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Abstract
Introduction: Anterior Cruciate Ligament (ACL) is the most frequently injured knee ligament. Combination of valgus force with
internal rotation is the most common mechanism involved in ACL injury. Both modifiable and non-modifiable risk factors are
responsible for the ACL injury.
Purpose: To determine the risk factors causing ACL injury by comparing lower limb anatomical features, ACL size and body
mass index (BMI) between ACL deficient and ACL intact knees.
Materials and Methods: Mechanical axis deviation from vertical axis, tibiofemoral angle, hip neck-shaft angle, posterior tibial
slope, notch width index were compared using radiography. BMI and ultrasonographic (USG) diameter of ACL were also
measured for comparison.
Results: Among the anatomical lower limb parameters mechanical axis deviation from vertical axis, hip neck shaft angle and
tibiofemoral angle showed non-significant (p value>0.05) differences while there were significant differences of femoral notch
width index (p= 0.014) and posterior tibial slope angle (p <0.001) between the two groups. ACL diameter (size) and BMI also
showed significant differences (p<0.05). ACL deficient knees have higher BMI (mean 25.82 vs 23.33: p<0.001) and lesser
diameter (mean 7.31 mm vs 7.99 mm; p<0.001) compared to the ACL intact knees.
Conclusion: Higher posterior tibial slope and smaller notch width index are associated with higher risk of ACL injury.
Individuals with lesser diameter of ACL or higher BMI have more chances of injury to the ligament.
Keywords: Anterior cruciate ligament (ACL), Risk factors, Body mass index, Posterior tibial slope (PTS), Notch width index
(NWI).

Introduction
The risk factors causing Anterior Cruciate
Ligament (ACL) injury may be modifiable or nonmodifiable. Modifiable risk factors determined
previously include training regimens, skill level,
neuromuscular
biomechanics,
proprioception,
quadriceps and hamstring muscle strength1,2 which can
be
altered
using
non-invasive
prophylactic
interventions. ACL volume, posterior tibial slope
(PTS),3,4 femoral intercondylar notch width2 are some
of the studied non-modifiable risk factors which either
cannot be altered or can be improved by surgical
interventions only.
Translation of tibia over the femur anteriorly is
primarily restrained by the ACL. A compressive load
will create a greater anterior shear force which causes
the tibia to translate anteriorly over the femur in a knee
joint having increased posterior tibial slope.5 Therefore,
a greater axial knee compressive force which may be
due to greater body weight/BMI when combines with a
higher posterior tibial slope will put the ACL at
increased risk of tear. So, the relation between BMI and
the knee anatomical parameters in the context of ACL
injury risk is of particular interest which was addressed
in this study. Chandrashekhar et al.6 determined that
ACL size plays an important role in the risk of ACL
injury, though it was a comparison made between two
different genders. We evaluated the size of ACL near
the tibial insertion site to compare it with ACL intact

knees. In a study by Noyes FR et al. it was found that
approximately 75% of ACL injuries were due to noncontact mechanism; which suggests earlier assessment
may help to reduce injury prevalence and also in
prevention of ACL injury.7
Thus, the aim of our study was to evaluate and
identify significant modifiable or non-modifiable risk
factors of ACL injury by comparing important
anatomical features between the ACL intact and ACL
deficient knee groups. Our study also aimed to relate
the significance of BMI in presence of other risk factors
in predicting ACL injury.
Materials and Methods
This study was done at a tertiary care center at
Rohtak, Haryana in the department of Orthopedics.
Lower limb anatomical features of 50 subjects having
ACL deficient knees were compared with 50 normal
subjects. Five anatomical parameters measured by
radiography-mechanical axis deviation (MAD) from
vertical axis, hip neck-shaft angle (NSA), tibiofemoral
angle (TFA), posterior tibial slope (PTS) and notch
width index (NWI) were chosen for comparison
between the two groups. Both sides of ACL-deficient
knees and the dominant side of ACL-intact knees were
taken for measurements. We measured the diameter of
ACL near its tibial attachment using ultrasonography
(USG). Diameter of ACL in the non-injured side of the
ACL deficient group was compared with the dominant
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side of the ACL intact group. Height and weight of
each subject were taken for calculation of BMI and
were compared between the two groups.
Inclusion Criteria: 50 Patients (46 males and 4
females) already diagnosed as ACL tear aged between
15 to 40 yrs. old were included as cases in group A.
50 normal subjects (46 males and 4 females) in same
age group from the hospital staff were selected as
controls in group B.
Exclusion Criteria: Patients having concomitant other
ligamentous injury, generalized ligamentous laxity,
patellar dislocations or injuries and those with prior
lower limb deformities or injuries were excluded.
Exposure to the ionizing radiation during
conventional radiography is minimal and has been
proven to be safe in various studies done in past.8 So,
the control population were well counselled regarding
ethical concern before undergoing x rays. To reduce the
inter-observer errors, measurements were taken by a
single radiographer and repeated measurements were
done to look for intra-observer variability.
Scannogram: Scannogram of the both the lower limbs
exposing hip to ankle was taken. Mechanical axis
deviation (MAD) from vertical axis, tibiofemoral angle
(TFA), and hip neck-shaft angle (NSA) were measured
from the scannogram. Centre of the femoral head and
centre of the ankle joint is connected by a line to draw
the mechanical axis. We measured the deviation of
mechanical axis (MAD) from the vertical axis (Fig. 1a).
The anatomical axis of femur is a line which bisects the
intramedullary canal longitudinally into two equal
halves or a line connecting the centre of femoral shaft
to a point 10 centimetres proximal to the knee joint at
the midpoint of medial and lateral cortex.9 Anatomical
axis of tibia was drawn similarly. Angle formed
between the anatomical axis of tibia and femur is called
the tibiofemoral angle (TFA) (Fig. 1b). Hip neck-shaft
angle (NSA) was drawn as the intersection of
anatomical axis of femur and line drawn from centre of
femoral head to mid-point of width of femoral neck
(Fig. 1c).

