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Background: Anterior cruciate ligament (ACL) injuries are multifactorial events that may be influenced by morphometric param-
eters. Associations between primary ACL injuries or graft ruptures and both femoral and tibial bony risk factors have been well
described in the literature.

Purpose: To determine values of femoral and tibial bony morphology that have been associated with ACL injuries in a reference
population. Further, to define interindividual variations according to participant demographics and to identify the proportion of
participants presenting at least 1 morphological ACL injury risk factor.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: Computed tomography scans of 382 healthy participants were examined. The following bony ACL risk factors were
analyzed: notch width index (NWI), lateral femoral condylar index (LFCI), medial posterior plateau tibial angle (MPPTA), and lateral
posterior plateau tibial angle (LPPTA). The proportion of this healthy population presenting with at least 1 pathological ACL injury
risk factor was determined. A multivariable logistic regression model was constructed to determine the influence of demographic
characteristics.

Results: According to published thresholds for ACL bony risk factors, 12% of the examined knees exhibited an intercondylar
notch width \18.9 mm, 25% had NWI \0.292, 62% exhibited LFCI \0.67, 54% had MPPTA \83.6�, and 15% had LPPTA
\81.6�. Only 14.4% of participants exhibited no ACL bony risk factors, whereas 84.5% had between 2 and 4 bony risk factors
and 1.1% had all bony risk factors. The multivariate analysis demonstrated that only the intercondylar notch width (P\ .0001) was
an independent predictor according to both sex and ethnicity; the LFCI (P = .012) and MMPTA (P = .02) were independent pre-
dictors according to ethnicity.

Conclusion: The precise definition of bony anatomic risk factors for ACL injury remains unclear. Based on published thresholds,
15% to 62% of this reference population would have been considered as being at risk. Large cohort analyses are required to
confirm the validity of previously described morphological risk factors and to define which participants may be at risk of primary
ACL injury and reinjury after surgical reconstruction.

Keywords: intercondylar notch width (NWI); lateral femoral condylar index (LFCI); posterior tibial slope; ACL rupture; morpholog-
ical risk factors

Reported risk factors for anterior cruciate ligament (ACL)
injury include anatomic, hormonal, and neuromuscular
parameters and bony morphological features including
femoral condylar depth, lateral femoral notch, tibial pla-
teau slope, and intercondylar notch shape.3,7,12,21,24,33

Pedoia et al23 suggested that variations of the femoral
intercondylar width, including narrow femoral notch vol-
ume, which is associated with a higher incidence of ACL
injuries, may predispose individuals to ACL injuries.15,37,38

More recently, a spherical appearance of the lateral femo-
ral condyle or an excessive posterior femoral condylar off-
set has been implicated in an increased risk of ACL
injury.13,24 An increased posterior tibial slope appears to
predispose to primary ACL rupture2,9,14 or failure after
ACL reconstruction,10,19,36 with the lateral plateau having
a more pivotal role compared with the medial plateau.4,13
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Identification of these bony factors may represent an
important step in the development of prevention strategies
for ACL injuries.16

Most studies have focused on ACL bony morphological
risk factors in patients with ACL ruptures or reruptures,
but none have assessed the rates of participants estimated
to be at risk for ACL injury in a healthy population.

The primary aim of the present study was to establish
normal values of femoral and tibial bony parameters that
are generally associated with ACL tears. Second, the rates
of participants considered to be at risk according to the
published thresholds reported in the literature were
assessed. Third, interindividual variations of these bony
values according to demographic characteristics were ana-
lyzed. It was hypothesized that a large proportion of
healthy participants would exceed critical reported thresh-
olds considered to pose a risk of ACL injury. Abbreviations
used in this article are defined in Table 1.

METHODS

A computed tomography (CT) scan–based modeling and
analysis system on .15,000 bone segments was used for
this study (Stryker Orthopaedic Modeling and Analytics
[SOMA]; Stryker).25 The SOMA database consists of
.25,000 bone models obtained from .3600 participants
worldwide. All scans were obtained as per local legal and
regulatory requirements, which included ethical board

approval and informed patient consent, where appropriate.
CT scans were acquired exclusively for medical indications
such as polytrauma (20%), CT angiography (70%), and
other reasons (ie, total joint arthroplasty) (10%). A total
of 382 participants (184 men and 198 women; mean age,
59.6 6 15.9 years; mean body mass index [BMI], 24.7 6

4.7) had reliable and complete data imaging sets that
were selected and included (Table 2).

