting flat against the surface. No bolster 
or roll was placed under the popliteal fossa; participants 
were instructed to perform a maximal voluntary isometric 
contraction of the quadriceps by pressing the back of the 
knee firmly against the table, a position consistent with the 
standard quadriceps setting exercise commonly used in the 
early post-operative phase after ACLR. 
Each limb performed three maximal voluntary isometric 

contractions (MVIC), each lasting 5 seconds and separated 
by 30 seconds of rest. Throughout each contraction, the 
same standardized verbal command was delivered (“con
tract your quadriceps as hard as possible for the full 5 sec
onds”) to maximize voluntary effort. Particular care was 
taken to minimize compensatory pelvic motion and main
tain a consistent testing posture across trials. The supine 
fully-extended position was selected because it represents 
the most reliable and clinically reproducible posture in the 
early post-operative window, when patients typically pre
sent with reduced flexion tolerance, joint effusion, and pain 
that can compromise testing in flexed positions. All testing 
sessions were conducted by a single trained investigator us
ing a standardized protocol to ensure consistency in elec
trode placement, participant positioning, and verbal cue
ing. 

Signal processing was performed using the Kinvent 
Physio application (version 2.22.0). For each MVIC, the 
software computed the mean RMS (μV) over a stable 3-sec
ond plateau window as an index of muscle activation. Co-
activation indices (CoI, %) were calculated for the antag
onist–agonist pairs VL–BF, VM–BF, VL–MH, and VM–MH 
using synchronized sEMG signals acquired within the same 
trial. As no normalization procedure was applied (see be
low), all mean RMS values are reported as raw EMG am
plitudes in microvolts (μV) and should be interpreted as 
relative within-task activation levels rather than absolute 
normalized amplitudes. To ensure internal consistency, 
identical hardware, electrode placement procedures, and 
software settings were used for all testing sessions, and all 
recordings were anonymized prior to analysis. 

OUTCOME MEASURES 

The primary outcomes were the raw mean RMS values, ex
pressed in microvolts (μV), for the VL, VM, BF, and MH. For 
each MVIC, the mean RMS — which represents the signal’s 
power and reflects the level of muscle activation — was cal
culated over a 3-second stable plateau window of the 5-sec
ond contraction. Among the three MVIC trials performed 
for each limb, the contraction yielding the highest mean 
RMS value (i.e., the best of the three trials) was retained for 
statistical analysis, as this provides the closest estimate of 
the participant’s maximal voluntary activation capacity for 
that muscle. 
Additionally, CoI were computed for the agonist–antag

onist pairs (VL–BF, VM–BF, VL–MH, and VM–MH) on both 
the operated and non-operated limbs. The CoI was derived 
from synchronized sEMG signals recorded during the same 
MVIC trial, and expressed as the relative simultaneous ac
tivation of the antagonist muscle as a percentage of the ag
onist activation. For consistency with the muscle-specific 
RMS analysis, CoI values were extracted from the same trial 
selected as the best MVIC for each limb. 
Although sEMG normalization to a reference contraction 

is commonly recommended to enable between-subject 
comparisons, normalization was not performed in the pre
sent study due to the acute post-operative condition (=15 
days post-ACLR). In this phase, true maximal voluntary 
contractions are difficult to obtain reliably because of AMI, 
which may lead to inconsistent or underestimated normal
ization values. This limitation is directly related to the 
presence of AMI, which reduces the ability to fully recruit 
motor units and may prevent participants from achieving 
true maximal voluntary contraction. As a result, RMS val
ues obtained during MVIC should be interpreted in light 
of this limitation, as they may underestimate the actual 
activation capacity of the quadriceps. Therefore, RMS val
ues are reported in microvolts and should be interpreted as 
relative within-task activation levels rather than absolute 
measures of muscle activation capacity. To minimize vari
ability, all recordings were obtained under strictly stan
dardized conditions, including electrode placement, partic
ipant positioning, and acquisition settings. 
The TAS (range: 0–10; higher scores indicate higher 

sport/activity demands) was used to quantify physical ac
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Figure 1. Electrode placement for the vastus medialis and vastus lateralis (A), for the biceps femoris and medial                 
hamstrings (B).   

tivity level. For the ACLR group, the scale referred to the 
pre-injury level, whereas in CTRL it referred to the current 
habitual activity level.. 