Lateral View Radiograph: Standing lateral view was
taken in 15º-20º knee flexion to avoid superimposition
of the femoral condyles (Fig. 2a). A line along the
anterior border of tibia and another line along the
posterior slope of medial tibial plateau were drawn. The
angle formed between the tibial slope and the
perpendicular line drawn to the line along anterior tibial
border was taken as PTS angle (Fig. 2b). For easier
delineation medial tibial slope was preferred as
compared to lateral tibial slope.10
Tunnel View of Knee: Subject was kneeled in 60º
flexion of the knee with the X-ray beam vertical to it
from above (Fig. 3a). Notch width was measured along
the line drawn parallel to the joint line at the level of
popliteal groove, whereas femoral width was taken as
the distance between the outermost borders of the femur
along the same line (Fig. 3b). Notch width divided by
femoral width was taken as notch width index (NWI).
To represent notch stenosis as a risk factor of ACL
injury we used the ratio of notch width and width of
distal femur at the same level which minimises
variabilities of magnification and differences in patients
body stature or size.11
All the radiological parameters were measured
using the Software RadiAnt DICOM Viewer 4.2.1(64bit). A mean value of 3 sets of measurements was taken
to reduce intra-observer variability.
Diameter by USG: Diameter of the ACL nearest to its
insertion over tibia was measured by ultrasound with
the knee in 90º flexion (Fig. 4a). All the
ultrasonographic assessments were done by a single
musculoskeletal radiologist. The linear transducer (7-9
Hz) was placed over the skin just distal to patella
maintaining its long axis parallel to that of the ligament
by rotating the lower end of the probe medially by 30°
(Fig. 4b). ACL appeared as a thick linear hypoechoic
band like structure extending from tibia towards femur
(Fig. 4c).
BMI: We took the standing height and weight of the
subjects and BMI was calculated (weight in kg/height
in m2).

Fig. 1: Reference points taken for calculation of a): Mechanical axis deviation from vertical axis b):
Tibiofemoral axis c): Hip neck shaft angle
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Fig. 2a): Position of the patient while taking lateral radiograph of the knee; b): Showing reference landmarks
for measuring posterior tibial slope

Fig. 3a): Position of the patient while taking tunnel view of knee joint; b): showing reference landmarks for
calculation of femoral width and notch width

Fig. 4a): Flexing the knee to 90 degree while measuring diameter of ACL (size) near the tibial insertion; b):
Shows rotation of the superior part of the linear probe externally by 30 degrees in order to make the probe
parallel to ACL; c): Ultrasonographic assessment of width of ACL, appearing as a hypoechoic band at the
tibial insertion; T-tibia, P-patella)
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Statistical Analysis
Students independent t-test was used to compare
data between ACL deficient and intact group. A p value
of <0.05 is considered as significant.
Univariate and multivariate logistic regression
were used to assess correlation among body mass index
(BMI), posterior tibial slope (PTS) and risk of ACL
injury. Variables found significant in univariate
analysis were employed in multivariate logistic
regression analysis to see their contribution towards
variance of the dependent variables. Data were analysed
using SPSS (Statistical Packages for Social Sciences)
for Windows; version 17.0 (Chicago: SPSS Inc).
Results
We found no significant difference between the
injured and non-injured sides of ACL deficient group
(Table 1). Significant differences (p value <0.05) in
posterior tibial slope (PTS) and notch width index
(NWI) were found while comparing the ACL deficient
knees (group A) with ACL intact knees (group B). The

