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Abstract
Knowledge of the morphology and kinematics of the male and female knees is important for
understanding gender related dimorphism in knee pathology and improvement of related surgical
treatments. Twelve male and twelve female subjects with healthy knees were recruited and each
subject performed a single leg lunge while images of the knee were recorded by two fluoroscopes.
Tibiofemoral joint motion was then reproduced using bony models matched to the fluoroscopic
images. Femoral trochlear groove orientation was also measured in each knee.

While many of the measured parameters were found to be similar between the genders, few
interesting differences were also noted. Females showed greater external tibial rotation at 0°
(−5.4° vs. −1.3°, p = 0.03), smaller internal rotation at 30° flexion (1.7° vs. 6.4°, p =0.04) and
greater range of tibial rotation (18.2° vs. 12.4°, p = 0.01) compared to males. Female knees also
had a more medially oriented proximal trochlear groove (10.0° vs. 4.5°, p = 0.04). These gender
differences in rotational kinematics and trochlear groove orientation may warrant further studies to
determine implications for surgical treatments such as total knee arthroplasty, and gender related
dimorphism in certain knee injuries and pathologies, like ACL injury and patellofemoral
problems.
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INTRODUCTION
Recently, gender related dimorphism in the knee has received increased attention in sports
medicine (1–3) and total knee arthroplasty (TKA) (4–6). Certain soft tissue injuries,
particularly ACL injuries, have a higher prevalence in young female athletes compared to
their male counterparts (3,7,8). Patellofemoral pain, recurrent patellar dislocations and
patellofemoral arthritis have been reported to be more common in females (9,10). Women
above 50 years of age have a higher incidence of osteoarthritis and associated disability, and
account for about two-thirds of TKA patients (5,11,12).
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These differences in the pathophysiology of the knee have been related to differences in
muscle recruitment, passive and dynamic knee stiffness, neuromuscular control, training,
femoral notch width, ACL thickness and lower limb alignment (1,7,10,13). Gender specific
TKA implant designs have been proposed based on reported morphological differences
between the male and female knees (6). Morphological measurements have shown that
female knees are narrower than male knees for the same anteroposterior dimension, and
have a less prominent anterior condyle (6,14,15). Nonetheless, the need and efficacy of
gender specific TKA continues to be a matter of debate (4,5).

Few studies have delineated gender differences in the six degrees-of-freedom (six-DOF)
tibiofemoral kinematics during functional weight-bearing activities. This knowledge is
essential to understanding of mechanisms underlying gender related differences in knee
injuries and pathology. Additionally, this will help determine if there exists a justification
for gender specific TKA beyond achieving better anatomical match. Previous studies have
looked at the effect of gender on various morphological parameters of the knee (6,14,15).
However, gender differences in the orientation of the trochlear groove, have not been clearly
delineated. In the native knee, trochlear groove orientation plays a major role in patellar
tracking (16). Therefore, the study of trochlear groove orientation in male and female knees
is crucial to the understanding of the patellofemoral pathophysiology. In the TKA knee,
trochlear groove orientation of the femoral component has major effect on patellar tracking
(17,18). Non-physiologic forces resulting from changes in patellofemoral motion can
contribute to patellofemoral pain, patellar component loosening and wear (17,18).
Consequently TKA designs have sought to achieve physiological tracking by manipulating
the orientation of the femoral trochlear groove (17,19). Therefore, knowledge of trochlear
groove orientation in the native male and female knees is also important for the design of
TKA implants.

We hypothesized that there exists a gender difference in the in vivo six-DOF tibiofemoral
motion and trochlear groove orientation. The objective of this study was to investigate
gender differences in the coronal plane orientation of the femoral trochlear groove and the
six-DOF tibiofemoral kinematics during weight-bearing knee flexion, using 3D MR image
based models of the knee and a dual fluoroscopic imaging system.

