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The Geometry of the Tibial Plateau and Its Influence
on the Biomechanics of the Tibiofemoral Joint
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Investigation performed at Texas Tech University, Lubbock, Texas, and the University of Vermont, Burlington, Vermont

Background: The geometry of the tibial plateau is complex and asymmetric. Previous research has characterized
subject-to-subject differences in the tibial plateau geometry in the sagittal plane on the basis of a single parameter, the
posterior slope. We hypothesized that (1) there are large subject-to-subject variations in terms of slopes, the depth of
concavity of the medial plateau, and the extent of convexity of the lateral plateau; (2) medial tibial slope and lateral tibial
slope are different within subjects; (3) there are sex-based differences in the slopes as well as concavities and convexities
of the tibial plateau; and (4) age is not associated with any of the measured parameters.

Methods: The medial, lateral, and coronal slopes and the depth of the osseous portion of the tibial plateau were
measured with use of sagittal and coronal magnetic resonance images that were made for thirty-three female and twenty-
two male subjects, and differences between the sexes with respect to these four parameters were assessed. Within-
subject differences between the medial and lateral tibial slopes also were assessed. Correlation tests were performed to
examine the existence of a linear relationship between various slopes as well as between slopes and subject age.

Results: The range of subject-to-subject variations in the tibial slopes was substantive for males and females. However,
the mean medial and lateral tibial slopes in female subjects were greater than those in male subjects (p < 0.05). In
contrast, the mean coronal tibial slope in female subjects was less than that in male subjects (p < 0.05). The correlation
between medial and lateral tibial slopes was poor. The within-subject difference between medial and lateral tibial slopes
was significant (p < 0.05). No difference in medial tibial plateau depth was found between the sexes. The subchondral
bone onthe lateral part of the tibia, within the articulation region, was mostly flat. Age was not associated with the observed
results.

Conclusions: The geometry of the osseous portion of the tibial plateau is more robustly explained by three slopes and the
depth of the medial tibial condyle.

Clinical Relevance: The sex and subject-to-subject-based differences in the tibial plateau geometry found in the present
study could be important to consider during the assessment of the risk of knee injury, the susceptibility to osteoarthritis,
and the success of unicompartmental and total knee arthroplasty.

bination with the primary ligaments play an important

role in controlling the biomechanical behavior of the
joint"?. In particular, the contact mechanics between the
femoral and tibial articular surfaces are complex, are three-
dimensional, and consist of many unique features. Although
we know a great deal about the three-dimensional geometry of
the femoral condyles and their spherical profile for the portion

The articular surfaces of the tibiofemoral joint in com-

of the femur that contacts the tibial plateau as the knee is flexed
and extended’, very few quantitative data have been published
regarding the asymmetric geometry of the tibial plateau. The
geometry of the tibial plateau has a direct influence on the
biomechanics of the tibiofemoral joint in terms of translation,
the location of instantaneous center of rotation, the screw-
home mechanism, and the strain biomechanics of the knee
ligaments such as the anterior cruciate ligament'**. An im-
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THE GEOMETRY OF THE TIBIAL PLATEAU AND ITS INFLUENCE
ON BIOMECHANICS OF THE TIBIOFEMORAL JOINT

Magnetic resonance images illustrating the method used to determine the coronal tibial slope. a: The transverse

plane through the tibiofemoral joint shows the top view of the tibial plateau. The horizontal line AA represents the

location of the coronal plane that was used to determine the diaphyseal axis. b: The orientation of the diaphyseal

axis in the coronal plane. c: The coronal tibial slope (represented by the slope of line AB) is measured with respect to

axis P, which is perpendicular to diaphyseal axis L.

portant characteristic of the tibial plateau is its posterior slope
(with the anterior elevation being higher than the posterior
elevation); when this characteristic is considered in association
with a large compressive joint-reaction force such as that pro-
duced during weight-bearing activities, the force may have an
anteriorly directed shear force component that acts to produce
a corresponding anteriorly directed translation of the tibia"’.

