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Abstract
Background An isokinetic moment curve (IMC) pattern-damaged structure prediction model may be of 
considerable value in assisting the diagnosis of knee injuries in clinical scenarios. This study aimed to explore the 
association between irregular IMC patterns and specific structural damages in the knee, including anterior cruciate 
ligament (ACL) rupture, meniscus (MS) injury, and patellofemoral joint (PFJ) lesions, and to develop an IMC pattern-
damaged structure prediction model.

Methods A total of 94 subjects were enrolled in this study and underwent isokinetic testing of the knee joint (5 
consecutive flexion-extension movements within the range of motion of 90°-10°, 60°/s). Qualitative analysis of the 
IMCs for all subjects was completed by two blinded examiners. A multinomial logistic regression analysis was used to 
investigate whether a specific abnormal curve pattern was associated with specific knee structural injuries and to test 
the predictive effectiveness of IMC patterns for specific structural damage in the knee.

Results The results of the multinomial logistic regression revealed a significant association between the irregular IMC 
patterns of the knee extensors and specific structural damages (“Valley” - ACL, PFJ, and ACL + MS, “Drop” - ACL, and 
ACL + MS, “Shaking” - ACL, MS, PFJ, and ACL + MS). The accuracy and Macro-averaged F1 score of the predicting model 
were 56.1% and 0.426, respectively.

Conclusion The associations between irregular IMC patterns and specific knee structural injuries were identified. 
However, the accuracy and Macro-averaged F1 score of the established predictive model indicated its relatively low 
predictive efficacy. For the development of a more accurate predictive model, it may be essential to incorporate 
angle-specific and/or speed-specific analyses of qualitative and quantitative data in isokinetic testing. Furthermore, 
the utilization of artificial intelligence image recognition technology may prove beneficial for analyzing large datasets 
in the future.
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Introduction
As a valid and reliable test, isokinetic testing has become 
one of the gold standards for evaluating knee joint func-
tion in clinical practice and scientific research [1]. Quan-
titative data in isokinetic testing, such as peak torques, 
total work, and hamstring to quadriceps ratio (H: Q ratio, 
reflecting the ratio of peak flexion torque to peak exten-
sion torque), have been proven to be reliable in assessing 
the maximum strength, muscle endurance, and muscle 
imbalances of the knee [2]. However, these commonly 
used quantitative analyses may sometimes fail to charac-
terize the dysfunction of different structural injuries. For 
example, in studies exploring the isokinetic characteris-
tics of anterior cruciate ligament (ACL) rupture, menis-
cus (MS) injuries, and patellofemoral joint (PFJ) lesions, 
it is common to see similar results such as decreased 
peak torques, which do not distinguish the differences in 
dysfunction between the different injuries [2, 3]. In addi-
tion, these quantitative data from the isokinetic testing 
have also been used as predictors of future knee injuries 
while the conclusion remains inconsistent between stud-
ies [4, 5].

In recent years, an increasing number of research-
ers have become interested in the in-depth analysis 
of the isokinetic moment curve (IMC) as it provides 
a more precise assessment of joint function through-
out the full range of motion [6, 7]. Different quantita-
tive analysis techniques (such as statistical parametric 
mapping [8], discrete wavelet transform [9], principal 
component modeling [10], and arithmetic average [11]) 
have been applied in recent studies for in-depth analy-
sis of IMC. These methods allow more detailed com-
parisons of torque at different angles as well as detailed 
variations in flexion-extension ratios, reducing the loss 
of information [12, 13]. Despite the robust utilization 
of quantitative data for evaluating knee joint strength, 
the qualitative characteristics of the curve representa-
tion, particularly the graphical representation of the IMC 
reflecting neuromuscular control during movement [14], 
are often overlooked [8, 15]. Neuromuscular adaptations 
and biomechanical alterations following knee injury may 
be important reasons for the irregular curve patterns in 
isokinetic testing, as presented in ACL rupture [16, 17], 
patellofemoral pain syndrome (PFPS) [18, 19], medial 
meniscus injury [14], and knee osteoarthritis [20].

