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We measured 28 parameters of 202 femurs from Koreans by an automated geometric computation program using 3D models
generated from computed tomography images. The measurement parameters were selected with reference to physical and forensic
anthropology studies as well as orthopedic implant design studies. All measurements were calculated using 3D reconstructions on
a computer using scientific computation language. We also analyzed sex and population differences by comparison with data from
previous studies. Most parameters were larger in males than in females. The height, head diameter, head center offset, and chord
length of the diaphysis, most parameters in the distal femur, and the isthmic width of the medullary canal were smaller in Koreans
than in other populations. However, the neck-shaft angle, subtense, and width of the intercondylar notch in the distal femur were
larger than those in other populations. The results of this study will be useful as a reference for physical and forensic anthropology
as well as the design of medical devices suitable for Koreans.

1. Introduction

The femur is the largest bone in the human body. Its proximal
part and the pelvis constitute the hip joint, and its distal
part constitutes part of the knee joint. Therefore, the femur
is widely researched in fields such as physical and forensic
anthropology, human kinematics, and orthopedics. Physical
and forensic anthropology research involves using metric or
nonmetric methods to determine differences in the femur
with respect to populations, sex, and age [1-10]. In addition,
orthopedics research involves analysis of the femoral head,
neck, and the proximal part of the medullary canal for hip
joint studies [11-33] as well as the shape of the distal part of
the femur for knee joint studies [34-47]. Furthermore, some
studies have investigated the shape of the medullary canal
and femoral curvature to design intramedullary fixators and
investigated the axes for orthopedic surgery [23, 48-51].

Most of those studies used bones from cadavers or
patients who underwent surgery. Moreover, efforts have been
made to reduce inter- and intraobserver measurement errors
when using dry bone, radiography, and 3D models. Although
some studies have used digital methods [21, 30, 52], they have
focused only on portions of the femur.

Therefore, this study morphometrically evaluated 28
parameters of 202 femurs from Koreans by an automated
geometric computation program using 3D models generated
from computed tomography (CT) images. Furthermore, we
calculated the size of the medullary canal for implant stem
and intramedullary device design. Finally, we analyzed sex
and population differences by comparison with data from
previous studies.

2. Materials and Methods

The study included 202 femurs from Koreans from the
Catholic Digital Human Library (November 2003 to present),
which was established from CT images from the whole bodies
of cadavers. CT images had a slice thickness of 0.75 or 1.0 mm
and a pixel dimension from 0.431 to 0.832 mm. CT scans of
cadavers alongside a plastic ball of known size (diameter: 2.25
inches) for calibration were used to construct 3D skeleton
models. The images obtained were reconstructed in 3D skele-
ton models created by a 3D reconstruction program (Mimics,
version 16, Materialise, Belgium). The gray-level threshold
value at the time of the 3D reconstruction was determined
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by comparing the actual and three-dimensional volumes of
the plastic ball. Thus, the size of the 3D reconstructed bone
models was not different from that of the real bones (P =
0.74).

We selected femurs with no congenital anomalies or
pathological deformities as determined by a radiologist and
anatomist. Demographic information including sex, age, and
height was available for each sample. The mean age and
height of male samples (n = 88) were 50 years and 167 cm,
respectively; those of female samples (n = 114) were 54 years
and 156.4 cm, respectively. We examined 102 and 100 left and
right femurs, respectively. All measurements and calculations
were conducted using 3D reconstructions on a computer
using Matlab (version R2011, MathWorks, MA, USA).

Prior to measurement, we aligned the femurs by using
3 different methods. In the first method, we aligned the
mechanical axis of the femur in the sagittal and coronal
planes as described by Seo et al. [53]; the mechanical axis
was defined as the line connecting the center of the femoral
head to the apex of the intercondylar notch (Figure 1(a)). In
the second method, we aligned the anatomical axis of the
femur in the sagittal and coronal planes; the anatomical axis
was defined as a least-square-fitting line calculated from the
diaphysis (Figure 1(b)). The third method was osteometric
board alignment. The most inferior points of both condyles
were aligned in a transverse plane. In all methods, the extreme
posterior points of the medial and lateral condyles were
aligned in the coronal plane (Figure 1(c)).