Tibial slope is defined as the angle between the perpendicular
to the middle part of the diaphysis of the tibia and the line
representing the posterior inclination of the tibial plateau®.
This slope has been measured by various researchers"*’, and its
importance to anterior tibial translation has been well estab-
lished in both animal®*’ and human models"*. During weight-
bearing, as the slope of the tibial plateau increases, the magnitude
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ON BIOMECHANICS OF THE TIBIOFEMORAL JOINT

(d)

Magnetic resonance images illustrating the method used to determine the medial and lateral tibial slopes. a: The
vertical lines AA and BB represent the location of the sagittal plane used for determination of the medial and lateral
tibial slopes. b: The sagittal plane (represented by dashed lines in Figure 2, a) was used to determine the orientation
of the diaphyseal axis in the sagittal plane. c: The axis P perpendicular to L is reconstructed on the anterior peak of

the medial tibial plateau, and the medial tibial slope (represented by the slope of line AB) is measured with respect to

P. d: A similar approach is used to determine the lateral tibial slope.

of the anteriorly directed shear force component that is as-
sociated with the compressive joint force on the tibia also
increases™*>".

The geometry of the tibial plateau also has been studied as
an important factor in total knee arthroplasty'', anterior cruciate
ligament injury”'?, and cases in which osteotomy is performed
to restore normal alignment of the knee'***. Other investigators
have suggested that increasing the tibial slope could benefit
posterior cruciate ligament-deficient knees, whereas decreas-

ing it could benefit anterior cruciate ligament-deficient knees’.

Notwithstanding the importance of the shape (that is, the
various slopes) of the tibial plateau, very little information is
available in the literature to help one to understand or classify
the subject-to-subject differences in the geometry of the tibial
plateau. The main identifying measurement is the posterior
slope as measured on lateral radiographs, on which the medial
and lateral tibial plateaus are superimposed. However, the
measured slope is a two-dimensional approximation of a com-
plex, asymmetric, and three-dimensional surface; it ignores the
differences in the medial and lateral aspects of the tibia. One way
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(a)

Fig. 3

(b)

a: Magnetic resonance image illustrating the method used to determine the depth of the concavity of the medial aspect of the tibial plateau in the
proximity of the center of the articulation region. b: Although the lateral aspect of the plateau (represented by ABCD) is convex overall, the

articulation region (region BC) was quite flat in most subjects.

to address the asymmetric geometry of the tibial plateau is to
measure the medial and lateral aspects of the plateau with use of
magnetic resonance imaging. Matsuda et al. used this approach
to measure and compare the posterior slopes of normal and
varus knees in human subjects”. Furthermore, there are no
measurements in the literature that address the lateral-medial
slope of the tibial plateau in the coronal plane, the depth of the
concavity of the medial tibial plateau, or the extent of con-
vexity of the lateral plateau.

Materials and Methods
On the basis of an unblinded pilot study of twenty male
and twenty female subjects that was approved by the
Texas Tech University Health Sciences Center, we developed
the plans, jointly with the University of Vermont, for a blinded
study to measure and compare tibial slope data between sexes.
A power analysis revealed the need for a minimum of twenty-
two subjects of each sex to establish 80% power to protect
against the undue rejection of the null hypothesis. Accordingly,
a subsequent blinded study was performed after its approval by
the institutional review boards at both institutions. Subjects
were included if they had no evidence of substantial knee os-
teoarthritis, ligament injuries, meniscus lesions, or cartilage

injuries. All subjects were skeletally mature. None of the sub-
jects had undergone previous knee surgery. To this end, T1-
weighted sagittal and coronal magnetic resonance imaging
scans of the tibiofemoral joint were acquired for fifty-five
subjects at the University of Vermont. The sample comprised
twenty-two male and thirty-three female subjects. The iden-
tifying information of the subjects (name, age, sex, and the
conditions of the visit) was deleted, and the recorded magnetic
resonance images were sent to the Texas Tech University
Health Sciences Center for analysis. The person analyzing the
images (J.H.) did not have any information regarding the sex
or age of the subjects. All measurements were made with use
of the annotation tools on the digital Picture Archiving and
Communication System provided by the University of Ver-
mont. The software reports the angular values in single-digit
integer format. This means that if the true measure of the angle
is, for instance, 2.4°, the software rounds the value to 2°. On
the other hand, if the actual angle is 2.6°, the software returns
a value of 3°. Thus, the angles are measured with a sensitivity
of 1° (—0.5° to 0.5°) and, for a given measurement, the
maximum deviation from the actual value does not exceed
0.5°. The length measurements were made with a sensitivity
of 0.1 mm.

