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Abstract

Background Preventing severe arthrogenic muscle inhibition (AMI) after knee injury is critical for better progno-
sis. The novel Sonnery-Cottet classification of AMI enables the evaluation of AMI severity but requires validation.
This study aimed to investigate the electromyography (EMG) patterns of leg muscles in the examination position
from the classification during isometric contraction to confirm its validity. We hypothesised that the AMI pattern,
which is characterised by quadriceps inhibition and hamstring hypercontraction, would be detectable in the supine
position during isometric contraction.

Methods Patients with meniscal or knee ligament injuries were enrolled between August 2023 and May 2024.
Surface EMG was assessed during submaximal voluntary isometric contractions (sMVIC) at 0° extension in the supine
position for the vastus medialis (VM) and vastus lateralis (VL) muscles and at 20° flexion in the prone position

for the semitendinosus (ST) and biceps femoris (BF) muscles. Reference values for normalisation were obtained

from the EMG activity during the gait of the uninjured leg. The Kruskal-Wallis test was used to compare the activation
patterns of the muscle groups within the same leg, and the post-hoc tests were conducted using the Mann-Whitney
U test and Bonferroni correction.

Results Electromyographic data of 40 patients with knee injuries were analyzed. During sMVIC, the exten-

sor and flexor muscles of the injured leg showed distinct behaviours (P<0.001), whereas the uninjured side did

not (P=0.144). In the injured leg, the VM differed significantly from the ST (P=0.018), and the VL differed significantly
from the ST and BF (P=0.001 and P=0.026, respectively). However, there were no statistically significant differences
within the extensor muscle groups (VM and VL, P=0.487) or flexor muscle groups (ST and BF, P=0.377).

Conclusion AMI| was detectable in the examination position suggested by the Sonnery-Cottet classification. The
flexor and extensor muscles of the injured leg exhibited distinct activation behaviours, with inhibition predominantly
occurring in the quadriceps muscles, whereas the hamstrings showed excitation.
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Background

Arthrogenic muscle inhibition (AMI) is an innate protec-
tive reflex triggered by joint injury that protects the dam-
aged knees by restricting joint motion [1, 2]. When the
knee joint is injured, changes such as effusion and pain,
alter articular sensory receptors, leading to inhibitory
signals at the spinal cord level. This modulation affects
the group 1 non-reciprocal (1B) inhibitory pathway, flex-
ion reflex, and gamma loop (spinal and supraspinal path-
ways), thereby altering spinal reflex excitability [3—6]. As
a result, decreased activation of the vastus medialis (VM)
muscle and increased hamstring flexor reflex result in an
asymmetric activation pattern of the leg muscles. This
often results in the loss of terminal extension without
mechanical intraarticular pathology, leading to flexion
contracture, which hinders recovery [7]. Therefore, prop-
erly addressing AMI is critical to achieve better clinical
outcomes.

Several studies have investigated the pathophysiol-
ogy, contributing factors, and nature of AMI [1, 4-6,
8]. However, the lack of consensus on a grading system
for evaluating AMI severity has hindered its compre-
hensive understanding. Recently, Sonnery-Cottet et al.
introduced a novel classification system that facilitated
quantitative evaluation, paving the way for further stud-
ies [9] (Table 1). This classification system is theoretically
based on pathophysiology and assesses grades through
physical examination findings, including the inspec-
tion of VM contraction during isometric extension in
the supine position, the presence of extension deficits,
and the response to short-term physiotherapy. Although
this system is simple and feasible for daily practice, its
validation and theoretical foundations are necessary for
comprehensive advancements in this field. Specifically,
because the classification examines patients in the supine

position, it is essential to investigate whether this posi-
tion is appropriate for assessing the degree of AMI, and
whether the amount of muscle inhibition is accurately
reflected in this position.

Among several methods for evaluating muscle activity,
surface electromyography (EMG) is a valuable and non-
invasive tool for assessing electrical muscle activity [10,
11]. Schilaty et al. assessed EMQG in patients who under-
went ACL reconstruction and found that the motor unit
characteristics were altered [13]. Dos Anjos et al. have
used EMG to assess the outcome of rehabilitation treat-
ment in patients with AMI, as it provides real-time feed-
back on muscle function [14]. Its versatility makes it ideal
for assessing AMI in various positions and motions both
clinical and study settings [12].

