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Abstract

Background In vivo studies have suggested Caucasians

achieve lower average knee flexion than non-Western

populations. Some previous studies have also suggested

gender may influence condylar AP translation and axial

rotation, while others report an absence of such an

influence.

Questions/purposes We determined whether different

ethnic and gender groups residing in the United States had

different knee translations and rotations.

Methods Three-dimensional knee rotations and transla-

tions were determined for 72 healthy subjects (24

Caucasian men, 24 Caucasian women, 13 Japanese men, 11

Japanese women) from full extension to maximum flexion

using a fluoroscopic technique, under in vivo, weight-

bearing conditions.

Results Although we observed substantial variability in

all groups, small differences between groups were found,

especially in deep flexion. Japanese women and men and

Caucasian women achieved higher maximum flexion

(153�, 151�, and 152�, respectively) than Caucasian men

(146�). External rotation was higher for these three groups

than for Caucasian men. The medial condyle remained

more anterior for Caucasian women and all Japanese sub-

jects than for Caucasian men, possibly leading to greater

axial rotation and flexion, observed for these three groups.

Conclusion We identified small differences in maximum

flexion between genders and ethnic groups. While no dif-

ferences were identified in the lateral condyle translation,

the medial condyle remained more stationary and more

anterior for the groups that achieved highest (and similar)

maximum flexion. Therefore, it may be important for

future implant designs to incorporate these characteristics,

such that only the lateral condyle experiences greater

posterior femoral rollback, while the medial condyle

remains more stationary throughout flexion.

Introduction

Current TKA reduces pain, restores mobility, and provides

satisfactory longevity [44, 45]. However, even patients

having high Knee Society Scores often experience limita-

tions in their daily activities, especially those requiring

deep knee flexion [38]. Surgery is sometimes refused in

non-Western cultures due to the anticipated limited post-

operative ROM [47]. Therefore, improvements to facilitate

deep flexion activities are required in the present TKA
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designs. To make design changes, it is important to

understand which factors influence deep flexion capabili-

ties. Since women seem to be more flexible than men [2, 5]

and Asian populations can achieve more flexion than

Caucasians (156.9� [24], 157.3� [22], 159.6� [1], 160� [16],

162�[37] or even 165� [17] for Asian populations and

143.8� [40], 145� [16] for Caucasian), these two factors,

gender and ethnicity, might reveal certain factors leading to

higher knee flexion.

Physiologic and anatomic characteristics can vary con-

siderably between individuals. However, several common

features can be classified with respect to gender. One study

suggests women have different motion patterns from men

while performing the same athletic tasks. During running

or cutting maneuvers, women reveal 8� less flexion, but 11�
more valgus position then men [35]. Women reportedly

have higher ACL laxity than men (6.4 mm and 4.9 mm,

respectively [27]), possibly related to anatomic variations

or hormonal differences [23, 39, 43]. During closed kinetic

chain knee extension, women experience 23.6% less knee

joint surface rolling than men [26]. During single-legged

squatting exercise, women demonstrate 6.7� more ankle

dorsiflexion and 2.7� more pronation, 9.1� more hip flex-

ion, 3.2� adduction, and 6.6� of external rotation than their

male counterparts [51]. Furthermore, women cannot

develop as much torsional or shear stiffness as men [48,

49], despite experiencing greater quadriceps activation than

men [9, 10, 26, 35, 51]. However, a radiographic study

focusing on more detailed analysis of the tibiofemoral joint

suggested (but could not prove due to limited cohorts) that

tibiofemoral kinematics is independent of gender [30].

Research data originating from different regions of the

world suggest ROM may also be a function of ethnicity or

a lifestyle. Caucasians can flex to about 140�, while in

societies where daily activities require full kneeling or

squatting as in Japan, India, or the Middle East, subjects

achieve up to 165�, providing an energy-saving flexed

posture [16, 17]. Saudi Arabian men flex their knees, on

average, to 159.6� [1], 15� more than Scandinavians [40].