As abnormal IMC patterns were found to be associated 
with specific knee injuries, several studies have attempted 
to use it as a predictor of knee-specific structural injuries 
and have shown a certain degree of reliability. Anderson 
et al. [21] qualitatively analyzed IMC in patients with 
PFPS using visual analysis and found that the positive 
and negative predictive values of abnormal patterns for 
the prediction of PFPS were 70% and 15%, respectively. 
Dauty et al. [22] performed isokinetic testing of knee 

extensors in 43 basketball players with a history of “jump-
er’s knee”. And an abnormal “Camel’s Back curve”, which 
may be secondary to a protective inhibitory mechanism, 
was demonstrated in the IMC of 35 players (81%) with a 
sensitivity and specificity of 81.3% and 100%, respectively. 
The possibility of using IMC patterns as auxiliary tools 
for making a differential diagnosis of knee injuries was 
also implied in the study by Iacono et al. [14]. Specifically, 
they found that knees with an ACL rupture exhibited a 
distinct “Shaking” pattern, which was absent in cases of 
isolated meniscus injuries or in healthy knees.

The potential use of IMC qualitative analysis (irregular 
IMC pattern) as a predictive tool for specific structural 
damage to the knee joint has been suggested in many 
studies [14, 21–23]. Physical examination is commonly 
used as a criterion for the initial diagnosis of knee inju-
ries, however, its accuracy is highly dependent on the 
professionalism of the healthcare provider [24]. More-
over, isokinetic testing is more accessible than magnetic 
resonance imaging (MRI) or arthroscopy, and qualitative 
classification of IMC is relatively easier to perform and 
has proven to be reliable [14]. Thus, the development of 
an IMC pattern-damaged structure prediction model 
may be of considerable value in assisting the diagnosis of 
knee injuries in clinical scenarios.

However, only few studies have been conducted to 
develop relevant predictive models [21, 22]. Therefore, 
the aim of this study was, to explore the association 
between IMC pattern and specific structural damage in 
the knee (ACL rupture, MS injury, PFJ lesions including 
patellofemoral cartilage injury, and PFPS), and to test the 
accuracy of using IMC patterns as predictors of specific 
structural damage to the knee.

Methods
Subject enrollment
From September 2021 to September 2023, patients who 
complied with the inclusion criteria of our study were 
recruited into this study, which was as follows: (1) age 
between 18 and 55 years old. (2) 18< BMI<30. (3) MRI 
and physical examination suggested one of the following 
knee injuries: complete ACL rupture, MS tear (Grade III 
– abnormal high signal intensity in the central portion of 
the MS, extending to at least one articular surface) [25], 
patellofemoral joint (PFJ) lesion (≥ International Cartilage 
Repair society Grade III - cartilage lesions exceeding 50% 
of the depth) [26], or complete ACL rupture combined 
with MS tear (Grade III), and (4) no previous history of 
other knee injuries or surgeries. MRI interpretation and 
physical examination of all patients were performed by 
the same orthopedic surgeon (Mengyuan Li, co-author 
of this study). The exclusion criteria were as follows: (1) 
acute injury with significant swelling, (2) joint adhesions 
or significantly limited active range of motion and, (3) 
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unable to complete isokinetic testing due to pain or other 
reasons. If necessary, patients underwent subsequent 
knee arthroscopy by the same specialized orthopedic sur-
geon to confirm the diagnosis of the damaged structures. 
In addition, for comparison with healthy knees, subjects 
with no history of knee injuries were recruited as the 
control group. This study was approved by the Ethics 
Committee of Guangdong Provincial People’s Hospital 
(KY-Z-2021-679-01) and complied with the Declaration 
of Helsinki. Written informed consent was obtained from 
all patients prior to enrollment.