PTS (p value <0.001) was significantly larger and NWI
(p value 0.014) was significantly smaller in ACLdeficient knees (Table 2). The ACL deficient subjects
had greater BMI values than the normal subjects with
significant difference (mean value of BMI 25.82 vs
23.33; p value <0.001) (Table 3). Results of univariate
logistic regression analysis revealed that PTS
(p=<0.001) and BMI (p=<0.001) both interplay an
important role causing ACL injury as both the
parameters showed significant difference between the
two groups. (Table 4). Predicted increase in BMI by
one unit increases the injury risk by 25% when other
factors such as PTS is kept constant whereas one degree
increase in PTS increases the injury risk by 38% when
BMI is kept constant (Table 5).
Evaluation of diameter of ACL near tibial insertion
showed significant difference between ACL deficient
and intact knees (mean 7.31 mm vs 7.99 mm; p value
<0.001). ACL injured subjects were found to have
comparatively thin (less diameter) ligaments (Table 6).

Table 1: Comparison of lower limb anatomical features between Injured and Non-injured sides of the ACL
deficient knee group (group-A):
Anatomical parameters
Side
Mean
Std. Deviation
P-value
MAD
Injured
3.34
0.84
0.478
Non-injured
3.21
0.87
TFA
Injured
5.28
2.32
0.336
Non-injured
5.73
2.32
PTS
Injured
13.15
2.97
0.735
Non-injured
13.36
2.99
NWI
Injured
0.3077
0.0265
0.083
Non-injured
0.3185
0.0344
NSA
Injured
128.61
4.90
0.161
Non-injured
127.26
4.68
MAD=Mechanical axis deviation; TFA=Tibiofemoral angle; PTS= Posterior tibial slope; NWI=Notch width index;
NSA= Neck-shaft angle
Table 2: Comparison of lower limb anatomical features between ACL deficient (group A) vs ACL intact
knees (group B):
Anatomical parameters
Group
Mean
Std.
P-value
Deviation
MAD
ACL deficient
3.34
0.84
0.886
ACL intact
3.36
0.83
TFA
ACL deficient
5.28
2.32
0.324
ACL intact
6.32
7.02
PTS
ACL deficient
13.15
2.97
<0.001
ACL intact
10.87
2.27
NWI
ACL deficient
0.3077
0.0265
0.014
ACL intact
0.3210
0.0268
NSA
ACL deficient
128.61
4.90
0.272
ACL intact
129.67
4.66
MAD=Mechanical axis deviation; TFA=Tibiofemoral angle; PTS= Posterior tibial slope; NWI=Notch width index;
NSA= Neck-shaft angle
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Table 3: Comparison of BMI between ACL deficient vs ACL intact knees (group A vs B):
Variables
Group
Mean
Std. Deviation
Age
ACL deficient
25.16
5.05
ACL intact
24.70
4.93
BMI
ACL deficient
25.82
3.62
ACL intact
23.33
3.05
BMI=Body mass index

P-value
0.646
<0.001

Table 4: Univariate logistic regression models of variables and their odds’ ratio with 95% confidence interval:
Variable
P-value
Odd’s ratio (95% CI)
MeanSD
BMI
25.823.62, cases
<0.001
1.254 (1.097-1.433)
23.333.05, control
PTS
13.152.97, cases
<0.001
1.391 (1.168-1.655)
10.872.27, controls
PTS= Posterior tibial slope; BMI=Body mass index
Table 5: Predicted increase in ACL injury risk (Multivariate logistic regression analysis):
BMI, Kg/m2
% Increase
PTS, degree
% Increase
+1
25
+1
38
+2
50
+2
76
+3
75
+3
114
Table 6: Comparison of diameter of ACL between ACL deficient vs ACL intact knees (group A vs B) using
ultrasonography:
Group
Mean (in mm)
Std deviation
p-value
Diameter of ACL near
ACL deficient
7.31
0.681
tibial insertion
ACL intact
7.99
0.621
<0.001
Discussion
ACL injury has much higher incidence rate than
other ligamentous structure around the knee joint.12
Understanding the mechanism and predisposing factors
of non-contact ACL injury are of greater importance for
patients and clinicians both as it helps to design
neuromuscular training programs specially for
athletes.13
In this study, we assumed that before injury both
the lower limbs were comparable in terms of
anatomical features or lower limb anatomical
alignments. Comparison of injured and non-injured
sides of the ACL deficient knees (table 1) showed nonsignificant differences (p>0.05), which explains injury
to the ligament itself is unable to cause any alteration in
the anatomical features or alignments of the lower
limbs. Hence, for comparison, choice of any of the two
knees of the control subjects (we have chosen dominant
one) in our study is justified.
Varus alignment may not cause increased load on
the ACL due to smaller Q angle.14 Alignment of the
knee was observed to be in more varus in Chinese and
Japanese subjects as compared to the Caucasians,
though the risk of ACL injury among these populations
was not significantly diferrent.15,16 We measured
anatomical TFA for comparison but it showed no
significant difference between the two groups.
However, it is stated that measurement of a dynamic
tibiofemoral angle had greater importance than static