Arabs maintain the flexion of 157.3� in their prayer posi-

tion [22]. However, the differences in the methods

employed in these studies make it difficult to compare and

explain the higher ROM observed for Asian populations.

Previous three dimensional, in vivo kinematic studies have

routinely reported findings from population sizes limited to

10 to 20 subjects [4, 11, 14, 22, 30, 34, 37], but none of

these studies involved large sample sizes of non-implanted

knees, especially taking into account gender and ethnicity.

Studies that did involve larger sample sizes most often

utilized non weight-bearing conditions, two-dimensional or

in vitro assessments.

Therefore, we asked whether gender and ethnicity

influenced (1) maximum flexion; (2) femoral axial rotation

and abduction/adduction (valgus/varus rotations); (3) AP

translations of the tibiofemoral joint; and (4) type of

motion experienced by each femoral condyle.

Patients and Methods

In vivo knee kinematics was determined for 72 subjects (24

Caucasian men, 24 Caucasian women, 13 Japanese men,

and 11 Japanese women) (Table 1). All Caucasian subjects

were of European descent and reported they had grown up

in the United States, and Japanese subjects were included

only if they reported they grew up in Japan and were of

Japanese descent. All Japanese subjects in this study grew

up in their natural environment and moved to the United

States as adults. Therefore, their bone morphology was

established before they moved and participated in this

study, ensuring their outcomes will be representative of

their ethnicity. All subjects had healthy, well-functioning

knees with no ligament instability, laxity, or past knee

injury in the examined knee. The study protocol was

approved by the Internal Review Board at the University of

Tennessee and by the Research Subjects Review Board at

the University of Rochester. Informed consent was

obtained from each subject before participating in the

study.

While under fluoroscopic surveillance, each subject was

asked to perform a deep knee bend followed by a forward

lean of the examined knee so that maximum flexion could

be achieved (Fig. 1). Participants did not use any sup-

porting devices. The activity was analyzed from full

extension to maximum flexion in 30� increments. The

computer-aided design (CAD) models of the tibia, fibula,

and femur bones were recreated in a segmentation process,

based on MR images obtained for each participant. The

MR images were acquired with a 3D gradient echo

sequence in the sagittal plane (TE: 17 ms; TR: 45 ms;

NEX: 1; flip angle: 30; imaging time: 7 minutes). The field

of view was 140 mm, with a 512 9 512 matrix resulting in

an in-plane image resolution of 0.27 mm and 1.2-mm-thick

slices. Segmentation was performed by manually digitizing

the bone surfaces using ScanIP software (Simpleware,

Exeter, Devon, UK). The resulting data were used to create

full 3D polygonal surface models for the distal part of the

femur and the proximal part of the tibia and fibula.

The 3D kinematics was recovered by overlaying the 3D

CAD bone models onto their respective silhouettes in

fluoroscopic images (Fig. 2) using a previously described

3D-to-2D registration technique [12, 13, 25, 33]. An error

analysis for this process was previously performed for

TKA components, documenting a translational error of

less than 0.5 mm and a rotational error of less than

0.5� [33].
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Unlike for metal objects, the fluoroscopic images of

bones contain visible internal details, rather than just a

black silhouette. This allows prediction of the intensities

inside the object silhouette, which can lead to even more

accurate prediction and registration of 3D bone models to

the fluoroscopic images [33].

Table 1. Demographic variables of the patient groups

Variable Caucasian Japanese ANOVA P values

Males (n = 24) Females (n = 24) Males (n = 13) Females (n = 11) CM

versus

CF

JM

versus

JF

CM

versus

JM

CF

versus

JFAverage SD Average SD Average SD Average SD

Age (years) 27.5 6.8 25.2 6.9 30.9 6.6 37.4 5.9 0.000 0.104 0.031 0.067 0.000

Height (m) 1.8 0.1 1.6 0.1 1.7 0.1 1.6 0.1 0.000 0.000 0.000 0.006 0.943

Weight (kg) 83.9 14.0 61.3 15.5 70.1 11.0 53.0 7.8 0.000 0.000 0.001 0.003 0.067

Body mass index

(kg/m2)