Isokinetic testing
To determine the association between IMC and specific 
injury structures and to establish an IMC pattern-dam-
aged structure prediction model, isokinetic testing of the 
knee joint was performed in all included subjects using 
the ISOMED2000 isokinetic system (Basic System and 
Back System; D&R Ferstl GmbH, Hanau, Germany). To 
minimize further damage and the impact of acute pain 
on testing results, all subjects with knee injuries were 
ensured that their isokinetic testing was given at least 
three months after the occurrence of the injury. The test 
followed standardized procedures, and a strap was used 
to secure the participant’s trunk to reduce overcompen-
sation. Before the test, patients were asked to perform 
five minutes of moderate-intensity cycling as a warm-up 
and to perform five familiarization tests before the offi-
cial test. During the formal test, patients were asked to 
perform knee flexion and extension at an angular velocity 
of 60°/s with gravity correction applied and to repeat the 
maximal contraction five times in consecutive sessions 
within the range of motion (ROM) of 90°-10°. The angu-
lar velocities chosen in this study were aiming to obtain 
an IMC resulting from the maximum knee strength [27], 
and it was based on the settings of previous IMC stud-
ies [14, 28, 29]. Verbal encouragement was provided dur-
ing the test, and peak torques and IMCs of the extensor 
muscle groups of the knee were recorded at the end of 
the test.

Classification of IMC characteristics
The IMCs of the knee extensors were qualitatively ana-
lyzed by visual inspection based on previous studies. 
Using a linear interpolation technique, the IMCs were 
generated in steps of 1° [10]. Missing data (velocities less 
than 50°/s or missing angular data) were calculated by 
interpolation averaging [8]. The curves were normalized 
to peak moments before being presented to two blinded 
examiners, and to minimize the effects due to the change 
in movement strategy, only the 2nd, 3rd, and 4th repeti-
tions were analyzed as described by Ayalon et al. [29]. 
The analysis of IMCs was based on the criteria of irregu-
larity and consistency. Irregularity refers to the possible 

presence of breakpoints, which are defined as deviations 
of the IMCs from the prevailing pattern usually observed 
in the shape of the extension moment curve. Consistency 
refers to the number of repetitions in which the same 
irregularity occurred. Therefore, only irregular patterns 
shown in all three repetitions were considered consistent 
and representative of an abnormal IMC. Following these 
criteria, two blinded examiners qualitatively classified the 
specific patterns of IMCs based on the specific angles, 
shapes, amplitudes, and frequencies of the irregularities. 
According to the study by Iacono et al. [14], the break-
point of IMCs analyzed by visual inspection led to the 
following classification of the curves:

(1) Normal pattern: A continuous, smooth, interference-
free curve, parabolic in shape, with peak value 
presenting near the midpoint of the curve. (Fig. 1A);

(2) “Valley” pattern: A continuous and smooth curve 
with a major disturbance characterized by a break in 
the moment curve with a slight and sudden decrease 
in the torque output, occurring before or near the 
peak point. (Fig. 1B);

(3) “Drop” pattern: A continuous and smooth curve with 
a major disturbance characterized by a break in the 
moment curve with a sharp and sudden decrease 
in the torque output, occurring right after the peak 
point. (Fig. 1C);

(4) “Shaking” pattern: A curve with an irregular 
sequence, in the shape of an irregular flutter, appears 
along the middle of the moment curve including the 
peak point. (Fig. 1D).

Two examiners independently completed the first round 
of curve classification, followed by a second round of 
evaluation a week later. After a discussion of discrepan-
cies, the third blinded examiner was invited to make a 
final decision for curves that could not be classified in 
agreement.

Reliability analysis
Cohen’ s kappa coefficient (κ) was calculated to detect 
the reliability of the two examiners in classifying the 
114 IMCs in the present study [30]. The agreement of 
the final IMC classification completed independently by 
each examiner and consistency of the same examiner’s 
IMC classification at one-week interval were used for 
inter-rater and intra-rater reliability calculations, respec-
tively. According to Cohen et al. [31], κ ≤ 0 was defined as 
no agreement, 0.01–0.20 as none to slight, 0.21–0.40 as 
fair, 0.41– 0.60 as moderate, 0.61–0.80 as substantial, and 
0.81–1.00 as almost perfect agreement.
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Statistical analysis
Demographic information of patients and healthy con-
trols and the number of specific damaged structures are 
presented as mean ± standard deviation or n (%). Demo-
graphic differences were analyzed using independent 
t-test and chi-square test. A 5 × 4 contingency table was 
used to present the distribution of the four IMC patterns 
between different knee structural injuries and healthy 
controls. To investigate whether a specific abnormal 
curve pattern was associated with specific knee struc-
tural injuries and to test the predictive effectiveness of 
IMC patterns for specific structural damage in the knee, 
a multinomial logistic regression analysis was performed. 
The validity of the prediction model was evaluated 
based on its recall (equals to sensitivity), precision (posi-
tive predictive value), accuracy, F1 scores (the harmonic 
mean of precision and recall), and Macro-averaged F1 
score (a simple average of the F1 scores over classes) [32]. 
All statistical analyses were conducted using SPSS 26 
(SPSS Inc., Chicago, IL, USA) with a significance level of 
α < 0.05.

