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Narrow Notch Width is a Risk Factor for Anterior
Cruciate Ligament Injury in the Pediatric Population:

A Multicenter Study

Joseph L. Yellin, M.D., Robert L. Parisien, M.D., Nakul S. Talathi, M.D., Ali S. Farooqi, B.A.,

Mininder S. Kocher, M.D., M.P.H., and Theodore J. Ganley, M.D.
Purpose: The purposes of this study were to evaluate the notch width index (NWI) as a risk factor for anterior cruciate
ligament (ACL) rupture in the pediatric and adolescent patient population via multicenter analysis and to detect any
differences in the NWI among cohorts having sustained either a unilateral or bilateral ACL rupture. Methods: A
consecutive series of patients �19 years old was enrolled from January 1999 through July 2010 at 2 academic pediatric
orthopaedic tertiary-care hospitals. Demographic and anatomic morphology data were collected for 3 cohorts: unilateral
ACL ruptures, bilateral ACL ruptures, and a control group. A single blinded reviewer determined notch width mea-
surements via T2 coronal magnetic resonance imaging sequences in a standardized manner, using a previously described
technique. Results: Of the 68 patients included for analysis, 22 sustained unilateral ACL rupture, 23 sustained bilateral
ruptures, and 23 comprised the control group. There was a statistically significant difference appreciated in direct com-
parison of the NWI in the bilateral rupture group and the control group, as well as between the unilateral rupture group
and the control group. There was no statistically significant difference between the NWI in the unilateral versus the
bilateral rupture group. Conclusion: Given the known inconsistencies in the existing literature, our findings provide
further support of a narrow NWI as a significant contributing factor to both unilateral and bilateral ACL injury risk in the
pediatric and adolescent patient population. Level of Evidence: III, retrospective cohort study.
s the incidence of anterior cruciate ligament
A(ACL) injury and subsequent reconstruction
continues to rise in children and adolescents, numerous
studies have attempted to identify independent risk
factors and prevention strategies for these significant
injuries.1,2 Previous studies have established several
“nonmodifiable” risk factors for ACL rupture in the
young athlete including female sex, generalized liga-
mentous laxity, and certain morphologic features
including increased tibial slope. Several “modifiable”
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risk factors, including neuromuscular control and pro-
prioception, have been identified as well.3-9

Although femoral notch width (NW) has been pro-
posed as a risk factor for ACL rupture in the adult
population,10 the impact of NW on ACL injury risk in
adolescents remains controversial. Some authors have
hypothesized a pathologic relationship between the
ACL and a narrow or stenosed notch because of direct
impingement of the notch on the ACL during hyper-
extension or contact between the medial aspect of the
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lateral femoral condyle and the ACL during rotational
activities such as cutting or pivoting.10-15

In 1988, Souryal and colleagues16 introduced the
concept of the notch width index (NWI) in an attempt to
account for and standardize anatomic variations in the
physical size differences of patients’ knees. The NWI is
determined as the ratio of the intercondylar notch to the
bicondylar width of the femur at the level of the popli-
teal groove. Previous studies have demonstrated an as-
sociation between a smaller NWI (narrower notch) and
an increased risk of ACL rupture in the adult popula-
tion.17-19 However, there is limited and conflicting evi-
dence in the pediatric population. In our opinion, the
degree of controversy in this particular patient popula-
tion warrants further analysis of NW morphology as a
risk factor for ACL injury in children and adolescents.
The purposes of this study were to evaluate the NWI

as a risk factor for ACL rupture in the pediatric and
adolescent patient population via multicenter analysis
and to detect any differences in the NWI among cohorts
having sustained either a unilateral or bilateral ACL
rupture. We hypothesized that a smaller NWI would
prove to be a risk factor for both unilateral and bilateral
ACL injuries as compared to uninjured controls.