TABLE | Medial, Lateral, and Coronal Slopes of the Tibial Plateau for Male and Female Subjects and Corresponding P Values Establishing

Differences Between Sexes

Sagittal Tibial Slope

Medial Tibial Slope

Lateral Tibial Slope Coronal Tibial Slope

Female (n = 33)

Mean 5.9°

Standard deviation 3.0°
Male (n = 22)

Mean 3.7°

Standard deviation 3.1°
P value 0.01

7.0° 2.5°
3.1° 1.9°
5.4° 3.5°
2.8° 1.9°

0.02 0.03
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Fig. 4

Graph showing the medial tibial slope (MTS) and lateral tibial slope (LTS) values for
male and female subjects. The data points for female subjects are concentrated in
the top right quadrant, indicating the highest medial tibial slope and lateral tibial

slope values.

The procedure that was used to determine the tibial slope
was based on the radiographic techniques developed by Genin
etal.’. According to the procedure described by those authors,
a lateral radiograph was analyzed by determining a line parallel
to the middle part of the diaphysis of the tibia and then by
constructing a line that was perpendicular to the middle part of
the diaphysis and that passed through the tibial plateau. A
second line representing the posterior slope of the tibia was
then drawn. The angle between this line and the line per-
pendicular to the middle part of the diaphysis was considered
to be the tibial slope. We applied the above procedure to
magnetic resonance images as proposed by Matsuda et al.”.
The first step was to identify a transverse plane passing through
the tibiofemoral joint and showing the dorsal aspect of the
tibial plateau (Fig. 1, a). In this transverse image, the coronal
plane that passed closest to the centroid of the tibial plateau
was identified. The location of this plane is represented by the
horizontal line in Figure 1, g, and the corresponding coronal
plane is shown in Figure 1, b. Next, the orientation of the
longitudinal axis of the tibia, in the coronal plane, was deter-
mined. This was done by determining the midpoint (shown as
small circles) of the medial-to-lateral width of the tibia at two
points located approximately 4 to 5 cm apart and as distally in
the image as possible (locations 1 and 2 in Figure 1, b). The
extended line connecting the two midpoints represents the
longitudinal (or diaphyseal) axis of the tibia in the coronal
plane. The coronal slope of the tibial plateau (the coronal tibial
slope) was then measured as the angle between a line joining

the peak points on the medial and lateral aspects of the plateau
(points A and B in Figure 1, ¢) and the line perpendicular to the
longitudinal axis (line P in Figure 1, ¢). If point A fell below the
perpendicular line P, then the slope was designated as positive
(indicating that the peak lateral point was located proximal to
the peak medial point).

A similar approach was followed to determine the sag-
ittal slopes of the medial and lateral tibial plateaus. In Figure 2,
a, the solid vertical lines show the corresponding locations of
the sagittal planes in the medial and lateral aspects of the tibial
plateau. The dashed lines in the same figure show the ap-
proximate location of the sagittal plane that was used to de-
termine the orientation of the diaphyseal or longitudinal axis.
We used a plane that clearly showed the orientation of the tibia
(Fig. 2, b). As before, the anterior and posterior cortices of the
tibial shaft at two points located approximately 4 to 5 cm apart
and distal in the image (points 1 and 2 in Figure 2, b) were
determined. The midpoints of the lines representing the an-
terior-posterior thickness of the tibia were found, and the di-
aphyseal axis (L) was constructed. The diaphyseal axis was then
reproduced in the medial plane as shown in Figure 2, c. The
peak anterior and posterior points on the tibial plateau were
identified (points A and B). The slope of the line extending
through these two points represented the medial tibial slope,
and it was measured with respect to the axis (P) perpendicular
to the longitudinal axis (L). A similar approach was used to
determine the lateral tibial slope (Fig. 2, d). Because the peak
anterior points on the tibial plateau are proximal to the peak
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Fig. 5