After the alignment procedure, we exported the 3D
femur models to stereolithography format file for geometric
computation. The geometric computation software, which
was programed in Matlab, had 3 basic functions. The first
function was finding extreme points: the most superior,
inferior, anterior, and posterior points were located, and
the distances between them were calculated. The second
function was least square primitive geometric fitting by line,
sphere, and cylinder; the anatomical and mechanical axes
of the femur were located, and the angle between them was
calculated. The third function was section reconstruction, in
which arbitrary sectional images of 3D objects were created
and used to calculate sectional parameters. Our in-house
coding program was verified using simple solid primitives
(i.e., a sphere, hexahedron, and cylinder). Then, we randomly
chose 10 samples to compare the measurement results of
our program with those of commercial stereo lithography
computer-aided design software (3-matic version 8.0, Mate-
rialise, Belgium). There were no differences in any parameter
between programs (P = 0.71).

Measurement parameters were selected with reference
to physical and forensic anthropology studies as well as
orthopedic implant design studies. A total of 28 variables
were measured by using the models: the whole femur,
including the length and axes of the whole femur; proximal
femur, including the sizes and angles of the head and neck;
diaphysis, including the length, curvature, and angle of the
femoral shaft; distal femur, including the sizes of the condyle
and intercondylar notch; and medullary part, including the
isthmic position and the size of the cross sections of the
medullary canal (Table 1 and Figure 2).
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TABLE 1: Definitions of femur parameters.

Group Abbreviation Measurement
HMA Height after mechanical axis alignment
HAA Height after anatomical axis alignment
Whole HOB Height measured by osteometric board
AMAC Angle b.etweer_l rpechamcal axis and
anatomical axis in coronal plane
AMAS Angle b.etweer.l ITlechapical axis and
anatomical axis in sagittal plane
HSD Sphere diameter fit to head
HCO Head center offset
Proximal NA2D Neck angle on coronal plane
NA3D Neck angle in 3D vector
VAAP Version angle on axial plane
PDA Pro.mmal diaphysis (1/3) angle on
sagittal plane
CDA Central diaphysis (2/3) angle on sagittal
plane
DDA Distal diaphysis (3/3) angle on sagittal
Diaphysis plane
ACC Anterior cortex curvature on sagittal
plane
PCC Posterior cortex curvature on sagittal
plane
CL Chord length
ST Subtense
DLC Depth of lateral condyle
WLC Width of lateral condyle
Distal DMC Depth of medial condyle
WMC Width of medial condyle
DIN Depth of intercondylar notch
WIN Width of intercondylar notch
IPDE Isthmic position from distal end
MIWI Mediolateral width at isthmus
Medullary
canal APWI Anteroposterior width at isthmus
MLWM  Mediolateral width at mid center
APWM  Anteroposterior width at mid center

Data were analyzed using SPSS (version 17.0; SPSS Inc.,
Chicago, IL, USA). Independent ¢-tests were performed to
assess differences in the means of variables between sexes and
population by comparison with data from previous studies
after the data were tested for normality of distribution by
the Kolmogorov-Smirnov test. Variables that did not exhibit
a normal distribution were analyzed by the Mann-Whitney
Utest. The level of significance was set at P < 0.05.

