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Abstract

Purpose: Non-contact anterior cruciate ligament (ACL) injuries are influ-
enced by the anatomic and biomechanical characteristics of the lower limb.
The combination of knee valgus, hip internal rotation and tibial external
rotation are important contributors to non-contact ACL injuries. In this study,
we aimed to evaluate the effect of femoral anteversion on the incidence of
ACL injuries among athletes.

Methods: A retrospective comparative study was conducted on 137 adult
male athletes with high suspicion of ACL injury following a sports-related
injury. The patients were classified into two groups based on the presence
of ACL tears: the ‘ACL tear’ and the ‘ACL intact’ groups. The femoral
anteversion angle was measured by both a computed tomography (CT)
scan using the method described by Hernandez et al. and a physical ex-
amination using Craig's test. The association of ACL tears with femoral
anteversion angle was evaluated. Femoral anteversion cut-off values were
calculated to find the best margin for a high probability of ACL tearing.
Results: The mean anteversion in patients with ACL tears was found to be
higher compared to ACL-intact patients both in CT scan measures (18.4 +5.5
vs. 12.9+6.9, p value<0.001) and physical examination (20.2+5.9 vs.
14.8+7.7, p value <0.001). The correlation analysis revealed an excellent
correlation between femoral anteversion measured by CT scan and Craig's
test results (r=0.94). Cut-off values for femoral anteversion measured by CT
scan concerning ACL tearing with the highest sensitivity and specificity were
12.7 and 19.0, respectively. The Craig-measured cut-off values were 1.5-2°
more than the CT scan measurements.

Conclusion: This study reveals a significant correlation between increased
femoral anteversion and a higher risk of ACL injury among male athletes.
The results of this study aid in designing personalized prevention pro-
grammes for non-contact ACL injuries among athletes.

Level of Evidence: Level lll.
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INTRODUCTION

Anterior cruciate ligament (ACL) injuries are mainly
caused by non-contact mechanisms among athletes,
with a higher incidence of injury in women than in men
[6, 8, 33, 34]. Among the anatomical and morphological
characteristics of the knee, intercondylar notch steno-
sis, variations in the condylar shape, increased tibial
slope, reduced tibial eminence size and reduced ACL
size are found to be correlated with a higher incidence
of ACL injury [4, 13, 27, 38]. Poor biomechanics of the
knee, influenced by trunk positioning and hip kinemat-
ics across the frontal, sagittal, and transverse planes, is
associated with an increased incidence of non-contact
ACL injuries [11, 31].

Non-contact ACL injuries occur following landing,
sudden deceleration and lateral pivoting manoeuvres
without external contact [5]. Indeed, it is widely
acknowledged that aberrant hip kinematics and femoral
rotational abnormalities are associated with poor knee
biomechanics [12, 18, 20]. Adduction and internal
rotation of the hip and abduction and external rotation
of the tibia cause functional valgus collapse, which is
proposed as a potential ACL injury mechanism [19, 22].
Similarly, increased femoral anteversion results in
reduced hip congruity, and subsequently, to adopt the
decreased congruity, the body may compensate with
excessive internal rotation of the hip and functional
knee valgus collapse [5, 26].

The femoral neck anteversion angle is defined as
the angle between two lines in the axial plane, one
passing through the proximal femoral neck region and
the other through the distal condylar region. Clinical
examinations such as Craig's test or, more reliably,
imaging tests like computed tomography (CT) scan or
magnetic resonance imaging (MRI) can be used to
measure this angle, which indicates how much the
femur has been anteverted [14, 25]. Impaired loco-
motion and altered weight-bearing during critical
growth periods are associated with increased femoral
anteversion due to changes in mechanical forces on
the developing femur [32].

Gaining a comprehensive understanding of the
biomechanically associated risk factors contributing
to ACL injury and identifying the proximal femur
features that may influence these risks are of utmost
importance in developing effective neuromuscular
training strategies. The impact of most of the men-
tioned biomechanical and anatomical parameters
has been robustly demonstrated in prior research;
however, conflicting evidence regarding the influ-
ence of femoral anteversion on ACL injuries exists in
the literature. Hence, our study aimed to evaluate
the impact of femoral anteversion, measured by
both imaging and clinical evaluation, on knee bio-
mechanics and the risk of ACL injuries, specifically in
male athletes. We hypothesized that higher femoral

anteversion could be a risk factor for non-contact
ACL injury.