The study sample consisted of participants from differ-
ent ethnic backgrounds (196 White and 186 Asian partici-
pants). The anatomic patterns of the pelvis, bilateral
femur, bilateral tibia, and patella were examined. The
healthy population consisted of participants without bone
or joint abnormalities including no substantial osteoarthri-
tis (Ahlbäck grade �I, without osteophytes) or evidence of
previous surgery, including ACL reconstruction. CT scans
were performed in different institutions worldwide and
were included in the study only if the thickness of the slices
was \1.5 mm and no motion artifacts were present. These
measurements were then profiled to each bone on the

TABLE 1
Abbreviations Used

Abbreviation Definition

ACL Anterior cruciate ligament
AD Absolute difference
BMI Body mass index
CT Computed tomography
INW Intercondylar notch width
LCECR Lateral condylar extension circle radius
LCFCR Lateral condylar flexion circle radius
LFCI Lateral femoral condylar index
LPPTA Lateral posterior plateau tibial angle
MPPTA Medial posterior plateau tibial angle
MRI Magnetic resonance imaging
NWI Notch width index
DPPTA Difference between LPPTA and MPPTA

TABLE 2
Demographic and Anatomic Parameters

Evaluated in Our Global Seriesa

Mean 6 SD Range (Min-Max)

Demographic parameters
Age, y 59.6 6 15.9 18-92
Height, kg 164.1 6 8.6 140-189
Weight, cm 67.2 6 15.9 39-110
Body mass index 24.7 6 4.7 15.6-41.6

Anatomic parameters
Intercondylar notch width, mm 22.0 6 2.6 15.6-29.1
Medial condylar width, mm 25.0 6 2.2 19.8-31.1
Lateral condylar width, mm 24.0 6 2.2 18.2-29.8
NWI 0.305 6 0.022 0.200-0.400
LCFCR 20.3 6 1.8 16.4-26.3
LCECR 31.1 6 3.3 21.4-40.1
LFCI 0.65 6 0.15 0.50-0.96
MPPTA, deg 83.3 6 3.7 72.8-94.1
LPPTA, deg 84.7 6 3.3 74.3-92.8
DPPTA 3.50 6 2.59 0.1-13.1

aLCECR, lateral condylar extension circle radius; LCFCR, lat-
eral condylar flexion circle radius; LFCI, lateral femoral condylar
index; LPPTA, lateral posterior plateau tibial angle; MPPTA,
medial posterior plateau tibial angle; NWI, notch width index;
DPPTA, difference between LPPTA and MPPTA.
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database by the automated software. The measurements
resulted in reproducible and consistent parameters for
each participant with an associated margin of error of
\2 mm and \1�.1,26

The medial condylar width, lateral condylar width, inter-
condylar notch width, notch width index (NWI), lateral con-
dylar flexion circle radius (LCFCR), lateral condylar
extension circle radius (LCECR), lateral femoral condylar
index (LFCI), medial posterior plateau tibial angle
(MPPTA), lateral posterior plateau tibial angle (LPPTA),
and difference between LPPTA and MPPTA (DPPTA)
were assessed for each knee. The values were then profiled
relative to the database within a margin of error \2 mm
and 1�.1,26 Medial and lateral condylar widths were mea-
sured on the widest part of the distal femur. The width of
the intercondylar notch was measured at the level of the
axial slice where both condyles showed their largest width.
NWI was defined as the ratio between the width of the
intercondylar notch and the width of the distal femur. The
LCFCR and LCECR were determined by the flexion and
extension curvature of the lateral femoral condyle approxi-
mated by 2 circles. Radii of these circles were then mea-
sured. To estimate the sphericity of the lateral femoral
condyle, the LFCI was then determined. The LFCI was cal-
culated according to the method described by Hodel et al,13

dividing the radius of the flexion circumference by the
radius of the extension circumference (Figure 1).

