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Abstract

Background: Several risk factors have been identified for knee anterior cruciate ligament
(ACL) injuries. Yet, their contributions still raise questions when attempting to identify
at-risk populations with whom they are associated. Objectives: The purpose of this study
was to identify combinations of characteristics in athlete populations at risk of non-contact
ACL injuries using principal component analysis. Methods: From a cohort of 161 sports
practitioners aged 28.6 + 8 years who had presented a non-contact ACL injury, five risk
factors were assessed on the healthy contralateral knee: passive knee alignment (valgus and
recurvatum), knee laxity (KT-1000 test), and isokinetic hamstring strength at 60°/s and at
180°/s. Female sex, age and BMI were considered as individual risk factors. The profile of the
population at risk of non-contact ACL injury was determined using a principal component
analysis. Results: A total of 31% of the patients were females, 34% were under 24 years old,
and 63% had a BMI > 22.5 Kg/m?. The knee axis was valgus in 37% and recurvatum in
80%. An anterior—posterior laxity > 4 mm was present in 38% of the cases. Weakness of
the hamstring was present at 60°/s (<1.3 Nm/kg) and 180°/s (<1.0 Nm/kg) in 49% and
54% of the cases, respectively. The principal component analysis explained only 61% of the
variance in non-contact ACL injury. Three profiles of the population could be identified:
“female with dynamical factors” (knee valgus and weakness of the hamstring strength),
“male with physiological factors” (old age and high BMI), and “knee morphology” (valgus,
recurvatum and laxity). Conclusions: In the absence of a comparison with a non-injured
population, combinations of the potential factors associated with non-contact ACL injuries
have been identified, and three independent populations could be at risk.

Keywords: knee; ACL injury; strength; laxity; recurvatum; valgus

1. Introduction

Every year, several hundred thousand anterior cruciate ligament (ACL) injuries occur
during sports practice. The estimated incidence is 0.06 injuries per 1000 h of exposure in
high school athletes [1]. The mechanism of ACL injury is mostly non-contact in 70 to 75%
of the cases [2,3]. Several risk factors have been identified to explain non-contact ACL
injuries [4-8]. These risk factors are classified into two distinct categories: modifiable (e.g.,
bodyweight or muscle strength) and non-modifiable (e.g., sex, anatomical knee structure,
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joint laxity) [6]. Female sex and young age (<24 years old) are particularly identified as risk
factors for non-contact ACL rupture [9-13]. Indeed, female sex must be particularly taken
into consideration, because women suffer from ACL injuries at a 2- to 6-fold greater rate
than men [11,14,15]. In women, general joint laxity, passive knee extension (recurvatum)
and anterior—posterior knee laxity could be risk factors for the occurrence of non-contact
ACL injuries [10,16-20]. Concerning modifiable intrinsic risk factors, high body mass index
(BMI) would represent a questionable risk factor for non-contact ACL injuries [5,8,12,16].
In women, dynamic knee valgus would be poorly controlled during a non-contact ACL
injury, based on an increase in hip varus, knee valgus and hamstring strength deficit (or
an imbalance of hamstring/quadriceps ratio) [8,10,21-24]. Yet the links with the static
morphological valgus (a non-modifiable factor) are poorly known [25-27].

Therefore, the objective of this study was to identify combinations of characteristics
(female sex, age, BMI, passive knee alignment, anterior—posterior laxity and poor hamstring
knee strength) among athletes with non-contact ACL injuries. To confirm the associations,
we used a principal component analysis [28].

2. Materials and Methods
2.1. Population

Methodologically, it was hypothesized that the two knees were almost identical in the
same athlete, and that patients who had a non-contact ACL injury had more frequently
associated predisposing risk factors for ACL injury. Indeed, bilateral neuromuscular defects
have been reported after ACL injury [21]. This particular method was used because of the
difficulty of tracking athletes for many years, pending the occurrence of a possible primary
ACL injury [29,30]. All the athletes aged between 18 and 45 years old who performed an
isokinetic knee evaluation as part of the usual 6-month follow-up from an ACL surgical
reconstruction using hamstring auto-graft were included during a 2-year follow-up (January
2022 to December 2023). Patients were not included if they had undergone bilateral ACL
reconstruction, a second ACL reconstruction on the same knee, a posterior cruciate ligament
reconstruction and/or multiple peripheral ligaments reconstructions, or a modification of
the knee alignment by bone surgical correction. Patients were also not included if they
refused to participate in this study. The written consent of the patients participating in
this study was sought. This study followed the World Medical Association Declaration
of Helsinki [31] and was approved by the local Ethics Committee of the Sports Medicine
department (CNEMS)—2022-006.