MATERIALS AND METHODS
Subject Recruitment and Statistics

A sample of convenience was utilized in this cross-sectional study. Twelve male and twelve
female subjects were recruited. Each subject signed an informed consent for the study,
which was approved by our institutional review board. The average (and standard deviation)
age of the male subjects was 33.0 ± 7.3 years and the average age of the female subjects was
29.0 ± 10.5 years. There was no significant difference in age between the genders (p = 0.29).
However, male subjects were taller (71 ± 2 in vs. 66 ± 3 in, p = 0.01) and weighed
significantly more than female subjects (186 ± 18 lbs vs. 138 ± 23 lbs, p < 0.001). All knees
included in the study were healthy, without symptoms of osteoarthritis or soft tissue injury,
as verified via clinical examination and MR imaging. Criteria for exclusion included body
mass index greater than 30.

Creation of 3D Knee Model
Magnetic resonance (MR) image scans of each knee were obtained using a 3.0 Tesla magnet
(Siemens, Germany) and fat suppressed 3D spoiled gradient-recalled sequence (20). During
the scan, the subject was supine with his or her knee in a relaxed and extended position.
Parallel sagittal plane images were obtained (resolution 512 × 512 pixels) with a field of
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view of 160×160 mm and spaced 1 mm apart. These images were then segmented using a
3D modeling software (Rhinoceros®, Robert McNeel and Associates, Seattle, WA) to
construct 3D models of the knee, including the tibia and femur (20).

Measurement of In Vivo Tibiofemoral Kinematics
Following the MR scan, the subjects performed a single leg lunge with their knee in the field
of view of two orthogonally placed fluoroscopes (BV Pulsera, Philips, Bothell, WA) (Fig.
1). The subject was instructed to flex his or her knee through different flexion angles from
full extension to maximum flexion, while being monitored using a goniometer. The subjects
held their position at specified flexion angles for a brief moment while the fluoroscopic
images were captured. These fluoroscopic images were then imported into a virtual
fluoroscopic setup in the solid modeling software (Rhinoceros®) and were placed at their
respective positions (20). Next, the 3D MR image-based models of the tibia and femur were
imported into the software. The models were then individually manipulated in six-DOF,
until they matched their projections on the orthogonal fluoroscopic images captured during
the actual weight-bearing activity. Thus, the in vivo knee motion was represented by a series
of 3D knee models at different flexion angles (20).

Six-DOF kinematics of the tibiofemoral joint was directly obtained from the series of 3D
models, using coordinate systems embedded in the distal femur and proximal tibia (Fig. 2)
(21,22). The tibial long axis passed through the middle of the tibial spines and was oriented
parallel to the posterior wall of the tibial shaft in the sagittal plane. In the coronal plane it
was angled equally with respect to the medial and lateral edges of the tibial shaft. An
orthogonal coordinate system was placed on the tibia with the mediolateral axis obtained by
projecting a line passing through the centers of the medial and lateral tibial plateaus onto a
plane perpendicular to the tibial long axis. The center of the medial/lateral tibial plateau was
defined as the centroid of the closed curve formed by tracing the edges of the plateau. The
midpoint of the tibial mediolateral axis was defined as the origin of the tibial coordinate
system. The proximal-distal axis of the tibia was parallel to tibial long axis. The tibial
anteroposterior axis was defined to be perpendicular to the tibial mediolateral and proximal-
distal axes (21,22). For the femur, two axes were defined, the transepicondylar axis and a
line passing through midpoint of the transepicondylar axis, and parallel to the femoral long
axis (21,22). The femoral long axis passed through the most distal point on the femoral
intercondylar notch. In the sagittal and coronal planes the femoral long axis was angled
equally with respect to the anterior/posterior and medial/lateral edges of the femoral shaft,
respectively.