STATISTICAL ANALYSIS 

Descriptive statistics are presented as mean ± standard de
viation (SD) for continuous variables and as counts (per
centages) for categorical variables. Because both limbs were 
tested, the unit of analysis was defined at the participant 
level. In the CTRL group, values from the two limbs were 
averaged to obtain a single reference value per participant, 
whereas in the ACLR group the involved and uninvolved 
limbs were retained as separate limb-specific values. Ac
cordingly, between-group comparisons were performed 
separately for: (i) the ACLR group involved limb vs CTRL, 
and (ii) the ACLR uninvolved limb vs CTRL (to evaluate 
potential bilaterality). Within the ACLR group, paired (in
ter-limb) comparisons were performed between the oper
ated and non-operated limbs. The inclusion of limb-spe
cific analyses was considered essential to address the study 
objective of exploring potential bilateral neuromuscular 
adaptations. Comparing operated and non-operated limbs 
within the ACLR group allows for the identification of 
asymmetries and the detection of centrally mediated pat
terns that would not be captured by between-group com
parisons alone. 
For each outcome, distributional assumptions were as

sessed visually (histograms/Q–Q plots) and formally 
(Shapiro–Wilk test). Homogeneity of variance for between-
group comparisons was evaluated using Levene’s test. 
When assumptions were met, independent-samples t-tests 
were used for between-group comparisons and paired-sam

ples t-tests were used for within-ACLR inter-limb compar
isons. When assumptions were not met, the corresponding 
non-parametric tests were applied (Mann–Whitney U test 
for between-group comparisons and Wilcoxon signed-rank 
test for within-ACLR comparisons). All tests were two-
tailed with α = 0.05. 
To support interpretation in this exploratory study, ef

fect sizes were reported alongside p values. For both the 
Mann-Whitney U test and the Wilcoxon signed-rank test, 
the rank-biserial correlation, together with its 95% confi
dence interval, was calculated and interpreted as an index 
of effect magnitude and direction. Absolute rank-biserial 
correlation values of approximately 0.11, 0.28, and 0.43 
were interpreted as small, medium, and large effects, re
spectively; values close to 0 indicated negligible group dif
ferences, whereas the sign of the coefficient indicated the 
direction of the effect.33Analyses were performed using 
JASP (Version 0.95.3). 

RESULTS 

PARTICIPANTS 

A total of 30 participants were enrolled: 15 individuals who 
had undergone ACLR and 15 healthy controls. There were 
no significant differences between the groups. No missing 
data or analytic exclusions were recorded. Participant char
acteristics are presented in Table 1. 

INTER-GROUP COMPARISONS: ACLR GROUP VS CTRL. 

Compared with CTRL, the ACLR group operated limb 
showed lower site-specific mean RMS at the VL and VM 
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Table 1. Descriptive characteristics   

ACLR 
(n = 15) 

CTRL 
(n = 15) 

p* 
Total 

(n = 30) 

Age (Years) 27.4 ± 7.4 27.3 ± 6.8 1.00 27.4 ± 3. 

Weight (Kg) 78.3 ± 14.8 76.2 ± 9.3 .764 77.2 ± 12.4 

Height (Cm) 177.5 ± 9.3 179.3 ± 4.8 .800 178.4 ± 7.5 

BMI (Kg/m2) 24.6 ± 2.7 23.7 ± 2.8 .316 24.2 ± 2.7 

Gender (Male, %) 100 100 100 

Post-operative days 15.3 ± 0.7 — — 

TAS level 7.2±1.2 7.4±1.1 

Note: TAS = Tegner Activity Scale; ACLR = anterior cruciate ligament reconstruction group; CTRL = control group. *Mann-Whitney test. 

Table 2. Between-group comparison of site-specific sEMG activation (RMS, μV). ACLR operated limb vs CTRL.              
Values are reported as mean ± standard deviation.         

EMG 
site 

ACLR involved 
(μV) μ

CTRL 
(μV) μ

Δ (95%CI) Δ
(μV) μ

%Δ vs Δ
CTRL 

U p 
Rank-biserial 

correlation 

VL 4.15 ± 2.24 
7.89 ± 

1.50 
−3.75 (−5.18; 

−2.31) 
−47.5% 25 <.001 0.778 

VM 4.07 ± 2.25 
9.07 ± 

1.24 
−5.01 

(−6.38;−3.63) 
−55.2% 12 <.001 0.893 

BF 3.73 ± 2.64 
5.79 ± 

3.56 
−2.07 (−4.42; 

0.29) 
−35.7% 52 .011 0.538 

MH 4.76 ± 4.19 
4.15 ± 

0.94 
+0.61 (−1.74; 

2.97) 
+14.7% 84 .250 0.253 

Note: Δ indicates ACLR involved − CTRL (negative values indicate lower RMS in ACLR). Inter-group comparisons were performed with Mann-Whitney test. Effect size is reported as 
rank-biserial correlation. VL = vastus lateralis; VM = vastus medialis; BF = biceps femoris; MH = medial hamstrings. 

Table 3. Between-group comparison of co-activation indices (CoI, %) during knee extension. ACLR involved limb              
vs CTRL. Value are reported as mean ± standard deviation.           