The proximal tibial plane was calibrated by marking
.35 points on the medial and lateral tibial compartments.
The mechanical axis of the tibia was defined as the line
connecting the center of the tibial spine and the center of

the ankle joint. The MPPTA and LPPTA were measured
as the angles subtended between the medial and lateral
tibial plateaus, respectively, and the mechanical axis of
the tibia in the sagittal plane (Figure 2).

To perform this study, we explored an anonymized data-
base after obtaining local ethical committee approval of the
research protocol (Aix-Marseille University, No. 2019-127).

Thresholds for ‘‘Abnormal’’ Morphometric Parameters

A literature search was performed on Medline. A prelimi-
nary screening of the articles was based on title and
abstract analysis. A second screening was based on
a full-text review. Cadaveric studies were excluded from
the analysis. For relevant studies, the associations
between ACL injury and femoral or tibial bony morpholog-
ical factors were investigated. Established anatomic
thresholds were searched in the ACL injury group. Values
that were considered as ‘‘at risk’’ were intercondylar notch
width \20.2 mm,17,38 NWI \0.292,15,17,33,38 LFCI \0.67,13

MPPTA \83.6�,11 and LPPTA \81.6�4,10,11,13 (Table 3).
According to these thresholds, we aimed to define the per-
centage of healthy participants who could be considered to
be at a higher risk of ACL injury.

Some bony factors have not been evaluated by CT scan–
based modeling, such as the lateral femoral condylar
ratio,24 the notch shape,7 and the bony morphology of the
femoral lateral condyle.8

Statistical Analysis

Mean values and standard deviations were determined for
each of the measured anatomic parameters. Normal
(Gaussian) distributions were defined. Univariate analysis
was performed using t tests to estimate differences
between groups. Multiple linear regression models were
developed to establish the determinants for each of the var-
iables. For each model, variables with a P value \.1 were
kept in the final model.

Sample size was calculated based on the estimated inter-
condylar notch width (notch width = 21.65 6 2.70 mm38).
For a required level of statistical significance of a = .05
and a power of 1 2 b = 0.9, 50 lower limb pairs would be
required in each group or subgroup to detect .2-mm differ-
ence between groups and subgroups. A trained statistician
(M.O.) performed statistical analysis using SPSS software
(Version 22; SPSS Inc). All calculations were based on 2-
tailed tests.

RESULTS

Mean values, dispersion, and range of morphometric
parameters are reported in Table 2. Regarding the previ-
ously published thresholds (Figure 3), 25% of the healthy
population had an intercondylar notch width \20.2 mm,
25% had NWI \0.292, 62% had LFCI \0.67, 54% had
MPPTA \83.6�, and 15%-49% had LPPTA \81.6�-85.0�
and therefore met the definition of being considered at
risk for ACL injury (Table 3). Only 14.4% of participants

Figure 1. The lateral femoral condyle index corresponds to
the diameter of the flexion circle divided by the diameter of
the extension circle, allowing an estimate of the sphericity
of the lateral femoral condyle.
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exhibited no ACL bony risk factors, whereas 84.5% had
between 2 and 4 bony risk factors and 1.1% had all bony
risk factors in this healthy population (Figure 4).

Regarding sex subgroups, significant differences
between men and women were found for medial (absolute
difference [AD] = 2.8 6 0.17 mm; P \ .0001) and lateral

TABLE 3
Comparison of Femoral and Tibial Risk Factors With the Published Data Setsa

Bony Risk Factors Analyzed

Lead Author

(Year)

Imaging

Technique Sample Size Population

Mean

Intercondylar

Notch

Width

Mean

NWI

Mean

LFCI

Mean

MPPTA

Mean

LPPTA Our Results

% of Participants

at Risk in Our

Population Based on

This Threshold

Zhang38 (2019) MRI N = 240

Injury, n = 120

ACL injury 20.2 mm 0.292 NA NA NA Intercondylar

notch = 22.0 mm;

NWI = 0.305

Intercondylar notch:

25% \20.2 mm;

NWI: 25% \0.292

Ireland17 (2001) Radiographs N = 294

Injury, n = 108

ACL injury 18.9 mm 0.23 NA NA NA Intercondylar

notch = 22.0 mm;

NWI = 0.305

Intercondylar notch:

12% \18.9 mm;

