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Abstract

Background: Knee joint geometry has been associated with risk of suffering an anterior cruciate
ligament (ACL) injury; however, few studies have utilized multivariate analysis to investigate how
different aspects of knee joint geometry combine to influence ACL injury risk.

Hypotheses: Combinations of knee geometry measurements are more highly associated with the
risk of suffering a noncontact ACL injury than individual measurements, and the most predictive
combinations of measurements are different for males and females.

Study Design: Case-control study; Level of evidence, 3.

Methods: A total of 88 first-time, noncontact, grade 111 ACL-injured subjects and 88 uninjured
matched-control subjects were recruited, and magnetic resonance imaging data were acquired. The
geometry of the tibial plateau subchondral bone, articular cartilage, and meniscus; geometry of the
tibial spines; and size of the femoral intercondylar notch and ACL were measured. Multivariate
conditional logistic regression was used to develop risk models for ACL injury in females and
males separately.

Results: For females, the best fitting model included width of the femoral notch at its anterior
outlet and the posterior-inferior— directed slope of the lateral compartment articular cartilage
surface, where a millimeter decrease in notch width and a degree increase in slope were
independently associated with a 50% and 32% increase in risk of ACL injury, respectively. For
males, a model that included ACL volume and the lateral compartment posterior meniscus to
subchondral bone wedge angle was most highly associated with risk of ACL injury, where a 0.1
cm? decrease in ACL volume (approximately 8% of the mean value) and a degree decrease in
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meniscus wedge angle were independently associated with a 43% and 23% increase in risk,
correspondingly.

Conclusion: Combinations of knee joint geometry measurements provided more information
about the risk of noncontact ACL injury than individual measures, and the aspects of geometry
that best explained the relationship between knee geometry and the risk of injury were different
between males and females. Consequently, a female with both a decreased femoral notch width
and an increased posterior-inferior—directed lateral compartment tibial articular cartilage slope
combined or a male with a decreased ACL volume and decreased lateral compartment posterior
meniscus angle were most at risk for sustaining an ACL injury.
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Anterior cruciate ligament (ACL) tears are often debilitating and can lead to osteoarthritis,
regardless of surgical or nonsurgical treatment.1019 This has served as the motivation for
current research that has focused on determining intrinsic and extrinsic risk factors
associated with an ACL injury to identify those at an increased risk. Understanding potential
risk factors could aid in the development of intervention strategies that can be targeted at
these individuals.2930

Different characteristics of knee geometry have been identified as risk factors for ACL
injury; however, it is important to appreciate that dissimilarities in knee geometry exist
between males and females. In comparison with males, females have been shown to have an
increased posterior-inferior—directed slope of the tibial plateau subchondral bonel4 and a
decreased medial tibial plateau depth of concavity,14 femoral intercondylar notch size,
femoral condyle size,823:39 and ACL size.1® These differences often persist after controlling
for subject body weight or height. This is a concern because when data from males and
females are combined to study risk factors associated with ACL injury, sex-based differences
may obscure the effects of sex-dependent risk factors. Risk factors that have similar effects
in males and females may not be detected in analyses of combined data if low values for
females correspond to high values for males or vice versa. Conversely, variables that differ
greatly between males and females may falsely appear to have an effect on both sexes. This
suggests that assessments of knee geometry as risk factors for injury should be completed
separately for men and women.

Indeed, recent research has found different relationships between geometric measurements
of the knee and risk of suffering an ACL injury between males and females.3:16:37.40 For
example, the posterior-inferior— directed slopes of the subchondral bone and articular
cartilage surface of the tibial plateau lateral compartment have been found to be greater in
female ACL-injured subjects compared with noninjured control subjects, while no
differences were found between male ACL-injured and noninjured control subjects.3:16:35.37
One study found that the lateral femoral condyle radius of curvature, the tibial plateau radius
of curvature, and the tibial plateau anteroposterior length were each smaller in male ACL-
injured subjects compared with uninjured control subjects while no differences were found
between injured and uninjured females.*0 These differing associations underscore the
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importance of considering each sex separately while investigating risk factors for ACL
injury. Further, these studies did not assess the independence of these risk factors or the risks
associated with combinations of these risk factors.