METHODS

A retrospective comparative study was conducted on
athletes 18 years of age and older with high suspicion of
ACL tears. This study was performed at a referral hos-
pital for sports injuries following institutional review
board approval by our institution's Research Medical
Ethics Committee (IR.SBMU.RETECH.REC.1399.266),
adhering to the principles outlined in the Declaration of
Helsinki and institutional ethics guidelines. Written in-
formed consent to use clinical data was obtained from all
the patients.

Inclusion criteria (high suspicion of ACL tears) were
defined as patients who had a history of knee pain or
experienced knee giving away following a sports-
related non-contact injury and underwent CT scans of
the hip and knee according to hospital protocol for
athletes, specifically to exclude the presence of minor
intraarticular fractures. All patients were evaluated
using the Lachman test, pivot shift and MRI examina-
tion. Patients who were confirmed to have a complete
ACL tear by physical examination and MRI evaluation
were classified into the ACL tear group, and patients
with an intact ACL without any other knee ligament
pathology and bone fracture were considered as the
control (ACL intact) group. Exclusion criteria were
designated as a previous history of knee injury, a his-
tory of the spine, pelvic or lower extremity surgery, a
history of hip, pelvic or lower extremity fractures, pre-
vious history of ACL injury, previous history of any other
ligament and tendon injury in lower limb, paraplegia or
hemiplegia, inflammatory arthritis, infectious arthritis,
hip or knee OA, a discrepancy of leg length, history of
developmental dysplasia of the hip (DDH), connective
tissue disorders, and malignancy.

Patients' demographics, including age, gender, weight,
height and body mass index (BMI), were recorded for all
the participants.

A CT scan of the hip and knee was performed on
athletes with hip or knee trauma at our hospital to
evaluate minor intraarticular fractures. This imaging
evaluation follows a predefined protocol established
for athletic patients in our institute. Patients were
positioned in the supine position with their legs par-
allel and straight. All radiographs were taken by the
same technician and were shown and analyzed on a
computer radiography system (Picture Archive and
Communication Systems). A line drawn from the
femoral head's centre to the base of the neck's centre
and another line joining the exact posterior sides
of the lateral and medial condyles were used to
define the femoral anteversion on CT scans
(Figure 1) [16]. Two orthopaedic surgeons conducted
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FIGURE 1

Measurement of femoral anteversion by CT scan. A line drawn from the femoral head's centre to the base of the neck's centre

and another line joining the exact posterior sides of the lateral and medial condyles were used to define the femoral anteversion on CT scans

(Hernandez et al. method). CT, computed tomography.

FIGURE 2 Femoral anteversion measurement using Craig's test.
With the patient in the prone position and the knee flexed to 90°, the
examiner palpated the greater trochanter and passively rotated the
hip to position the trochanter at its most lateral prominence. The
angle between the true vertical axis and the tibial shaft was then
measured using a goniometer.

all the measurements, and the averages of the two
measures were used for data analysis.

Also, the femoral anteversion was assessed by an
experienced orthopaedic surgeon using Craig's test,
who was unaware of CT scan measures. In the prone
position, with the patient's knee flexed to 90°, the ex-
aminer palpated the greater trochanter and passively
rotated the hip until the most prominent portion of the
greater trochanter was in its most lateral position. The
angle between the real vertical and the shaft of the tibia
was then measured using a goniometer (Figure 2) [30].

The femoral anteversion evaluated by Craig's test
was compared to the femoral anteversion measured
via CT scan, and the correlation between the two
measurements was determined using the Pearson
correlation coefficient. Also, A two-way mixed effect
interclass correlation coefficient (ICC) was used to
assess the level of agreement between the two meth-
ods of measuring femoral anteversion in patients with
ACL injury. Values less than 0.5 indicate poor agree-
ment, values between 0.5 and 0.75 indicate moderate
agreement, values between 0.75 and 0.9 indicate good
agreement, and values greater than 0.90 indicate ex-
cellent agreement [29].

All patients referred to our centre who met the
study's inclusion and exclusion criteria and had the
necessary imaging were included in this research.
Based on the sample size of our study, a power anal-
ysis conducted with reference to prior studies [2, 7],
using an a level of 0.05, demonstrated a statistical
power exceeding 95% for the primary objectives of our
investigation.