NWI: 0.0% \0.23

Hoteya15 (2011) Radiographs N = 75

Bilateral injury,

n = 25

Bilateral

ACL injury

NA 0.257 NA NA NA NWI = 0.305 NWI: 0.5% \0.257

Souryal33 (1988) Radiographs N = 1120

Bilateral injury,

n = 45

Bilateral

ACL injury

NA 0.196 NA NA NA NWI = 0.305 NWI: 0.0% \0.196

Hodel13 (2019) MRI N = 60

Injury, n = 20

ACL injury NA NS 0.67 NS 85.0� LFCI = 0.65;

LPPTA = 84.7�
LFCI: 62% \0.67;

LPPTA: 49% \85.0�
Hashemi11

(2010)

MRI N = 104

Injury, n = 49

ACL injury NA NA NA 83.6� 82.1� MPPTA = 83.3�;
LPPTA = 84.7�

MPPTA: 54% \83.6�;
LPPTA: 19% \82.1�

Grassi10 (2019) MRI N = 86

Injury, n = 43

Failed ACL

reconstruction

NA NS NA NA 82.6� (optimal

cutoff value)

LPPTA = 84.7� LPPTA: 23% \82.6�

Christensen4 (2015) MRI N = 70

Injury, n = 35

Failed ACL

reconstruction

NA NA NA NA 81.6� LPPTA = 84.7� LPPTA: 15% \81.6�

Stijak34 (2008) MRI N = 66

Injury, n = 33

ACL injury NA NA NA NS 82.5� LPPTA = 84.7� LPPTA: 23% \82.5�

aACL, anterior cruciate ligament; LFCI, lateral femoral condylar index; LPPTA, lateral posterior plateau tibial angle; MPPTA, medial posterior plateau tibial

angle; MRI, magnetic resonance imaging; NA, not assessed; NS, not significant; NWI, notch width index.

Figure 2. The lateral and medial proximal tibial planes are calibrated by marking .35 points on both compartments. The mechan-
ical axis of the tibia is defined as the line connecting the center of the tibial spine and the center of the ankle joint. The medial
posterior plateau tibial angle and lateral posterior plateau tibial angle were measured as the angles subtended between the medial
and lateral tibial plateau, respectively, and the mechanical axis of the tibia in the sagittal plane.
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(AD = 3.1 6 0.16 mm; P \ .0001) condylar width, intercon-
dylar notch width (AD = 2.4 6 0.24 mm; P \ .0001),
LCFCR (AD = 2.3 6 0.13 mm; P \ .0001), LCECR (AD =
2.9 6 0.30 mm; P \ .0001), LFCI (AD = 0.03 6 0.01; P =
.034), LPPTA (AD = 1.23 6 0.32�; P \ .0001), and DPPTA
(AD = 0.56 6 0.26; P = .031) (Table 4). For the previously
published thresholds, 4.7% of men versus 20.4% of women
had an intercondylar notch width \20.2 mm, 12% of men
versus 13.1% of women had NWI \0.292, 25.1% of men
versus 37.2% of women had LFCI \0.67, 23.6% of men ver-
sus 27.8% of women had MPPTA \83.6�, and 20% of men
versus 4.7% of women had LPPTA \81.6�.

Regarding ethnicity subgroups, significant differences
could be identified between White and Asian participants
for lateral condylar width (AD = 0.74 6 0.23 mm;
P = .001), intercondylar notch width (AD = 1.50 6

0.26 mm; P \ .0001), NWI (AD = 0.006 6 0.002; P = .015),

LCECR (AD = 1.13 6 0.34 mm; P = .001), LFCI (AD = 0.03
6 0.02; P = .036), and MPPTA (AD = 2.63� 6 0.35�; P \
.01) (Table 5). For the previously published thresholds,
9.4% of White versus 15.7% of Asians had an intercondylar
notch width\20.2 mm, 8.9% of White versus 16.2% of Asians
had NWI\0.292, 33.5% of White versus 28.8% of Asians had
LFCI \0.67, 17.3% of White versus 34% of Asians had
MPPTA \83.6�, and 6.3% of White versus 8.9% of Asians
had LPPTA \81.6�.

The multivariate regression analysis, including only the
previously identified anatomic variables and controlling
for confounding variables, confirmed the statistically sig-
nificant relationship between sex and the medial and lat-
eral condylar width (P \ .0001), the intercondylar notch
width (P \ .0001), and the LCFCR and LCECR (P \
.0001). LPPTA, NWI, and LFCI were not significant, inde-
pendent predictors according to sex (Table 6).