21.1 1.7 20.5 2.4 20.0 1.5 19.2 2.1 0.058 0.222 0.323 0.038 0.170

Thigh girth (cm) 53.7 4.4 52.0 6.2 50.8 3.9 48.8 5.3 0.058 0.222 0.323 0.038 0.170

Knee girth (cm) 39.5 2.8 37.5 3.2 38.6 2.0 38.0 4.8 0.098 0.029 0.231 0.550 0.900

Tibial plateau

Length (mm) 53.12 3.62 44.70 3.05 49.07 3.94 43.68 2.37 0.000 0.000 0.001 0.007 0.346

Length/height (/) 29.54 1.43 27.93 1.79 28.48 1.47 27.58 1.58 0.002 0.003 0.224 0.058 0.582

Width (mm) 77.34 5.25 65.77 2.78 75.39 4.00 66.05 2.04 0.000 0.000 0.000 0.233 0.817

Width/height (/) 43.01 2.25 41.10 1.57 43.82 1.91 41.70 1.58 0.000 0.002 0.013 0.382 0.278

Length/width 0.69 0.04 0.68 0.04 0.65 0.04 0.66 0.03 0.016 0.197 0.354 0.006 0.346

Femoral flexion

facet radius

Medial (mm) 21.57 1.59 18.14 1.25 19.94 1.54 18.01 1.02 0.000 0.000 0.003 0.011 0.683

Medial/height (/) 12.00 0.78 11.33 0.66 11.58 0.77 11.37 0.71 0.014 0.006 0.164 0.131 0.957

Lateral (mm) 21.74 1.73 18.09 1.17 20.52 1.47 18.03 1.10 0.000 0.000 0.001 0.040 0.986

Lateral/height (/) 12.09 0.77 11.31 0.68 11.92 0.64 11.38 0.64 0.001 0.001 0.093 0.474 0.631

Medial/lateral 0.99 0.05 1.00 0.06 0.97 0.07 1.00 0.07 0.491 0.673 0.271 0.221 0.901

Femoral extension

facet radius

Medial (mm) 33.68 3.51 29.30 2.21 31.50 3.06 27.68 1.75 0.000 0.000 0.002 0.108 0.029

Medial/height (/) 18.74 1.84 18.29 1.10 18.29 1.41 17.47 1.17 0.136 0.490 0.148 0.645 0.091

Lateral (mm) 40.45 5.01 36.88 6.22 38.26 3.40 35.91 2.35 0.036 0.047 0.093 0.166 0.709

Lateral/height (/) 22.47 2.32 23.07 4.06 22.25 2.09 22.70 2.04 0.849 0.942 0.685 0.886 0.845

Medial/lateral 0.84 0.09 0.81 0.13 0.83 0.09 0.77 0.08 0.387 0.427 0.148 0.738 0.384

CM = Caucasian males; CF = Caucasian females; JM = Japanese males; JF = Japanese females.

Fig. 1 To achieve maximum flexion, each participant performed deep knee bend activity followed by a forward lean.
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Once the 3D kinematics was recreated, the flexion, axial

rotation, and abduction/adduction (valgus/varus rotation)

were determined using a joint coordinate system [19].

Next, the medial and lateral tibiofemoral contact locations

were identified based on the distance between the surface

of the tibial plateau and the respective femoral condyles

(Fig. 3) (Video 1 [supplemental materials are available

with the online version of CORR]). The AP positions of the

contact points on the tibial plateau were measured in the

tibial (local) coordinate system.