Methods
This was an institutional review boardeapproved

retrospective study conducted at 2 academic pediatric
orthopaedic tertiary-care hospitals. In an attempt to
minimize confounding, a multicenter case control anal-
ysis was performed with a consecutive series of patients
enrolled from January 1999 through July 2010.
The study was designed around 3 cohorts: unilateral

ACL rupture group, bilateral ACL rupture group, and
an uninjured control group. Inclusion criteria consisted
of patients 10-18 years of age at the time of diagnosis of
a primary ACL tear (unilateral or bilateral) who un-
derwent subsequent ACL reconstruction. All patients
underwent preoperative magnetic resonance imaging
(MRI) and at least 6 months of postoperative follow-up.
All ACL re-ruptures were excluded from the study.
Controls were determined as those patients having
undergone previous MRI evaluation for knee pain
without evidence of ACL pathology or a history of ACL
rupture, fracture, or other diagnosis that may confound
measurements of NWI.

Notch Width Measurement
One reviewer, blinded to the patient’s clinical history,

determined NW measurements via coronal MRI se-
quences. Each measurement was determined on 2
separate occasions more than 24 hours apart with the
reviewer blinded to the initial measurement. The NWI
measurements were determined in a standardized
manner utilizing the technique described by Davis
et al.20 The particular coronal sequence image chosen
for measurement was the sequence in which the ACL
and posterior cruciate ligament (PCL) are identified to
cross each other closest to the mid-substance of the
ACL. Typically in an uninjured knee, this cut is
immediately anterior to the appearance of the roof of
the intercondylar notch, with the ACL visualized
longitudinally as the PCL is seen traversing posterior.
The cut immediately posterior to the chosen image
should have no visible notch roof and a more promi-
nent distal PCL, and it should be near the ACL femoral
attachment. The cut immediately anterior to the chosen
image depicts the ACL near its tibial attachment and the
PCL near its femoral attachment.
With selection of the appropriate image, the inter-

condylar NWwas measured at the midpoint of the notch
height (Fig 1A). This is identified where the ACL and
PCL would cross one another halfway between the
notch apex and the articular surface of the medial
femoral condyle. The femoral bicondylar width was then
measured at the same level as the NW (Fig 1B). The NWI
was calculated as the NW divided by the femoral
bicondylar width. For patients in the bilateral rupture
group, the NWI was only measured in the initial injured
knee to preserve the principles of independence.

Statistical Analysis
Univariate analysis was performed via c2 test for

categorical variables (e.g., sex). Analysis of variance and
subsequent 1- or 2-tailed Student’s t-rests were used for
continuous variables (i.e., age and NWI), as appro-
priate, using Stata (Version 12.1; StataCorp) after
normality of data was determined with both Shapiro-
Wilk and Kolmogorov-Smirnov tests. Additional
analysis was done after combining the unilateral and
bilateral rupture cohort into a single “ACL injury”
group with direct comparison to the control cohort.

Results
Of the 68 patients included for analysis, 22 sustained

unilateral ACL rupture, 23 sustained bilateral ruptures
and 23 comprised the control group. There was no
difference in age or sex among the groups. The patient
characteristics are represented in Table 1.
The NWI measurements calculated in all 3 cohorts

were normally distributed with an analysis of variance
calculation identifying a statistically significant differ-
ence in NWI among the 3 groups with P ¼ .015. The
intrarater reliability for NWI measurements was
strongly positive with r ¼ 0.96. In direct comparison of
the bilateral rupture group (mean 0.240 � 0.019) and
the control group (mean 0.262 � 0.029), there was a
statistically significant difference appreciated in NWI
with P ¼ .002. A statistically significant difference was
also realized in direct comparison of the unilateral
rupture (mean 0.248 � 0.026) and control groups
(0.262 � 0.029) with P ¼ .047 (Fig 2). In direct