Two studies have used multivariate analyses to investigate how different geometric measures
of the knee act in combination to influence the risk of sustaining an ACL injury.27:31 Simon
et al?’ investigated a combination of measurements including the medial and lateral tibial
plateau subchondral bone slopes, femoral intercondylar notch width at its posterior inlet and
anterior outlet, and the volume of the ACL. Using combined data from males and females,
they found that the width of the anterior outlet of the femoral notch was the most predictive
risk factor and that prediction was not substantially improved when the volume of the ACL
and the slope of the lateral tibial plateau were included in the risk model. Likewise,
Sonnery-Cottet et al3! used pooled data from males and females to study the combined
effects of tibial plateau medial compartment subchondral bone slope and femoral notch
width index (the notch width normalized by the overall bicondylar width of the femur) and
found that they were both associated with the risk of suffering an ACL injury independent of
each other. Thus, the combined associations provided a better fit than either measure alone
and explained more of the risk associated with injury. These multivariate studies support the
importance of investigating the combined associations between geometric measures of the
knee and ACL injury risk. However, the inclusion of additional anatomic measurements to
conduct a comprehensive assessment and analysis of risk factors for males and females
separately could provide a more complete understanding.

Study design and methodologies have differed considerably between the investigations of
knee structure and its association with risk of suffering an ACL injury, and this may explain,
at least in part, the conflicting reports. Much of what is known regarding the relationship
between knee morphometric measures and the risk of suffering an ACL injury comes from
studies that suffer from confounding factors. Oftentimes investigations fail to match healthy
control subjects to ACL-injured subjects. For example, control data have come from subjects
that have a symptomatic kneel4:33:37 produced by a condition other than an ACL injury, and
it is unknown how this may affect the geometry of the knee. In some studies, data of ACL-
injured subjects are collected from their injured knee, and inherent to this approach is the
assumption that the ACL injury does not modify knee geometry.14:33:37 Studies often lack
data to support this assumption.

The objective of this investigation was to build on our prior studies that examined the
univariate effects of a wide selection of measurements of anatomic structures of knee
geometry on the risk of suffering a noncontact ACL injury.2:34:3542 \We report the results of
analyses that combined these measurements to develop comprehensive multivariate risk
models for predicting noncontact ACL injury. Separate models were developed for females
and males because they differed significantly in some measurements and because our prior
univariate analyses indicated that risk factors for ACL injury were different between females
and males.2:34:3542 The hypotheses of this study were that there are combinations of knee
geometry measurements that have significantly greater associations with the risk of suffering
a noncontact ACL injury than individual measurements and that the most predictive risk
models are different for males and females.
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METHODS

This investigation was based on additional investigation of magnetic resonance imaging
(MRI) data collected as a subset of an institutional review board—-approved prospective
cohort study with a nested matched case-control analysis, 1328 where all subjects provided
written consent before participation. Grade I11, noncontact ACL injuries (occurring without
direct force to the knee) were identified as they occurred in local high school and college-
level athletics. The control subjects were selected from the same sports team that the case
subjects participated on and were the same sex and were exposed to the same type of
activity. ACL injuries were diagnosed by an orthopaedic surgeon and confirmed via MRI
and arthroscopic visualization at the time of surgery. Imaging was completed on both knees
of 88 ACL-injured (27 male, 61 female) and 88 control (27 male, 61 female) subjects using
a Phillips Acheiva 3T MRI system (Phillips Medical Systems) while they were positioned
supine with their knees in extension inside an 8-channel SENSE knee coil. Sagittal-plane 3-
dimensional T1-weighted fast-field echo (FFE) scans (resolution: 0.3 x 0.3 mm, slice
thickness 1.2 mm) and sagittal-plane 3-dimensional proton density weighted scans
(resolution: 0.4 x 0.4 mm, slice thickness: 0.7 mm) were obtained. The same MRI system,
technique to position and support the subject’s legs, and approach to locate the planes in
which the MRI data were acquired was used for all subjects. For ACL-injured subjects,
MRIs were obtained after injury but before surgery to avoid image artifact that may have
been produced by the presence of ACL graft fixation hardware. The demographic
information of study participants, including time between the injury date and MRI scan, was
presented in our previous publication.?