2.2. Anthropometric Parameters

Due to the already known risk factors associated with non-contact ACL injury, the
female sex was considered at risk. The cut-off of age <24 years old was taken into considera-
tion in accordance with our study published in 2022 [13]. The body mass index (BMI) was
calculated from the bodyweight and height, and the cut-off >22.5 kg/m? was considered at
risk [5,13].

2.3. Knee Anatomical Parameters

Knee anatomical parameters were measured in the reconstructed knee against to the
contralateral healthy knee by the same observer. Knee alignment was measured in the
frontal plane in a standing position according to knee morphologic types [13]. Passive knee
valgus was quantified by measuring, to the nearest millimeter, the inter-malleolar distance
using a ruler and was considered present when the inter-malleolar distance was measured
with the knees straight and in contact, and not present when the inter-malleolar distance
was not measurable. Passive knee extension was evaluated in degrees in the sagittal plane
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in dorsal decubitus. Knee recurvatum was considered present when the heel was not in
contact with the examination table with the knee in hyperextension.

Knee laxity was measured in millimeters using a KT-1000® arthrometer (MEDmetric
Corp., San Diego, CA, USA) at 134 Newtons [8,10,17]. Because a cut-off >4 mm corre-
sponds to the threshold of pathological laxity, this cut-off was taken into consideration to
characterize the risk factor associated with ACL injury [13,17,32,33]. The intra-examiner
reliability is good for 134 Newtons [34]. The knee laxity was considered present if the
cut-off >4 mm was reached.

2.4. Isokinetic Knee Parameters

Muscle strength was assessed using an isokinetic dynamometer Humac® dynamometer
(Medimex, Sainte-Foy-les-Lyon, France) according to an identical protocol for each subject.
For the healthy knee, quadriceps (extensors) and hamstring (flexors) strength was assessed
in concentric mode at 60 and 180°/s of angular velocities. The knee range of motion was
limited to 100 degrees (from the full extension to 100 degrees of flexion). Gravity correction
was used for all the tests. The subject was installed and given the instructions for the
tests. Three repetitions at 60°/s and then 5 repetitions at 180°/s were performed. Only the
hamstring strength was considered, because this parameter was identified as a risk factor
for non-contact ACL injury [13]. The reliability of the hamstring strength measurement
(ICC between 0.93 and 0.97) is excellent at 60 and 180°/s of angular speed [35]. The
hamstring strength was reported along with the bodyweight, and values <1.3 Nm/kg
and <1 Nm/kg were considered at risk for the 60 and 180°/s isokinetic angular speeds,
respectively, according to the study by Dauty et al. [13].

2.5. Definition of Non-Contact ACL Rupture

Non-contact ACL injury during sports practice was defined by a knee twisting mech-
anism that occurred without collision and without high kinetic reception (high-impact
rotation landing) [36].

2.6. Statistical Analysis

The statistical analyses were performed using SPSS 29.0 software (IBM Corp. Armonk,
NY, USA). Quantitative parameters were presented as mean and standard deviation, and
qualitative parameters as frequency. To confirm or negate the potential factors associated
with a non-contact ACL injury, a principal component analysis (PCA) was performed [28].
This factorial analysis was justified to explore combinations of variables based on the to-
tal variance of the studied variables (potentially associated factors) and allowed for the
extraction of a minimum of factors that explained the majority of the specific variance of
the phenomenon (non-contact ACL injury). Thus, from 8 studied variables (sex, age, BMI,
hamstring strength (60 and 180°/s), knee valgus, extension, and laxity), it was decided to
condense the information according to a number of factors as defined by an eigenvalue > 1
and a screen plot (Cattell’s elbow). First of all, the correlations between the studied variables
were sought in order to obtain the correlation matrix. The determinant of this correlation
matrix verified the absence of multiple collinearity between the variables (determinant # 0
and #1). Sampling adequacy was verified according to the Kaiser-Meyer—Olkin index
(KMO > 0.6). The Bartlett’s test of sphericity verified that all variables were independent of
each other (p < 0.05). Then, an orthogonal “Varimax” rotation was used to select the most
interesting factorization to define the principal components or independent profile popula-
tions associated with non-contact ACL injuries. The small coefficients were suppressed for
an absolute value <0.3. Thus, different profiles were constructed from the variance of the
potentially associated factors considering eigenvalues >1. A regression analysis was then
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carried out in order to display the matrix of factor coefficients. This matrix represented the
relationship between each variable and each profile of an at-risk population by taking into
consideration the original relationship between the pairs of variables.