Therefore, this study aimed to investigate the EMG pat-
terns of leg muscles in the examination position from the
Sonnery-Cottet classification during isometric contrac-
tion to confirm its validity. Activation failure patterns of
the quadriceps and hamstring muscles were compared.
We hypothesised that the AMI pattern, which is char-
acterised by quadriceps inhibition and hamstring hyper-
contraction, would be detectable in the supine position
during isometric contraction.

Methods

This study was approved by the Institutional Review
Board of the medical centre of current study. The patient
data were collected and assessed anonymously by the
first author.

Participants

We prospectively recruited patients with meniscal or
knee ligament injuries between August 2023 and May
2024. The inclusion criteria of the present study were

Table 1 Sonnery-Cottet classification of AMI following knee injury or surgery

Muscle inhibition pattern

Respond to physical therapy

Grade 0 Normal VM contraction

Grade 1a VM contraction is inhibited

Grade 1b

Grade 2a VM contraction is inhibited + extension deficit due to ham-
string contracture

Grade 2b

Grade 3 Chronic extension deficit

Activation failure is reversible with simple exercises
Requires longer and specific rehabilitation than grade 1a

Activation failure and loss of range of motion are revers-
ible with simple exercises

Refractory to simple exercises
Requires longer and specific rehabilitation than grade 1a
Irreducible without extensive posterior arthrolysis

VM, vastus medialis. (Table was reproduced with permission from the Video Journal Sports Medicine [9])
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as follows: knee ligament or meniscal injury, consent to
participate in the study, ability to participate in kinematic
analysis, and absence of fractures. Exclusion criteria were
trauma requiring immediate surgical treatment, history
of injury on the contralateral side, presence of moder-
ate osteoarthritis (K-L grade>2), and artefacts on EMG
data due to inadequate electrode contact.

EMG measurement

Electrical muscle activity was recorded by a single exam-
iner in the gait analysis laboratory of the medical centre
where the study was conducted. The four target muscles
were the VM and vastus lateralis (VL) for the quadriceps,
the semitendinosus (ST) and the biceps femoris (BF) for
the medial and lateral hamstring. According to the Sur-
face ElectroMyoGrapy for the Non-Invasive Assessment
of Muscles (SENIAM) guidelines [15], the skin areas were
shaved and cleansed with alcohol. For the VM, the elec-
trodes were placed at 4/5 of the distance between the
anterior superior iliac spine (ASIS) and the joint space
anterior to the medial collateral ligament, parallel to
the muscle fibre direction. For the VL, electrodes were
placed at 2/3 of the distance between the ASIS and the
lateral patella. For the ST and BF, electrodes were placed
at half the distance between the ischial tuberosity and the
medial and lateral epicondyles of the tibia, respectively
[15, 16]. Wireless bipolar surface EMG sensors with an
inter-electrode distance of 20 mm (LE230, Biometrics
Ltd, UK) were used to measure the muscle activities on
the bellies of four target muscles. The EMG electrodes
were small (22 mmXx28 mm), disc-shaped, and silver/
silver chloride electrodes designed for single or multiple
applications to the same patient. The reference electrodes
were placed on the tibial tuberosity of dominant knee.
Real time EMG recordings were obtained using a port-
able EMG system (DataLITE PIONEER, Biometrics Ltd,
UK). Surface EMG data were recorded at 1000 Hz (band-
width 10-450 Hz, signal amplification 1000), and all data
were stored anonymously on a designated storage device
for analysis. Obtained EMG data were analysed using
DataLITE Analysis software (PC version 11.02).

Experimental procedure

Electromyographic measurements were performed in
two modes: repeated submaximal voluntary isometric
contraction (sMVIC) and single free gait. Instead of using
a standardised position for MVIC, which may cause dis-
comfort to the patients, activities of the leg muscles dur-
ing isometric contraction were measured at joint angles
of 0° extension in the supine position (for VM and VL)
and 20° flexion in the prone position (for ST and BF),
according to the examining position used in the Son-
nery-Cottet classification [9]. Patients were then asked
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to perform isometric contractions as hard as possible.
The EMG activity of leg muscles varies, depending on
the intensity of contraction and knee angle [17]. Thus,
the isometric contractions were regarded as submaximal
contractions.