Co-activation 
index (CoI, %) 

ACLR 
involved 

CTRL Δ (95%CI) Δ %Δ vs Δ
CTRL 

U 
p-

value 
Rank-biserial 

correlation 

VL–BF 
47.77 ± 

9.92 
32.07 ± 

9.32 
+15.70 (8.50; 

22.90) 
+49.0% 201.0 <.001 −0.787 

VM–BF 
48.83 ± 

8.98 
29.10 ± 

5.45 
+19.73 

(14.12; 25.34) 
+67.8% 219.0 <.001 −0.947 

VL–MH 
49.83 ± 

11.58 
31.08 ± 

6.78 
+18.75 

(11.58; 25.92) 
+60.3% 212.0 <.001 −0.884 

VM–MH 
48.17 ± 

9.38 
29.11 ± 

5.69 
+19.06 

(13.20; 24.92) 
+65.5% 216.5 <.001 −0.924 

Note: Δ is expressed in percentage points. Positive Δ values indicate higher CI in ACLR (involved limb) relative to CTRL. Inter-group comparisons were performed with Mann-Whit
ney test. Effect size is reported as rank-biserial correlation. VL = vastus lateralis; VM = vastus medialis; BF = biceps femoris; MH = medial hamstrings. 

(Table 2), with reductions of approximately 47–55%. 
Specifically, VL and VM were significantly different (p < 
0.001) with an effect size of 0.778 and 0.893 respectively. BF 
was also significantly different (p = .011) with an effect size 
of 0.538, whereas MH did not differ significantly between 
groups (p = 0.250; effect size 0.253). 
Compared with CTRL, the ACLR operated limb exhibited 

higher CoI across all agonist–antagonist pairs (Table 3). Be
tween-group differences ranged from +15.70 to +19.73 %, 
with the largest difference observed for VM–BF (Δ = +19.73, 
95% CI 14.12 to 25.34) and VM–MH (Δ = +19.06, 95% CI 
13.20 to 24.92). Effect sizes are reported in table 3. 

ACLR GROUP WITHIN-SUBJECT COMPARISONS 

Within the ACLR group, the operated limb showed consis
tently lower muscle-specific mean RMS than the non-oper
ated limb across all recorded head muscles (Table 4). The 
largest inter-limb mean reductions were observed in the 
VL (4.15 ± 2.24 vs 7.54 ± 1.65 μV; Δ = −3.40 μV, −45.0%, p 
<0.001) and VM (4.07 ± 2.25 vs 8.06 ± 1.87 μV; Δ = −3.99 μV, 
−49.5%, p<0.001). Significant differences were also detected 
in the hamstring muscle, with lower mean values in the op
erated limb for BF (Δ = −1.20 μV, −24.4%, p= 0.030) and MH 
RMS EMG (Δ = −0.57 μV, −10.7%, p-value = 0.041) 
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Table 4. ACLR group within-subject inter-limb comparison for site-specific sEMG activation (RMS, μV). Value are              
reported as mean ± standard deviation.       

sEMG 
site 

Operated limb 
(μV) μ

Non operated limb 
(μV) μ

Δ Δ
(μV) μ

%Δ Δ p-
value 

Rank-biserial correlation 
(95% CI) 

VL 4.15 ± 2.24 7.54 ± 1.65 −3.40 −45.0% 
< 

0.001 
−0.950 (−0.984;−0.850) 

VM 4.07 ± 2.25 8.06 ± 1.87 −3.99 −49.5% 
< 

0.001 
−1.000 (−1.000; −1.000) 

BF 3.73 ± 2.64 4.93 ± 1.22 −1.20 −24.4% 0.030 −0.633 (−0.867; −0.170) 

MH 4.76 ± 4.19 5.33 ± 2.00 −0.57 −10.7% 0.041 −0.600 (−0.853; −0.117) 

Note: Δ indicates the mean difference (involved − contralateral); negative values indicate lower RMS amplitude in the involved limb. Inter-limb comparisons were performed with 
Wilcoxon signed-rank tests. Effect size is reported as rank-biserial correlation with 95% confidence intervals. VL = vastus lateralis; VM = vastus medialis; BF = biceps femoris; MH = 
medial hamstrings. 

Table 5. ACLR group inter-limb comparison of co-activation indices (CoI, %) in the operated vs non-operated               
limb. Value are reported as mean ± standard deviation.          

Co-activation 
index 

(CoI,%) 

Operated 
limb 

Non operated 
limb 

Δ Δ %Δ Δ p-
value 

Rank-biserial correlation 
(95% CI) 

VL–BF 
47.77 ± 

9.92 
36.99 ± 4.50 +10.78 +29.1% 0.002 0.850 (0.592; 0.950) 

VM–BF 
48.83 ± 

8.98 
33.77 ± 9.83 +15.06 +44.6% <0.001 0.983 (0.948; 0.995) 

VL–MH 
49.83 ± 

11.58 
36.07 ± 5.05 +13.76 +38.1% 0.002 0.867 (0.632; 0.956) 

VM–MH 
48.17 ± 

9.38 
35.66 ± 5.87 +12.51 +35.1% <0.001 0.917 (0.758; 0.973) 

Note: is expressed in percentage points (pp). Positive values indicate higher co-activation in the involved limb. Inter-limb comparisons were performed with Wilcoxon signed-rank 
tests. Effect size is reported as rank-biserial correlation with 95% confidence intervals. VL = vastus lateralis; VM = vastus medialis; BF = biceps femoris; MH = medial hamstrings, CI = 
confidence interval, CoI = co-activation index. 