3. Results

One hundred and sixty-one patients were included, 111 men and 50 women (age:
28.6 *+ 8.0 years, weight: 73.8 + 13.1 kg, height: 175 + 8.5 cm, BMLI: 24 + 3.6 kg/m?). No
patient refused to participate in this study. The sports participation before the ACL injury
was soccer (42.6%), basketball (18%), ski (15.4%), handball (7.4%) and other sports (16.6%).
The delay between ACL rupture and ACL reconstruction was 154 + 250 days.

From the potential factors point of view, 50 patients were female (31.1%), and 55 were
aged between 18 and 24 years old (34%). One hundred two patients had a BMI > 22.5 kg/m?
(63.4%). The number of patients with hamstring knee strength at 60°/s < 1.3 Nm/kg
(mean of population 1.32 + 0.30 Nm/Kg) and at 180°/s < 1.0 Nm/kg (mean of population
0.99 £ 0.23 Nm/kg) was 79 (49.1%) and 87 (54%), respectively. From a knee morphology
point of view, 60 (37.3%), 129 (80.1%) and 61 (37.9%) patients presented a passive knee
valgus (mean of population 38.2 + 28.9 mm), a passive knee extension (mean of population
6.1 £4.5°) and a knee laxity > 4 mm (mean of population 3.7 = 1.6 mm), respectively.

The principal component analysis was possible because the determinant of the cor-
relation matrix was 0.230 (Table 1), the KMO index to measure the sampling quality was
>0.6 (of 0.67) and the Bartlett’s test of sphericity was significant (x? = 229; p < 0.001).
For coding sex, female was 1. The anti-image matrix and the communalities are shown
in Tables 2 and 3. Three principal components have been selected because the eigenvalue
was >1. However, these three components only explained 60.8% of the variance from the
total variance of the eight potentially associated factors studied (Table 4 and Figure 1). The
third component has an eigenvalue of 1.08, only marginally above the KMO threshold, with
possible over-extraction of the components.

Table 1. Correlation matrix of all potentially associated factors.

Correlation Sex Age <24 BMI >225 H60<1.3 H180< 1 Valgus Recurvatum  Laxity >4
Sex 1 0.026 0.186 0.442 0.404 0.316 0.099 0.085
Age <24 0.026 1 —0.240 —0.157 —0.229 —0.068 0.031 0.004
BMI > 22.5 —0.186 —0.240 1 0.050 —0.003 0.133 0.073 —0.044
H60 < 1.3 0.442 —0.157 0.050 1 0.706 0.400 0.084 0.207
H180 < 1 0.404 —0.229 —0.003 0.706 1 0.376 0.072 0.104
Valgus 0.316 —0.068 0.133 0.400 0.376 1 0.191 0.087
Recurvatum 0.099 0.031 0.073 0.084 0.072 0.191 1 0.100
Laxity > 4 0.085 0.004 —0.044 0.207 0.104 0.087 0.100 1
Unilateral significance
Sex 0.372 0.009 <0.001 <0.001 <0.001 0.106 0.143
Age <24 0.372 0.01 0.023 0.002 0.197 0.350 0.478
BMI > 22.5 0.009 0.001 0.263 0.485 0.046 0.177 0.291
H60 < 1.3 <0.001 0.023 0.263 <0.001 <0.001 0.144 0.004
H180 <1 <0.001 0.002 0.485 <0.001 <0.001 0.183 0.095
Valgus <0.001 0.197 0.046 <0.001 <0.001 0.008 0.138
Recurvatum 0.106 0.350 0.177 0.144 0.183 0.008 0.103
Laxity > 4 0.143 0.478 0.291 0.004 0.095 0.138 0.103
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Table 2. Anti-image matrix with Kaiser-Meyer—Olkin index (in bold).
Anti-Image Sex Age<24 BMI>225 H60<13 HI80<1  Valgus  Recurvatum Laxity > 4
Correlation
Sex 0.762 -0.072 0.232 -0.229 —-0.118 —-0.174 —0.054 0.023
Age <24 -0.072 0.579 0.231 0.004 0.200 —-0.031 —0.055 —0.009
BMI > 22.5 0.232 0.231 0.421 —0.108 0.091 —0.165 —-0.078 0.065
H60 < 1.3 —0.229 0.004 —0.108 0.663 —0.596 —0.140 0.020 —0.186
H180 < 1 -0.118 0.200 0.091 -0.596 0.665 -0.132 -0.007 0.061
Valgus —-0.174 —-0.031 —0.165 —0.140 -0.132 0.799 —0.147 —-0.010
Recurvatum —0.054 —0.055 —-0.078 0.020 —0.007 —0.147 0.639 —-0.189
Laxity > 4 0.023 —0.009 0.065 -0.186 0.061 -0.010 —0.089 0.611
Table 3. Communalities.
Variables Initial Extraction
Sex 1.000 0.599
Age < 24 1.000 0.611
BMI > 22.5 1.000 0.712
H60 < 1.3 1.000 0.752
H180 < 1 1.000 0.749
Valgus 1.000 0.491
Recurvatum 1.000 0.720
Laxity > 4 1.000 0.334
Table 4. Principal components and total variance explanation.
Component Initial Eigenvalues Extraction Sums of Square Loadings Rotation Sums of Square Loadings
Total % of Variance Cum(t;olative Total % of Variance Cum:;olative Total % of Variance Cum:;:ative
1 2.46 30.7 30.74 2.46 30.7 3.7 2.33 29.1 29.1
2 1.32 16.5 47.3 1.32 16.5 47.3 1.33 16.7 459
3 1.08 13.5 60.8 1.08 13.5 60.8 1.19 149 60.8
4 0.951 11.8 72.7
5 0.752 9.4 82.1
6 0.6 7.5 89.6
7 0.55 6.9 96.5
8 0.27 3.4 100

