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Abstract
Whether there are differences in knee anthropometry between Asian and white knees remains
unclear. Three-dimensional knee models were constructed using computed tomography or
magnetic resonance imaging of healthy Chinese and white subjects. The morphologic
measurements of the femur included mediolateral, anteroposterior dimensions, and aspect ratio.
The tibial measurements included mediolateral, medial/lateral anteroposterior dimension, aspect
ratio, and posterior slope of medial/lateral plateau. The results showed that Chinese knees were
generally smaller than white knees. In addition, the femoral aspect ratio of Chinese females was
significantly smaller than that of white females (1.24 ± 0.04 vs 1.28 ± 0.06). Tibial aspect ratio
differences between Chinese and white males (1.82 ± 0.07 vs 1.75 ± 0.11), though significant,
were likely a reflection of differences in knee size between races. These racial differences should
be considered in the design of total knee arthroplasty prosthesis for Asian population.
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Recent anthropometric studies have suggested that current design of total knee arthroplasty
(TKA) does not cater to racial anthropometric differences [1–5]. Most of the commercially
available TKA prostheses are designed according to the anthropometric data of white knees,
which has been suspected as the cause of the component mismatch in Asian people [4].

Several studies [1–3] have compared the morphology of Asian knees to that of TKA
prostheses currently used in Asia and found that the femoral aspect ratio (mediolateral
[fML]/anteroposterior [fAP]) of these prostheses were not suitable for Asian patients. For
instance, Ho et al [2] reported that 3 of 5 TKA systems used in China tended to cause
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mediolateral overhang of the component across the width of the resected femurs of Chinese
patients. The authors also found a larger femoral aspect ratio in small knees and a
proportionally smaller ratio in large knees, but all the 5 sets of implant systems examined in
the study showed little changes in the aspect ratio with AP length.

There is a remarkable paucity of information pertaining to clinical outcome differences of
TKA across racial groups. Iorio et al [6] showed that the Japanese patients had a
significantly less postoperative range of motion than white patients. Furthermore, 4.1%
Japanese patients required revision after primary posterior cruciate-retaining TKA within an
average follow-up of 6.6 years, whereas only 2.6% of their American cohort needed revision
within an average follow-up of 9 years. The authors suggested that the racial morphologic
differences might be a factor causing the differences in outcome.

The findings on TKA mismatching have led some researchers to suggest that Asia Pacific
people should have special designs of TKA prosthesis system. However, whether there are
differences in knee anthropometry between the Asian and white knees remains unclear. A
literature review indicated that no study has specifically investigated knee anthropometric
differences between Asian and white men and women. With the higher prevalence of knee
osteoarthritis and lower preoperative knee function in Asian population than white
population [7–9] and the increasing use of TKA in Asia Pacific areas [10], it becomes
essential to understand the differences between the knee morphology of the Asian and white
population to improve the outcome of TKA in Asia Pacific population. The aim of the
present study was to investigate the anthropometry of the Chinese and white knees using 3-
dimensional knee models. We hypothesize that there is a distinct difference in size and
shape between the Asia Pacific knees and white knees.

Materials and Methods
Subject Demographics

Seventy-six knees from living subjects were analyzed in this study. Twenty male and 20
female Chinese subjects were recruited at Shanghai Ninth People’s Hospital, Shanghai
Jiaotong University School of Medicine (Shanghai, PR China), after obtaining informed
consent from the subjects. Twenty male and 16 female white subjects were recruited at the
Massachusetts General Hospital following approval by the institute review board and
collection of the informed consent from each subject.

White female subjects were younger (29.3 ± 9.6 years vs 41.8 ± 4.5 years; P < .001) and
taller (165.5 ± 8.4 cm vs 157.8 ± 3.9 cm; P < .001) than Chinese female subjects. There was
no significant difference in the body weight of the Chinese and white female subjects (66.9
± 10.4 kg vs 62.1 ± 7.1 kg; P = .495).

White male subjects were younger (31.8 ± 10.8 years vs 47.9 ± 6.1 years; P < .001), taller
(179.2 ± 5.9 cm vs 170.6 ± 7.1 cm; P < .001), and weighted significantly more than Chinese
male subjects (85.5 ± 10.3 kg vs 66.5 ± 5.9 kg; P = .001).

One knee of each subject was studied (left or right chosen by random). All knees included in
the study were healthy without any symptoms of soft tissue injuries or osteoarthritis. This
was verified both via clinical examination and examination of computer tomographic (CT)
images or magnetic resonance imaging (MRI).