Figure 4. Number of anterior cruciate ligament (ACL) bony
risk factors (RFs) per participant. Only 14.4% of the healthy
population had no ACL bony risk factor according to the pub-
lished thresholds; the threshold value of 81.6� was retained
for the lateral posterior plateau tibial angle.

Figure 3. Distribution of bony risk factors for anterior cruci-
ate ligament (ACL) injuries in a healthy population. INW, inter-
condylar notch width; LFCI, lateral femoral condylar index;
LPPTA, lateral posterior plateau tibial angle; MPPTA, medial
posterior plateau tibial angle; NWI, notch width index.

TABLE 4
Univariate Analysis Estimating Mean Distal Femoral Values and Absolute

Differences Between Male and Female Participantsa

Men (n = 184) Women (n = 198) Absolute Difference P Value

Intercondylar notch width, mm 23.2 6 2.5 20.8 6 2.2 2.4 6 0.24 \.0001
Medial condyle width, mm 26.5 6 1.7 23.7 6 1.6 2.8 6 0.17 \.0001
Lateral condyle width, mm 25.6 6 1.7 22.5 6 1.5 3.1 6 0.16 \.0001
NWI 0.304 6 0.019 0.305 6 0.024 0.001 6 0.002 .509
LCFCR, mm 21.5 6 1.5 19.2 6 1.2 2.3 6 0.13 \.0001
LCECR, mm 32.6 6 3.1 29.7 6 3.0 2.9 6 0.30 \.0001
LFCI 0.66 6 0.15 0.65 6 0.15 0.03 6 0.01 .034
MPPTA, deg 83.6 6 3.5 83.1 6 3.7 0.48 6 0.37 .193
LPPTA, deg 84.1 6 3.5 85.3 6 2.9 1.23 6 0.32 \.0001
DPPTA 3.20 6 2.48 3.76 6 2.66 0.56 6 0.26 .031

aValues are expressed as mean 6 SD. LCECR, lateral condylar extension circle radius; LCFCR, lateral condylar flexion circle radius;
LFCI, lateral femoral condylar index; LPPTA, lateral posterior plateau tibial angle; MPPTA, medial posterior plateau tibial angle; NWI,
notch width index; DPPTA, difference between LPPTA and MPPTA.
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Ethnicity was associated with significant differences
between White and Asian participants for all parameters
except for LPPTA and DPPTA in multivariate testing
(Table 6). A significant correlation was found between fem-
oral condylar width, AD, and BMI (respectively, P = .018
and P = .001). A weak relationship could be identified
between medial and lateral condylar width and LCFCR
with age (respectively, P = .001, P \ .0001, and P = .006)
(Table 6).

DISCUSSION

The main finding of this study is the high proportion of
healthy participants who should be considered at risk of
ACL injury according to the previously published femoral
and tibial anatomic morphological values. Substantial var-
iations of these parameters were found according to sex
(intercondylar notch width) and ethnicity (intercondylar
notch width, LFCI, MPPTA).

Reported values for bony risk factors vary from one
study to another, making it difficult to provide clinical

recommendations for prevention or preventive treatments5

to reduce the risk of ACL injuries. In the present study,
a high rate of healthy participants showed abnormal fem-
oral and tibial bony morphological risk factors. This raises
the question of their effective specificity and sensitivity in
identifying which participants have a higher risk of sus-
taining an ACL injury or a graft rupture after ACL
reconstruction.

A narrow notch is a recognized risk factor in patients
sustaining an ACL injury.31 Souryal et al33 showed that
the NWI was significantly smaller in patients with bilat-
eral ACL (0.196) ruptures compared with those with uni-
lateral ACL ruptures (0.225) or healthy controls (0.234).
The reported mean NWI was higher in the present study
(0.305) compared with the accepted threshold risk value
(0.196).

Hodel et al13 demonstrated an association between
a decreased LFCI and ACL injury. This ratio indicates
the normal spherical shape of the lateral condyle, which,
when reduced, can be responsible for an abnormal pivoting
mechanism. Hodel et al reported an LFCI of 0.67 in
patients with ACL rupture and 0.76 in a control group.