Although the shape of the femoral condyles is complex

and nonuniform, its sagittal curvature can be divided into

four main facets [36] out of which the extension and

flexion facets cover almost the entire functional arc of the

distal femoral condyles (Fig. 4). The centers of these facets

were determined for medial and lateral condyles. By

Fig. 2 During the 3D-to-2D registration process, the bone CAD

models were fitted into their respective silhouettes visible in the

fluoroscopic images. Original fluoroscopic video (top row) overlaid

CAD models onto their respective silhouettes (middle row) and 3D

view of the recreated relative kinematics (bottom row) for full extension

and 30�, 60�, 90�, 120�, 150�, and maximum flexion (from left to right).

Fig. 3 Tibiofemoral contact point location was determined based on the relative orientation and position of the femur and tibia bones (see also

Video 1 [supplemental materials are available with the online version of CORR]).
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tracking these centers, the AP movement of femoral con-

dyles could be adequately studied (Video 2 [supplemental

materials are available with the online version of CORR])

[29].

Based on the femoral rotations, translations, and cur-

vature of the condyles, the amount of arc length rotation

was calculated for each condyle and compared with the

amount of pure condylar translations. The proportions of

these two quantities indicated the type of motion present

during the analyzed activity. Knee motion can be described

using five unambiguous terms; roll, spin, combined roll-

spin, concordant translation, and countertranslation [7]

(Fig. 5). The rolling motion occurs when the body rolls on

the surface without slipping (amount of arc length is equal

to the distance traveled), spin occurs when the body rotates

without translating, combined roll-spin is present when the

body translates less than the arc length rotation, while the

opposite case is called concordant translation. The count-

ertranslation occurs whenever the body turns in the

opposite direction to its translation. Theoretically, there

might be another type of motion: sliding, when a body

translates without rotating (Fig. 5) (Video 3 [supplemental

materials are available with the online version of CORR]).

Since there were differences in height and weight

(Table 1) among the individuals, it was necessary to nor-

malize the results so that proper intersubject comparisons

could be made. Therefore, the AP translations of the

tibiofemoral contact point and of the femoral condyles

were normalized with respect to the tibial plateau length

(measured from the segmented CAD models of the tibia

bone). The tibial plateau length and width were smaller for

women than for men in both Caucasian and Japanese

groups (Table 1). However, after normalizing with respect

to subjects height, the length was larger (p = 0.003) only

for Caucasian men compared to Caucasian women. The

normalized width was smaller (p = 0.002, p = 0.013) for

women compared to men in each ethnic group. The medial

and lateral extension and flexion facet radii were also

smaller for women compared to men in each ethnic group.

However, after normalizing with respect to height, there

were no differences, except for the femoral flexion facet

radii for Caucasian men compared to Caucasian women

(Table 1).

Differences in the group means of numerous demo-

graphic (Table 1) and kinematic (Table 2) variables were

tested by one-way ANOVA. However, due to limited and

unequal sample sizes the homoscedasticity assumption

underlying the ANOVA test may not always have been

satisfied. Moreover, one-way ANOVA is optimal for equal

sample sizes, but it is conservative for unequal samples

[21]. This could potentially lead to failing to reject the null

hypothesis, while in fact the means are not equal (Type II

error). Therefore, to determine differences between specific

groups, the ANOVA was followed by a nonparametric post

hoc Wilcoxon rank-sum (also known as Wilcoxon–Mann-

Whitney) test, which does not assume equal sample sizes

and does not require the data to be normally distributed. All

statistical calculations were completed using Matlab1

software (The MathWorks, Inc, Natick, MA).

Results

Caucasian women achieved similar (p = 0.403,

p = 0.354) maximum flexion as the Japanese women and

Japanese men (Table 2). These three groups also outnum-

bered the Caucasian males capable of achieving knee

flexion greater than 150� (Fig. 6). Consequently, the

average maximum flexion was lower for Caucasian men

than for Caucasian women (p = 0.025) or Japanese men

(p = 0.063) (Fig. 7A). These differences were also

apparent when comparing the flexion ROM; the highest

was attained by Japanese women, followed by Japanese

men, Caucasian women, and Caucasian men.

The maximum axial rotation was lower (p = 0.034) for

Caucasian men compared to Caucasian women (Table 2).