CoI were consistently higher in the operated limb than in 
the non-operated limb across all agonist–antagonist pairs 
(Table 3). The largest inter-limb asymmetry was observed 
for VM–BF (48.83 ± 8.98% vs 33.77 ± 9.83%; Δ = +15.06%, 
p<0.001), followed by VL–MH (Δ = +13.76%, p-value), and 
VM–MH (Δ = +12.51%, p=0.002). All inter-limb differences 
displayed large effect sizes (rank-biserial correlations rang
ing from 0.850 to 0.983; Table 5). 

DISCUSSION 

The primary aim of this exploratory case–control study was 
to characterize neuromuscular activation patterns 15 days 
after ACLR. In the early post-operative period there is a 
significant reduction in quadriceps activation with the op
erated limb exhibiting a reduction in the mean of 47.5% 
for the VL and 55.2% for the VM compared to healthy 
controls. The magnitude of these effects further reinforces 
this interpretation: rank-biserial correlations were 0.778 
for VL and 0.893 for VM, both indicating large between-
group effects and a strong separation between the ACLR 
and CTRL distributions. From a clinical and physiological 
perspective, these effect sizes suggest that the reduction in 
quadriceps activation represented a substantial early post-
operative impairment in the ability to recruit the knee ex
tensors during a standardized maximal isometric task. The 

larger effect observed for VM may be relevant, as VM dys
function may contribute to impaired terminal knee exten
sion control and altered patellofemoral mechanics in the 
early phase after ACLR. The hamstring muscles displayed 
a divergent pattern in the magnitude of between-group ef
fects: the BF showed a significant but smaller reduction 
(rank-biserial 0.538, large by conventional thresholds but 
markedly lower than the quadriceps effects), while the MH 
was the only muscle with both a non-significant difference 
and a small effect size (0.253). This dissociation in effect 
magnitudes between BF and MH is the most important 
quantitative argument supporting a selective preservation 
of MH activation and aligns with the hypothesis of a cen
trally driven compensatory recruitment of the medial ham
strings to provide dynamic posterior stability in the pres
ence of quadriceps inhibition. 
The same pattern of large between-group effects 

emerged for the co-activation indices: rank-biserial correla
tions ranged from 0.787 (VL–BF) to 0.947 (VM–BF), with all 
four agonist–antagonist pairs displaying large to very large 
effect sizes. The largest effects involved pairs containing 
the VM (VM–BF: 0.947; VM–MH: 0.924), consistent with 
the previously discussed VM-specific activation deficit and 
supporting the interpretation that the elevated CoI is pri
marily driven by reduced agonist drive rather than by ham
string overactivation per se. From a clinical standpoint, the 
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convergence of large effect sizes for both reduced quadri
ceps activation and elevated CoI provides quantitative evi
dence that the surgical event produced a coherent and sub
stantial reorganization of agonist–antagonist activation in 
the early post-operative phase. 
It is important to clarify that while these findings pri

marily reflect a reduction in volitional quadriceps activa
tion, they are likely associated with AMI. Although the 
present study does not directly assess the full neurophysio
logical scope of AMI (e.g., through twitch interpolation, H-
reflex, or motor unit decomposition), the data quantify its 
clinical surface expression — i.e., a reduced sEMG ampli
tude (mean RMS) during maximal voluntary effort — which 
is consistent with diminished neural drive to the quadriceps 
but does not allow direct inference at the motor unit level. 
Parallel to this quadriceps deficit, there was a divergent be
havior in hamstring activation; while BF activity was lower 
than healthy controls, MH activation remained compara
ble to healthy controls. This ‘medial hamstring mainte
nance’ may reflect a selective compensatory strategy where 
the central nervous system preferentially recruits the MH 
to provide dynamic posterior stability and limit anterior 
tibial translation in the presence of quadriceps inhibition, 
with relative preservation of MH activation compared to 
the biceps femoris. This muscle recruitment is further de
scribed by the analysis of CoI, which were 15 to 20% higher 
in the operated limb compared to controls, particularly in 
VM–BF and VM–MH pairs. Such elevated CoI may reflect 
a ‘flexor facilitation’ or ‘stiffening strategy’ aimed at joint 
protection, though it may concurrently hinder the recovery 
of terminal extension. Although direct comparisons with 
normative CoI values are limited by the strong task, joint-
angle, and contraction-intensity dependence of co-activa
tion indices, similar elevations of hamstring co-activation 
have been described in patients evaluated several years af
ter ACLR (e.g. 27% vs 14% in ACLR vs controls during iso
kinetic knee extension at flexed positions34), suggesting 
that the early elevations observed here may represent a 
precursor of a chronic neuromuscular pattern if not ad
equately addressed during rehabilitation.34 Within-study 
comparisons with the matched CTRL group therefore pro
vide the most appropriate internal reference for interpret
ing the magnitude of co-activation observed in this cohort. 
Crucially, these alterations were not confined to the oper
ated limb, as the non-operated limb also displayed signifi
cantly higher CoI in both VL–MH and VM–MH than healthy 
controls. 
It is very important to note, in the absence of sEMG nor