First, VM and VL muscle activities during sMVIC were
measured (Fig. 1A). The examiner placed a hand beneath
the knee joint, providing a slight counterforce to enhance
sensory feedback as the participants extended their
knees. The participants were instructed to exert maximal
effort, maintain force, and then relax quickly. This proce-
dure was performed on both the injured and uninjured
sides. Before recording, the patients were guided through
three practice sMVICs to ensure familiarity with isomet-
ric contractions. The sMVICs were performed twice for
3 s each, with a 5-s rest period between repetitions. In
the same manner, ST and BF activities were measured

Fig. 1 Surface EMG examination. A Wireless surface EMG electrodes
are attached to the belly of four target muscles. EMG during sMVIC
for VM and VL muscles were measured at joint 0° extension

in the supine position. B Likewise, EMG during sSMVIC for ST and BF
muscles were measured at 20° flexion in the prone position. C EMG
activity during 5 gait cycle at the midsection of the 12-meter runway
were collected to obtain the reference value for normalization. VM,
vastus medialis; VL, vastus lateralis, ST, semitendinosus; BF, biceps
femoris
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during sMVIC. While the patient was lying prone on the
bed, the examiner resisted the ankle to provide a counter-
force to the flexion contraction, keeping it stationary. The
EMG activity during the mid-contraction of 1 of 3 s was
assessed. To measure the EMG values during gait, the
participants rested for 10 min after the sMVIC record-
ings. Following the rest period, the participants walked
barefoot along a 12-m runway [18]. The EMG activity of
uninjured leg during five gait cycles (entire stride, includ-
ing both the swing and stance phases) was collected.
These measurements were obtained at the midsection of
the runway to represent average walking speed (Fig. 1C)
[19].

Data processing

The obtained EMG data were analyzed using DataLITE
Analysis PC software version 11.02 (Biometrics Ltd, UK).
Raw EMG data from the sMVIC and gait trials were
corrected for resting bias, converted to microvolts, and
bandpass filtered at 10-450 Hz. The Root Mean Square
(RMS) value was used to quantify the electric signal [16,
20]. The RMS value of the EMG was automatically calcu-
lated using a 100 ms moving-average window by the soft-
ware. The EMG data during sMVIC were normalised to
the reference value of EMG activity during the five strides
of healthy leg muscles, referred to as the dynamic mean
normalisation method [12]. Many authors have favoured
the method because it has been reported to reduce inter-
subject variability [21-24]. Moreover, the muscle activ-
ity of injured side during sSMVIC (%) was normalised to
the EMG amplitude of the uninjured side to compare the
activation level of the four muscle groups.

The intraclass correlation coefficient was assessed to
evaluate the validity of the measurement method. The
raw EMG data of ten patients were randomly selected,
processed, and assessed by two authors. The strength of
agreement was interpreted as follows: 0.91, almost per-
fect agreement; 0.71-0.90, good agreement; 0.61-0.70,
acceptable agreement; 0.51-0.60, poor agreement; and
P<0.50, unacceptable agreement. The intraobserver reli-
ability and interobserver agreement were 0.996 (95% con-
fidence interval [CI] 0.995-0.997; P<0.001) and 0.912
(95% CI 0.873—-0.941; P<0.001) respectively, which were
interpreted as almost perfect agreement.

Statistical analysis

An adequate sample size was estimated by power analysis
using G*Power version 3.1.9.7 program (Universitat Kiel,
Germany). Normalised mean EMG activities of VM, VL,
ST, and BF during sMVIC were measured as 127.1, 160.0,
239.6, and 124.3%, respectively, from a pilot study of 10
patients. The effect size calculated from this sample was
0.38. Assuming a 95% significance level and 80% power,
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the required sample size was calculated to be 80 muscles,
corresponding to 20 participants. The statistical analy-
sis were performed using SPSS Statistics for Windows,
version 25. Electromyography data are widely dispersed
among individuals [12, 25, 26]. Therefore, the Kolmogo-
rov—Smirnov test was conducted to assess the normal-
ity of the EMG data distribution. As normality was not
satisfied, the Mann—Whitney U test was used to compare
the differences between the injured and uninjured sides.
To investigate the different inhibition patterns among
muscles within the same leg, the EMG data were ana-
lysed using a Kruskal-Wallis test, followed by pairwise
Mann—-Whitney U tests with Bonferroni correction for
intergroup comparisons. Statistical significance was set at
P<0.05.

