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Abstract

The role played by anatomic factors in ACL injury remains elusive. In this study, objective methods
were used to characterize ACL volume, tibial slopes, and notch geometry from ACL-injured and
matched control subjects. The study tested four hypotheses: 1) the medial tibial plateau slope is
steeper posteriorly in the injured group compared to the non-injured group, 2) the lateral tibial plateau
slope is steeper posteriorly in the injured group compared to the non-injured group, 3) the femoral
intercondylar notch dimensions are smaller in the injured group compared to the non-injured group
and 4) the ACL volume, tibial plateau slopes and intercondylar notch dimensions are all independent
of each other. Fifty-four subjects were divided into two groups, those who had suffered a non-contact
ACL injury and those who still had two healthy ACLs, matched to the injured subjects by gender,
age, height and weight. The lateral tibial plateaus in the uninjured contralateral knees of the injured
subjects had a significantly steeper posterior slope (1.8° vs. —0.3°), a factor that potentially
contributed to the ACL injury in the opposite knee. The intercondylar notch dimensions were found
to be smaller in the injured subjects, potentially putting the ACL at risk of impingement, and
intercondylar notch volume was correlated to ACL volume (r=0.58). Discriminant analysis showed
that the notch width at the inlet was the best single predictor of ACL injury.
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Introduction

Both extrinsic and intrinsic factors of the human knee have been explored to determine if they
could be potential risk factors for Anterior Cruciate Ligament (ACL) injuries. Extrinsic factors
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explored by previous research include training regimens (Engelhardt, Freiwald & Rittmeister
2002, Myer et al. 2008, Willson et al. 2005), skill level (Harmon, Dick 1998), quadriceps and
hamstring muscle strength (Anderson et al. 2001, Draganich, Vahey 1988, Hashemi et al.
2007, McLean, Andrish & van den Bogert 2005, Myer, Ford & Hewett 2005, Shimokochi,
Shultz 2008, Withrow et al. 2006), neuromuscular biomechanics (Hewett et al. 1999, Hewett,
Myer & Ford 2005, Lephart, Abt & Ferris 2002, Myer et al. 2005, Myklebust et al. 2003) and
proprioception (Barrack, Skinner & Buckley 1989, Mandelbaum et al. 2005). Intrinsic factors
that have been studied previously include ACL volume, tibial plateau angles and femoral
intercondylar notch width (Anderson et al. 2001, Chandrashekar, Slauterbeck & Hashemi
2005, Charlton et al. 2002, Davis, Shelbourne & Klootwyk 1999, Hashemi et al. 2008,
Shelbourne, Davis & Klootwyk 1998, Stijak, Herzog & Schai 2008). Identifying these intrinsic
variables as factors that promote ACL injuries could assist in the development of strategies
that optimize extrinsic variables to counteract intrinsic limitations, thereby reducing the
number of ACL injuries suffered by individuals.

The extant research shows that, compared to men, women have smaller ACL volumes
(Anderson et al. 2001, Chandrashekar, Slauterbeck & Hashemi 2005, Charlton et al. 2002),
steeper posterior slopes in the lateral tibial plateau (Hashemi et al. 2008, Stijak, Herzog & Schai
2008), and smaller intercondylar notches (Anderson et al. 2001, Charlton et al. 2002, Davis,
Shelbourne & Klootwyk 1999, Shelbourne, Davis & Klootwyk 1998). All of these factors ha
ve been hypothesized to account for the 2.4 — 9.5 times increased relative ACL injury risk for
females as compared to males (Gwinn et al. 2000). However, a major limitation of the current
literature is that these previous studies only compared females to males, and therefore they are
unable to make general conclusions about intrinsic risk factors that put anyone at an increased
risk of injuring their ACL. Another weakness of previous studies is the use of subjective
methods, using landmarks that are difficult to justify clinically and duplicate. Finally, previous
works have tended to examine individual variables from a single data set, thus limiting their
generalizability and conclusions. The current study overcomes these limitations by comparing
individuals who have suffered an ACL injury directly to those who have not, allowing for more
accurate comparison. The current study also developed a set of criteria to measure these
intrinsic variables that is both objective and easily repeatable. And lastly, this paper measures
all of the intrinsic factors from one data set and is therefore able to examine the potential
interrelationships between them.