knee alignment while considering ACL injuries by noncontact mechanisms.10 Similarly, we noticed no
significant difference in mechanical axis deviation
(MAD) form vertical axis and hip neck-shaft angles
(NSA) among both the groups. Static Q-angle neither
correlates with knee valgus nor predicts patterns of
ACL injury risk17,18, and hence was not evaluated in our
study.
The risk of ACL injury increases in presence of a
narrower
intercondylar
notch.19
We
noticed
comparatively lower values of notch width index
(NWI) in ACL injured subjects. This was significantly
smaller (p value <0.05) as compared to ACL intact
knees. Different mechanisms have been suggested how
a knee with smaller notch width index predisposes the
ligament to injury. A narrower notch causes repeated
impingement of the ligament, particularly in extension
of the knee.11 Some believe notch width correlates with
the size of the ACL and thereby the strength of the
ligament.20 Those with a tighter notch probably have
the ligament in more coronal plane, thus making them
more prone to loads due to its vertical alignment.21
Posterior
tibial
slope
(PTS)
correlates
biomechanically with ACL injury risk and it has been
described that higher tibial slope causes increased risk
of ACL injury.22,23 Dejour and Bonnin et al.5 used
lateral radiographs to demonstrate more anterior
translation of the tibia with higher posterior tibial slope
angles by comparing the ACL-deficient subjects with
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normal population. They noticed, increasing PTS by 10
degrees increases 6mm anterior translation of the tibia
over femur and three times increase in ACL load.
McLean et al.24 also found the same and reported
increased anterior tibial acceleration with increase in
PTS. Shelburne et al.25 and Shao et al.26 used computer
modelling
and
electromyography
and
they
demonstrated an increased ACL strain with an increase
in PTS during both standing and moving postures.
Only a few numbers of studies were able to
demonstrate how variation in the size of ACL
predisposes the ligament to get injured.6,27
Chandrasekhar et al. compared ACL volume between
males and females and they noticed a significant gender
differences in ACL volume among the two groups. It
was the first study to demonstrate size of the ligament
can influence the chance of injury.6 Also ACL was
found to be thinner in females and thus predisposing
them to such injuries.27,28 With this thought, a thinner
ACL was considered to be a risk factor causing injury.
It had been evaluated in some studies that the mean
fibril diameter is uniform among both the sexes29 and
we believe that it is the number of fibrils within the
ACL which determines its thickness is more important.
In our study, though majority of the patients were males
it was a comparison between ACL deficient versus
intact knees and here we observed that size of the
ligament was significantly lesser in ACL deficient
knees. In other words, an ACL having less diameter
predisposes the individual more prone to injury.
Measuring the diameter of the already injured ACL
is erroneous, we took diameter of the uninjured ACL
from the other normal limb to represent the diameter of
the injured ACL. In a study by Jamison et al. bilateral
knees ACL size were compared using MRI in healthy
subjects and they noticed no significant difference in
size of the two ACLs of a same subject.30 Therefore, the
contralateral ACL can be taken as a substitute for the
injured ACL for measuring size or diameter and we did
the same. Our study results demonstrate that ACL
injured subjects have smaller ACL diameter in their
contralateral normal knees, clarifying a thinner ACL is
comparatively weak and it is more predisposed to
injury.
BMI and knee morphometry have an obvious
association in the causation of ACL injury.31 BMI,
being a modifiable factor, prevention strategies can be
planned for ACL injuries especially in population who
are at risk (like sportspersons or athletes) of such
injuries. Study results suggest that an individual with
higher BMI has more chance of ACL injury when
associated with increased posterior tibial slope and
hence it can be stated that BMI influences the
correlation between PTS and ACL injury risk. PTS is
an anatomical bony morphology which is nonmodifiable. Whereas BMI is calculated from
measurements of weight and height of the individual, of
which weight can be modified accordingly. This is of