Three components have been selected because the eigenvalue was >1.

After the “Varimax” rotation, the first component was composed of low hamstring
strength, knee valgus and female sex, and named “female with dynamical factors”. The
second component was composed of male sex, older age and higher BMI, and named “male
with physiological factors”. The third component was composed of knee valgus, recurvatum
and knee laxity, and named “knee morphology” (Table 5). The component transformation
matrix (Table 6) was used to realize the rotation of the factorial axis. The factorial matrix is
shown in Table 7 and corresponds to the component-score coefficient matrix. For instance,
the component “’female with dynamical factors” is obtained by adding the eight variables
multiplied by the corresponding coefficient. Thus, all eight variables were confirmed as
factors potentially associated with non-contact ACL injury.
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Figure 1. Components. The Cattell’s elbow is after the third component, which corresponds to an
eigenvalue > 1.

Table 5. Component matrix after “Varimax” rotation.

Female with Dynamical Factors Male with Physiological Factors Knee Morphology
H180 <1 Nm/Kg 0.857
H60 < 1.3 Nm/Kg 0.855
Sex 0.689 —0.333
Valgus 0.542 0.404
BMI > 22.5 Kg/m? 0.819
Age < 24 years —0.690
Recurvatum 0.844
Laxity >4 mm 0.435

Table 6. Component transformation matrix for axis rotation.

Component Female with Dynamical Factors Male with Physiological Factors Knee Morphology
Female with 0953 0115 0.280
dynamical factors
Male with
physiological 0.093 —0.991 0.092
factors
Knee morphology —0.289 0.062 0.955

Table 7. Factorial matrix that defines the 3 profiles of populations with potential association factors
for risk of non-contact ACL injuries.

Female with Dynamical Factors Male with Physiological Factors Knee Morphology
H180 < 1 Nm/Kg 0.383 0.058 -0.121
H60 < 1.3 Nm/Kg 0.368 0.037 —0.023
Sex 0.309 —0.278 0.007
Valgus 0.181 0.116 0.280
BMI > 22.5 Kg/m? —0.104 0.619 0.168
Age < 24 years —0.123 —0.508 0.273
Recurvatum —0.126 0.063 0.744
Laxity > 4 mm 0.022 —0.100 0.359
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4. Discussion