Thus, the current study tests four hypotheses: 1) The medial tibial plateau of the injured subjects
has a steeper posterior slope than those of the non-injured group 2) The lateral tibial plateau
of the injured subjects has a steeper posterior slope than those of the non-injured group 3) The
intercondylar notch widths at the inlet and outlet are narrower in the injured subjects compared
to the non-injured subjects and 4) The ACL volume, tibial plateau angles and femoral
intercondylar notch sizes are independent of each other.

Fifty-four subjects (34 males) participated after providing IRB-approved informed consent.
They were divided into 2 equal groups, the injured group and the control group. The injured
group contained the uninjured contralateral knees of subjects who had suffered a non-contact
ACL injury, while the control group contained knees of subjects with no history of ACL injury.
The control group was matched for gender, height, weight and age to the injured group. The
average heights between the control and the injured subjects were within 1 cm (1.75m vs.
1.74m). Magnetic resonance imaging (1.5T, sagittal 3D-SPGR, voxel size 0.55mm x 0.55mm
x 1.5mm) was performed on one randomly-selected knee in the control group and of the
uninjured contralateral knee in the injured group.
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ACL Volume

The ACL was segmented from the MRI dataset described above by a single rater under the
guidance of a sports-fellowship-trained orthopedic surgeon. The method was previously
validated using a porcine model, and both the method and the ACL volume results for this set
of subjects have been previously reported (Chaudhari et al. 2009). After the manual
identification of the ACL had been performed in each slice, the ACL volume was automatically
calculated using a freely-available software package, Medical Image Processing, Analysis and
Visualization (v2.7.45) (McAuliffe et al. 2001).

Tibial Long Axis

The most distal transverse slice available showing the tibial cortex from the MR dataset was
used along with the most proximal transverse slice of the tibia just below the articular cartilage
to calculate the long axis of the tibia. The outline of the tibia in each transverse slice was
segmented in AMIRA software (v4.1.2, Visage Imaging, Carlsbad, CA) and exported to
MATLAB (MathWorks, Natick, MA), where a custom script was used to calculate the centroid
of that slice. A best-fit line was then fitted to the two centroids to define the long-axis of the
tibia.

Tibial Plateau Slope

A modification of the methods from Hashemi et al. (2008) was used to determine the medial
and lateral tibial plateau slopes in the sagittal plane. Three-dimensional models of the tibial
bone were manually segmented from the MRIs using AMIRA. Since the MRI displayed strong
contrast between bone and surrounding tissue, especially at the areas of interest, the “blow”
tool was used (see Figure 1 for an example of the contrast between tissues). The blow tool is
designed to allow interactive determination of the boundaries where a large image gradient
exists. It expands from a seed point across homogeneous gray values as the mouse is dragged,
but stops when it senses a large gradient, corresponding to the boundaries of the bones.
Subsequent to segmentation of the bones, the original MRIs were used as a guide to identify
the medial and lateral subchondral bone surfaces (Figure 1).

Once the tibial plateaus were determined, the principal axes of each subchondral surface were
calculated from the eigenvectors of the set of surface points using MATLAB to choose an
objective best-fit plane to the data points. The line intersection of this plane to the sagittal plane
was calculated, and finally the tibial plateau slope for each tibiofemoral compartment was
calculated as the angle of this intersection line relative to the long axis of the tibia (see above).
An angle of zero indicates that the plateau is perpendicular to the long axis, and positive values
correlate to posterior slopes.

Intercondylar Notch Methods

The MRI data was resampled in an oblique plane parallel to and containing the ACL and
perpendicular to the sagittal plane using AMIRA. In this oblique plane, widths were measured
at the intercondylar notch inlet and outlet (Figure 2). The inlet was defined where the ACL
enters the notch posteriorly and the outlet is where the ACL leaves the notch anteriorly, using
a proximal-to-distal direction convention for the ACL.