Creation of 3-Dimensional Knee Models
For the Chinese subjects, a CT scan of the knee was obtained using a helical CT scanner
(120 kV,80 mA; Light Speed 16; GE Medical System, General Electric Company,
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Milwaukee, Wis). During the scan, the subject was supine with his or her knee in a relaxed
and extended position. The scanning procedure was performed to acquire 0.625 mm CT
slices (resolution, 512 × 512 pixels) with a field of view of 360 × 360 mm around knee joint.

For the white subjects, MRI scans of each knee were obtained using a 3.0 Tesla magnet
(Siemens, Erlangen, Germany) and fat suppressed 3-dimensional spoiled gradient-recalled
sequence. During the scan, the subject was supine with his or her knee in a relaxed and
extended position. Parallel sagittal plane images of 1 mm in thickness and no space were
obtained (resolution, 512 × 512 pixels) with a field of view of 180 × 180 mm.

The CT and MRI images were then segmented using a 3-dimensional modeling software
(Rhinoceros, Robert McNeel and Associates, Seattle, Wash) to construct 3-dimensional
bone models of the knee, including the tibia and femur [11]. Our previous validation study
indicated that similar bony models could be constructed using CT and MRI images [12].

Femoral Morphology
The mediolateral (fML) and anteroposterior (fAP) size of the femur were measured using a
viewing plane set perpendicular to the femoral long axis. 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. The femur was rotated about its long axis so
as to make the posterior condylar tangent line horizontal. The fML and fAP dimensions of
the femur were then measured by fitting a rectangular bounding box to the distal femur in
the above-defined viewing plane (Fig. 1A, B). In addition, the femoral aspect ratio (fML/
fAP) was also calculated.

Tibial Morphology
A coordinate system was constructed on the tibial side to aid in making the morphological
measurements (Fig. 2A) [13]. 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 (Fig. 2B). The midpoint of the tibial mediolateral axis was defined as the origin
of the tibial coordinate system.

The mediolateral length of the tibia and the ante-roposterior dimensions of medial/lateral
tibial plateau were measured using a viewing plane set perpendicular to the tibial long axis
(Fig. 2B). The tibia was rotated about its long axis, such that the line joining the centers of
the medial and lateral plateaus was horizontal. The tibial mediolateral (tML) dimension was
then measured in the above-defined viewing plane. The anteroposterior dimensions of the
medial and lateral tibial condyles were measured separately. Subsequently, the average tibial
anteroposterior dimension and the tibial aspect ratio (the mediolateral dimension divided by
the average tibial anteroposterior dimension, tML/Avg. tAP) were calculated.

The posterior slope of the medial/lateral tibial plateau was measured separately in a sagittal
plane and passing through the medial/lateral plateau center. The posterior slope was defined
as angle between the tibial long axis and a line tangent to the articular surface of the plateau
(Fig. 2C).
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Statistics
A Student t test was performed to determine if the morphological measurements were
statistically different between the races in the same sex. A P value of less than .05 was
considered statistically significant. Bestfit lines representing the relationship between
femoral/tibial AP dimension and the femoral/tibial aspect ratio were calculated using least-
squares regression.

Results
The morphological measurements of the knees are summarized by race and sex in Tables 1
and 2.

Chinese and White Females
The fML dimension of Chinese females (72.8 ± 2.6 mm; range, 70.0–79.1 mm) was
significantly smaller than that of white females (76.4 ± 4.0 mm; range, 70.3–82 mm) (P = .
002). The fAP dimension was 58.8 ± 2.5 mm (range, 53.2–63 mm) for Chinese females and
59.7 ± 2.6 mm (range, 54.6–64.1 mm) for white females. The difference in fAP dimension
was not statistically significant (P = .352). A statistically significant difference was noted
between the fML/fAP ratios of Chinese females (1.24 ± 0.04; range, 1.17–1.32) and white
females (1.28 ± 0.06; range, 1.16–1.39) (P = .013). The morphological data showed a
progressive decline in the fML/fAP ratio with increasing fAP dimension for both races (Fig.
3A). However, there was a distinct offset between the fML/fAP ratio of Chinese and white
females, indicating that the Chinese females had a smaller fML/fAP ratio than white females
for the same fAP dimension.