malization, differences in RMS amplitude between groups 
should be interpreted with caution, as they may reflect both 
differences in neural activation and inter-individual vari
ability in signal amplitude. It is important to distinguish 
between reduced sEMG amplitude and true voluntary acti
vation failure. In the present study, lower RMS values do 
not directly quantify voluntary activation capacity, as no 
interpolated twitch or similar neurophysiological measures 
were used. Rather, reduced RMS amplitude should be inter
preted as indicative of reduced neural drive to the quadri
ceps during the task, which is consistent with the clinical 

manifestation of AMI. From a mechanistic perspective, this 
reduction in quadriceps sEMG amplitude may be related 
to altered afferent input from the joint (e.g., joint effu
sion, mechanoreceptor disruption), which has been shown 
to modulate spinal and supraspinal pathways and limit ef
fective motor unit recruitment in the early post-operative 
phase. However, these interpretations remain speculative, 
as this study did not include direct assessments of spinal or 
supraspinal neurophysiological mechanisms. 

LIMITATIONS 

This study has several limitations that should be considered 
when interpreting the findings. First, an a priori sample 
size calculation was not performed, as the study was de
signed as an exploratory feasibility investigation based on 
the availability of eligible patients within a narrow post-
operative window. While the sample size is consistent with 
similar exploratory sEMG studies, the relatively small con
venience sample may limit the generalizability of the re
sults. Given the relatively small sample size and the use 
of non-parametric analyses for some comparisons, the sta
tistical power may be limited, and the results should be 
interpreted with caution. Although effect sizes with con
fidence intervals were reported to support interpretation, 
these findings should be considered exploratory and require 
confirmation in larger samples. Additionally, the analytical 
approach to limb-specific comparisons, while aligned with 
the study objectives, may increase the complexity of inter
pretation and should be confirmed in larger studies with 
more robust statistical power. Second, only male partici
pants were recruited to reduce heterogeneity related to sex-
specific neuromuscular characteristics; therefore, these re
sults may not be generalizable to female populations, who 
may exhibit different neuromuscular activation and co-ac
tivation patterns after ACLR. 
Third, although sEMG is a standard tool for assessing 

muscle activation, it is susceptible to cross-talk, which may 
influence the specificity of the recorded signals and lead to 
potential overestimation or contamination of muscle activ
ity from adjacent muscles. 
Fourth, as previously mentioned, no sEMG normaliza

tion procedure (e.g., MVIC, sub-maximal reference contrac
tion) was applied. This was a deliberate methodological 
choice driven by the acute post-operative condition (~15 
days post-ACLR), in which AMI prevents reliable maximal 
voluntary contractions and may yield inconsistent or un
derestimated normalization values. As a consequence, 
mean RMS values are reported as raw EMG amplitudes in 
microvolts, and between-group differences in RMS ampli
tude should be interpreted with caution, as they may reflect 
both genuine differences in neural drive and inter-indi
vidual methodological variability (e.g., subcutaneous tissue 
thickness, electrode-skin impedance). For the same reason, 
direct quantitative comparisons with studies using differ
ent normalization procedures are limited. 
Fifth, this study did not directly assess spinal or 

supraspinal excitability; consequently, mechanistic inter
pretations regarding the role of the gamma-loop or cortical 
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reorganization remain speculative and should be framed 
with caution. 
Finally, the use of a maximal isometric task does not 

fully capture the complex, dynamic neuromuscular control 
required for sport-specific movements; however, this con
figuration was selected as the most clinically feasible and 
reproducible option for the very early post-operative pe
riod, when patients typically present with limited flexion 
tolerance, joint effusion, and pain. Future research incor
porating larger, multicenter cohorts and dynamic func
tional assessments is warranted to further validate these 
early post-operative patterns. 

CONCLUSION 

The results of the current study indicate that male patients 
assessed approximately two weeks after ACLR showed lower 
quadriceps sEMG RMS amplitude and higher quadri
ceps–hamstring co-activation in the operated limb com
pared with matched healthy controls. Higher co-activation 
values were also observed in the non-operated limb for se

lected muscle pairs, suggesting that early post-operative 
neuromuscular alterations may not be confined to the sur
gical limb. However, because AMI and central mechanisms 
were not directly assessed, these findings should be in
terpreted as descriptive evidence of altered task-specific 
(isometric knee extension exercise) sEMG activation and 
co-activation patterns. Further longitudinal studies incor
porating normalized EMG and direct neurophysiological 
measures are required to confirm these observations and 
determine their clinical relevance. 