Statistical Analysis

Two-sample t-tests (a=0.05) were performed to compare the injured and non-injured medial
tibial plateau slopes, lateral tibial plateau slopes and intercondylar notch widths. To determine
the strength of linear dependence between the variables, Pearson correlation coefficients were
calculated with an inclusion cut-off of 0=0.05. A discriminant analysis, using both linear and
quadratic methods, was conducted to determine which variables could predict injury.
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The average slope of the medial tibial plateau for the injured subjects was —1.8° and for the
non-injured group was —2.9°. This difference between the two groups was not significant (p =
0.20). However, the difference between the lateral tibial plateau slopes was significantly
different (p = 0.02), with the injured group (1.8°) having a steeper posterior slope than the non-
injured group (=0.3°) (Table 1).

The intercondylar notch inlet was significantly different between the two groups, having an
average width of 13.3 mm for the injured group and 15.6 for the non-injured group (p = 0.003).
The intercondylar notch widths at the outlet for the injured and non-injured groups were 21.0
mm and 22.6 mm, respectively, which were also significantly different (p = 0.02) (Table 2).

The final aim to determine independence of the variables was analyzed using the Pearson
correlation. The lateral tibial plateau slope was negatively correlated to the intercondylar notch
width at the inlet (—0.30). The ACL volume was positively correlated to the intercondylar notch
width at the outlet (0.42) and the intercondylar notch volume (0.58). None of the other
relationships had a statistically significant correlation (Table 3).

A discriminant analysis was performed to determine the predictive power of the variables.
When the intercondylar notch width at the inlet was used alone it predicted 70% of the subjects
correctly with a sensitivity and specificity of 74% and 67%, respectively and positive and
negative predictive values of 69% and 72%, respectively. When the ACL volume, lateral tibial
plateau slope and intercondylar notch width at the inlet were used, only 69% of the subjects
were predicted correctly with the same specificity as before, but a lower sensitivity of 70%,
and positive and negative predictive values of 68% and 69%, respectively (Table 4).

Discussion

Our data suppor t the previously stated hypotheses on the importance of medial and lateral
tibial plateau slopes (Hashemi et al. 2008, Stijak, Herzog & Schai 2008). Those who suffered
an ACL injury had medial tibial plateau slopes that were not significantly different than those
in the uninjured group. The lateral tibial plateaus however, had a steeper posterior slope in the
injured subjects compared to the noninjured subjects. Under these conditions, an axial loading
force would be more likely to cause the lateral side of the femur in the injured subjects to slide
posteriorly off of the lateral tibial plateau, using the medial tibial plateau as a pivot point (Figure
4). An external rotation of the femur would result, which has been shown to put excess strain
on the ACL (Shimokochi & Shultz 2008, Fleming et al. 2001, Markolf et al. 1995). This
suggests that under the same axial force, the ACLs in the injured group would be under higher
strain than ACLs of the uninjured group, putting them at an increased risk of rupturing their
ACL.