Fig 1. (A) Intercondylar notch width measurement. Intercondylar notch width (red line) is measured on a coronal T2-weighted
magnetic resonance imaging (MRI) sequence at the mid-point of the notch height, where the anterior cruciate ligament (ACL)
and posterior cruciate ligament would cross one another halfway between the notch apex and the articular surface of the medial
femoral condyle. (B) Bicondylar width measurement. Bicondylar distal femoral width (red line) is measured on a coronal
T2-weighted MRI sequence at the same level as the notch width measurement (A) spanning from the medial cortex of the medial
femoral condyle (*) to the lateral cortex of the lateral femoral condyle.
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comparison of the unilateral rupture group to the
bilateral rupture group, there was no statistically sig-
nificant difference determined with regard to NWI.
Further subanalysis of cohorts comparing the combined

ACL rupture group (unilateral and bilateral groups) to the
control group demonstrated a statistically significant dif-
ference with a smaller NWI realized in the ACL rupture
group (mean 0.244 � 0.023) as compared to the control
group (mean 0.262� 0.029) with P¼ .003 (Fig 2). These
findings demonstrate that a smaller NWI is associated
with both unilateral and bilateral ACL ruptures.

Discussion
In this case-control multicenter analysis at 2 academic

pediatric orthopaedic hospitals, we identified a small
NWI (narrower notch) to be significantly associated with
primary ACL rupture in the pediatric and adolescent
patient population. This finding provides further support
in favor of the careful evaluation of nonmodifiable risk
factors in the pediatric patient population.
Modifiable parameters have long been investigated

with regard to ACL injury risk with robust analysis of
neuromuscular function and biomechanics.21 Decreased
neuromuscular control of the trunk, lower extremity
Table 1. Patient Characteristics

Bilateral ACL
Rupture

Unilateral ACL
Rupture

Control
Group

Total Patients 23 22 23
Male 6 10 10
Female 17 12 13
Age (mean) 15.10 14.52 14.48
NWI (mean) 0.240 0.248 0.262

ACL, anterior cruciate ligament; NWI, notch width index.
propioception, and increased dynamic valgus loads have
been shown to be risk-factors for ACL injury in female
athletes in particular.3,4 Other modifiable biomechanical
risk factors include increased knee abduction upon
landing, decreased lower extremity muscular strength
and proprioception, and an imbalance of neuromuscular
and ligament control among female athletes.22

In comparison, nonmodifiable risk factor analysis has
recently grown in the adult patient population to better
understand the complex multifactorial nature of ACL
injury. Morphologic anatomic characteristics of the knee
have specifically garnered significant investigative in-
terest, with studies evaluating both femoral and tibial
parameters.8,9,23 Such analyses have included compre-
hensive evaluation of the variation in femoral notch and
condylar morphology. In the adult population,
decreased femoral NW and NWI have been shown to
increase the risk for both primary ACL injury and sec-
ondary contralateral ACL injury.24,25 Patients with
elevated body mass index and a smaller femoral NW
have been shown to be especially vulnerable to ACL
injury.26 Other studies have found the intercondylar
notch volume to correlate with ACL volume and that
decreased intercondylar NW at both the inlet and outlet
are associated with ACL injury.27 Furthermore, a
decreased intercondylar notch angle has been reported
to be associated with ACL tears.28 Interestingly, analysis
of femoral condyle morphology and dimension has
demonstrated gender-related differences and inconsis-
tent findings. One study found that differences in medial
condyle width, lateral condyle width, and bicondylar
width were associated with ACL rupture in female pa-
tients whereas another study did not appreciate a dif-
ference in the shape or size of either condyle.29-31