Result
Five subjects were excluded from this study for the fol-
lowing reasons: limited ROM (n = 2), and unbear-
able pain during isokinetic testing (n = 3). In total, 94 
subjects were enrolled in this study and divided into 
two groups, including the knee-injured group (n = 74; 
male: female = 44: 30; age: 39.89 ± 12.85 years; height: 
167.27 ± 8.07 cm; body weight: 64.81 ± 12.54 kg), and the 
healthy control group (n = 20; male: female = 7: 13; age: 
21.85 ± 1.60 years; height: 165.75 ± 7.77 cm; body weight: 
58.95 ± 11.99  kg). There were no significant differences 
between groups in the demographic information except 
for age (p>0.05). All patients in the knee-injured group 
underwent MRI before isokinetic testing, and 25 patients 
underwent subsequent arthroscopic surgery. Diagnosed 
by the same, specialized orthopedic surgeon, the distri-
bution of damaged knee structures in the patients was 
as follows: ACL (n = 10), MS (n = 17), PFJ (n = 24), and 
ACL + MS (n = 23). (Table 1).

The distribution of IMC patterns for the involved 
leg of the injured subjects and bilateral legs of the con-
trol subjects is shown in Table  2. Classification of IMC 
characteristics reveals almost perfect inter-rater reliabil-
ity (κ = 0.82) and intra-rater reliability (κ = 0.94) with 15 
curves (13%) requiring the assistance of a third rater for 
definition.

The results of the multinomial logistic regression 
analysis (Table  3) show that abnormal IMC patterns of 
the knee were associated with specific structural inju-
ries (p < 0.05). Compared to the normal IMC pattern, 
subjects exhibiting the “Valley” pattern had higher odds 
of having the following knee injuries: ACL, PFJ, and 
ACL + MS (p < 0.05). Subjects demonstrating a “Drop” 
pattern in IMC had higher odds of experiencing an ACL 
and ACL + MS injury compared to those who presented 

Table 1 Demographic information and diagnosis of damaged 
structures

Injured subjects 
(n = 74)

Control 
subjects 
(n = 20)

Sex (male: female) 44:30 7:13
Age (years) 39.89 ± 12.85 21.85 ± 1.60
Height (cm) 167.27 ± 8.07 165.75 ± 7.77
Weight (kg) 64.81 ± 12.54 58.95 ± 11.99
MRI taken 74 (100%)
Underwent arthroscopy 25 (33.78%) /
Damaged structure
ACL 10 (13.51%) /
MS 17 (22.97%) /
PFJ 24 (32.43%) /
ACL + MS 23 (31.08%) /
Note: Data are reported as mean ± standard deviation or n (%). MRI: Magnetic 
resonance imaging; ACL: Anterior cruciate ligament; MS: Meniscus; PFJ: 
Patellofemoral joint; ACL + MS: Combined anterior cruciate ligament and 
meniscus injury

Fig. 1 (A) “Normal” pattern of isokinetic moment curve for knee exten-
sors. (B) “Valley” pattern of isokinetic moment curve for knee extensors. (C) 
“Drop” pattern of isokinetic moment curve for knee extensors. (D) “Shak-
ing” pattern of isokinetic moment curve for knee extensors
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the normal pattern (p < 0.05). Compared to normal pat-
tern, subjects with a “Shaking” IMC had increased odds 
of having any of the four injured knee structures included 
in our study (p < 0.05).