The ultimate goal of this line of research is to determine if one or more risk factors could predict
the chances of a person injuring their ACL and apply it to practical use. Since all of these
anatomic risk factors were examined using the same data set we were able to examine relative
predictive value, and we found that the intercondylar notch width at the inlet was the best
predictor of ACL injury, with a sensitivity of 74% and a specificity of 67%. This result,
combined with the positive predictive value of 69%, means that measurement of the
intercondylar notch width at the inlet potentially could be used as a screening tool to determine
whether a patient requires special training and exercises to reduce the chances of an ACL
rupture. If so, this would offer the obvious advantage of using a single measurement (notch
width) to predict potential for ACL rupture. A larger, prospective study will be required to test
this observation.
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One possible explanation for the apparent interdependence of the ACL volume, tibial slope,
and notch dimension measurements in our correlational analysis is that these parameters may
influence one another. Some previous studies have examined notch width as a risk factor for
ACL injury under the hypothesis that it could be used as a surrogate for ACL size (Davis,
Shelbourne & Klootwyk 1999, Muneta, Takakuda & Yamamoto 1997). Other studies have
examined notch width under the hypothesis that a smaller notch presents a larger risk of ACL
rupture due to impingement (Anderson et al. 1987, Fung et al. 2007, Houseworth et al. 1987,
Ireland et al. 2001, Shelbourne, Facibene & Hunt 1997, Souryal, Moore & Evans 1988). Those
with a narrower notch may also have a coronal ACL orientation that lies more vertical, which
could potentially influence the loads the ACL experiences, although this has not been
investigated to our knowledge. Given the evidence that ligaments and bone do respond to their
loading environments it is possible that a steeper tibial slope could lead to greater ACL strain
and thereby to ACL hypertrophy (Amiel et al. 1982, Cowin 1983, Kazarian 1975, Maffulli,
King 1992, Newton et al. 1995, Noyes et al. 1974, Rasch etal. 1960, Tipton etal. 1970, Yasuda,
Hayashi 1999). Moreover, repeated impingement of the ACL against the intercondylar notch
could potentially lead to notch stenosis (Everhart et al. 2010, in press). It remains unknown
whether these factors do influence each other either during skeletal development or after
skeletal maturity is achieved, but the apparent interdependence observed in this study suggests
that further research in this area may be warranted.

One of the advances in this study is the objective determination of tibial slope from MRI. In
past studies, a single sagittal slice was chosen both to determine the long axis of the tibia and
the orientation of the tibial plateau. To ensure the objectivity of our results, the long-axis of
each tibia was determined by automated calculation of the centroid of the bone from several
transverse slices, and the tibial plateau slope by automated calculation of the principal axes of
the entire subchondral surface of the plateau. Using this approach, we avoided potential
subjectivity and inaccuracy due to choosing an inappropriate sagittal slice, incorrectly drawing
the lines for the slope or long axis, or inability to ensure that the knee was in full extension
during scanning.

In order to make the intercondylar notch measurements objective, reproducible and relevant,
they were measured along the oblique path of the ACL. The ACL is well demarcated in the
MRI modality (Moore 2002), making it easy to identify a plane perpendicular to the sagittal
plane that contains the ACL. In addition, any potential contact between the ACL and the
intercondylar notch will most likely occur along this plane. The positive correlation between
the notch volume and the ACL volume suggests that as the ACL gets smaller, as in the injured
group, so does the intercondylar notch volume. The intercondylar notch width at the outlet is
also positively correlated with the ACL volume, whereas the intercondylar notch width at the
inlet is not correlated at all. Since the width at the inlet and the ACL volume do not get smaller
at the same rate, the potential exists for a “mismatch” between the inlet and the ACL in some
subjects, which could lead either to impingement that could weaken or endanger the ACL
(Figure 5) or altered coronal orientation of the ACL that may lead to altered tensions in the
ACL. As mentioned above, these possible relationships between notch dimensions and ACL
loading deserve further examination.

One of the limitations of this study is that in our effort to make objective measurements of the
tibial plateaus, we used the subchondral bone surfaces rather than the articular surfaces, which
are much more difficult to visualize in MRI. We felt that this measurement was the most
clinically relevant, given the desire clinically to measure tibial slope from x-ray or CT scan
rather than the more expensive MRI. When using the overlying cartilage to define the
subchondral surface, however, the boundary of the tibial plateau extended up onto the tibial
spine as well as down around some of the medial and lateral edges. However, since the
proportion of the tibial plateau area at the edges is extremely small relative to the bulk of the

J Biomech. Author manuscript; available in PMC 2011 June 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Simon et al.

Page 6

articulating surface, the inclusion of these edges did not alter our data significantly or our
conclusions.

Another limitation of the study is the use of the contralateral knees of the injured subjects to
represent the knee with the ruptured ACL. Contralateral ACL volume has been previously
shown to be an appropriate surrogate measure for volume of an injured ACL (Jamison et al.
2009), and Teitz et al. (1997) showed that the intercondylar notch dimensions are symmetrical,
but side-to-side variability of tibial slope remains unknown.