Our prior studies that focused on the relationship between geometric characteristics of knee
and the risk of suffering a noncontact ACL injury in this cohort were based on investigation
of 32 different MRI measurements.2:34:3542 All measurements were made from the MRI
data by a single examiner, a basic scientist, who performed manual segmentation with a
digitizing tablet (Wacom Technology Corp) using readily available DICOM viewer software
(Pixmeo, version 5.5.1, www.osirix-viewer.com). The methods used to make the
measurements described in this work were 3-dimensional and obtained in a standardized and
reproducible manner, using bony/soft tissue landmarks and boundaries to outline and
segment the variables of interest. Reliability was assessed with the use of variance
component analysis to establish variability between subjects, between examiners, and within
examiners and calculate intraclass correlation coefficients (ICCs) for both inter- and
intraobserver reliability. Our prior work established that all measurements displayed good
intraobserver reliability and slightly lower interobserver reliability, which was acceptable
due to each measurement being made by a single examiner.2:34:3542 Three-dimensional
measurements of the knee were made in reference to a 3-dimensional coordinate system that
was located in bone to account for variable knee positioning in the MRI scanner system, and
we established that this could be done in a reproducible manner. Digitized data were
exported and postprocessed using custom written MATLAB programs. Details of how these
measurements were made and the reliability associated with each measurement have been
presented for geometries of the femoral intercondylar notch,*2 ACL,#? tibial spines,3* the
tibial plateau subchondral bone,? and the articular cartilage and meniscus surfaces.3®
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Statistical Methods

ACL injury can produce changes in the geometry of the tibiofemoral joint, including
changes to the subchondral bone, cartilage surface, and menisci.338 The measurements of
the femoral notch geometry were based on the location of the ACL, and measurements of
the ACL size relied on the ACL being intact. Consequently, the uninjured knee of the ACL-
injured subject and corresponding left or right knee of the control subjects were used to
assess associations between knee geometry and ACL injury risk. The use of the uninjured
knee of ACL-injured subjects as a surrogate for the geometry of the knee before injury was
validated by prior work that demonstrated side-to-side symmetry of all measurements
between the uninjured knees of control subjects who had no history of knee injury.2:34.35.42

Stepwise multivariate conditional logistic regression was used to identify the combinations
of geometric measurements of the knee that were most highly associated with the risk of
suffering an ACL injury for males and females as separate groups as well as combined. Our
prior reports focused on analyses performed within sets of related measures to determine
their independent associations with ACL injury risk.2343542 Univariate analyses were
conducted to identify which variables were strongly related to risk, the results of which are
provided in Appendix Tables A1, A2, and A3 (available online at http://ajsm.sagepub.com/
supplemental). To avoid including correlated measures that influenced that same risk of
injury, multivariate analyses were conducted among similar anatomic measures to identify
the variables that were independently associated with ACL injury risk. Those variables
found to display the greatest independent association with risk of ACL injury in prior
analyses were considered for inclusion in the multivariate models. These variables included
measurements of femoral intercondylar notch width at the anterior “*outlet,”” the femoral
intercondylar notch anteromedial ridge thickness, the volume of the ACL, tibial plateau
lateral compartment subchondral bone slope, lateral compartment middle articular cartilage
slope, lateral compartment meniscus-cartilage height, lateral compartment meniscus-bone
angle, and the medial tibial spine volume. The summary statistics of the geometric
measurements, which originated from their prior separate analyses, are provided in the
Appendix as Table A4 (available online).2:34:3542 The variables in each set that had
significant independent associations were then analyzed together using a forward stepwise
selection procedure in which the variable with the most highly significant univariate
association with ACL injury risk was entered into the model first. Variables were entered or
removed from the model based on the significance of their associations with risk after
adjustment for the variables already in the model. Only variables with £ <.05 were retained
in the final model, which provided the best fit to the data using the fewest variables. All
analyses were performed using SAS version 9.2 statistical software (SAS Institute Inc).