Measurements of tibia showed that the tibial size of Chinese females was generally smaller
than that of white females. However, the tibial aspect ratio did no show any significant
difference between Chinese (1.78 ± 0.1; range, 1.56–1.96) and white females (1.76 ± 0.08;
range, 1.58–1.89) (P = .442). The medial/lateral posterior tibial slopes showed no difference
between the 2 groups. The average medial slope was 5.4° ± 2.3° (range, 1.4°–10.1°) for
Chinese females and 6.5° ± 2.9° (range, 0.6°–10.7°) for white females (P = .223). The
average lateral slope was 4.8° ± 2.8° (range, 0.3°–10.6°) for Chinese females and 5.8° ± 2.7°
(range, 0.8°–10.4°) for white females (P = .361).

Chinese and White Males
Chinese males had an average fML dimension of 82.6 ± 3.6 mm (range, 72.6–87.1 mm),
which was significantly smaller than that of white males (86.0 ± 5.6 mm; range, 74.9–100.2
mm) (P = .028). The fAP size averaged 65.0 ± 2.8 mm (range, 59.4–70.3 mm) for Chinese
males and 67.5 ± 3.6 mm (range, 62.4–75.3 mm) for white males. The difference was
statistically significant between fAP size of Chinese and white males (P = .017). The
femoral aspect ratio (fML/fAP) of Chinese males averaged 1.27 ± 0.03 (range, 1.22–1.33)
and white males 1.28 ± 0.07 (range, 1.12–1.37), and there was no statistically significant
difference (P = .85).

The tibial dimension of Chinese males was generally smaller than that of white males. A
significant difference was noted for the tibial aspect ratio, with Chinese males averaging
1.82 ± 0.07 (range, 1.70–1.95) and white males averaging 1.75 ± 0.11 (range, 1.58–1.87) (P
= .033). The morphological data showed a progressive decline in the tibial aspect ratio with
increasing average tAP dimension for both races (Fig. 3B). The lines representing change in
tibial aspect ratio with increasing average tAP dimension for Chinese and white males were
nearly coincident. Therefore, the differences in tibial aspect ratios between the 2 groups may
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be caused by the average tAP dimensions of Chinese males that were generally smaller than
those of white males.

The medial/lateral plateau posterior slope showed no significant difference between the 2
groups. The average medial slope was 6.0° ± 2.5° (range, 2.7°–12.0°) for Chinese males and
5.1° ± 3.3° (range, −3.0° to 11.1°) for white males (P = .361). The average lateral slope was
5.2° ± 3.6° (range, −1.8° to 14.0°) for Chinese males and 5.6° ± 2.7° (range, 2.5°–15.1°) for
white males (P = .703).

Discussion
The present study showed that the dimensions of Chinese knees were generally smaller than
white knees. In addition, Chinese females had a significantly narrower distal femur than
white females, whereas Chinese males had a wider proximal tibia than their white
counterparts. These results proved the hypothesis that there is a distinct difference in size
and shape between the Chinese and white knees.

Many studies have reported on the measurements of white knees. Berger et al [14] studied
75 embalmed femurs and determined that the femoral mediolateral width was 85.6 ± 5.1 mm
for white males and 75.4 ± 2.3 mm for females. Seedhom et al [15] reported the average
fML dimensions on x-ray to be 86 mm and 75 mm for white males and females,
respectively. Griffin et al [16] reported similar femoral ML measurements, 84.1 ± 4.4 mm
for white males and 74.1 ± 4.6 mm for females, using MRI. These results agree quite closely
with our measurements of the mediolateral dimension of the white femurs (86.0 ± 5.6 mm
for males and 76.5 ± 4.1 mm for females). The lateral femoral AP length (similar to the fAP
length in our study) reported by Berger et al [14] was 68.1 ± 4.6 mm for white males and
60.2 ± 2.0 mm for females, which are also quite comparable to our results (67.5 ± 3.6 mm
for white males and 59.7 ± 2.6 mm for females).

Many studies have measured the femoral aspect ratio (fML/fAP) of white TKA patients
intraoperatively, and their results are similar to ours. Poilvache et al [17] reported that the
femoral aspect ratio was 1.333 for white males and 1.299 for females. Lonner et al [18]
found this value to be 1.235 and 1.19 for white males and females, respectively. Chin et al
[19] reported similar results, with femoral aspect ratio of 1.266 for white men and 1.22 for
women. Our results are quite similar to these studies (1.28 ± 0.07 for white males and 1.28 ±
0.06 for white females). However, it should be stated that our data were measured from
intact knee models, whereas others were measured from knees after bone cutting in TKA.