Graph showing the medial tibial slope (MTS) and coronal tibial slope (CTS) values for

male and female subjects. The data points for female subjects are concentrated in the

bottom right quadrant of the plane, indicating lower coronal tibial slope and higher

medial tibial slope combinations.

posterior points in both Figures 2, ¢ and 2, d, the slopes of the
medial tibial plateau and lateral tibial plateau would be positive
according to the existing convention"’.

The depth of the concavity of the medial aspect of the
tibial plateau was measured by drawing a line connecting the
superior and inferior crests of the tibial plateau in the same
plane in which the medial tibial slope was measured (line AA in
Figure 3, a). A line parallel to this line was then drawn tan-
gential to the lowest point of the concavity, representing the
lowest boundary of the subchondral bone (line BB in Figure 3,
a). The perpendicular distance between the two lines (line CD
in Figure 3, a) was then measured and was used to represent
the depth of concavity of the medial tibial plateau. A similar
approach was followed for the lateral side.

Once medial tibial slope, lateral tibial slope, and coronal
tibial slope values were determined for all subjects, the tabulated
data were mailed to the University of Vermont, where the
subjects’ age and sex codes were entered into the database. Stu-
dent t tests were performed to compare the medial tibial slope,
lateral tibial slope, and coronal tibial slope values between the
sexes. A similar approach was used to compare the depths of
tibial concavity between the sexes. Paired t tests were performed
to test for differences between medial tibial slope and lateral
tibial slope within individual subjects. Correlation analyses
were performed to determine the strength of the linear rela-
tionships between medial tibial slope and lateral tibial slope,
coronal tibial slope and medial tibial slope, and coronal tibial
slope and lateral tibial slope. Finally, in a post hoc analysis,
correlation tests were performed to assess the existence of a

linear relationship between age and various slope measure-
ments. The level of significance was set at 0.05 for all t tests and
the correlation analysis.

Results
he means and standard deviations for medial tibial slope,
lateral tibial slope, and coronal tibial slope are presented in
Table 1. For the male subjects, the medial tibial slope ranged
from —3° to +10° and the lateral tibial slope ranged from 0° to
+9°. For the female subjects, the medial tibial slope ranged
from 0° to +10° and the lateral tibial slope ranged from +1° to
+14°. The coronal tibial slope ranged from 0° to +6° for the
male subjects and from —1° to +6° for the female subjects.
The mean medial tibial slope for the female subjects was sig-
nificantly greater than that for the male subjects (5.9° com-
pared with 3.7° p = 0.01). Similarly, the mean lateral tibial
slope for the female subjects was significantly greater than that
for the male subjects (7.0° compared with 5.4° p = 0.02).
There was a significant difference (pairwise comparison) be-
tween the within-subject medial tibial slope and lateral tibial
slope values when the male and female subjects were consid-
ered as separate groups as well as when they were considered as
a combined group (p < 0.05 for all comparisons). Finally, the
mean coronal tibial slope for female subjects was significantly
less than that for male subjects (2.5° compared with 3.5°%
p = 0.03).
The reproducibility of the measurements was analyzed
post hoc by randomly selecting fifteen subjects and measuring
the tibial slopes in three independent trials (one original mea-
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Fig. 6

Graph showing the lateral tibial slope (LTS) and coronal tibial slope (CTS) values for
male and female subjects. The data points for female subjects are concentrated in the
bottom right quadrant of the plane, indicating lower coronal tibial slope and higher

lateral tibial slope combinations.

surement as well as two additional independent measure-
ments). The first trial (original measurement) and the second
trial were separated by three months, whereas the second trial
and the third trial were separated by four days. We then per-
formed an intraclass correlation analysis to assess the extent of
the reproducibility’®. The analysis revealed a significant (p <
0.05) correlation coefficient of 0.88, demonstrating that the
intraobserver reproducibility was acceptable. The estimate of
within-subject variance was 0.67 degrees squared, and the es-
timate of between-subject variance was 7.4 degrees squared.