Fig 2. Comparison of notch width
index (NWI) between groups. In
direct comparison between the
bilateral anterior cruciate liga-
ment (ACL) rupture group versus
the control group, the unilateral
ACL rupture group versus the
control group, and the combined
ACL rupture group (both unilat-
eral and bilateral group) versus
control group, statistically signifi-
cant differences were appreciated
in NWI measurements. *Statisti-
cally significant (P < .05).
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Similarly, morphologic analyses relating to the tibia
have included comprehensive evaluation of the vari-
ation in tibial slope, tibial eminences, subchondral
tibial bone plate, and meniscus integrity. A decrease in
the height of the tibial spine, the width of the lateral
tibial spine, and the thickness of the medial tibial
compartment articular cartilage have been identified
as having an increased risk of secondary contralateral
ACL injury in female athletes.25 An increased medial
and lateral posterior tibial slope was also found to be
associated with ACL tears in male patients specif-
ically.28,32 However, additional analyses demonstrate a
lack of association between medial tibial slope, poste-
rior tibial slope, lateral tibial slope, or tibial insertion
site length with ACL injury in either male or female
patients.30,33

Additional literature has demonstrated variable find-
ings in attempt to evaluate nonmodifiable risk factors
with particular focus on anatomic analysis of tibiofe-
moral congruity and Q-angle measurements. One study
reported no association between the Q-angle and risk of
ACL injury, whereas an additional study reported a
modest difference in the Q-angle between patients with
and without ACL injury.29,34 Furthermore, decreased
tibial plateau anteroposterior (AP) distances and a
higher ratio of the AP-flattened surface of the lateral
femoral condyle to the tibial plateau AP distance was
found to be associated with an increased risk of ACL
injury in both male and female patients.35,36 An
increased convexity of the articulating surfaces of the
proximal tibia and distal femur has also been shown to
increase the risk of ACL injury.36 However, a separate
study by Chung et al.37 found no association between
the tibiofemoral angle and risk for ACL injury.
Distinguishable from tibial slope analysis, which is
thought to increase ACL strain during flexion, a narrow
notch is thought to directly impinge upon the ACL
during hyperextension or during contact between the
medial aspect of the lateral femoral condyle and the
ACL during rotational activities such as cutting or piv-
oting,10-15 thus contributing to increased ACL tension
leading to rupture. The vast majority of studies evalu-
ating morphologic anatomic risk factors have taken
place in the adult population and largely consist of co-
horts from a single-institution. In contrast, our study is
comprised of data collected at 2 leading academic pe-
diatric hospitals with particular focus on the pediatric
and adolescent patient population. Furthermore, we
analyzed the association between NWI and ACL
rupture for patients with both unilateral and bilateral
tears as compared to controls without underlying ACL
pathology. The existing literature within this domain
has demonstrated rather inconsistent results with re-
gard to the contribution of NWI to ACL injury risk.
Domzalski et al.24 reported a significant association
between NWI and ACL injury within an age-matched
adolescent population whereas Swami et al.38 found
no association between NWI and ACL injury risk.
Therefore our evaluation of 68 pediatric patients across
2 academic pediatric hospitals is an important contri-
bution to the limited literature analyzing the association
between femoral NW and ACL injury risk.

Limitations
However, this study is not without limitation. The

retrospective design is inherently susceptibility to selec-
tion bias. However, the enrollment of consecutive pa-
tients across 2 academic pediatric hospitalswas conducted



NOTCH WIDTH IS A RISK FACTOR FOR ACL INJURY e827
in attempt tomitigate the impact of any selection bias that
may be present. Additionally, although the measure-
ments of NWI demonstrated excellent intrarater reli-
ability, an additional blinded reviewer would afford the
opportunity to determine interrater reliability.
Although there was a statistically significant differ-

ence in NWI determined between the ACL injury
groups and the uninjured control group, further studies
may prove useful in exploring the determination of a
specific NWI threshold value that may help guide injury
risk prevention protocols in the pediatric and adoles-
cent athlete. Future analyses may seek to investigate
sex-specific differences with regard to an identified
NWI threshold to further enhance targetted injury
prevention programs.

Conclusion
Given the known inconsistencies in the existing

literature, our findings provide further support of a
narrow NWI as a significant contributing factor to both
unilateral and bilateral ACL injury risk in the pediatric
and adolescent population.
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