The Kolmogorov—Smirnov test was used to assess
the normality of distributions. Mean values, stan-
dard deviations and 95% confidence intervals (Cls)
were calculated. An independent two-sample t test
was used to compare the anteversion between the
ACL-injured patients and the control group. Pearson
correlation coefficients were used to determine the
concurrent validity of the physical examinations (Craig
test) with regard to femoral anteversion and the angle
as measured on the CT scans. The correlation was
considered poor (0.00-0.20), fair (0.21-0.40), mod-
erate (0.41-0.60), good (0.61-0.80) or excellent
(0.81-1.00) [29]. In order to estimate the ICC and their
95% Cls, we employed a mean-rating (k=2), con-
sistency, two-way mixed-effects model. CT scan result
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was predicted with a linear regression model. Femoral
anteversion cut-off values were calculated with
proper sensitivity and specificity with receiver oper-
ating characteristic (ROC) curve analysis to find the
best margin for a high probability of ACL tearing.
SPSS statistics (version 29; SPSS) was used for the
statistical analysis, and statistical significance was
accepted for p values of <0.05.

RESULTS

A total of 137 active male athletes aged 18-35 with
previous semi-professional or professional sports activ-
ity were evaluated for knee pain or the experience of
giving way at a tertiary referral hospital. Among the pa-
tients, 85 patients had positive Lachman and anterior
drawer tests and had their ACL tears confirmed by
MRI and subsequently underwent ACL reconstruction.
The remaining 52 patients, who showed no significant
knee pathology in clinical and radiological evaluations,
were designated as the control group for comparison.
Included patients were volleyball, basketball, and soccer
players. The mean age and BMI of the patients were not
significantly different between the ACL tear and control
group (p=n.s.). The demographic characteristics of the
participants are summarized in Table 1.

Femoral anteversion angle and ACL injury

The patients with ACL tear demonstrated a significantly
higher mean femoral anteversion angle, as measured
by both CT and Craig tests, compared to the Control
group (p<0.001) (Table 2). There was no significant

TABLE 1 Demographic features of the patients.
ACL tear Control
Total group group
Variable n=137 (100%) n=85 (62%) n=52(38%) p
Age (years) 24.4+6.4 25.0+4.3 22.9+3.2 n.s.
BMI (kg/m?) 23.4+3.9 242+3.9 23.1+3.1 n.s.

Abbreviation: BMI, body mass index.

TABLE 2 Femoral anteversion angles (mean * SD).

Femoral

anteversion ACL tear  Control

angle Total group group P

By CT scan 17.1+6.3 18.4+55 129+6.9 <0.001*
By Craig's test 18.9+6.8 20.2+5.9 14.8+7.7 <0.001*

Abbreviations: ACL, anterior cruciate ligament; CT, computed tomography;
SD, standard deviation.
*p value <0.05.

correlation between anteversion degree and patients’
demographic characteristics (p =n.s.).

Agreement of Craig's test and CT scan for
determining femoral anteversion

Femoral anteversion measured by CT scan was sig-
nificantly lower than that of the Craig test (p <0.001,
1.8+2.3, range from -7.5 to 10.5), and there was a
significant correlation between femoral anteversion
measured by CT scan and Craig test (r = 0.94) which is
considered as an excellent correlation (Figure 3) [30]. A
two-way mixed effect ICC of Craig's test and CT scan
was 0.97 (95% CI=0.95-0.98), determining excellent
agreement.

Multiple linear regression was used to predict the
femoral anteversion (confirmed by CT scan as the gold
standard) based on patients' physical examination
(Craig's test) and demographic features. A significant
regression equation was found (R?=0.79, p<0.001, F
(3.7)=95.6). Patients' Craig test was the only statisti-
cally significant predictor (p <0.001, B=0.72) to predict
exact femoral anteversion, measured by CT scan.

Femoral anteversion cut-off values for
ACL tearing

ROC curve analysis was conducted to calculate the
femoral anteversion cut-off values for ACL tearing
(Figure 3). Based on Youden's index, the best cut-offs
with acceptable sensitivity and specificity were con-
sidered for both the CT scan and Craig tests. Femoral
anteversion cut-off values with high specificity were
determined as 19.0 and 20.5 for the CT scan and
physical examination, respectively (Table 3). As the
odds ratios (ORs) showed, the possibility of ACL tear-
ing in the patients with femoral anteversion lower than
the calculated cut-off is significantly lower than in other
patients with femoral anteversion higher than the cut-
off. Also, comparing these suggested cut-offs with 15°,
which is the most commonly reported upper antever-
sion value for the normal population, femoral antever-
sion 15° has weaker OR, sensitivity, and specificity in
predicting ACL tears.