TABLE 5
Univariate Analysis Estimating Mean Distal Femoral Values and Absolute

Differences Between White and Asian Participantsa

White (n = 196) Asian (n = 186) Absolute Difference P Value

Intercondylar notch width, mm 22.7 6 2.7 21.2 6 2.3 1.50 6 0.26 \.0001
Medial condyle width, mm 25.1 6 2.0 24.9 6 2.4 0.23 6 0.22 .290
Lateral condyle width, mm 24.3 6 2.2 23.6 6 2.3 0.74 6 0.23 .001
NWI 0.307 6 0.278 0.302 6 0.013 0.006 6 0.002 .015
LCFCR, mm 20.4 6 1.8 20.1 6 1.8 0.31 6 0.18 .085
LCECR, mm 31.6 6 3.5 30.5 6 3.0 1.13 6 0.34 .001
LFCI 0.64 6 0.15 0.66 6 0.14 0.03 6 0.02 .036
MPPTA, deg 84.6 6 3.3 81.9 6 3.5 2.63 6 0.35 \.01
LPPTA, deg 84.8 6 3.0 84.8 6 3.3 0.07 6 0.32 .832
DPPTA 3.39 6 2.44 3.53 6 2.60 0.14 6 0.26 .593

aValues are expressed as mean 6 SD. LCECR, lateral condylar extension circle radius; LCFCR, lateral condylar flexion circle radius;
LFCI, lateral femoral condylar index; LPPTA, lateral posterior plateau tibial angle; MPPTA, medial posterior plateau tibial angle; NWI,
notch width index; DPPTA, difference between LPPTA and MPPTA.

TABLE 6
Results of Multivariate Analysis Regarding Factors That Influenced Absolute Differencesa

Confounding Factors for
Absolute Difference

Intercondylar
Notch Width

Medial Condyle
Width

Lateral
Condyle Width NWI LCFCR LCECR LFCI MPPTA LPPTA DPPTA

Sex P \ .0001 P \ .0001 P \ .0001 NS P \ .0001 P \ .0001 NS NS NS NS
Age NS P = .001

R2 = 20.001
P \ .0001
R2 = 0.01

NS P = .006
R2 = 0.004

NS NS NS NS NS

Body mass index NS P = .018
R2 = 0.11

P = .001
R2 = 0.13

NS NS NS NS NS NS NS

Ethnicity P \ .0001 P = .001 P \ .0001 NS P = .001 P \ .0001 P = .012 P = .002 NS NS

aAll P values were calculated using multiple analyses of variance. LCECR, lateral condylar extension circle radius; LCFCR, lateral con-
dylar flexion circle radius; LFCI, lateral femoral condylar index; LPPTA, lateral posterior plateau tibial angle; MPPTA, medial posterior
plateau tibial angle; NS, not significant; NWI, notch width index; DPPTA, difference between LPPTA and MPPTA.
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In our study, a lower LFCI was observed (0.65) with
a higher LCECR than the LCFCR. Conversely, Pfeiffer
et al24 reported an increased posterior femoral condylar
depth (corresponding to a less spherical femoral condyle)
in patients with ACL injury. A meta-analysis showed
that both medial and lateral slopes changes were associ-
ated with higher risk of ACL injury. Stijak et al,34 how-
ever, demonstrated an increased lateral tibial slope in
patients with ACL injuries compared with control partici-
pants without substantial differences in the medial tibial
slope. Hashemi et al11 demonstrated similar results with
a mean lateral tibial slope of 9� in the injured population.
Similarly, Grassi et al10 found that lateral posterior tibial
slope was a significant independent predictor for graft fail-
ure after ACL reconstruction. This may be because of the
increased trend toward an anterior displacement of the
tibia. More recently, some authors have shown that
patients with posterior tibial slope .10� had a higher
rate of subsequent graft tear, leading the investigators to
consider osteotomy in these cases to prevent retear.27

All of these anatomic parameters may play a role in the
pathogenesis of ACL tears; however, it should be noted
that ‘‘normal’’ differences exist according to sex and ethnic-
ity. For example, the intercondylar notch is wider in men
than in women,6,17,20,28,30 which may explain the higher
prevalence of ACL injuries in women.12,22,32 Concerning
ethnicity, it has been shown that African Americans have
larger intercondylar notch width than White partici-
pants.29 In the present study, a wider intercondylar notch
was reported in White compared with Asian participants.