Morphological measurements of Chinese knees in the present study showed that both
Chinese males and females had smaller fML and fAP dimension than their white
counterparts. Although few studies have measured fML dimension of Chinese knees, several
studies reported that the average fAP size of Chinese knees ranged from about 63.4 mm to
66.6 mm [1,2,20]. In general, these data are consistent with ours (65.0 ± 2.8 mm for Chinese
males and 58.8 ± 2.5 mm for females). Cheng et al [1] reported the femoral aspect ratio to be
1.12 for Chinese males and 1.09 for females, which were smaller than our results (1.27 ±
0.03 for Chinese males and 1.24 ± 0.04 for females). The differences between the results
might be explained by most of these studies that took into account the cartilage thickness in
measurement of femoral AP dimension, whereas we measured the bony geometry.

A proper design of femoral aspect ratio of femoral TKA components is critical to obtain an
ideal coverage of the resected bone surface [21]. The present study showed that Chinese
females had a significantly smaller average fML/fAP ratio than white females (1.239 ±
0.042 vs 1.286 ± 0.063). A progressive decline in the fML/fAP ratio with increasing fAP
dimension was also noted for both races (Fig. 3A). However, there was a distinct offset
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between the corresponding regression lines for Chinese and white knees, indicating that
Chinese females had a smaller fML/fAP ratio than white females for the same fAP
dimension. Thus, the differences in average values of femoral aspect ratio between Chinese
and white females cannot be explained by differences in knee size alone, and this may point
to a distinct variation in femoral shape between the 2 races. Given this, it is possible that the
components designed based on white knee data may produce a mediolateral component
overhang in Chinese females. Ho et al [2] found that 3 of 5 TKA systems used in China
tended to overhang across the mediolateral width of resected femurs from Chinese patients,
where 57 of 70 patients were females. Cheng et al [1] also found that the femoral component
overhang was more obvious in Chinese females than males and suggested that the prostheses
that were suitable for white patients may be too large for Chinese patients. An overhanging
prosthesis is more likely to cause soft tissue irritation, soft tissue imbalance, and unfavorable
patellofemoral stress distribution [4,21]. It is often needed to downsize the femoral
components during TKA operation to avoid femoral component overhang. However, this
may also result in undesirable outcomes, such as notching of the anterior cortex that can
predispose to periprosthetic fractures [22] and overresection of the posterior femoral
condyles resulting in an imbalance between the flexion and extension gaps [23].

The geometry of tibial plateau has a direct influence on the biomechanics of tibiofemoral
joint and is considered as an important factor in TKA design and implantation [24,25].
However, little quantitative information is available in the literature regarding geometric
difference of natural tibia between Asian and white people. Our study showed that Chinese
subjects generally had a smaller size of proximal tibia than white subjects in both sexes.
Interestingly, the tibial aspect ratio of Chinese males was significantly larger than that of
white males (1.82 ± 0.07 vs 1.75 ± 0.11). However, the present study also found a larger
tibial aspect ratio in small knees and a proportionally smaller ratio in large knees. Therefore,
the differences of the tibial aspect ratios between the 2 groups may be caused by the average
tAP dimensions of Chinese males that were generally smaller than those of white males.
Further clinical measurement is necessary to verify the observation of this study.

Another important characteristic of the tibial plateau is its posterior slope. The most often
applied method for posterior slope measurements is based on lateral radiographs, on which
the medial and lateral tibial plateaus are superimposed [25,26]. We measured the medial and
lateral posterior slope separately on a 3-dimensional surface, which allowed us to
characterize the true slope of the tibial plateau at the center of the surfaces of the medial and
lateral plateau. The data showed that there was no difference in medial/lateral posterior
slope between Chinese and white subjects in either sex. The posterior tibial slope of 5° to
10° is frequently quoted for the normal knee [26]. In one MRI study, Hashemi et al [25]
stated that the medial plateau slope was 3.7° for white males and 5.9° for females, and the
lateral plateau slope was 5.4° for white males and 7.0° for females. Matsuda et al [27]
reported that the mean tibial posterior slopes of the medial and lateral plateaus were 10.7°
and 7.2°, respectively, in healthy white knees. Kuwano et al [28] measured the 3-
dimensional bone models of osteoarthritic knees of Japanese patients and reported that the
mean value of plateau slope was 9.0° for the medial plateau and 8.1° for the lateral plateau.
In a cadaveric study, Chiu et al [26] reported that the average medial plateau slope was
14.8°, and the lateral plateau slope was 11.8° for Chinese knees. Our data showed that the
average medial slope was 5.4° for Chinese females and 6.5° for white females. The average
lateral slope was 4.8° for Chinese females and 5.8° for white females. Similarly, the average
medial slope was 6.0° for Chinese males and 5.1° for white males, and the average lateral
slope was 5.2° for Chinese males and 5.6° for white males. These results are similar to that
of Hashemi et al [25], and the differences with other studies may be attributed to the
differences in the choice of reference axes.
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The purpose of the present study was to provide a comparison between anthropometric data
of Asian and white population. Therefore, we measured the natural healthy knees instead of
resected knees. Measurement on the resected bone may lead to differences in the measured
dimensions due to variation in bone resection techniques and choice of TKA system [29].
Furthermore, the osteoarthritic knees requiring TKA, which have been measured by many
studies, are deformed according to different disease stages and frequently have anatomical
dimensions different from normal knees [2,5]. Therefore, we choose to measure intact
normal knees. The explanation of the data has to take this into consideration.