Knee flexion was defined as the angle between the femoral and tibial long axis projected
onto the tibial sagittal plane (21,22). Internal-external rotation of tibia was defined as the
angle between the transepicondylar axis and the tibial mediolateral axis, projected onto the
transverse plane of the tibia. Varus-valgus rotation was defined as the angle between the
transepicondylar axis and the tibial mediolateral axis, projected onto the coronal plane of the
tibia. Flexion, internal tibial rotation and varus rotation were defined to be positive. The
midpoint of the transepicondylar axis was used to measure femoral translations in the
anteroposterior, mediolateral and proximal-distal directions with respect to the tibial
coordinate system. Anterior, proximal and medial femoral translations were defined to be
positive.

The accuracy of this combined MR and dual fluoroscopic imaging technique for measuring
translations has been validated under in vitro conditions to be better than 0.1 mm (21,23).
Repeatability of the technique for measuring translations and rotations has been validated to
be better than 0.1 mm and 0.3° (21,23). To account for the effect of knee size, tibiofemoral
translations were also normalized by the anteroposterior and mediolateral dimensions of the
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tibia. The methodology for measuring tibial and femoral dimensions is described in
Appendix A and the measurements are listed in Table A1 of the appendix.

Measurement of Trochlear Groove Orientation
The coronal plane orientations of the proximal and distal portions of the trochlear groove
were measured by importing the 3D model of the femur into the solid modeling software.
The deepest points on the trochlear groove were traced and projected onto the coronal plane
of the femur using a rollout projection (Fig. 3). The rollout projection was used to preserve
the length of the trochlear groove similar to method used by Barink et al. (24). Linear
regression was used to fit a second order polynomial curve to the projected points to form
the trochlear line. The slopes of the proximal and distal halves of the trochlear line
(measured at middle of each half), were measured relative to a line perpendicular to the
transepicondylar axis to determine the proximal and distal trochlear groove angles. A
positive angular measurement indicates medial orientation.

Two-tailed t-test for independent samples was used to compare the six-DOF tibiofemoral
kinematics (at each flexion angle) and trochlea groove orientation between the male and
female knees. The level of statistical significance was set at p < 0.05.

RESULTS
Tibiofemoral Kinematics

Both male and female knees showed consistent femoral rollback with flexion and there was
no significant difference between the genders (p ≥ 0.15, power ≤ 0.28, Fig. 4A). When
normalized by anteroposterior size of the tibia, again no significant gender differences were
noted (p ≥ 0.67, power ≤ 0.07, Fig. A3 - Appendix A). In the mediolateral direction, no
significant gender differences were noted except at 120° flexion (p ≥ 0.32, power ≤ 0.18 for
0–105° flexion, Fig. 4B). At 120° flexion, female knees had a significantly greater medial
position compared to male knees (7.0 ± 2.7 mm vs. 4.5 ± 1.9 mm, p = 0.03). Upon
normalization by mediolateral size of tibia, female knees tended to show a more medial
position (Fig. A4 - Appendix A). However, difference between the genders was not
significant except at 120° flexion (p ≥ 0.1, power ≤ 0.38 for 0–105° flexion).

Female knees showed significantly greater external tibial rotation at 0° (−5.4 ± 3.6° vs. −1.3
± 4.7°, p = 0.03) and smaller internal rotation at 30° flexion (1.7 ± 5.4° vs. 6.4 ± 5.2°, p =
0.04, Fig. 5A). The difference between genders at higher flexion angles was not statistically
significant (p ≥ 0.09). Female knees also showed slightly greater varus rotation (Fig. 5B), at
105° (3.4° vs. 2.3°) and 120° (3.7° vs. 2.7°) flexion. However, difference between genders
was not statistically significant at any flexion angle (p ≥ 0.41, power ≤ 0.13).

The range of knee motion between 0 and 120° of flexion was also compared between the
male and female knees (Table 1). There was no significant difference in the range of
anteroposterior translation, mediolateral translation, and varus-valgus rotation between the
male and female knees. However, female knees had significantly greater range of tibial
rotation compared to male knees (18.2 ± 5.8° vs. 12.4 ± 4.1°, p = 0.01).