Table  4 shows the recall, precision, and F1 score of 
the regression model for predicting each of the follow-
ing four knee structural injuries and healthy knees. The 
Macro-averaged F1 score, and the overall accuracy of 
this prediction model were 0.426 and 56.1%, respectively. 
More specifically, the predictive efficacy of this model for 
the four specific knee structural injuries was as follows: 
0-64.7% for recall, 0-57.1% for precision, and 0-0.458 for 
F1 score.

Discussion
Through qualitative visual analysis of knee IMC in four 
types of knee structural injuries and healthy controls, 
the purpose of this study was to investigate the associa-
tion between abnormal IMC patterns and specific knee 
structural injuries and validate its accuracy as a tool for 
predicting specific knee structural injuries. Despite the 
predictive efficacy and reliability of the developed pre-
diction model was relatively low. The results of our study 
revealed a significant association between the specific 
structural damage and its irregular IMC patterns of the 
knee extensors (“Valley” - ACL, PFJ, and ACL + MS, 
“Drop” - ACL, and ACL + MS, “Shaking” - ACL, MS, 
PFJ, and ACL + MS), which provides a basis for further 
research on the biomechanical mechanisms behind the 
specific dysfunctional features of different knee injuries 
in the future.

Table 2 Distribution of IMC patterns for the involved leg of injured subjects and both legs of control subjects
Damaged
structure

Injured subjects Control subjects
n = 74

Control subjects
n = 20

ACL
n = 10

MS
n = 17

PFJ
n = 24

ACL+MS
n = 23

Healthy legs
n = 40

IMC pattern Normal pattern 2 4 4 3 35
Valley pattern 2 1 10 6 2
Drop pattern 3 1 1 8 1
Shaking pattern 3 11 9 6 2

Note: The values represent the frequencies of four different irregular patterns that occurred in specific damaged structures. IMC: Isokinetic angle-specific moment 
curve; ACL: Anterior cruciate ligament; MS: meniscus; PFJ: Patellofemoral joint; ACL + MS: Combined anterior cruciate ligament and meniscus injury

Table 3 Results of the multinomial logistic regression: odds ratio estimates for IMC patterns for diagnosed ACL, MS, PFJ, or ACL + MS 
injuries
Damaged
structure

IMC pattern Estimate SE OR 95%CI
lower

95%CI
Upper

p value

ACL
Valley 2.862 1.236 17.500 1.551 197.435 0.021*

Drop 3.961 1.365 52.500 3.620 761.444 0.004*

Shaking 3.268 1.167 26.250 2.665 258.516 0.005*

Intercept -2.862 0.727 NA NA NA 0.000
MS

Valley 1.476 1.334 4.375 0.320 59.726 0.268
Drop 2.169 1.509 8.750 0.454 168.613 0.151
Shaking 3.874 0.932 48.125 7.739 299.283 0.000*

Intercept -2.169 0.528 NA NA NA 0.000
PFJ

Valley 3.778 0.937 43.750 6.98 274.680 0.000*

Drop 2.169 1.509 8.750 0.454 168.613 0.151
Shaking 3.673 0.943 39.375 6.199 250.092 0.000*