3. Results and Discussion

3.1. Comparison of Femur Parameters between Sexes. The
results of the automatic geometric calculations are shown
in Table 2. The height of the whole femur was calculated
after applying the 3 alignment methods mentioned above.
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FIGURE 1: Three alignment methods. (a) Mechanical axis alignment; (b) anatomical axis alignment; (c) alignment by osteometric board.
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FIGURE 2: Measurement parameters (see Table 1 for definitions).
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TaBLE 2: Comparison of femur parameters by sex.
Group Abbreviation Female Male Combined p
Mean SD Mean SD Mean SD
HMA (mm) 404.65 18.11 434.43 19.29 417.41 23.73 <0.01
HAA (mm) 403.97 18.10 434.19 23.90 416.96 23.90 <0.01
Whole HOB (mm) 401.71 17.87 431.62 23.66 414.52 23.66 <0.01
AMAC (deg.) 5.49 0.89 5.42 0.82 5.46 0.86 0.57
AMAS (deg.) 3.80 0.88 3.07 1.03 3.49 1.02 <0.01
HSD (mm) 43.25 212 48.50 2.23 45.50 3.39 <0.01
HCO (mm) 37.26 5.40 38.69 5.29 37.88 5.39 0.72
Proximal NA2D (deg.) 130.80 6.34 129.56 6.09 130.27 6.25 0.18
NA3D (deg.) 127.70 5.80 128.16 6.35 127.90 6.06 0.60
VAAP (deg.) 20.34 10.54 14.61 10.30 17.89 10.79 <0.01
PDA (deg.) 731 1.60 7.90 1.42 7.56 1.55 <0.01
CDA (deg.) —-0.08 0.47 —0.43 0.52 -0.23 0.52 <0.01
DDA (deg.) -7.22 1.85 —6.89 1.49 -7.08 1.71 0.18
Diaphysis ACC (mm) 1350.98 741.17 1381.04 473.02 1364.16 636.25 0.06"
PCC (mm) 755.65 160.78 889.69 188.15 814.43 185.25 <0.01
CL (mm) 274.47 14.95 289.61 16.56 281.11 17.35 <0.01
ST (mm) 13.82 2.83 13.43 2.87 13.65 2.85 0.35
DLC (mm) 58.39 2.76 64.63 3.65 60.11 4.43 <0.01
WLC (mm) 24.05 2.00 27.96 1.91 25.76 2.76 <0.01
Distal DMC (mm) 55.25 3.02 61.22 3.06 57.85 4.24 <0.01
WMC (mm) 23.46 2.39 25.78 1.85 24.47 2.45 <0.01
DIN (mm) 27.16 1.85 30.50 2.05 28.61 2.25 <0.01
WIN (mm) 18.97 2.75 21.66 2.66 20.14 3.02 <0.01
IPDE (mm) 403.97 18.10 434.19 23.90 416.96 23.90 <0.01
MLWI (mm) 9.59 1.93 9.60 1.94 9.60 1.93 0.98
Medullary canal APWI (mm) 10.97 2.60 11.51 2.35 11.24 2.49 0.22
MLWM (mm) 10.24 1.82 11.48 1.96 10.77 1.97 <0.01
APWM (mm) 12.41 2.08 13.71 2.19 12.97 2.22 <0.01

*The result of nonparametric test by Mann-Whitney U test.

HMA: height after mechanical axis alignment, HAA: height after anatomical axis alignment, HOB: height measured by osteometric board, AMAC: angle
between mechanical axis and anatomical axis in coronal plane, AMAS: angle between mechanical axis and anatomical axis in sagittal plane, HSD: sphere
diameter fit to head, HCO: head center offset, NA2D: neck angle on coronal plane, NA3D: neck angle in 3D vector, VAAP: version angle on axial plane, PDA:
proximal diaphysis (1/3) angle on sagittal plane, CDA: central diaphysis (2/3) angle on sagittal plane, DDA: distal diaphysis (3/3) angle on sagittal plane, ACC:
anterior cortex curvature on sagittal plane, PCC: posterior cortex curvature on sagittal plane, CL: chord length, ST: subtense, DLC: depth of lateral condyle,
WLC: width of lateral condyle, DMC: depth of medial condyle, WMC: width of medial condyle, DIN: depth of intercondylar notch, WIN: width of intercondylar
notch, IPDE: isthmic position from distal end, MLWI: mediolateral width at isthmus, APWTI: anteroposterior width at isthmus, MLWM: mediolateral width at

mid center, and APWM: anteroposterior width at mid center.

The greatest height was aligned by using the mechanical
axis (HMA, 417.41 + 23.73 mm), followed by the anatomical
axis (HAA, 416.96 + 23.90 mm) and the osteometric board
(HOB, 414.52 + 23.66 mm). There were statistical differences
among alignment methods (P < 0.01), and all results
were significantly greater in male samples than in female
samples (P < 0.01). The mean angle between mechanical and
anatomical axes in the coronal plane (AMAC) did not differ
statistically between sexes (P = 0.57). In the sagittal plane,
the angle between mechanical and anatomical axes (AMAS)
in females (3.80 + 0.88°) was more posteriorly inclined than
that in males (3.07 + 1.03°) (P < 0.01).