Trochlear Groove Orientation
The average distal trochlear angle for male knees was 1.7 ± 6.7° and for female knees was
−0.6 ± 5.8°. No significant difference was seen in the distal trochlear orientation between
the male and female knees (p = 0.39). However, the average proximal trochlear angle for
female knees was 10.0 ± 6.4° and for male knees was 4.5 ± 6.2° (Fig. 6). The proximal
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portion of the trochlear groove was oriented significantly more medially in females
compared to males (p = 0.04).

DISCUSSION
In this study we investigated the six-DOF tibiofemoral kinematics and coronal plane
orientation of the femoral trochlear groove, in male and female knees. The results of this
study showed that while many of the measured parameters were similar between genders,
there exist gender differences in the coronal plane orientation of the trochlear groove and
internal-external rotation of the tibia relative to the femur.

In our study we did not find significant gender difference in the anteroposterior knee
translation, particularly upon normalization by anteroposterior tibial dimension.
Mediolateral translations also did not show any significant gender difference (except at 120°
flexion), both with and without normalization by mediolateral tibial dimension. However, in
female knees the normalized mediolateral translation data showed a trend towards more
medial position compared to males. This warrants further investigation with a larger sample
size.

Compared to males, females showed greater external tibial rotation at 0° flexion, smaller
internal rotation at 30° flexion and greater range of tibial rotation, during the weight bearing
activity. These data are consistent with the reported lower passive torsional stiffness and
higher rotary knee joint laxity in females (2,25). From a biomechanical point of view,
increased external rotation correlates to an increase in the effective Q angle during weight-
bearing activity (26,27). This could lead to shift of contact pressure towards the lateral facet
of the patellofemoral joint (7–9,28). This hypothesis and its relation to the reported higher
incidence of patellofemoral problems in females still need to be investigated (7–10). In
literature, increased passive joint laxity has been linked with heightened risk of ACL injury
in females (3,8). How the increased active rotation of the female knee seen in this study
affects the ACL function, warrants further investigation. The increased external tibial
rotation at low flexion angles could predispose the female knee to increased ACL
impingement with the lateral femoral condyle during pivoting motions associated with ACL
injuries. If this hypothesis is true then the increased external tibial rotation could represent a
disadvantage in protecting the ACL from injury (13,29–31).

In our study males and females showed similar varus-valgus rotation with no significant
gender difference at any flexion angle, although females showed slightly greater varus
rotation at 105° and 120°. Studies on dynamic activities such as landing from a jump have
shown females to have significantly greater valgus rotation (32). The differences between
results of our study and other reports may indicate that differences in knee stiffness and
neuromuscular control during specific dynamics activities are the dominant cause for gender
variation in varus-valgus motion, rather than any inherent varus or valgus bias in the male or
female knee.

The overall medial orientation of the trochlear groove is consistent with previous reports in
literature (24,33,34). This also explains the lateral patellar translation with knee flexion,
once the patella engages the femoral trochlea (24,34). While there was no significant gender
difference in the distal trochlear orientation, the proximal trochlea in females was found to
be oriented significantly more medially in this study. This difference in proximal trochlear
groove orientation might lead to differences in patellar tracking. Gender difference in
patellar tracking may not necessarily imply a disadvantage with regards to patellofemoral
problems. However, if it exists, it could have important implications for design of TKA
implants. The data showing more medial orientation of the trochlear groove in females also
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contradicts the perception of a more lateral trochlea in females, which is based on greater Q
angle of female knees (6,35). Recently, gender specific TKA designs have been proposed to
accommodate the geometric features of female knees (5,6). Our data on trochlear orientation
in male and female knees could enable improvement of the gender specific total knee and
patellofemoral arthroplasty designs. Although it is too early to speculate on implications of
the differences in rotational kinematics for total knee or patellofemoral arthroplasty
procedures, future studies are warranted to investigate this issue further. In determining
these implications it is also important to consider gender related differences together with
the inherent subject-to-subject variations.