The depth of the subchondral bone concavity of the
medial compartment of the tibia ranged from 1.4 to 4.2 mm
(mean, 2.7 + 0.76 mm) for female subjects and from 1.2 to 5.2
mm (mean, 3.1 £ 0.99 mm) for male subjects. There was no
difference in the depth of concavity of the medial compartment
between the male and female subjects (p = 0.1); however, the
statistical power associated with this comparison was low
(34%). The extent of the convexity of the lateral compartment
of the tibia was not large enough for a meaningful measure-
ment. On the lateral side, although the osseous boundary of the
tibial plateau is clearly convex (as represented by boundary
ABCD in Figure 3, b), the subchondral bone directly distal to
the femur (the region over which the femoral condyle artic-
ulates on the lateral tibia) is predominantly flat (region BC in
Figure 3, b).

The female subjects ranged in age from thirteen to sixty-
four years (mean and standard deviation, 33.2 £ 15.3 years),
whereas the male subjects ranged from fourteen to fifty-six

years (mean and standard deviation, 34.6 + 11.0 years). In a
post hoc analysis, all correlation coefficients, including medial
tibial slope-age, lateral tibial slope-age, and coronal tibial
slope-age for both of the individual sexes as well as the pooled
populations, were <0.25.

The correlation coefficients between medial tibial slope
and lateral tibial slope, coronal tibial slope and medial tibial
slope, and coronal tibial slope and lateral tibial slope for the
pooled population were not strong, as evidenced by their values
of 0.5, —0.26, and —0.27, respectively; similar results were
found for comparisons in the individual sex populations.

In an effort to provide added insight into the differences
in the tibial slopes between the sexes, the medial tibial slope
(abscissa) and lateral tibial slope (ordinate) values from all
subjects were plotted on the same graph (Fig. 4). The graph was
then divided into four regions by two lines representing the
median values, for the pooled population, for medial tibial
slope (indicated by the vertical dotted line at 5°) and lateral
tibial slope (indicated by the horizontal dotted line at 6°). In
Figure 4, it is interesting to note that the data points for a
substantial proportion of the female subjects (36%) were lo-
cated in the top right quadrant, with high medial tibial slope
and lateral tibial slope values, whereas the data points for a
substantial proportion of male subjects (31%) appeared in the
lower left quadrant, with lower medial tibial slope and lateral
tibial slope values. It is also apparent that the data points for a
small proportion of the subjects were located in the top left
quadrant, where medial tibial slope is considerably smaller
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than lateral tibial slope, and that the data points for an even
smaller proportion of the subjects, both male and female, were
located in the lower right quadrant, where medial tibial slope is
considerably larger than lateral tibial slope. More importantly,
33% of the female subjects had a medial tibial slope of >8°,
compared with only 10% of the male subjects. Similarly, 27%
of the female subjects had a lateral tibial slope of 29°, com-
pared with 10% of the male subjects.

Similar plots were constructed with use of the medial
tibial slope and coronal tibial slope data (Fig. 5) and the lateral
tibial slope and coronal tibial slope data (Fig. 6). These graphs
were also divided into four quadrants with use of the medians
of the pooled populations. Figure 5 shows that, with exclusion
of the median values, the data points for the greatest number of
the female subjects were located in the bottom right quadrant
(27%) whereas the data points for the male subjects had a
more homogeneous distribution over the entire plane (with
9% being located in the bottom right quadrant). Additionally,
with exclusion of the median values, the data points for 54% of
the female subjects fell below the coronal tibial slope median of
3°, compared with those for only 27% of the male subjects.
Similarly, in Figure 6, the data points for the majority of female
subjects were distributed on the right-hand side of the plane,
whereas the data points for male subjects were more homo-
geneously distributed.