COI DISCLOSURE 

The authors declare that they have no conflicts of interest. 

© The Author(s) 

Submitted: January 28, 2026 CDT. Accepted: April 13, 2026 
CDT. Published: June 01, 2026 CDT. 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-4.0). View this license's legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre

ativecommons.org/licenses/by-nc/4.0/legalcode for more information. 

Early Neuromuscular and Co-activation Patterns After Anterior Cruciate Ligament Reconstruction In Males…

International Journal of Sports Physical Therapy

https://creativecommons.org/licenses/by-nc/4.0
https://creativecommons.org/licenses/by-nc/4.0/legalcode
https://creativecommons.org/licenses/by-nc/4.0/legalcode


REFERENCES 

1. Brophy RH, Schmitz L, Wright RW, et al. Return to 
play and future acl injury risk after acl reconstruction 
in soccer athletes from the multicenter orthopaedic 
outcomes network (moon) group. Am J Sports Med. 
2012;40(11):2517-2522. doi:10.1177/
0363546512459476 

2. Longo UG, Nagai K, Salvatore G, et al. 
Epidemiology of anterior cruciate ligament 
reconstruction surgery in italy: a 15-year nationwide 
registry study. J Clin Med. 2021;10(2):223. 
doi:10.3390/jcm10020223 

3. Ortiz-Sánchez D, Bravo-Sánchez A, Ramírez-
delaCruz M, Abián P, García-Sánchez C, Abián-Vicén 
J. Epidemiology of anterior cruciate ligament injuries 
in the top 5 european football (soccer) leagues. 
Orthop J Sports Med. 2026;14(1):23259671251400766. 
doi:10.1177/23259671251400766 

4. Rudolph KS, Axe MJ, Buchanan TS, Scholz JP, 
Snyder-Mackler L. Dynamic stability in the anterior 
cruciate ligament deficient knee. Knee Surg Sports 
Traumatol Arthrosc Off J ESSKA. 2001;9(2):62-71. 
doi:10.1007/s001670000166 

5. Hopkins JT, Ingersoll CD. Arthrogenic muscle 
inhibition: a limiting factor in joint rehabilitation. J 
Sport Rehabil. 2000;9(2):135-159. doi:10.1123/
jsr.9.2.135 

6. Lepley AS, Lepley LK. Mechanisms of arthrogenic 
muscle inhibition. J Sport Rehabil. 
2022;31(6):707-716. doi:10.1123/jsr.2020-0479 

7. Pietrosimone BG, Lepley AS, Ericksen HM, 
Clements A, Sohn DH, Gribble PA. Neural excitability 
alterations after anterior cruciate ligament 
reconstruction. J Athl Train. 2015;50(6):665-674. 
doi:10.4085/1062-6050-50.1.11 

8. Rush JL, Glaviano NR, Norte GE. Assessment of 
quadriceps corticomotor and spinal-reflexive 
excitability in individuals with a history of anterior 
cruciate ligament reconstruction: a systematic review 
and meta-analysis. Sports Med. 2021;51(5):961-990. 
doi:10.1007/s40279-020-01403-8 

9. Rice DA, McNair PJ. Quadriceps arthrogenic muscle 
inhibition: neural mechanisms and treatment 
perspectives. Semin Arthritis Rheum. 
2010;40(3):250-266. doi:10.1016/
j.semarthrit.2009.10.001 

10. Hart JM, Pietrosimone B, Hertel J, Ingersoll CD. 
Quadriceps activation following knee injuries: a 
systematic review. J Athl Train. 2010;45(1):87-97. 
doi:10.4085/1062-6050-45.1.87 

11. Delaloye JR, Murar J, Sánchez MG, et al. How to 
rapidly abolish knee extension deficit after injury or 
surgery: a practice-changing video pearl from the 
scientific anterior cruciate ligament network 
international (santi) study group. Arthrosc Tech. 
2018;7(6):e601-e605. doi:10.1016/j.eats.2018.02.006 

12. Konishi Y, Aihara Y, Sakai M, Ogawa G, 
Fukubayashi T. Gamma loop dysfunction in the 
quadriceps femoris of patients who underwent 
anterior cruciate ligament reconstruction remains 
bilaterally. Scand J Med Sci Sports. 
2007;17(4):393-399. doi:10.1111/
j.1600-0838.2006.00573.x 

13. Ricupito R, Castellucci R, Maselli F, et al. Early 
open kinetic chain hamstring exercise after acl 
reconstruction: a retrospective safety and efficacy 
study. J Clin Med. 2025;14(19):6871. doi:10.3390/
jcm14196871 

14. Bouzekraoui Alaoui I, Moiroux-Sahraoui A, 
Mazeas J, et al. Impact of hamstring graft on 
hamstring peak torque and maximum effective angle 
after anterior cruciate ligament reconstruction: an 
exploratory and preliminary study. Bioengineering. 
2025;12(5):465. doi:10.3390/bioengineering12050465 