Caucasian women and both Japanese groups achieved

similar average maximum axial rotation (Fig. 7B). The

absolute range of axial rotation revealed a similar trend; it

was lower for Caucasian men than for the three other

groups, and there was no difference among the three other

groups. When compared at each flexion increment, the

femur rotated externally with increasing flexion, in a sim-

ilar pattern for all four groups (Fig. 8A). However, in deep

flexion, Caucasian men had the least amount of external

Fig. 4A–B (A) Although the curvatures of the distal femoral

condyles are complex, they can be approximated by (B) fitting circles

to the extension (R) and flexion (r) facets [28]. The centers of these

two circles were tracked to help to better understand the motion of

each condyle (see also Video 2 [supplemental materials are available

with the online version of CORR]).

Volume 469, Number 1, January 2011 In Vivo Normal Knee Kinematics 99

123



rotation. For all groups, the femur was slightly abducted at

the beginning of the activity but adducted with increasing

knee flexion (Fig. 8B). Above 120� of flexion, the femur

remained about 4� adducted for Caucasian women and both

Japanese groups, while for Caucasian men, the adduction

reduced and the femur became slightly abducted at 150� of

flexion.

The lateral tibiofemoral contact point translated poste-

riorly in virtually the same pattern for all four groups and

there was no difference at any flexion increment or in the

absolute range of translation between any of the groups

(Fig. 9). The AP translation of the medial tibiofemoral

contact point was also similar for all groups, except

at maximum flexion where it was more posterior

(p = 0.0215) for Caucasian men than for Caucasian

women. Similarly, the AP translation of the lateral femoral

flexion facet center was similar between the groups at any

flexion as was the medial femoral flexion facet center

translation at each flexion increment. However, the pos-

terior translation of the femoral flexion facet center from

full extension to maximum flexion was higher (p = 0.089)

for Caucasian men than for any other group.

The medial and lateral condyles moved in different

modes (Fig. 10). The lateral condyle was spinning and

rolling posteriorly throughout the ROM. However, the

medial condyle countertranslated in the early flexion and

then was spinning until 120�. Above 120�, the motion

changed to more of a rolling type for both condyles, which

may justify the use of the term ‘‘posterior femoral roll-

back.’’ There were no differences in the type of motion of

the lateral condyle between the analyzed groups at any

flexion increment. However, above 120� of flexion, the

medial condyle revealed more rolling for Caucasian men

compared to Caucasian women and both Japanese groups.

Fig. 5A–F The motion of the knee condyles may be compared to a

translating and rotating disk. Depending on the amount of translation

and rotation, there are six types of motion: (A) sliding, (B) spinning,

(C) rolling, (D) rolling and spinning, (E) concordant translation, and

(F) countertranslation (see also Video 3 [supplemental materials are

available with the online version of CORR]).
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Table 2. Knee kinematic variables of the patient groups

Variable Caucasian Japanese ANOVA P values

Males (n = 24) Females

(n = 24)

Males (n = 13) Females

(n = 11)

CM

versus

CF

JM

versus

JF

CM

versus

JM

CF

versus

JF
Average SD Average SD Average SD Average SD

Flexion

At full extension (�) �3.3 9.3 �5.5 7.4 �5.7 5.4 �8.0 5.3 0.141 0.125 0.451 0.198 0.873

Maximum (�) 146.1 9.3 151.6 6.9 151.5 6.7 153.2 7.4 0.028 0.025 0.354 0.063 0.404

ROM (�) 149.4 13.0 157.1 10.4 157.2 9.1 161.1 10.3 0.019 0.036 0.325 0.072 0.207

Axial femoral rotation

0�–150� (Fig. 8A) [ 0.05 [ 0.05 [ 0.05 [ 0.05 [ 0.05

At maximum flexion (�) �23.0 10.5 �29.2 9.2 �27.4 6.8 �28.1 10.3 0.111 0.028 0.602 0.176 0.957