Discussion

uch of what is known about the geometry of the asym-

metric, three-dimensional, osseous portion of the tibial
plateau is based on two-dimensional measurements obtained
from lateral radiographs. With that approach, it is difficult
to differentiate between the medial and lateral aspects of the
plateau because they are superimposed. The true tibial slope
should be based on measurements made at the center of the
articular regions of the medial and lateral compartments of the
tibial plateau. The approach used in the present study was based
on the accepted method of measuring the tibial slope on ra-
diographic images"® but involved the use of magnetic reso-
nance images instead”, which allowed us to characterize the
slope of the tibial plateau at the center of the articular surfaces
of the medial and lateral compartments. Furthermore, the
measurement of the depth of the concavity of the medial
compartment adds another dimension to our measurements
that helps to characterize the complex three-dimensional ge-
ometry of the tibial plateau. If one compares knees with similar
articular cartilage thickness profiles and meniscal geometries, a
deeper medial plateau will constrain the femoral condyle to a
greater extent and may result in increased resistance to dis-
placement of the tibia relative to the femur. Conversely, the
combination of a high medial tibial slope and low depth of
concavity may be associated with a decreased resistance to
displacement of the tibia relative to the femur, placing the knee
at increased risk for ligament injury (for example, anterior
cruciate ligament tears). Our results show that although the
lateral aspect of the plateau is convex, the subchondral bone
beneath the articular region is predominantly flat (Fig. 3, b).

THE GEOMETRY OF THE TIBIAL PLATEAU AND ITS INFLUENCE
ON BIOMECHANICS OF THE TIBIOFEMORAL JOINT

Therefore, the posteriorly directed slope of the lateral aspect
of the tibial plateau may be sufficient to explain its contri-
bution to the biomechanics of the tibiofemoral joint.

We found that there were significant differences in the
medial and lateral slopes of the tibial plateau between the male
and female subjects and that age was not associated with these
differences. The differences, while significant, were not large,
particularly for the coronal tibial slope comparisons. We eval-
uated our ability to detect such small differences with the ac-
curacy of the measurement technique that was used. The
accuracy of each measurement was considered to be a random
variable that was uniformly distributed in the interval (a, b). In
our case, this interval was 1° (—0.5° to 0.5°). If we denote a
measurement plus its accuracy error by Y, then o¢ = 04 + o,
where o is the variance of the accuracy error and o' is the
variance of the actual slopes. For a uniform distribution where
every measurement is subjected to the same accuracy error”,
the variance is o = (b—a)?/12. Thus, in our case, o = (0.5—
[—0.5])2/12 = 1/12 = 0.0833° degrees squared. We therefore
note that the effect of measurement accuracy is very small in
comparison with the estimates of o¢ (note values of standard
deviation in Table I) as in each case 0% = o¢ — 0.083. Thus, the
established differences are significant.

When the data from all subjects were considered, we also
found that for both the medial and lateral compartments there
were a large range of slopes, extending from —3° to +10° for
medial tibial slope, from 0° to +14° for lateral tibial slope, and
from —1° to +6 ° for coronal tibial slope. These ranges are
similar to those observed by Matsuda et al.”’, who reported a
range of 5° to 15.5° for medial tibial slope and a range of 0° to
14.5° for lateral tibial slope in their study of subjects with
normal knees. Additionally, the two reported mean values for
lateral tibial slope in our combined sample (6.38° + 3.04°) and
the sample in the study by Matsuda et al.”* (7.2° £ 3.8°) are
similar. In contrast, the mean values of the medial tibial slope
measurements differ (5.02° + 3.2° in the present study, com-
pared with 10.7° + 2.4° in the study by Matsuda et al.”®). The
most dramatic differences were observed in the maximum
values of the medial tibial slope (with the value in the study by
Matsuda et al.”” being 5.5° greater than that in our study) and
the minimum values of the medial tibial slope (with the value
in the study by Matsuda et al.” being 8° greater than that in our
study). These findings may be attributed to differences in the
choice of the reference axes used for measurement of the tibial
slopes, differences in the distribution of outliers in our study as
compared with that in the study by Matsuda et al.”*, and the
unknown distribution of sexes in the study by Matsuda et al.".
A review of our data reveals that almost any combination of
slopes in the above ranges could exist and that a strong cor-
relation did not exist between any of the measured variables
(Figs. 4, 5, and 6). Thus, it is possible that the study by Matsuda
et al.” included more females in the healthy group, resulting in
higher medial tibial slope values.