Subject body weight (measured with a calibrated scale) and rotational position of the
superior-inferior—directed axes of the tibia relative to the femur during data acquisition with
MRI (established by measuring the angle of rotation between the medial-lateral directed
axes of the tibial coordinate system relative to the femoral coordinate system) have been
found to be significant covariates in earlier univariate analyses assessing the relationship
between knee structure and the risk of suffering an ACL injury.2 To investigate and control
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for the effects of these potential confounders, they were added to the final models obtained
from the stepwise procedure described previously.

For females, the multivariate model that included the femoral notch width at the anterior
outlet (NW_O; OR = 0.667 per mm increase, or inversely OR = 1.5 per mm decrease; P=.
004) in combination with the lateral compartment middle cartilage slope (L4Ti,MCS; OR =
1.324 per degree increase; £=.0004) was most highly associated with risk of ACL injury
(Table 1 and Figure 1). Thus, each millimeter decrease in the width of the femoral
intercondylar notch at its anterior outlet and each degree increase in posterior-inferior—
directed slope of the middle region of the articular cartilage surface in the lateral
compartment of the tibia were associated with 50% and 32% increases in the risk of ACL
injury, respectively.

For males, the multivariate model combining variables most predictive of injury included the
volume of the ACL (ACL_VOL; OR = 0.697 per 0.1 cm?3 increase, or inversely OR = 1.43
per 0.1 cm3 decrease; 2= .013) and the lateral compartment meniscus-bone angle
(LaTipMBA; OR = 0.811 per degree increase, or inversely OR = 1.23 per degree decrease; P
=.038) (Table 2 and Figure 2). Every 0.1 cm? decrease in ACL volume and each degree
decrease in the wedge angle of the posterior aspect of the lateral meniscus was associated
with 43% and 23% increases in risk of suffering an ACL injury, correspondingly.

When males and females were analyzed as a combined group, the lateral compartment
middle cartilage slope, L. TipiaMCS (OR = 1.216 per degree increase; £=.001), combined
with the lateral compartment meniscus-cartilage height, L;TiniaMCH (OR = 0.44 per mm
increase; P=.019), and the notch width at the anterior outlet, NW_O (OR = 0.688 per mm
increase; P=.0004), were jointly associated with risk of suffering an ACL injury (Table 3).
Similar relationships were found when this model was applied to the females as a separate
group, but the odds ratio for L4Ti,iaMCH was not statistically significant (OR = 0.37; P=.
057). When the combined sex model was applied to the males as a group, only the notch
width at the anterior outlet, NW_O, displayed a similar association with risk of ACL injury
(OR =0.727 per mm increase; P=.036).

The variables in the risk models for males and females as separate and combined groups
retained the same relationships with ACL injury risk after inclusion of subject body weight
and the rotational position of the superior-inferior—directed axis of the tibia relative to the
femur during MRI data acquisition as covariates. This finding indicated that each
measurement was independently associated with the risk of sustaining an ACL injury and
not influenced by variations in body weight or rotational position of the tibia relative to the
femur during acquisition of MRI data. Additionally, these covariates were not found to be
significantly associated with the risk of suffering an ACL injury when included in the
multivariate models.
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DISCUSSION