Absolute max (�) 24.6 8.1 29.7 9.0 27.9 6.9 29.8 9.0 0.148 0.035 0.602 0.246 0.957

Absolute range (�) 26.5 10.0 33.6 9.1 31.1 7.4 30.8 9.7 0.104 0.018 0.685 0.198 0.424

Femoral abduction/

adduction

Full extension (�) (Fig. 8B) 0.692 0.439 0.817 0.861 0.248

30 (�) 0.056 0.829 0.018 0.535 0.029

60–150 (�) [ 0.05 [ 0.05 [ 0.05 [ 0.05 [ 0.05

Maximum flexion (�) �1.5 4.0 �4.0 5.0 �3.1 4.0 �3.9 4.2 0.312 0.074 0.772 0.455 0.790

Full extension to

maximum flexion (�)

�2.2 4.4 �4.2 6.2 �3.7 5.8 �4.8 4.4 0.380 0.212 0.417 0.348 0.845

Absolute range (�) 7.5 3.8 9.7 4.9 8.2 4.9 8.3 3.4 0.505 0.190 0.602 0.811 0.709

Medial tibiofemoral

contact point AP

translation

Full extension (�) (Fig. 9A) 0.206 0.910 0.487 0.382 0.049

30–150 (�) [ 0.05 [ 0.05 [ 0.05 [ 0.05 [ 0.05

Maximum flexion (�) �21.76 14.10 �11.16 14.27 �14.24 13.87 �11.81 6.73 0.064 0.022 0.451 0.259 0.790

Absolute range (�) 34.10 17.81 30.64 8.99 35.96 8.31 33.12 13.28 0.455 0.370 0.487 0.962 0.606

Full extension to

maximum flexion (�)

�34.76 15.92 �22.70 14.51 �30.08 13.02 �31.20 13.23 0.064 0.015 0.772 0.417 0.131

Lateral tibiofemoral

contact point AP

translation

0�–150� (Fig. 9A) [ 0.05 [ 0.05 [ 0.05 [ 0.05 [ 0.05

Maximum flexion (%) �37.23 10.31 �39.93 6.70 �36.54 13.10 �34.93 12.75 0.982 0.975 0.908 0.886 0.709

Absolute range (%) �43.43 12.99 �46.21 10.77 �44.22 10.47 �48.71 11.33 0.253 0.386 0.118 0.436 0.131

Full extension to

maximum flexion (%)

41.50 15.37 44.02 13.97 44.88 9.74 51.57 11.14 0.659 0.381 0.325 0.763 0.534

Medial femoral flexion

facet center AP

translation

0�–150� (%) (Fig. 9B) [ 0.05 [ 0.05 [ 0.05 [ 0.05 [ 0.05

Max flexion (%) �16.25 11.33 �12.63 11.93 �16.63 9.57 �11.03 6.77 0.376 0.338 0.118 0.836 0.817

Absolute range (%) 20.76 7.70 20.66 6.09 17.29 6.25 19.15 7.42 0.470 0.975 0.524 0.198 0.511

Full extension to

maximum flexion

(%)

�3.33 10.86 3.17 10.03 �0.56 8.59 �0.70 9.04 0.089 0.020 0.772 0.382 0.248
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Discussion

Studies have suggested Caucasians achieve lower average

knee flexion than non�Western populations and gender

may influence condylar AP translation and axial rotation.

We determined whether subjects of different gender or

ethnicity reveal differences in their knee kinematics that

may influence their ability to achieve high knee flexion.

Identification of the motion patterns leading to higher

flexion may help to improve existing TKA designs, which

could restore higher postoperative ROM.

We acknowledge limitations associated with our study.

Despite our best efforts, we were unable to recruit equally

large sample sizes within each group. Therefore, we

deemed it necessary to also use the post hoc test that does

not require equal and normally distributed samples. Sec-

ond, the Japanese population was recruited from the people

currently living in the United States. Adjusting to the

American lifestyle might have changed their native habits.