The two previous studies in which sex-based comparisons
of tibial slope were made involved the use of a conventional
radiographic approach and did not demonstrate a significant



2732

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 90-A - NUMBER 12 - DECEMBER 2008

difference”". The medial and lateral slopes of the tibia were not

measured in either study. In our study, female subjects had a
steeper posteriorly directed tibial slope medially (by an average
of 59%) and laterally (by 30%) in comparison with male
subjects. In contrast, the coronal tibial slope, which is oriented
downward in a lateral-to-medial direction, was less steep in
female subjects (by 29%). The similarity of standard deviations
in the male and female groups indicates that the degree of
scatter about the means is similar (Table I). Thus, character-
izing the entire tibial plateau on the basis of a single slope
is inadequate. It is important to note that the averages and
standard deviations reported here for both the medial tibial
slope and the lateral tibial slope for the pooled population
(5.02° £ 3.2° and 6.38° + 3.04°, respectively) are considerably
less than those reported previously"” (10° + 3° and 8.8° + 1.8°,
respectively). We believe that this difference is explained by our
use of a magnetic resonance imaging-based approach instead
of a radiographic approach and the choice of the reference axes
used to measure the tibial slopes.

The slope of the tibial plateau has a direct relationship
with anterior tibial translation of the knee as it transitions from
non-weight-bearing to weight-bearing conditions"”'*"”. This
relationship is supported by the findings of Torzilli et al.”*, who
used a cadaver model to demonstrate that the application of a
compressive load to the knee produces an anteriorly directed
shear force that results in an anterior neutral position shift of
the tibia relative to the femur. The magnitude of this displa-
cement was greater in anterior cruciate ligament-sectioned
knees than in intact knees. Our research group has reported
similar findings in humans”. The amount of anterior transla-
tion produced during the transition from non-weight-bearing
to weight-bearing is not only produced by the orientation of
the patellar tendon relative to the tibial plateau, it is also
influenced by the magnitudes of the compressive joint load
and the posteriorly directed slope of the tibial plateau. During
transmission of a compressive force across the tibiofemoral
joint, an increase in the slope of the tibial plateau is associated
with an increase in the magnitude of the anteriorly directed
force component of the compressive force that acts on the
articular surface of the tibia, a force that acts to produce a
corresponding anteriorly directed translation of the tibia. This
relationship has been explained with use of mathematical
models that have shown that the resultant anterior cruciate
ligament force increases as the slope of the tibial plateau in-
creases’?'. It has been reported that, during the early stance
phase of gait, subjects with anterior cruciate ligament-deficient
knees and a 4° slope of the tibia experienced a 9.1-mm anterior
translation of the tibia relative to the femur, whereas those with
a 12° slope experienced 15.2 mm of anterior translation®. Tt
can be argued that because females have a steeper tibial slope in
both the medial and lateral compartments, the application of
large compressive joint loads, such as those produced during
the transition from non-weight-bearing to weight-bearing
postures, exposes them to greater magnitudes of anteriorly
directed force on the proximal part of the tibia, and this may
predispose them to an increased risk of anterior cruciate lig-
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ament injury in comparison with males. If one considers the
mean values of tibial slope, it could be argued that the mean
differences between females and males of 2.2°, 1.6°, and 1.0° in
medial tibial slope, lateral tibial slope, and coronal tibial slope
may not have a dramatic effect on the biomechanics of the
knee’; however, the important point to consider is the differ-
ences between the extreme values. For example, 33% of the
female subjects had a medial tibial slope of 28° and 27% had a
lateral tibial slope of >9°. Conversely, only 10% of the male
subjects had a medial tibial slope of >8° and 10% had a lateral
tibial slope of >9°. The concentration of the data points for
female subjects in the top right quadrant of Figure 4 compared
with the clustering of the data points for male subjects in the
lower left quadrant demonstrates this difference. Thus, one can
argue that the anteriorly directed forces on the tibia that result
from the compressive joint load applied to the tibiofemoral
joint, which must be resisted by the anterior cruciate ligament,
vary considerably when one considers a medial tibial slope of
10° in a female subject as opposed to a medial tibial slope of 0°
in a male subject (or even another female subject). From this
perspective, Figures 4, 5, and 6 are important because they
present information regarding the distribution of the medial
tibial slope, lateral tibial slope, and coronal tibial slope mea-
surements for male and female subjects. Furthermore, these
figures show the subject-to-subject differences in the range and
distribution of these tibial slopes. In reality, these figures show
that differences between the sexes, although important, are less
important than differences between the subjects.