The findings from this comprehensive multivariate analyses lead us to confirm our
hypothesis that combinations of knee geometry measurements are more highly associated
with risk of suffering a noncontact ACL injury than individual measurements. These
findings also demonstrate that the MRI-based risk models for males and females involve
different anatomic structures, supporting the hypothesis that the anatomic features of the
knee that are most associated with risk of sustaining an ACL injury differ between males and
females. For females, a smaller femoral intercondylar notch width combined with an
increased posterior-inferior—directed slope of the tibial lateral compartment articular
cartilage surface conferred the greatest risk (OR = 1.5 and 1.32 per mm decrease and degree
increase, respectively). Thus, a female athlete who differs by both these amounts from the
mean values for her peers on both variables has double the risk of sustaining an ACL injury
(1.50 x 1.32 = 1.98). For males, the combined effects of smaller ACL volume and smaller
wedge angle of the lateral posterior meniscal horn measured relative to bone were most
highly associated with risk of suffering ACL injury (OR = 1.43 and 1.23 per 0.1 cm? and
1.0° decrease, respectively). Consequently, a male athlete who has these decreased amounts
of both ACL volume and wedge angle of the posterior meniscal horn relative to the mean
values of his peers has about 1.76 times the risk of suffering an ACL injury (OR = 1.43 x
1.23 = 1.76).

The different anatomic structures associated with ACL injury risk suggest that the
mechanisms for an ACL injury may be different between the sexes. This indicates that
different screening methods for identifying those at increased risk for suffering an ACL
injury may need to be developed for males and females. Recent work has found current
screening protocols are not cost-effective at identifying individuals at high risk for ACL
injury so intervention programs can be targeted at them to reduce the incidence of ACL
injury.36 Development of sex-specific screening methods could increase the sensitivity and
specificity of such tools and allow for a more efficient expenditure of resources on injury
prevention strategies. Currently, the cost and time involved with acquisition of MRI of the
knee and measurement of geometric characteristics associated with increased risk of ACL
injury make it impractical to use as a large-scale screening tool. However, it is anticipated
that the expenses associated with MRI acquisition will decrease over time and new imaging
techniques will be developed that are cost-effective to use as screening tools.
Correspondingly, automated methods for quantifying these measurements should be
developed for application in clinical settings. Alternatively, it may be that certain aspects of
knee geometry that are associated with increased risk of ACL injury are also related to other
measurements that can easily be made in a clinical setting, such as laxity and stiffness of the
knee joint. This should be the focus of future research. Although knee anatomy is a
nonmodifiable risk factor, those at increased risk could benefit from intervention programs
that focus on modifiable factors, such as landing biomechanics, neuromuscular training,
balance training, and improvements in playing surfaces and footwear.

The differing risk models also provide new insight into how the mechanism of ACL injury
may differ between the sexes. Females have been observed to suffer noncontact ACL
injuries with their knee flexed between approximately 15° and 27°.17 In this range of knee
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flexion, the center of the tibiofemoral contact region in the lateral compartment is located in
the center of the cartilage surface in the mediolateral direction,8 which is also the location
of the cartilage slope measurement. Additionally, although mechanisms of axial tibial
compression combined with knee valgus loading and internal tibial rotation have been
reported to produce high tensile strains and ACL rupture,2124 ACL impingement against the
femoral intercondylar notch has been reported to occur during common noncontact injury
mechanisms such as those that involve external rotation and abduction of the tibia relative to
the femur with the knee in a flexed position (30° of flexion and beyond).12:25 The stronger
relationship between the femoral intercondylar notch size and the risk of suffering an ACL
injury in females may be further indicative of this specific mechanism. Consistent with
previous reports,1:6 female participants in the current study displayed a weaker correlation,
compared with male participants, between the size of the ACL and the size of the
intercondylar notch in which it resides. Such findings, along with inherently greater passive
knee internal-external rotation of the tibia relative to the femur in females?®> may further
support the potential for ACL impingement as an injury mechanism. As previously theorized
by Simon et al,?7 an increased posterior-inferior-directed slope of the middle articular
region of the lateral tibial plateau could correlate with an increased internal tibial torque
about its long axis and a decreased femoral intercondylar notch width could act to increase
the magnitude of impingement between the notch and ACL. It may be that ACL injuries in
females more commonly occur as a result of multidirectional loading of the ligament.