great importance for those athletes who are at risk of
having non-contact ACL injuries. They are trained to
increase or decrease weight, and thereby to modify
BMI, to improve their athletic performances. Injury
prevention strategies can include those individuals who
are having higher PTS and at the same time greater
BMI values.
In their study Bojicic KM et al. (2017) showed that
an increased fat body mass in a subject with already
having a higher PTS causes more chance of injury;
while an increase in lean body mass may not exacerbate
injury risk, rather it might even decrease the chance of
injury.31 Most of the athletes concentrate on building
lean body mass to gain strength and improve on their
fitness to prevent injuries during activities. Increased
body weight due to gain of muscle mass should be in a
balance with increased injury risk especially when
associated with a higher PTS. Identification of steep
PTS in patients who are already at increased risk can be
of paramount importance in preventing injury to ACL
by identifying such individuals and giving them
targeted neuromuscular therapy. But a gain in the fat
body mass only is undesirable and it should be further
evaluated in future research. However, in individuals
already having increased slope, a higher BMI is an
important risk factor to them as it can be subjected to
modification accordingly. Our study predicts how an
increase in BMI alone will contribute or increase in the
probability of injury risk, keeping PTS as constant and
vice versa.
It is important to the athletic population to have
proper assessment for risk factors through screening.
Neuromuscular exercises to decrease stress on the
ligament are described to reduce the chances of injury.1
Exercises of specific muscle groups working in synergy
with the ACL minimises strain over the ligament and
thus may help to curb the risk of injury.32
MRI appears to be more appropriate for
measurement of ACL diameter; however, for a large
population MRI as a screening tool is not ideal being
too expensive. Moreover, for a healthy athlete without
any obvious symptoms doing MRI is still a matter of
debate and is not justified. Hence ultrasonography can
be the right choice for screening purpose, because it is
more economical, easily available.
Limitations of the Study
1. ‘Diameter’ was chosen to represent the ‘size’ and
we measured the diameter of only near the tibial
insertion of the ligament by ultrasonography,
which were the major limitations of this study.
Shearing force on the ligament divided by its crosssectional area correctly determines the importance
‘size’ as a risk factor. But, measuring crosssectional area using ultrasound is not possible as it
cannot clearly distinguish ACL from adjacent soft
tissues. Rather ‘volume’ could be a good
alternative to represent size of ACL; however, it is
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not possible to measure ACL volume by
ultrasound.33
2. The injury mechanism was determined by eliciting
history from the injured patients. Types or levels of
physical activity may influence the mechanical
properties more importantly the tensile strength of
the ligament due to recurrent loading. So, there is a
possibility that subjects who were sportspersons by
profession might have stronger ACL than those
who were not associated with athletic activities.
This discrepancy was not considered in our study.
Level of activities before injury between the two
groups were matched only by assumption. Subjects
from the control group have a possibility that they
may suffer ACL injury in future. Age was also
matched among the two groups to decrease the
disparity.
3. Posterior tibial slope is three-dimensional entity
which should be measured at the center of the
articular regions for medial and lateral
compartments of the plateau. MRI is preferred as
there is superimposition of the plateau on
radiographs. However, since we did not obtain
MRI for control group in our study, we calculated
as per described PTS measurement in lateral view
of knee joint.
Future Prospects
1. Greater weight (or higher BMI) whether may it be
because of increased lean body mass or increased
fat body mass, or an increase in both, differently
modifies the risk of ligamentous injury when
combined with a steeper PTS is yet to be
determined in further studies.
2. Questions like which type of weight (whether fat or
lean body mass) and how much reduction or gain
in weight is detrimental to an athlete in context of
ACL injury risk, are still a matter of debate and it
can be the target of future studies.
Conclusion
ACL injury is associated with multiple risk factors.
Individuals having greater PTS and narrower NWI are
at increased risk of ACL injury. ACL injured subjects
are having comparatively thin (lesser diameter) ACL.
Higher values of BMI in ACL injured subjects suggest
increased BMI also predisposes to injury of the
ligament. The risk of ACL injury has an obvious
positive relationship with increased PTS combined with
increased BMI and vice versa.
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