The lateral-to-medial slope of the tibial plateau, or the
coronal tibial slope, was positive or zero for 98% of the sub-
jects. There was only one subject with a coronal tibial slope of
—1°, and the remaining subjects had a coronal tibial slope that
ranged between 0° and 6° (Figs. 5 and 6). This finding indi-
cates that the lateral edge is superior to the medial edge of the
tibial plateau in a majority of subjects. However, this slope is
significantly larger in male subjects as evidenced by the dis-
tribution presented in Figures 5 and 6. In general, males have a
higher coronal tibial slope but a lower medial tibial slope and
lateral tibial slope than females. Although the effect that cor-
onal tibial slope has on the biomechanics of the tibiofemoral
joint is not entirely understood at this time, one could envision
an influence on the mechanics of anterior cruciate ligament
injury (both contact and noncontact) and on the ligament
balancing associated with unicompartmental knee recon-
struction in which only one aspect of the joint is reconstructed
and the maintenance of normal knee biomechanics may be a
desired clinical goal.

The findings of the present study suggest that future
studies should consider the three tibial slopes (medial tibial
slope, lateral tibial slope, and coronal tibial slope) as well as the
depth of concavity of the medial plateau as potential predictors
of noncontact anterior cruciate ligament injury. The data
presented in Figures 4, 5, and 6 could serve as a basis to dis-
tinguish at-risk tibial geometries, and the same convention
could be used to determine at-risk geometries for the onset
and progression of osteoarthritis.
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Furthermore, in both total and unicondylar knee ar-
throplasty, understanding the subject-to-subject differences
in terms of medial tibial slope, lateral tibial slope, and coronal
tibial slope could lead to a more accurate subject-specific
implant that replicates the biomechanics of the normal
knee'"*. Improvements may be possible if the surgeon at-
tempts to place the prosthetic tibial component at a specific
slope that reproduces the original compartmental slope of the
subject.

Finally, the knee laxity measurements that are often
measured at 15° to 25° of knee flexion with use of an ar-
thrometer may be influenced by the tibial slope as well as the
medial tibial depth. Differences in medial tibial slope, lateral
tibial slope, and the depth of concavity of the medial aspect of
the tibial plateau could influence the resistance of the tibia to
anterior translation, and this could influence the anterior knee
laxity capacity that is measured with use of arthrometers.
Future studies may be needed to assess the correlation between
tibial slope and anterior knee laxity measurements.

One of the limitations of the present study is that we did
not have access to the height and weight of the subjects, and
consequently we did not explore correlations that may exist
with the measured slopes. These covariates should be consid-
ered in future research regarding the role of tibial slope in
anterior cruciate ligament injury and osteoarthritis. As a sec-
ond limitation, it is important to note that the magnetic res-
onance imaging voxel resolution, the access to a sufficient length
of the tibia in the magnetic resonance image, and the ability to
identify landmarks precisely all could have an impact on the
slope measurements. However, although these factors may in-
fluence the results, they will not influence the large subject-to-
subject differences or the large range of slope values described in
the present report.

In conclusion, the present study introduces a new
approach to describe the slopes of the medial and lateral
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aspects of the osseous portion of the tibial plateau in the
sagittal and coronal planes. It is more comprehensive and re-
lays more information regarding the biomechanics of the
tibiofemoral joint in comparison with previous reports.
These geometric differences may be important to consider
when assessing the risk of knee injury, the susceptibility to
osteoarthritis, and the design and success of unicondylar and
total knee arthroplasty. ®
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