Noncontact ACL injuries in male subjects tend to occur with the knee closer to full
extension, from 9° to 19° of flexion.1” The menisci have been shown to transmit loads when
the knee is near full extension, particularly when transitioning from nonweightbearing to
weightbearing conditions.# A common mechanism for ACL injury involves transition of the
knee from unloaded to loaded conditions, which occurs when landing from a jump or during
plant and cut maneuvers.#26 With the ACL-injured knee closer to full extension in males
combined with the observation that both compartments of the tibia experience contact stress,
it is fitting that measurements of the lateral compartment meniscus are associated with the
risk of suffering an ACL injury in males. Although few studies have investigated the
relationship between geometry of the meniscus and the biomechanical function of the knee
and ACL, when the knee is subjected to anterior-posterior loading, both tibial displacement
and ACL strain reportedly increase after meniscectomy.32 In addition, the primary function
of the meniscus is to distribute and transmit the intersegmental compressive loads between
the tibia and femur.22 When transmitting a compression force from the femur to the tibia, the
geometry of the posterior aspect of the menisci could influence the magnitude of the
anterior-directed shear force that acts on the tibia. A decrease in the lateral compartment
posterior meniscus wedge angle may be associated with a decrease in the resistance to
anterior-directed shear force that acts on the tibia and a corresponding increase in anterior
translation of the tibia relative to the femur. In addition, peak ACL force and strain values
occur with the knee closer to extension.1120 Since the ACL volume is associated with its
structural properties,1® it was expected to be more highly associated with the risk of
suffering an ACL injury in males. It may be that injury to the ACL in males occurs more
commonly as a result of unidirectional tensile loading to failure.
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Two studies have investigated the combined effect that multiple structures of the knee have
on the risk of suffering an ACL injury. Simon et al?” identified the width of the femoral
intercondylar notch at its anterior outlet as most predictive of ACL injury risk and the
volume of the ACL and the slope of the lateral tibial plateau subchondral bone did not
improve prediction of injury when added to their multivariate discriminant analysis. Our
current study confirms a portion of these findings. While the femoral notch width is a similar
finding for female subjects, the posterior-directed slope of lateral compartment articular
cartilage surface, rather than the subchondral bone surface, combined to better predict the
risk of noncontact ACL injury in female subjects. Sonnery-Cottet et al3! investigated the size
of the femoral notch and the posterior-inferior—directed slope of the tibial plateau sub-
chondral bone in an analysis of combined data from male and female subjects using
multivariate logistic regression. The control data were obtained from subjects with a
symptomatic knee produced by a condition other than an ACL injury, and it is unknown how
this may have affected the geometry of the knee. Our current study supports these findings in
part and only for females, with the tibial plateau slope of the lateral compartment articular
cartilage surface, rather than the slope of the medial compartment underlying subchondral
bone, and the notch width providing the most information on the risk of ACL injury. The use
of sex-specific versus combined male and female analysis, along with investigation of the
articular surface geometry in addition to that of the subchondral bone, could explain the
contrasting outcomes between the studies. Aside from the addition of the lateral
compartment posterior meniscus height, our combined male and female model was similar
to the separate model for females, which included the femoral notch width at the anterior
outlet and lateral compartment articular cartilage slope. This could be attributed to females
making up two-thirds of our combined population. The combined model provided a poor fit
to the data from just the males, further demonstrating that separate models for predicting
ACL injury risk are needed for males and females.