DISCUSSION

The most important finding of this study was that the
femoral anteversion angle, as measured by CT scan
and Craig's test, was significantly higher in the ACL
tear group. This suggests that increased femoral
anteversion is associated with a higher risk of ACL
injury among male athletes. The femoral anteversion
high specific cut-off values of 19° for a CT scan and
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FIGURE 3 ROC curve analysis for determining femoral anteversion cut-off values associated with ACL tearing. ACL, anterior cruciate
ligament; CT, computed tomography; ROC, receiver operating characteristic.

TABLE 3 ROC curve analysis for femoral anteversion.

Cut-off Value Sensitivity (%) Specificity (%) p AUC (%) OR/95% Cl
CT scan 12.7 92 50 0.001* 70 0.09/0.03-0.27
19.0 46 85 0.001* 70 0.21/0.07-0.68
Craig test 145 84 50 0.003* 72 0.19/0.08-0.51
20.5 44 81 0.003* 72 0.31/0.11-0.89

Abbreviations: AUC, area under the curve; Cl, confidence interval; CT, computed tomography; OR, odds ratio; ROC, receiver operating characteristic.

*p value <0.05.

20.5° for a physical examination were determined by
ROC analysis to predict a higher risk of ACL injury [32].
Though the cut-off of 12.7° for the CT scan and 14.5°
for Craig's test had higher sensitivity, we prioritized
specificity to use it to find the best margin for a high
probability of future ACL tearing in athletes.

In a study using imaging modalities for measuring
the femoral anteversion, Alplay et al. conducted a ret-
rospective study on 2344 patients with a history of non-
contact ACL injury and evaluated the femoral ante-
version of these patients with MRI [2]. They found that
femoral anteversion and infratrochanteric torsion were
higher in patients with ACL injuries. However, supra-
trochanteric torsion was not different between ACL-
intact and ACL-deficient groups [2]. Our findings also
confirmed that excessive femoral anteversion mea-
sured by imaging (CT scan) correlated with a higher

risk of ACL injury than the control group. Furthermore,
the ROC curve analysis of our study showed that
femoral anteversion higher than 12.7° and 19° in CT
scan has a high sensitivity and specificity for predicting
ACL injury, respectively.

Non-contact ACL injuries are known to occur fol-
lowing complex and multiplanar load states of the knee.
Kaneko et al. conducted a kinematic analysis involving
16 female participants upon single-leg landings. They
compared the kinematic analysis and muscle activity
results between the participants with high and low
femoral anteversion measured by Craig's test. The
motion analysis demonstrated that higher femoral
anteversion results in lower hip flexion angle, higher
knee valgus alignment and greater rectus femoris
muscle activity, leading to anterior tibial displacement
[21]. The observed mechanism of their study highlights
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the potential risk of femoral anteversion for ACL injury
in athletes. Excessive femoral anteversion angle is
associated with reduced hip joint congruity, which
finally leads the body to compensate with excessive hip
internal rotation. This results in functional knee valgus
collapse, a combination of knee valgus, hip internal
rotation and tibial external rotation, which is the pro-
posed cause of a higher rate of ACL injury among
people with higher anteversion angle [17].

A study on 53 male athletes with complete ACL
tears was conducted by Amraee et al. to evaluate the
lower extremity measures in this population [3]. They
measured the unilateral navicular drop, the ankle dor-
siflexion range of motion (ROM), internal tibia torsion,
knee genu recurvatum, quadriceps angle, hip internal
and external rotation ROM, and hip anteversion in pa-
tients with complete ACL injury and compared with the
accepted standard values. Their study demonstrated
that increased hip anteversion, decreased hip internal
rotation range, and decreased ankle dorsiflexion were
predictors of ACL injury. The multiple logistic regres-
sion analysis revealed that an increase in femoral
anteversion by 1° would increase the likelihood of
sustaining an ACL injury by 1.78 (p<0.05). In their
study, they did not have any control group as a com-
parison, and they measured the femoral anteversion
only through physical examination and Craig's test [3].
Our findings aligned with previous studies demon-
strating that excessive femoral anteversion measured
by both Craig's test and CT scan correlated with a
higher risk of ACL injury than the control group.