At the proximal part of the femur, the femoral head
diameter (HSD) was significantly greater in males (48.50 +
2.23 mm) than in females (43.25 + 2.12mm) (P < 0.01).
The femoral head center offset (HCO), which is the distance
between the femoral head center and anatomical axis, was not
statistically different between sexes (P = 0.72). The femoral
neck-shaft angle in the coronal plane as projected in 2D
and 3D planes (NA2D and NA3D, resp.) was not statistically
different between sexes (P = 0.18 and P = 0.60, resp.).
However, there were statistical differences between the 2D
and 3D angles (P < 0.01). The version angle on axial plane
(VAAP) was significantly greater in females (20.34 + 10.54°)
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TaBLE 3: Comparison of parameters of the whole and proximal femur among populations.
Measurement Population Female Male Combined
Group Abbreviation
Korean (this study) 401.71 431.62 414.52
Inuit [9] 405.6 430
North American Indian I [9] 399.3 4452
Whole HOB (mm) North American Indian II [9] 419.2 4434
European American I [9] 433.8 448.6
African American II [9] 4274 464.0
British (Aberdeen, UK)" [2] 428 459 448
African American I [9] 434.5 471.0
French” [28] 43
Korean (this study) 43.25 48.50 45.50
HSD (mm) French™ [22] 45.6
Turkish [11] 45.8
American (Texas, USA)" [23] 46.1
Pakistani [31] 50.1
Korean (this study) 37.26 38.69 37.88
Swiss, French (Caucasian) [27] 40.5
French” [22] 41.0
. HCO (mm) Pakistani [31] 41.9
Proximal
Turkish [11] 42.7
American (Texas, USA)" [23] 43
French” [28] 470
French™ [28] 122.9
French” [22] 123.1
American (Texas, USA)* [23] 124.7
NA2D (deg.) Turkish [11] 128.4
Swiss, French (Caucasian) [27] 129.2
Korean (this study) 130.80 129.56 130.27
Pakistani [31] 130.3

*Specific population not mentioned; samples were considered to be from the country of the authors’ institute.
HOB: height measured by osteometric board, HSD: sphere diameter fit to head, HCO: head center offset, and NA2D: neck angle on coronal plane.

than in males (14.61 + 10.30°) (P < 0.01); also, 94.74% of
samples exhibited anteroversion.

We divided the diaphysis into 3 equal parts. The angles
between the proximal, central, and distal diaphysis and the
anatomical axis in the sagittal plane (PDA, CDA, and DDA,
resp.) were 7.56 + 1.55°, —0.23 + 0.52°, and -7.08 + 1.71°,
respectively. The angles of the proximal and central parts
of the diaphysis differed statistically between sexes (both
P < 0.01). The anterior cortex curvature in the sagittal
plane (ACC) tended to be greater in males (1381.04 +
473.02 mm) than in females (1350.98+741.17 mm), although
the difference was not significant (P = 0.06). The posterior
cortex curvature in the sagittal plane (PCC) was significantly
greater in males (889.69 + 188.15mm) than in females
(755.65+£160.78 mm) (P < 0.01). The chord length (CL) of the
diaphysis was statistically longer in males (289.61+16.56 mm)
than in females (274.47+14.95 mm) (P < 0.01). There was no
statistic difference in subtense (ST) length between females
and males (P = 0.35).

At the distal part of the femur, the depth and width of the
lateral condyle (DLC and WLGC, resp.), depth and width of
the medial condyle (DMC and WMC, resp.), and depth and
width of the intercondylar notch (DIN and WIN, resp.) were
statistically smaller in females than in males (all P < 0.01).

Regarding the medullary canal, the isthmic position of
the medullary canal (IPDE) from the distal end of the femur
was significantly greater in males (434.19 + 23.90 mm) than
in females (403.97 + 18.10 mm) (P < 0.01). The mediolateral
and anteroposterior widths of the isthmus (MLWIand APWI,
resp.) did not differ statistically between sexes (P = 0.98 and
P = 0.22, resp.). In the medullary canal at the mid center
of the femoral shaft, the mediolateral anteroposterior widths
(MLWM and APWM,, resp.) were statistically larger in males
than in females (11.48 + 1.96 versus 10.24 + 1.82 mm and
13.71 + 2.19 versus 12.41 + 2.08 mm, resp.; both P < 0.01).