Results

Participants

Among 71 patients who were diagnosed with ligament
and meniscal injury, 7 patients were excluded from the
study due to the history of contralateral knee injury and
11 patients were excluded due to the presence of moder-
ate osteoarthritis (K-L grade>2). Among the 53 patients
who underwent EMG, 13 with poor EMG data due to
noise were excluded. Finally, 40 patients were included in
the study (Fig. 2).

The included patients comprised 26 male and 14 female
patients with a median age of 36.5 year (IQR 24.8-61.5).
There were 22 knee ligament and 18 isolated meniscal
injuries. The mean body mass index was 25.4 + 3.5 kg/m>
The median time from injury to EMG examination was
2 days (IQR 2-4), and detailed patient characteristics are
shown in Table 2.

meniscus injury

Acute ligament and
n=71

-—

contralateral knee injury,
n=7

History of ’

Presence of moderate
osteoarthritis > K-L grade 2,
n=11

EMG analyzed
n=153

Poor surface EMG data,
n=13

Included in the study
n=40

Fig. 2 Flow chart of patient inclusion
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Table 2 Patient characteristics

Total (n=40)
Age, years 36.5[24.8-61.5]
Sex (Male: Female), n 26:14
Side (Right: Left), n 19:21
BMI, kg/m? 254+35
Time from injury to EMG, days 2.0 [2-4]
Diagnosis
ACL injury
Isolated 5
Combined ligament injury 1
Combined meniscal injury 4
PCL and/or PLC injury 4
MCL and/or LCL injury 4
MPFL injury
Tst time patella dislocation 2
Recurrent patella dislocation 2
LM tear 7
MM tear 10
MM and LM tear 1

Data are shown as s mean +SD or median [interquartile range]. BMI, body mass
index; EMG, electromyography; ACL, anterior cruciate ligament; PCL, posterior
cruciate ligament; PLC, posterolateral corner; MCL, medial collateral ligament;
LCL, lateral collateral ligament; MPFL, medial patellofemoral ligament; LM, lateral
meniscus; MM, medial meniscus

Table 3 Comparison of the muscle activities during SMVIC

Muscle Mean £ SD (% muscle activity)® P value
Injured Uninjured

VM 188.7+£148.3 232311471 0.127

VL 151.7+£103.8 2222+166.6 0.103

ST 3009+191.7% 298.1+184.6 0.751

BF 265.1 £ 169.2%* 271941945 0.745

Pvalue® <0.001 0.144

2 Data were normalised with a dynamic mean method. A Mann-Whitney U-test
was conducted to compare the side-to-side difference between muscle groups.
PKruskal-Wallis test was conducted to compare the differences in activation
pattern among muscle groups. Bold interface indicates statistical significance.
*Mean significant difference between VM and VL. **Mean significant difference
between VL. sMVIC, submaximal voluntary isometric contraction; VM, vastus
medialis; VL, vastus lateralis; ST, semitendinosus; BF, biceps femoris

Comparison of muscle activities during sMVIC

During the sMVIC, the dynamic mean normalisation
method did not produce significant differences between
the activities on the injured and uninjured sides in each
muscle group. However, although there were no signifi-
cant variations between the dynamic mean normalised
activities of the muscles on the uninjured side (?=0.144),
the relative activities of the four muscles were altered
after the injury (P<0.001) (Table 3).
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As the sMVIC of the injured leg muscles showed sta-
tistical significance in the Kruskal-Wallis test (P<0.001),
the post-hoc Mann—Whitney U test was conducted to
compare the difference in activation level between the
muscle groups. Significance values were adjusted using
Bonferroni correction for multiple comparisons (Fig. 3A).
This reveals a heterogeneous activation pattern between
the extensor and flexor muscle groups. The VM showed
significant differences compared to the ST (P=0.018).
Similarly, the VL muscle showed significant differences
from the ST and BF muscles (P=0.001 and P=0.026,
respectively). In contrast, there were no statistically sig-
nificant differences within the extensor (VM and VL,
P=0.487) or flexor muscle groups (ST and BF, P=0.377).