In contrast, case—control studies of females with
ACL injury demonstrated that the femoral anteversion
was not significantly different in patients with ACL injury
compared to those without ACL injury [9, 23]. The small
sample sizes of the mentioned studies and the fact that
only female patients were included may account for the
different findings observed in these two studies com-
pared to our results. Furthermore, previous studies
have indicated a rise in the occurrence of ACL injuries
among female athletes, possibly linked to a slightly
greater anteversion in females. We specifically eval-
uated 137 male athletes who have lower femoral
anteversion angles compared to females based on
previous studies [15, 28].

Most of the mentioned studies evaluated the fem-
oral anteversion only by physical examination, which is
based on the palpation of the greater trochanter, which
has a potential for palpation error due to obesity or
scarring in the region [35]. Furthermore, knee joint
laxity affects the measured femoral anteversion angle
by Craig's test and causes the measured angles to be
estimated higher than by imaging methods [10, 36, 39].
In this study, we measured femoral anteversion by both
CT scans and physical examination, and the results
showed a proper correlation between these two mea-
surement methods. The high correlation of Craig's test

with the CT scan in our study may be because of the
lack of disruptive factors in the patients we included,
such as obesity, scars in the region, and joint laxity.

Botser et al. compared the femoral anteversion
measurements by physical examination with imaging
studies, including MRI and CT scans on 129 hips [7].
They concluded that excessive femoral anteversion
should not rely on hip joint ROM, which is evaluated only
by physical examination. Their findings indicated that
while femoral anteversion assessments through CT
scans and MRI exhibited a strong correlation, notable
inconsistencies were noted in the exact anteversion
angle, suggesting that these modalities may not be
easily substituted. Furthermore, the study revealed that
CT scans yielded higher interobserver reliability when
conducting anteversion measurements. It was men-
tioned that measuring femoral anteversion has different
values according to physical examination compared to
CT scans or MRI measurements [7, 30, 37]. Our findings
demonstrated that the femoral anteversion angles
measured by CT scan were lower than those measured
by Craig's test. However, we observed a significant and
robust correlation between the femoral anteversion an-
gles measured by these two methods.

Similar to the other retrospective studies, this study
had several limitations. The study's retrospective
nature leads to uncontrolled conditions that may
increase the biases of the result. Our study only
demonstrated an association between femoral ante-
version and ACL tears, not a causal relationship. So,
patient selection and prevention programmes are
more recommended than direct intervention to adjust
femoral anteversion. Since all the patients were male
athletes, the results should be carefully interpreted,
especially for female athletes and generalizability.
Also, the effects of other alignment variables related to
the biomechanics of the lower limb were not con-
sidered in this study. Prospectively designed studies
with larger sample sizes, both biologically female and
male, and considering other influential variables are
required to evaluate the correlation between lower
limb alignment and ACL injuries.

In this study, we evaluated the effect of excessive
femoral anteversion, which was determined by phys-
ical examination and CT scan on the incidence of ACL
injuries among male athletes. Our study's design is
novel, and patients in the control group are athletes
similar to the ACL-injured group with similar trauma
but without ACL tears, which no previous studies have
compared before. This study's calculated cut-off val-
ues for femoral anteversion can be particularly useful
in identifying individuals at risk for ACL injury [1].
Since this is a non-modifiable risk factor, ACL injury
prevention training could be an effective preventive
measure for patients with higher femoral anteversion.
The insights obtained from this study provide health-
care professionals with the essential knowledge to
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recommend ACL prevention programmes that have
been shown to be effective in reducing ACL injury
rates, such as sport technique maodification, neuro-
muscular control, proper landing techniques and
plyometric training, for high-risk patients [1, 24]. The
findings of this study can aid in designing personalized
ACL prevention programmes other than femoral os-
teotomy for patients who are more susceptible to ACL
injuries.

CONCLUSION

Our study has highlighted the correlation between
femoral anteversion and ACL injury in young male
athletes. The mean anteversion in both CT scans and
physical examinations of patients with ACL tears was
higher than in ACL-intact patients. The findings of this
study can aid in predicting and preventing ACL injuries
in professional athletes.
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