One limitation of the present study is the relatively small sample size. This study included
data from 76 healthy subjects but with each group having no more than 20 subjects. If a
larger sample size was studied, other significant differences may also be noticed. However,
the magnitude of the difference likely remains small. We are continuing to collect more
subjects for each group. In future, we will report data for a larger sample size and we will
also examine the TKA component mismatch data for Asian patients. These data may be
useful for designing Asian-specific TKA systems. In addition, all the Chinese subjects
recruited in the present study were from Chinese Han population, and the white subjects
were recruited from the New England area of United States. Therefore, the subjects studied
in the current study can only represent the subgroup populations of Chinese and/or white
populations. Another limitation of the present study is that the 3-dimensional knee models
were made from CT images for Chinese subjects, whereas for white subjects, the knee
models were made from MRI images. This was because the subjects were recruited at
different hospitals. However, a previous study in our laboratory showed the average
difference between CT-based and MRI-based bone models to be 0.07 ± 1.1 mm [12].

In conclusion, the Asian knees in the current study were generally smaller in size than white
knees, and this may be related to differences in height between the races. In addition, this
study showed that Chinese females have a significantly narrower distal femur than white
females for the same fAP dimension. On the tibial side, the study demonstrated that Chinese
males have a wider proximal tibia than their white counterparts. However, the difference in
tibial aspect ratio was likely a consequence of difference in average tAP dimension rather
than an effect of race. These results suggest that a greater range of femoral implants sizes
may be necessary to accommodate femoral aspect ratio variations specific to Asian knees,
and further studies may be warranted to explore this issue in greater depth.
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Fig. 1.
Femoral measurements. (A) Femoral bone model and its bounding box. (B) Measurements
of femoral mediolateral and anteroposterior dimension (fML, fAP). Here, TEA indicates
transepicondylar axis and PCT, posterior condylar tangent.
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Fig. 2.
Tibial measurements. (A) Tibial coordinate system. (B) Measurements of proximal tibia:
tibial mediolateral (TML) size, medial/lateral plateau anteroposterior size (MAP, LAP). (C)
The posterior tibial slope was defined as angle between tibial long axis and a line tangent to
the articular surface of the plateau in the sagittal plane.
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Fig. 3.
(A) The lines representing the average values for the femoral aspect ratio showed a
progressive decline in the femoral ratio with increasing fAP dimension for both races. A
distinct offset between the fML/fAP ratio of Chinese and white females was noticed. (B)
The morphological data showed a progressive decline in the tibial aspect ratio with
increasing average tAP dimension for both races. The lines representing change in tibial
aspect ratio with increasing average tAP dimension for Chinese and white males were nearly
coincident.
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Table 1

Femoral Measurements Categorized by Race and Sex

fML (mm) fAP (mm) fML/fAP

Chinese female 72.8 ± 2.6 (70.0–79.1) 58.8 ± 2.5 (53.2–63) 1.24 ± 0.04 (1.17–1.32)

White female 76.4 ± 4.0 (70.3–82) 59.7 ± 2.6 (54.6–64.1) 1.28 ± 0.06 (1.16–1.39)

P .002 .352 .013

Chinese male 82.6 ± 3.6 (72.6–87.1) 65.0 ± 2.8 (59.4–70.3) 1.27 ± 0.03 (1.22–1.33)

White male 86.0 ± 5.6 (74.9–100.2) 67.5 ± 3.6 (62.4–75.3) 1.28 ± 0.07 (1.12–1.37)

P .028 .017 .85

Data are presented as mean ± SD (range).
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