In the present series, LPPTA was different between
men and women on univariate analysis (84.1 6 0.2 vs
85.3 6 2.2, respectively) in keeping with previously
reported results.11 In healthy participants, Hashemi et al
found a lateral posterior tibial slope of 5.40� in men
(LPPTA = 84.6�) and 7.03� in women (LPPTA = 82.97�).
However, multivariate regression analysis showed that
lateral posterior tibial slope was not a predictive factor
for differences according to sex. Our study identified
LFCI as a positive predictive factor for significant differen-
ces between ethnicities. Trojian and Collins35 were the first
to report different ACL tear rates in different ethnic and
racial groups; those investigators found that Asian women
had lower rates than White European American women.35

The results of the present study showed that only femoral
anatomic features and specifically LFCI were slightly dif-
ferent between White and Asian participants, but the clin-
ical effect may be small (absolute LFCI difference = 0.02).

The current study has several limitations that could
affect the reported results. First, because of the retrospec-
tive nature of the database evaluation, it was not possible
to incorporate any information regarding participants’
behaviors such as sport and activity level. Second, only
asymptomatic participants were included in this cohort,
and they may not perfectly match patients with ACL-defi-
cient knees in terms of anatomic parameters. This data-
base excluded patients who had undergone ACL
reconstruction but may have included participants who
had an asymptomatic ACL injury or who sustained an
ACL injury at a later stage. Some participants might

have had degenerative changes that may have affected
some parameters. Third, some bony factors were not eval-
uated in the present study given that the CT scan–based
modeling and analysis system did not allow inclusion of
all anatomic morphological parameters. Fourth, the
results of this study cannot be generalized to the general
population. Extreme age values were included, which are
not representative of patients who have surgery for an
ACL injury, but multivariate analysis showed that there
was no correlation between the participants’ age and the
main bony risk factors for ACL injury. Some values were
influenced by age and BMI of the participants, suggesting
the dynamic contribution of these variables, but BMI and
age did not influence the main ACL bony risk factors
(NWI, LFCI, MPPTA, and LPPTA). The lack of inclusion
of African descent participants, because of lack of data,
also does not allow us to generalize the results of this
study. This population is underrepresented in the litera-
ture,18 and it has been demonstrated that White patients
had narrower notches than African American men.29 The
threshold values defined in this study may vary according
to the ethnicity of the participants, and we did not perform
the African and Middle Easterners subgroup analysis.
Additional studies taking into account the ethnicity of
the participants will have to be carried out before any con-
clusions can be made. The method of measuring bony val-
ues in this study was not strictly comparable with those
used in the referenced studies, but there is no gold stan-
dard for such measurements. In addition, measurements
derived from CT-scans are necessarily different from those
derived from radiographs but have the advantage in this
study of being reliable and reproducible.

The present study has some notable and relevant
aspects. First, the reported values are clinically accepted
and refer to a large demographic group in the published lit-
erature, which allowed for a secondary analysis with sta-
tistical power. Second, the study was based on 3-
dimensional CT analysis, which has been shown to be
more accurate than 2-dimensional CT analysis for meas-
urements of the lateral and medial tibial slopes and inter-
condylar notch width. The improved accuracy provided by
this system allowed for improved reliability of the reported
values.

Based on these findings, a significant proportion of
healthy participants reached the thresholds considered to
be at risk of ACL injury. Only 14.4% of participants had
no ACL bony risk factor, and for some parameters, .50%
of the population exhibited values exceeding defined nor-
mal values. Indeed, it seems to be difficult to correlate
the clinical risk with bony morphological risk factors.

CONCLUSION

Precise definition of femoral and tibial anatomic risk fac-
tors for ACL injury is difficult. According to the thresholds
that are usually reported in the literature, 15% to 62% of
a healthy reference population should be considered as
being at risk for an ACL injury. This rate is probably too
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high, and the generally reported thresholds may be mis-
leading. Sensitivity and specificity analyses of large
cohorts are therefore necessary to precisely define which
participants with so-called bony abnormalities would
really be at risk of sustaining ACL injuries and experienc-
ing ACL reconstruction failures.
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