The advance made by our study was its comprehensive analysis of the structures that make
up the overall geometry of the knee. Our previous reports focused on the investigation of
anatomic risk factors for ACL injury to replicate or build on what was known in the
literature,242 introduced new measurements of knee geometry, and established how they
were related to the risk of suffering noncontact ACL injury.3:34:3% Univariate and
multivariate analyses were conducted within related measurements of knee joint geometry to
strengthen the understanding of the risk association with each measurement. The current
report investigated the group of measurements of knee geometry that were each strongly
associated with risk and included them in multivariate analyses to establish the specific
combination of measurements that had the strongest association with risk for males and
females. The results indicated that the relationships between combined measurements of
knee geometry and risk of sustaining an ACL injury were stronger than when each variable
was analyzed univariately. This resulted in a comprehensive understanding of how each risk
factor is related to noncontact ACL injury.

Additional advances of the current study include its rigorous study design and standardized
methodology that included 3-dimensional coordinate systems that were located in the tibia
and femur, which provided reliable and reproducible outcome measurements. From the
respective reliability studies for the 4 measurements in the male and female multivariate
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models, conducted before data collection, the intraobserver ICCs, and estimated
measurement trial error, respectively, include the following: middle cartilage slope, 0.96 and
0.53°; notch outlet width, 0.85 and 0.96 mm; ACL volume, 0.92 and 0.70 mm?; and lateral
compartment meniscus-bone angle, 0.75 and 3.28°. Another important advance was the
central focus on subjects who suffered their first noncontact ACL injury and the use of
control subjects with normal knees who were selected from the same team in an effort to
match on level of play, subject sex, and environmental risk factors such as the playing
surface and exposure to sport. With the design used in this study, the odds ratios calculated
to describe the association between geometric measurement of knee morphologic
characteristics and the risk of suffering an ACL injury are mathematically comparable with
the relative risk estimates that would be obtained using a complete longitudinal study design,
where each individual in a cohort is followed over time and the data are used in a Cox
regression analysis to model time to injury.>

This study had potential limitations. Although subjects were recruited longitudinally, MRI
data were acquired after the ACL injuries occurred. If a completely prospective approach
were used in which MRI data were obtained before ACL injury, it would have been
necessary to perform MRIs on over 8000 subjects to obtain data on the same number of
ACL-injured subjects who were the focus of the current study.2® This is simply not feasible
considering the cost and time associated with MRI acquisition and analysis of such a large
sample. To avoid the potential for the ACL injury to modify knee geometry, the
measurements obtained from the contralateral uninjured limb were used as a surrogate
measure for the injured knee before the injury. This approach was validated by confirming
that each of the geometric measures displayed symmetry between the uninjured knees of
control subjects.2:34:3542 Although the potential exists for cartilage and meniscus
morphologic characteristics of ACL-injured subjects and control subjects to be influenced
by different levels of activity before MRI acquisition,22 this was not considered to be
substantial. Studies have reported minimal deformations of articular cartilage under different
types of loading conditions,”? including only a 7% decrease in overall cartilage volume after
repeated high-impact loading® and a 2.7% decrease in cartilage thickness after 45 minutes of
static loading.” Additionally, limb alignment in the MRI scanner was standardized using
traditional placement of subjects in the scanner in the supine position with their legs
extended. Before data acquisition, the sagittal planes of the MRI were oriented to evenly
bisect the femoral condyles, which did not account for the orientation of the tibia relative to
the femur in the scanner. The previously described tibial coordinate system3 was used as a
standardized reference for measurements of the tibial plateau subchondral bone and articular
cartilage surface as well as the meniscus. The rotational position of the long axis of the tibia
relative to the long axis of the femur during MRI acquisition was considered as a covariate
in the comprehensive multivariate models. Although both knees of ACL-injured subjects had
a bias for the tibia to display greater internal rotation relative the femur, when compared
with the control subjects, adjustment for rotational orientation did not have a significant
effect on the outcome of the analysis.