However, we recruited only those subjects who grew up in

Japan and moved to the United States as adults. Therefore,

their bone morphology, if not the adaptation of the soft

tissues, was established prior to their move and we believe

that their kinematics outcomes remain representative of

their ethnicity. Third, we estimated the tibiofemoral contact

point location based on the distance between the tibial and

femoral bone CAD models, which did not include the

Fig. 6 The majority of the participants capable of achieving higher

flexion were women and Japanese.

Fig. 7A–B (A) Caucasian

women and both Japanese

groups achieved considerably

higher (p = 0.028) maximum

knee flexion than Caucasian

men. (B) These three groups

also revealed higher (p =

0.148) external femoral rotation

than Caucasian men.

Table 2. continued

Variable Caucasian Japanese ANOVA P values

Males (n = 24) Females

(n = 24)

Males (n = 13) Females

(n = 11)

CM

versus

CF

JM

versus

JF

CM

versus

JM

CF

versus

JF
Average SD Average SD Average SD Average SD

Lateral femoral flexion

facet center AP

translation

0�–150� (%) (Fig. 9B) [ 0.05 [ 0.05 [ 0.05 [ 0.05 [ 0.05

Maximum flexion (%) �56.73 18.18 �62.87 10.49 �59.05 21.32 �51.72 19.92 0.475 0.307 0.297 0.233 0.295

Absolute range (%) 49.32 22.32 52.43 17.85 55.90 11.01 50.65 14.86 0.640 0.680 0.247 0.272 0.582

Full extension to

maximum flexion (%)

�49.22 22.25 �55.01 14.97 �54.56 12.20 �50.02 15.87 0.649 0.427 0.297 0.332 0.424

CM = Caucasian males; CF = Caucasian females; JM = Japanese males; JF = Japanese females.
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deformable cartilage. More accurate determination of the

contact location could be made based on MRI scans.

However, the long time required for image acquisition

would make it impossible to study the activities under

dynamic conditions. Moreover, based on the cartilage

model compared to bone models, one study reported no

differences in the location of the tibiofemoral contact

points except for the lateral condyle at full extension [11].

Previous studies reported Caucasian populations achieve

lower flexion (143.8� [40]) than non-Western populations

(159.6� [1] and 157.3� [22] for Arabs, 156.9� for Indians

[24], 162� for Japanese [37]) (Table 3). However, almost

all subjects participating in these studies were men. We

found lower maximum flexion for Caucasian men com-

pared to Japanese men but no difference in flexion between

Caucasian women and Japanese women. Similarly, we

confirmed women in general achieve more flexion then

men, but the difference was significant only for Caucasian

population, but not for Japanese.

At full extension, we found the femur was internally

rotated with respect to the tibia, which can be attributed to

the screw-home mechanism being engaged at the arc of

terminal extension [6, 16, 18, 20]. With increasing flexion,

the femur rotated externally, similar to previously reported

data [4, 14–16, 30, 31, 34]. The largest amounts of external

rotation were observed between full extension and 30� of

flexion, similar to previous studies of Caucasian [14] and

Japanese populations [4]. Our data suggest the knee con-

tinues to rotate an additional 10� externally when flexed

above 120�. Other studies reported an additional 13� [37]

or even 20� [3] of external rotation above 120� of flexion

for Japanese populations but suggested there is little lon-

gitudinal rotation observed for Caucasians during passive

flexion [16]. Although in our study each group experienced

Fig. 8A–B (A) The femur rotated externally with increasing flexion

in a similar pattern for all four groups. However, Caucasian men

revealed the lowest amount of external rotation in deep flexion.

(B) For Caucasian women and both Japanese groups, the femur

remained adducted above 120� of flexion, while for Caucasian men

the femur actually abducted.

Fig. 9A–B No differences between any of the groups were found in

the AP translation of (A) the lateral tibiofemoral contact point and

(B) the lateral femoral flexion facet center. However, on the medial

side in deep flexion, both the tibiofemoral contact point and the

femoral flexion facet center translated more posteriorly for Caucasian

men than for any other group.