The EMG activity of the injured leg during sMVIC
normalised to EMG amplitude of the uninjured side
revealed that the amount of activation failure was larger
in the extensor muscle groups (83.9 +£36.4% for VM and
93.7 £42.9% for VL, respectively) than in the flexor group
(109.6 £44.7 for ST and 112.1+57.7 for BF); however,
there was no statistical significance (?=0.051) (Fig. 3B).

Discussion

The main finding of this study was that surface EMG
revealed distinct behaviours in the quadriceps and
hamstring muscles of the injured leg. Consistent with
previous studies [13, 19, 27-29], we observed that the
quadriceps muscles (VM and VL) of the injured leg were
inhibited in patients with AMI, whereas the hamstring
muscles (ST and BF) were excited. Importantly, these dif-
ferences in muscle activity were observed in the exam-
ined position of the Sonnery-Cottet classification [4],
which primarily assessed AMI based on VM contractility
and extension deficits caused by hamstring contracture
while the patient was lying supine. This study supports
the validity of the classification system which is practi-
cal for daily use. Another clinically important finding of
this study was that AMI was observed in patient with
acute knee injuries with various disease entities other
than ACL injuries. Most studies on AMI have primarily
focused on patients with ACL injuries [30-34]. In con-
trast, this study included a wider range of disease enti-
ties than ACL injury. Among the 40 participants in this
study diagnosed with acute knee injuries, only 10 were
diagnosed with ACL rupture. Nevertheless, the EMG
findings of this study showed AMI patterns similar to
those of other studies of AMI patterns after ACL injury
alone. Although this might introduce heterogeneity into
the study groups, it enhances the comprehensive under-
standing of AMI. However, it remains unclear whether
AMI occurs acutely or persists chronically. Future stud-
ies with a larger number of participants would enable the
comparison of AMI patterns among disease entities.
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Fig. 3 Comparison of activation level among leg muscles. A The EMG activity of injured leg during sMVIC (%) was normalised by dynamic mean
method. Mann-Whitney's U test was conducted to compare the difference in activation pattern between the muscle groups. Significance values
was adjusted by the Bonferroni correction for multiple comparisons. *Indicates statistical significance (P value <.05). The activities of the extensor
muscles were significantly lower than the flexor muscles after injury. B The EMG activity of injured leg during sMVIC (%) was normalised with regard
to the EMG amplitude of the uninjured side during sMVIC. The quadriceps muscles exhibited inhibition, whereas the hamstring muscles showed
hypercontractility. EMG, electromyography; sMVIC, submaximal voluntary isometric contraction; VM, vastus medialis; VL, vastus lateralis; ST,

semitendinosus; BF, biceps femoris

Several tools have been used to evaluate the muscle
activity. Functional magnetic resonance imaging can be
used to measure multilayered metabolic muscle activ-
ity. However, it can only show changes after an activity
and not in real-time [11]. Ultrasonography is another
option that can provide quantitative changes in muscle
cross-sectional areas during real-time activity. However,
Moodie et al. [10] reported that the validity of ultra-
sonography during intensive contraction is questionable
and concluded that EMG is a reliable measure of mus-
cle activity over a wide range of contraction intensities.
Therefore, surface EMQG is preferred for analysing mus-
cle activity during voluntary motion [35-39], and AMI
after knee injury or surgery. Kim et al. found decreased
quadriceps neuromuscular activity in patients who
underwent anterior cruciate ligament (ACL) reconstruc-
tion compared to healthy individuals [40]. McPherson
et al. reported decreased thigh muscle activation and
altered muscle stiffness using elastography 12 months
after an ACL injury [41]. The common finding in previ-
ous studies is that the quadriceps muscles are inhibited,
whereas the hamstring muscles show excitability [2]. In
this study, the differences between muscle groups dur-
ing SMVIC were assessed, revealing that the quadriceps
and hamstring muscles of the injured leg have different
activation patterns, which is consistent with the results
of previous studies. These results suggest that a combi-
nation of strengthening the quadriceps while performing
hamstring fatigue exercises is important to resolve ham-
string hypercontractility, which can lead to knee exten-
sion deficits if left untreated [2, 30].