Multivariate analyses are necessary to explore combinations of factors associated with
non-contact ACL injury because the occurrence of this injury is multifactorial. We have
chosen to carry out a factorial analysis using principal components to define populations
at potential risk of ACL injury. The choice of using a “Varimax” rotation allowed the
identification of separate profiles of potentially at-risk populations. Thus, three distinct
populations were identified. However, given the methodological approach, no predictions
or causal inferences regarding ACL injury could be made, as the analysis only examined
combinations of variables to identify a limited number of population profiles potentially at
risk. The first population was called “female with dynamical factors” and corresponded to
a population at risk of non-contact ACL injury in reference to the literature. Indeed, recently,
a sex-specific approach showed that non-contact ACL injury in females was associated
with biomechanical differences compared to males [37]. Greater knee abduction angles
(knee valgus) and higher adduction moments during landing were linked to an increased
risk for ACL injury. Moreover, female sex and dynamic knee valgus are known to be risk
factors for ACL injury when these factors are considered alone [22,38]. Knee valgus was
also associated with non-contact ACL injury [13,23]. From our analysis, this population
could be more at risk when a weak hamstring was also associated. This profile of an at-
risk population is very interesting to consider because in clinical practice, dynamic valgus
and, particularly, hamstring strength could be modifiable by motor control exercises and
muscle strengthening. According to the literature, a training program to correct movement
including dynamic valgus by focusing on muscle strength, balance and proprioception
could reduce ACL injuries by up to 51% [39]. However, Raffeuddin et al. have reported
that the evidence-based injury prevention programs remain uncertain after systematic
review [40]. To summarize, the sex-based characteristic differences could support the
necessity to develop training and rehabilitation protocols specific to the sexes [41].

The second population was called “male with physiological factors”. Male sex is
considered the same risk as female sex during collision, limited contact and non-contact
sports practice [36]. In contrast, relative old age > 24 years old was not considered at
risk, while younger patients are very vulnerable to ACL injury [16,42]. Bodyweight was
identified as an associated factor, but only in women [8,12]. However, Evans et al. have
shown a relationship in a male military population [5]. From our analysis, male sex was
a potential factor when it was associated with age > 24 years and BMI > 22.5 kg/m?. In
clinical practice, losing weight might be interesting for non-contact ACL injury prevention,
even though our study cannot prove this because of the method used.

The third population identified was called “knee morphology”. Despite having kept
this profile, which is debatable due to the possibility of over-extraction, this population is
interesting to consider, although these factors are not modifiable (knee valgus, recurvatum
and laxity) except by surgery when ACL reconstruction is performed [43]. Antero-posterior
knee laxity is known to be associated with non-contact ACL rupture, particularly in women
and in young athletes [8,10,17,44]. This relationship can be extended to a large population
whatever the sex or the age, when this parameter is analyzed apart [13]. From a clinical
point of view, this last profile of an at-risk population should be followed for several years
to know if the ACL injury risk is confirmed in order to help select future high-level athletes,
particularly in contact sports [36].

Our study has several limitations. First, the categorical nature of the variables included
in the principal component analysis (PCA) may have resulted in information loss or dis-
torted the underlying correlation structure. Second, the exploratory, non-prospective design
precludes any conclusions regarding the risk of ACL injury. The inclusion of an uninjured
control group might have provided additional insights, since assuming that the contralat-
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eral, non-operated limb had the same risk of ACL rupture as the operated limb represents a
limitation. Finally, the time elapsed between ACL injury and reconstruction, together with
the interruption of sports participation during this period, may have influenced the strength
of the contralateral knee. Only adults were studied, so the results cannot be applied to
adolescents or children. Knee morphology was not measured using x-rays or MRI, though
many osseous morphological risk factors have been identified, including intercondylar
notch stenosis, increase tibial slope, and reduced ACL size [27,42,43,45]. Moreover, the dy-
namic valgus of the knee has not been studied using a kinematic analysis of movement, but
only in static position [26]. Despite all these limitations, we have reported morphological
parameters that are easily measurable, with cut-offs that are easy to define, that could be
useful in clinical practice, and that would allow researchers to prospectively follow different
populations potentially at risk of ACL rupture.

5. Conclusions

Three independent athletic adult populations were identified, with combinations of
characteristics, that may be at risk of non-contact ACL injuries. Because some of the factors
are modifiable, preventive care could be proposed. In women, hamstring strengthening
and knee valgus controlling could be interesting to prevent ACL injuries. In men, weight
loss could be proposed after 24 years old if the BMI is above 22.5 kg/m?. In the case of knee
valgus, recurvatum and laxity association, an athlete selection or a different choice of sport
could be advised to avoid the risk of ACL injury. Prospective studies should be conducted
to confirm whether these factor combinations really represent a risk of ACL injury.
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