Intercept -2.169 0.528 NA NA NA 0.000
ACL + MS

Valley 3.555 1.014 35.000 4.795 255.472 0.000*

Drop 4.536 1.219 93.333 8.552 1018.547 0.000*

Shaking 3.555 1.014 35.000 4.795 255.472 0.000*

Intercept -2.457 0.602 NA NA NA 0.000
IMC: Isokinetic moment curve; SE: Standard error; OR: Odds ratio; CI: Confidence interval; ACL: Anterior cruciate ligament; MS: Meniscus; PFJ: Patellofemoral joint; 
ACL + MS: Combined anterior cruciate ligament and meniscus injury; NA: not applicable; * Indicates p value from a Wald test statistic < 0.05
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Specific biomechanical and neuromuscular control 
alteration accompanied by different structural injuries 
of the knee play an essential role in the aberrant changes 
in its IMC characteristics [33], and thus give the qualita-
tive analysis of IMC the potential to reflect specific dys-
functional profiles and to predict knee injuries. In the 
present study, patients with ACL, PFJ, and ACL + MS 
injuries presented an abnormal IMC pattern (“Valley”) 
characterized by sudden interruptions in smoothness. 
Similar results have been reported in other studies that 
target in isokinetic testing of PFJ-related lesions [21, 
34, 35]. In addition, the importance of eccentric IMC of 
the quadriceps muscle with a break point has also been 
reported. When considered as a predictor of PFPS, it has 
a positive predictive value of up to 70% [21]. Although a 
different isokinetic test (eccentric strength) was used in 
the aforementioned studies, its hypothesis regarding the 
reason for the occurrence of breaks in the IMC may also 
be applicable to the present study: The presence of break-
points may be a neuromuscular adaptive strategy used 
by PFPS patients to reduce pain in a particular range 
of motion. This is achieved by decreasing the degree 
of quadriceps contraction to reduce the level of stress 
on the peripatellar retinacular supports, joint capsule, 
synovium, and PFJ cartilage [36]. In the current study, 
ACL deficit was also demonstrated to be significantly 
associated with the presence of a “Valley” pattern of IMC 
(p > 0.05). And it is likely to be associated with the under-
lying PFJ impairment in some of the patients, as ACL 
deficiency was proven to be a risk factor for PFJ osteo-
arthritis [37–39]. Despite being speculative, this result 
suggests that quantitative IMC analysis may be useful in 
identifying specific injury structures that have affected 
the biomechanical function of the knee, although not yet 
detected in imaging.

Analysis of the IMC characteristics of patients with 
ACL related injuries revealed its unique association 
with the “Drop” pattern compared to other types of inju-
ries, which is consistent with the previous studies [40, 
41]. Several studies on ACL injuries have consistently 

concluded that significant quadriceps peak torque defi-
cits were only found when the knee was at a flexion angle 
of less than 40°-45° during concentric isokinetic move-
ments at 60°/s [11, 42, 43], which is highly similar to the 
manifestation of the “Drop” pattern. The occurrence of 
the “Drop” pattern (manifested by a sudden and rapid 
drop in the moment curve near the peak value) is likely 
to be associated with specific biomechanical changes 
following ACL injury. It was reported that compared to 
healthy knees, significantly greater anterior tibial trans-
lation was presented in ACL-deficient knees when per-
forming loaded open-chain extension in the range of 64° 
to 10° [44, 45]. Thus, motion in this range may have over-
stretched the secondary restraints of the knee due to the 
lack of anterior stability, which in turn leads to dysfunc-
tion of the knee extensors shown in the IMC [14]. The 
results of previous studies suggest that the interpretation 
of IMC graphic features may be of great importance in 
the prediction of ACL injuries.

Our findings suggest that a “Shaking” IMC may be a 
common dysfunctional feature of the four structural knee 
injuries included in this study. During the curve classi-
fication process, it was found that IMCs with “Shaking” 
characteristics not only exhibit reduced smoothness in 
the mid-section of the curve image but also demonstrated 
abnormalities in the absolute value of the peak extension 
torques and the H: Q ratio. Patients with “Shaking” IMCs 
generally had significantly lower peak extension torques 
than other subjects and their H: Q ratios were close to 
or greater than 1 (the average H: Q ratio in 60°/s was 
0.65 ± 0.12 in healthy populations) [46]. The anomalous 
features of these quantitative data also played a role in the 
classification of the curves, as 10 curves were difficult to 
distinguish between “Valley” and “Shaking” by the IMC 
features alone. Such qualitative and quantitative charac-
terization of the “Shaking” pattern suggests the presence 
of a wide range of strength reduction during movement 
as well as abnormal muscle coordination, which might 
result from neuroadaptive mechanisms such as quad-
riceps dyskinesia and extra hamstring co-contractions 

Table 4 Recall, Precision, and F1 score for five different dependent variables and Macro-averaged F1 score and accuracy of the 
multinomial logistic regression: IMC pattern as a predictor for specific damaged structures in the knee
Actual damaged structure Predicted damaged structure