However, a major difficulty in interpreting the EMG
data is the wide dispersion of values between individu-
als and experimental conditions [42—-44]. Since perform-
ing a true MVIC is often compromised and unreliable in
patients due to discomfort or pain [12, 45, 46], patients
performed submaximal isometric contraction in the
specific position with respect to a previous study. The
examination position (submaximal isometric extension
in the fully extended knee position and submaximal iso-
metric flexion in the 20° flexion knee position) was fea-
sible and repeatable in all patients who participated in
the present study [9]. Another difficulty in the interpreta-
tion of EMG@ lies in the various normalisation methods.
In this study, the EMG during sMVIC was normalised
using the dynamic mean method, referenced by the EMG
activity during the five strides of the uninjured leg [12].
Among the common EMG normalisation techniques,
such as MVIC, dynamic peak EMQG activity, or dynamic
mean EMG activity, a level recorded during a task,
such as walking, is preferred, as it has been reported to
reduce intersubject variability [21-24]. This normalisa-
tion method showed that the activation of extensor and
flexor muscles exhibited distinct behaviours. Addition-
ally, the EMG activity of the injured leg during sMVIC,
normalised to the EMG amplitude of the uninjured side,
showed that the extensor muscle groups were inhibited,
whereas the flexor muscle groups were excited. The two
normalisation methods used in this study yielded similar
results. Nevertheless, the interpretation of functional dif-
ferences in EMG requires caution when comparing dif-
ferent populations.
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The insightful AMI classification proposed by Sonnery-
Cottet et al. appears easy and feasible, suggesting that it
was designed with profound consideration and extensive
clinical experience [9]. The intraclass correlation coef-
ficient of the classification also showed good reliability
[4]. The present study investigated the electrical muscle
activity in the examined position in the classification
and found that the AMI pattern was detectable, which
showed distinct patterns among muscle groups. This
study supports the basic concept of AMI classification
based on VM contraction and extension deficits. How-
ever, this classification system has several limitations. A
major concern is that subcategories a and b are deter-
mined by the outcome of physiotherapy, which can vary
significantly depending on the practitioner’s treatment
quality and duration. In addition, classifying patients
based on therapeutic outcomes is time-consuming. Fur-
thermore, a person performing physical therapy also acts
as an examiner, which may introduce bias. Therefore, the
definition of the subcategories should be revised to assess
the status quo before any intervention. This approach
enables the classification system to evaluate the effects of
treatments more accurately. Given that AMI is complex
and multifactorial, further studies analysing the contrib-
uting factors, differences among diagnostic groups, and
complications would enrich our comprehensive under-
standing of this condition and improve the validity and
versatility of the classification system.

Limitations

This study has several limitations. First, surface EMG has
inherent limitations. The soft tissue between the elec-
trode and the target muscle may introduce signal inter-
ference. Additionally, ultrasonography was not used to
identify the muscle bellies in this study. In general, sur-
face EMG may be influenced by the crosstalk between
adjacent muscles and may not accurately capture deep
muscle activity. Second, a subgroup analysis was not con-
ducted because only a small number of participants were
recruited. For the same reason, risk factor analysis or
analysis of the relationship between the AMI classifica-
tion and EMG findings was not performed. As this was
a pilot cross-sectional study, sub-analysis was beyond
the scope of the current study. Third, this study was
conducted only at specific positions without compari-
son with other positions. The changes in muscle activity
may differ in other positions. Fourth, a comparison with
healthy volunteers was not performed. Previous studies
have reported bilateral AMI after unilateral knee inju-
ries [29, 44, 47]. Thus, comparison with a healthy control
group is considered necessary in future studies. Finally,
13 patients were excluded during the screening due to
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poor surface EMG data quality, which may have intro-
duced a potential bias.

Conclusions

Arthrogenic muscle inhibition was detectable in the
examination position suggested by the Sonnery-Cottet
classification. The flexor and extensor muscles of the
injured leg exhibited distinct activation behaviours, with
inhibition predominantly occurring in the quadriceps
muscles, whereas the hamstrings showed excitation.
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sMVIC  Submaximal voluntary isometric contraction
@ Confidence interval
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BMI Body mass index
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ACL Anterior cruciate ligament

PCL Posterior cruciate ligament
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