While many of the observations made in this study agree with previously-reported observations
for both tibial plateau slope and intercondylar notch width, these results must be considered in
light of the facts that (1) novel objective methods were used to make the measurements rather
than the subjective measurements used previously, and (2) all measurements were made on the
same data set containing both injured and matched-control knees. The objectivity of these
methods should make them more repeatable without extensive training of the person making
the measurements, which is especially important for making these measurements in a clinical
setting as a screening tool. Making all the measurements from a single data set is especially
valuable because it allowed us to determine whether the predictor variables are independent
of each other, and whether they are all individual risk factors. Also, since the data directly
compares injured to non-injured subjects, as opposed to other studies that examined only gender
differences, we are able to conclude that these risk factors are more likely to be present in
someone at risk of injuring their ACL, independent of whether that person is male or female.
In the future, further development of the described methods to make them as quick and
inexpensive as possible while maintaining objectivity would allow for large-scale prospective
screening studies to determine the proportional odds of an ACL rupture as tibial plateau slope,
notch widths, and ACL volume vary. This further development would also enable physicians
to use these tools in clinical practice, identifying individuals who stand to benefit most from
targeted interventions to prevent ACL injuries.
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Figure 1.
Example of the segmented tibia with the medial and lateral tibial plateaus marked (purple
sections). The sagittal MRI slices were used to identify the subchondral bone.

J Biomech. Author manuscript; available in PMC 2011 June 18.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Simon et al.

Page 11

Figure 2.
Example of an oblique slice that is parallel to the ACL (orange line in left image). The right
image describes where the measurements were made on the oblique slice (A = inlet; B = outlet).
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Figure 3.
Summary of comparisons made between anatomical variables.
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Figure 4.

Diagram of axial loading force on a flat medial plateau and a posteriorly sloped lateral plateau
(A: Before loading B: After loading)
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Figure 5.

In injured subjects, if the ICN is reduced in size, but the ACL is not, rubbing is more likely to
occur. If both the ICN and the ACL are reduced by the same factor though, it is no different
than the non-injured subjects and will not contribute to the risk of injuring the ACL.
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Table 1

Long axis adjusted medial and lateral tibial plateau slopes comparing the non-injured subjects to the injured
subjects (mean+SD). Positive numbers indicate posterior slopes.

Medial Tibial Plateau Slope | Lateral Tibial Plateau Slope
Non-injured -2.9°+2.8° -0.3° +3.6°
Injured -1.8°+3.7° 1.8°+3.2°
p-value 0.20 0.02
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Table 2

Comparison of intercondylar notch (ICN) dimensions between injured and non-injured subjects (mean+SD). ICN
widths were taken at both the inlet and the outlet. The volume of the ICN was also calculated.
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ICN Width - | ICN Width- | ICN Volume
Inlet (mm) Outlet (mm) (mm?3)
Non-injured 15.6+29 22625 11.2+26
Injured 13.3+26 21025 10.3+25
p-value 0.003 0.02 0.24
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Table 3
Pearson correlations between variables of interest. Highlighted correlations are significant (p < 0.05).

Notch Notch Lateral ACL
WidthoytLer | Volume | Plateau | Volume
Slope
Notch 0.29* 0.20 -0.30* 0.22
WidthnLer

Notch 0.59* -0.10 0.42*

Widthoutier

Notch
Volume

—0.24 0.58*

Lateral
Plateau Slope
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Table 4

Sensitivity and specificity of predicted ACL injuries based on intercondylar notch (ICN) width at the inlet only
and of the combined model (ACL volume, lateral plateau slope, and ICN inlet width). PPV = Positive Predictive
Value; NPV = Negative Predictive Value

Intercondylar Notch Injured Non-Injured

Width Inlet Only (Actual) (Actual)
Injured 20 9 PPV = 69%
(Predicted)
Non-Injured 7 18 NPV = 72%

(Predicted)

Sensitivity = | Specificity =

74% 67%
ACL Vol, Lat Plat Injured Non-Injured
ICN Inlet (Actual) (Actual)
Injured 19 9 PPV = 68%
(Predicted)
Non-Injured 8 18 NPV = 69%

(Predicted)

Sensitivity = | Specificity =
70% 67%
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