Another limitation is that while stepwise regression procedures identify models that
maximize the fit to the data from which they are derived, they can overestimate associations
with risk and may not perform as well with other datasets. We tried to mitigate some of the
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weak-nesses of stepwise regression by performing initial multi-variate analyses on small
subsets of related variables and only selected those that were independently associated with
ACL injury risk for inclusion in the stepwise analysis. As with all statistical modeling,
application to an independent dataset is needed to assess the validity of our results.

Lastly, the difference in sample size between males and females may have influenced the
different associations between measurement of knee geometry and risk of ACL injury
observed for males and females. Some measurements associated with ACL injury risk in
females, such as the posterior-inferior—directed slope of the middle region of the lateral tibial
plateau articular cartilage, displayed no relationship with the risk of suffering an ACL injury
in males. With odds ratios and confidence intervals close to and evenly spanning 1, it is
unlikely that significant associations with risk would be found for males even if a larger
sample size were used. In contrast, measurements such as the height of the lateral
compartment posterior meniscus did display potential for a relationship with risk. A larger
sample size in the male subgroup may therefore have revealed additional associations
between knee structure and risk of injury. The associations identified with our smaller
sample size of males that were not found in the females strengthen the conclusion that they
are more highly related to ACL injury risk in males.

In conclusion, the comprehensive analysis of anatomic measurements of knee geometry
revealed different combinations of 2 separate measurements were associated with the risk of
suffering a noncontact ACL injury for males and females. In males, the size of the ACL and
geometry of the posterior horn of the lateral meniscus combined to best predict risk of ACL
injury. In females, the size of the femoral notch and slope of the articular cartilage surface of
the lateral compartment combined to best predict risk.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Measures most predictive of risk in females: the femoral intercondylar notch width at the

anterior outlet of the anterior cruciate ligament (NW_O, top) and tibial plateau (Tjp) lateral
compartment (L) middle region articular cartilage slope (MCS) displayed relative to
postprocessed articular cartilage surface data (lower left) and in relation to MRI sagittal-
plane image (lower right). Decreased notch width at its anterior outlet and increased lateral
compartment middle cartilage slope were best associated with increased ACL injury risk in
females.
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Figure 2.
Measures most predictive of risk in males: the anterior cruciate ligament volume (ACL_Vol,

top) and tibial plateau (Tj,) lateral compartment (L) meniscus-bone angle (MBA) displayed
relative to postprocessed articular cartilage surface data (lower left) and in relation to MRI
sagittal-plane image (lower right). Decreased anterior cruciate ligament volume and
decreased lateral compartment meniscus-bone angle were best associated with increased
ACL injury risk in males.
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TABLE 1

Best-Fit Multivariate Risk Model for Females®

Variable (Unit Change) OddsRatio (95% CI) P Value
Ly Tip,MCS (1°) 1.324 (1.135-1.546) .0004

NW_O (1 mm) 0.667 (0.505-0.881) 004

Page 17

a Includes measures of lateral compartment middle region articular cartilage slope (LatTipMCS) and the femoral intercondylar notch width at the
anterior outlet of the anterior cruciate ligament (NW_O). Multivariate conditional logistic regression was performed using the uninjured knee of
ACL-injured subjects and the corresponding knee of control subjects. Odds ratios and associated 95% Cls describe the effects of a unit increase

from the mean for each variable on risk of suffering an ACL injury.
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TABLE 2

Best-Fit Multivariate Risk Model for Males®

Variable (Unit Change) Odds Ratio (95% CI) P

Value ACL_Vol (100 mm?3) 0.697 (0.523-0.928) .013
L4 TipMBA (1°) 0.811 (0.666-0.988) .038

a Includes measures of anterior cruciate ligament volume (ACL_Vol) and the lateral meniscus wedge angle measured relative to bone

Page 18

(LatTipMBA). Multivariate conditional logistic regression was performed using the uninjured knee of ACL-injured subjects and the corresponding
knee of control subjects. Odds ratios and associated 95% Cls describe the effects of a unit increase from the mean for each variable on risk of

suffering an ACL injury.
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