15. Konishi Y, Yoshii R, Ingersoll CD. Gamma loop 
dysfunction as a possible neurophysiological 
mechanism of arthrogenic muscle inhibition: a 
narrative review of the literature. J Sport Rehabil. 
2022;31(6):736-741. doi:10.1123/jsr.2021-0232 

16. Konishi Y, Konishi H, Fukubayashi T. Gamma loop 
dysfunction in quadriceps on the contralateral side in 
patients with ruptured acl. Med Sci Sports Exerc. 
2003;35(6):897-900. doi:10.1249/
01.MSS.0000069754.07541.D2 

17. Moiroux--Sahraoui A, Forelli F, Mazeas J, 
Rambaud AJ, Bjerregaard A, Riera J. Quadriceps 
activation after anterior cruciate ligament 
reconstruction: the early bird gets the worm! Int J 
Sports Phys Ther. 2024;19(8). doi:10.26603/
001c.121423 

Early Neuromuscular and Co-activation Patterns After Anterior Cruciate Ligament Reconstruction In Males…

International Journal of Sports Physical Therapy

https://doi.org/10.1177/0363546512459476
https://doi.org/10.1177/0363546512459476
https://doi.org/10.3390/jcm10020223
https://doi.org/10.1177/23259671251400766
https://doi.org/10.1007/s001670000166
https://doi.org/10.1123/jsr.9.2.135
https://doi.org/10.1123/jsr.9.2.135
https://doi.org/10.1123/jsr.2020-0479
https://doi.org/10.4085/1062-6050-50.1.11
https://doi.org/10.1007/s40279-020-01403-8
https://doi.org/10.1016/j.semarthrit.2009.10.001
https://doi.org/10.1016/j.semarthrit.2009.10.001
https://doi.org/10.4085/1062-6050-45.1.87
https://doi.org/10.1016/j.eats.2018.02.006
https://doi.org/10.1111/j.1600-0838.2006.00573.x
https://doi.org/10.1111/j.1600-0838.2006.00573.x
https://doi.org/10.3390/jcm14196871
https://doi.org/10.3390/jcm14196871
https://doi.org/10.3390/bioengineering12050465
https://doi.org/10.1123/jsr.2021-0232
https://doi.org/10.1249/01.MSS.0000069754.07541.D2
https://doi.org/10.1249/01.MSS.0000069754.07541.D2
https://doi.org/10.26603/001c.121423
https://doi.org/10.26603/001c.121423


18. Sonnery-Cottet B, Barrera Uso M, Coquard M, et 
al. Incidence and risk factors for arthrogenic muscle 
inhibition in the early postoperative period after acl 
reconstruction. A cohort study from the santi study 
group. Orthop J Sports Med. 
2026;14(1):23259671251350305. doi:10.1177/
23259671251350305 

19. Lepley AS, Lepley LK. Mechanisms of arthrogenic 
muscle inhibition. J Sport Rehabil. 
2022;31(6):707-716. doi:10.1123/jsr.2020-0479 

20. Pietrosimone B, Lepley AS, Kuenze C, et al. 
Arthrogenic muscle inhibition following anterior 
cruciate ligament injury. J Sport Rehabil. 
2022;31(6):694-706. doi:10.1123/jsr.2021-0128 

21. Sonnery-Cottet B, Ripoll T, Cavaignac E. 
Prevention of knee stiffness following ligament 
reconstruction: understanding the role of arthrogenic 
muscle inhibition (ami). Orthop Traumatol Surg Res 
OTSR. 2024;110(1S):103784. doi:10.1016/
j.otsr.2023.103784 

22. Norte G, Rush J, Sherman D. Arthrogenic muscle 
inhibition: best evidence, mechanisms, and theory 
for treating the unseen in clinical rehabilitation. J 
Sport Rehabil. 2022;31(6):717-735. doi:10.1123/
jsr.2021-0139 

23. Garcia SA, Johnson AK, Brown SR, Washabaugh 
EP, Krishnan C, Palmieri-Smith RM. Dynamic knee 
stiffness during walking is increased in individuals 
with anterior cruciate ligament reconstruction. J 
Biomech. 2023;146:111400. doi:10.1016/
j.jbiomech.2022.111400 

24. Toor AS, Limpisvasti O, Ihn HE, McGarry MH, 
Banffy M, Lee TQ. The significant effect of the medial 
hamstrings on dynamic knee stability. Knee Surg 
Sports Traumatol Arthrosc. 2019;27(8):2608-2616. 
doi:10.1007/s00167-018-5283-x 

25. Hollman JH, Buenger NG, DeSautel SG, Chen VC, 
Koehler LR, Schilaty ND. Altered neuromuscular 
control in the vastus medialis following anterior 
cruciate ligament injury: a recurrence quantification 
analysis of electromyogram recruitment. Clin 
Biomech. 2022;100. doi:10.1016/
j.clinbiomech.2022.105798 