ACL MS PFJ ACL+
MS

Healthy Recall Precision F1 score

ACL 0 3 2 3 2 0 0 0
MS 0 11 1 1 4 64.7% 35.5% 0.458
PFJ 0 9 10 1 4 41.7% 47.6% 0.444
ACL + MS 0 6 6 8 3 34.8% 57.1% 0.432
Healthy 0 2 2 1 35 87.5% 72.9% 0.795
Macro-averaged F1 score 0.426
Accuracy 56.1%
ACL: Anterior cruciate ligament; MS: Meniscus; PFJ: Patellofemoral joint; ACL + MS: Combined anterior cruciate ligament and meniscus injury
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following knee injury following knee injuries [47, 48]. 
However, our findings were somewhat different from 
those of a previous study, as an absence of “Shaking” pat-
terns in subjects with MS injuries was reported. In this 
study, we included subjects with grade III meniscal tears 
(both medial and lateral), whereas the study by Iacono et 
al. [14] only included patients with medial meniscal inju-
ries and did not specify the severity of the injuries. We 
therefore consider that the difference in the severity and 
region of injury may be one of the potential reasons for 
the discrepancy between the results. Incorporating the 
surface electromyography technique in future isokinetic 
test studies will help to better explain the biomechanical 
mechanisms behind the different abnormal IMCs.

Furthermore, our study developed a predictive model 
for knee injuries using the qualitative characteristics 
of IMC as a predictor. Multinomial logistic regression 
analysis showed that irregular IMC patterns were statis-
tically significant (p < 0.05) in predicting specific dam-
aged structures in the knee. However, the accuracy and 
Macro-averaged F1 score of the model were 56.1% and 
0.426, respectively, indicating relatively low predictive 
efficacy and reliability. Besides, the 0 score for recall, pre-
cision, and F1 score when predicting ACL rupture, sug-
gesting the potential challenge of predicting ACL injury 
alone using the method utilized in the present study, 
despite the observations of various IMC patterns in indi-
viduals with ACL injuries.

This study, however, is subject to several limitations. 
First, there was a statistical difference in age between the 
two groups, though this may have had little effect on the 
conclusions of this study. As the main components ana-
lyzed in this study were the characteristics of the IMC, 
while not the absolute value of the peak torque associ-
ated with age. Second, absence of imaging of the control 
knee may have resulted in incorrect grouping, despite 
most of the control subjects in this study demonstrat-
ing a normal IMC pattern. However, the impact of such 
potential grouping errors may be magnified in future 
large-sample studies, and therefore this is a point of great 
need for improvement. Besides, the imbalance of samples 
among the groups due to the insufficient overall sample 
size, especially the excessively small sample size in the 
isolated ACL injury group, may be an essential factor that 
responsible for the low predictive efficacy of the model. 
The pain intensity experienced by the subjects and the 
specific angle at which it appeared during the isokinetic 
testing are also important factors to be considered in 
further studies. As the pain level has been proven to be 
associated with peak torque reduction especially during 
extension movements [49], and the specific angle of pain 
occurrence may help to further analyze the biomechani-
cal mechanisms behind the abnormal IMC. For future 
research, extracting IMC features of specific knee injuries 

from a large number of IMC using deep learning related 
algorithms [50], while incorporating essential angle-
specific and/or speed-specific quantitative data from 
isokinetic testing in the building of the predictive model 
might be a promising approach [51, 52].

Conclusion
In conclusion, associations between irregular IMC pat-
terns and specific knee structural injuries were identified 
(“Valley” - ACL, PFJ, and ACL + MS, “Drop” - ACL, and 
ACL + MS, “Shaking” - ACL, MS, PFJ, and ACL + MS). 
However, the accuracy and Macro-averaged F1 score of 
the established predictive model indicated its relatively 
low predictive efficacy. For the development of a more 
accurate predictive model, it may be essential to incor-
porate angle-specific and/or speed-specific analyses 
of qualitative and quantitative data in isokinetic test-
ing. Furthermore, the utilization of artificial intelligence 
image recognition technology may prove beneficial for 
analyzing large datasets in the future.
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