Volume 469, Number 1, January 2011 In Vivo Normal Knee Kinematics 103

123



this secondary increase of external rotation, it was indeed

the lowest for Caucasian men. A previous study also

reported lower range of tibial axial rotation for Caucasian

men compared to women and suggested gender, in general,

may be an affecting factor [46]. We found a similar dif-

ference for the Caucasian population, but there was no

difference between Japanese genders; therefore, gender

seemed to be an influencing factor only for Caucasians.

For Caucasian women and both Japanese groups the

knee was continuously adducted above 30� of flexion.

From the mechanical point of view, this suggests more of

the tibiofemoral contact force was applied to the medial

condyle, conceivably allowing the lateral condyle to more

freely pivot about the medial tibiofemoral contact point.

For Caucasian men, the knee abducted above 120� of

flexion possibly shifting the contact load distribution more

on the lateral condyle, which could hamper the pivoting

and external femoral rotation.

The tibiofemoral contact points and the femoral flexion

facet centers translated posteriorly with increasing flexion,

with more translation observed on the lateral side, as

widely reported in the literature [4, 11, 14–16, 29–31,

34, 41]. One study comparing a Caucasian population

of 10 men and two women found no differences in the

tibiofemoral movement [30], suggesting tibiofemoral

kinematics was independent of gender, but the small

sample sizes could not offer substantial support. We found

the medial tibiofemoral contact point and femoral flexion

facet center translated more posterior from full extension to

maximum flexion for Caucasian men compared to Cauca-

sian women, but there was no difference between the

Japanese groups.

Fig. 10A–B The lateral condyle was spinning and rolling posteriorly

throughout the ROM and revealed no differences between any groups.

However, (A) the medial condyle countertranslated in the early

flexion, (B) then was spinning until 120�, and (C) finally rolled back

to close to its initial position. This posterior rollback at the maximum

flexion was highest for Caucasian men.
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Our data confirm Caucasian women and both Japanese

groups achieved similarly high knee flexion and suggest

they achieve slightly higher axial rotation. For these three

groups the femur remained adducted in deeper flexion. The

Caucasian men who achieved the lowest axial rotation and

whose knees were abducted in deeper flexion achieved the

lowest femoral flexion and ROM. Our findings suggest

higher axial rotation is not related to the lateral condyle, as

its motion was almost identical for all three groups (the

lateral femoral condyle was spinning and rolling in the

same manner for all four groups [Fig. 10]). The differences

were observed on the medial condyle. From full extension

to maximum flexion, for Caucasian men, the medial tibi-

ofemoral contact point and flexion facet center translated

more posteriorly than for any other group. The medial

condyle was also rolling more for the Caucasian men than

for any other group above 120�. In fact, for the three other

groups, the medial condyle remained more stationary,

spinning close to the center of the tibial plateau, possibly

allowing the lateral condyle to pivot about it and to rotate

more externally. The ability to achieve more external

rotation may also be related to ACL laxity, as it was higher

for women than for men and for Japanese than for Cau-

casians [27, 42]. Also, the rotatory joint laxity is higher for

women [28], which may contribute to higher ROM.

These findings may be important for future high flexion

implant designs. We found subjects having a nonimplanted

knee experienced more posterior femoral rollback of the

lateral condyle, versus the medial condyle, leading to a

normal axial rotation pattern where the tibia internally rota-

ted with increasing flexion. In previous TKA studies we

determined that subjects having a posterior stabilized TKA

experienced similar rollback of their medial and lateral

condyles, leading to minimal axial rotation and subjects

having a posterior cruciate retaining TKA experienced a

paradoxical motion where one or both condyles slid in the

anterior direction with increasing knee flexion [8, 32, 50].

The future goal for newly designed TKA should be to induce

more posterior femoral rollback of the lateral condyle,

leading to the lateral condyle rotating around the medial

condyle, but allowing the medial condyle to achieve a

desired amount of translation in the anteroposterior direction.
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