26. Sonnery-Cottet B, Hopper GP, Gousopoulos L, et 
al. Arthrogenic muscle inhibition following knee 
injury or surgery: pathophysiology, classification, and 
treatment. Video J Sports Med. 
2022;2(3):26350254221086295. doi:10.1177/
26350254221086295 

27. Norte GE, Sherman DA, Rush JL, et al. Advancing 
clinical evaluation and treatment of arthrogenic 
muscle inhibition: a need for validation and 
innovation—letter to the editor. Am J Sports Med. 
2024;52(12):NP34-NP36. doi:10.1177/
03635465241272410 

28. Konishi Y, Aihara Y, Sakai M, Ogawa G, 
Fukubayashi T. Gamma loop dysfunction in the 
quadriceps femoris of patients who underwent 
anterior cruciate ligament reconstruction remains 
bilaterally. Scand J Med Sci Sports. 
2007;17(4):393-399. doi:10.1111/
j.1600-0838.2006.00573.x 

29. Von Elm E, Altman DG, Egger M, et al. The 
strengthening the reporting of observational studies 
in epidemiology (strobe) statement: guidelines for 
reporting observational studies. Ann Intern Med. 
2007;147(8):573-577. doi:10.7326/
0003-4819-147-8-200710160-00010 

30. Shultz SJ, Perrin DH, Adams MJ, Arnold BL, 
Gansneder BM, Granata KP. Neuromuscular response 
characteristics in men and women after knee 
perturbation in a single-leg, weight-bearing stance. J 
Athl Train. 2001;36:37-43. 

31. Lind V, Svensson M, Harringe ML. Reliability and 
validity of a digital goniometer for measuring knee 
joint range of motion. Meas Phys Educ Exerc Sci. 
2022;26(3):191-198. doi:10.1080/
1091367X.2021.2004150 

32. Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. 
Development of recommendations for semg sensors 
and sensor placement procedures. J Electromyogr 
Kinesiol. 2000;10(5):361-374. doi:10.1016/
S1050-6411(00)00027-4 

33. Fiel Peres F. Effect sizes for nonparametric tests. 
Biochem Medica. 36(1):010101. doi:10.11613/
BM.2026.010101 

34. Pamukoff DN, Pietrosimone BG, Ryan ED, Lee DR, 
Blackburn JT. Quadriceps function and hamstrings 
co-activation after anterior cruciate ligament 
reconstruction. J Athl Train. 2017;52(5):422-428. 
doi:10.4085/1062-6050-52.3.05 

Early Neuromuscular and Co-activation Patterns After Anterior Cruciate Ligament Reconstruction In Males…

International Journal of Sports Physical Therapy

https://doi.org/10.1177/23259671251350305
https://doi.org/10.1177/23259671251350305
https://doi.org/10.1123/jsr.2020-0479
https://doi.org/10.1123/jsr.2021-0128
https://doi.org/10.1016/j.otsr.2023.103784
https://doi.org/10.1016/j.otsr.2023.103784
https://doi.org/10.1123/jsr.2021-0139
https://doi.org/10.1123/jsr.2021-0139
https://doi.org/10.1016/j.jbiomech.2022.111400
https://doi.org/10.1016/j.jbiomech.2022.111400
https://doi.org/10.1007/s00167-018-5283-x
https://doi.org/10.1016/j.clinbiomech.2022.105798
https://doi.org/10.1016/j.clinbiomech.2022.105798
https://doi.org/10.1177/26350254221086295
https://doi.org/10.1177/26350254221086295
https://doi.org/10.1177/03635465241272410
https://doi.org/10.1177/03635465241272410
https://doi.org/10.1111/j.1600-0838.2006.00573.x
https://doi.org/10.1111/j.1600-0838.2006.00573.x
https://doi.org/10.7326/0003-4819-147-8-200710160-00010
https://doi.org/10.7326/0003-4819-147-8-200710160-00010
https://doi.org/10.1080/1091367X.2021.2004150
https://doi.org/10.1080/1091367X.2021.2004150
https://doi.org/10.1016/S1050-6411(00)00027-4
https://doi.org/10.1016/S1050-6411(00)00027-4
https://doi.org/10.11613/BM.2026.010101
https://doi.org/10.11613/BM.2026.010101
https://doi.org/10.4085/1062-6050-52.3.05

	Early Neuromuscular and Co-activation Patterns After Anterior Cruciate Ligament Reconstruction In Males: A Case-control Exploratory Feasibility Study
	Background
	Study Design
	Methods
	Results
	Conclusion
	Level of Evidence
	Introduction
	Materials and Methods
	Study Design
	Sample Size Calculation
	Participants
	Protocol and Instrumentation
	Outcome Measures
	Statistical analysis

	Results
	Participants
	Inter-group comparisons: ACLR group vs CTRL.
	ACLR group within-subject comparisons

	Discussion
	Limitations
	Conclusion
	COI disclosure

	References