One factor that could lead to reduction in accuracy of the dual fluoroscopic technique
compared to values obtained from in vitro validation is image blurring due to unwanted
motion of the subject’s knee. This was not a major issue for this study since the relatively
young subjects possessed sufficient muscle strength to balance during the lunge activity, and
the test setup included hand rails for support. Normal motions of small magnitudes,
occurring with limited velocities, do not significantly affect the accuracy of the dual
fluoroscopic technique as has been confirmed by our previous dynamic validations (36,37).
It should be noted that the system accuracy/repeatability values obtained during validations
do not relate to inter/intra-observer variability in placement of coordinate axes. Specifying
accuracy of axes placement is difficult, if not impossible, since there is no gold standard
with which to compare a given choice of coordinate axes. Inter/intra-observer variability in
axes placement is undesirable but unavoidable. This variability can lead to increase in the
standard deviation of the measured kinematics (over the inherent subject-to-subject
variation) making it harder to detect differences between the study groups. However, by
using a consistent protocol for axes placement, such variability can be minimized.

The aim of this study was to investigate any underlying gender differences in the weight-
bearing motion of the knee from full extension to deep flexion, independent of factors such
as landing strategy and training level (32). The lunge motion allows us to investigate the
natural kinematics of the knee over a large range of motion (0–120°) in a controlled manner.
Activities such as landing from a jump or pivoting motion may be more relevant for specific
injuries such as ACL injuries, but have limited range of weight bearing flexion and
inherently include factors such as differences in training level and landing strategy. In this
study the subjects performed the lunge motion in a quasi-static manner, holding the knee
position at specified flexion angles for a brief moment while the fluoroscopic images were
captured. Differences in muscle activitation between quasi-static and dynamic knee motion
may lead to changes in measured kinematics, which need to be kept in mind while
interpreting results of this study. The advantage of a quasi-static study is minimal motion
artifacts and reduced radiation exposure compared to dynamic fluoroscopy.

Another limitation of this study is that in determining trochlear groove orientation we
utilized the bony morphology, neglecting the geometry of the articular cartilage. Shih et al.
showed differences between the measurements of the bony and cartilaginous geometry of
the trochlea (38). However, they found general trends to be similar in both measurements.

In conclusion, this study revealed that significant gender differences exist only in the
tibiofemoral rotational kinematics and proximal trochlear groove orientation. In particular,
female knees have greater external tibial rotation at low flexion angles and greater range of
tibial rotation. The more externally rotated position of the tibia in females, particularly at
low flexion angles, could increase the effective Q angle during weight-bearing activity.
Additionally, the proximal trochlea in females is oriented more medially than in males.
Further studies are warranted to determine implications of these data for surgical treatments,
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such as total knee or patellofemoral arthroplasty, and to investigate factors underlying
increased risk of ACL injury and patellofemoral problems in females.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Subject performing weight-bearing single leg lunge while being imaged by two orthogonally
placed fluoroscopes.
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Figure 2.
Coordinate systems embedded in the proximal tibia and distal femur, used to measure
tibiofemoral kinematics.
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Figure 3.
Measurement of coronal plane orientation of trochlear groove. α = distal trochlear groove
orientation and β = proximal trochlear groove orientation.
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Figure 4.
(A) Anteroposterior and (B) mediolateral femoral translation as a function of flexion for
male and female knees (* =p<0.05). Positive values indicate anterior and medial
translations.
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Figure 5.
(A) Internal-external tibial rotation and (B) varus-valgus knee rotation as a function of
flexion angle, for male and female knees (* = p<0.05). Positive values correspond to internal
tibial and varus knee rotations.
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Figure 6.
Coronal plane orientation of proximal portion of femoral trochlear groove in male (M) and
female (F) knees.
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