3.2. Comparison of Femur Parameters between Koreans and
Other Populations. We compared the results of the present
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TABLE 4: Comparison of parameters of the diaphysis among populations.
Measurement Population Female Male Combined

Group Abbreviation
Japanese III [51] 254.0 273.5 265.7
Japanese II [51] 268.5 293.5 280.4
Korean (this study) 274.47 289.61 281.11
Japanese I [51] 293.2 311.4 285.3
North American Indian III [51] 299.3 316.7 308.2

CL (mm) Inuit [9] 305.5 318.4 312.1

North American Indian I [9] 302.6 329.6 319.1
North American Indian II [9] 313.8 327.7 320.9
African American II [9] 318.4 339.6 329.0
European American I [9] 322.5 330.6 329.4
European American II [51] 3173 343.2 330.2

Diaphysis African American I [9] 319.6 342.7 3321
African American I [9] 8.4 8.6 8.5
European American II [51] 8.4 9.3 8.8
African American II [9] 9.2 9.0 9.1
Japanese IIT [51] 9.2 9.1 9.1
European American I [9] 9.4 9.8 9.7

ST (mm) Inuit [9] 9.7 1.0 103

Japanese I [51] 9.6 11.6 10.5
North American Indian II [9] 9.8 11.6 10.7
North American Indian III [51] 11.0 11.0 11.0
Japanese II [51] 10.7 12.5 11.6
North American Indian I [9] 10.9 12.2 1.7
Korean (this study) 13.82 13.43 13.65

CL: chord length; ST: subtense.

study with those of previous studies using adult femurs.
We also compared sex differences between the present and
previous studies that contained relevant data. The parameters
of the whole and proximal femur by population are shown
in Table 3. The height of the whole femur was measured
by 3 methods. It should be noted that there were statistic
differences among all 3 methods (P < 0.01). Whole femur
height measured by HOB in Koreans was significantly shorter
than that in African American populations I and II, British,
European Americans, male North American Indians I, and
North American Indians II (all P < 0.05), but not statistically
different from that in Inuit and female North American
Indians 1 [2, 9]. We were unable to compare our data
with those of Americans, French, or Germans, because the
measurement axis was unspecified or different from that used
in the present study [22, 23, 28, 36].

Regarding the proximal part of the femur, the HSD of
Koreans was not statistically different from those of the
French, Turks, or Americans [11, 22, 23]. However, the HSD of
Pakistanis and the French was statistically larger and smaller
than that of Koreans (both P < 0.01) [28, 31]. HCO was
statistically smaller in Koreans than in the Swiss French, the
French, Pakistanis, Turks, and Americans (all P < 0.01)
(11,22, 23,27, 28, 31]. NA2D was statistically larger in Koreans

than in the French, Americans, and Turks (all P < 0.01)
(11, 22, 23, 28]; however, there was no difference compared to
that of the Swiss French or Pakistanis [27, 31]. At the proximal
part of the femur, the HSD of Koreans was similar to that
of other populations. However HCO was smaller and NA2D
was larger in Koreans compared to those of other populations
(Table 3).

At the diaphysis (Table 4), CL was statistically longer in
Koreans than in Japanese populations II and III (P < 0.05)
[51]. CL was statistically shorter in Koreans than African
American populations I and II, European American popu-
lations I and II, North American Indian populations I-III,
Inuit, and Japanese population I (all P < 0.01) [9, 51]. ST was
statistically larger in Koreans than in all other populations
(P < 0.01), except that of male North American Indian
population I [9]. This indicates Korean femurs generally have
a greater sagittal curve. In most previous studies, ST was
larger in males than in females. However, ST was larger
in females in the Korean population, African American
population II [9], and Japanese population III than in males
[51]. In addition, there was no sex difference in ST in North
American Indian population III [51].

At the distal part of the femur (Table5), DLC was
statistically smaller in Koreans than in Germans in both
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TaBLE 5: Comparison of parameters of the distal femur and medullary canal among populations.
Measurement . .
Population Female Male Combined
Group Abbreviation
DLC (mm) Korean (;[hls study) 58.39 64.63 60.11
German” [36] 63.1 69.3
Japanese™ [40] 24.8
WLC (mm) Taiwanese™ [38] 25.3
Korean (this study) 24.05 27.96 25.76
German” [36] 26.0 30.6
DMC (mm) Korean (this study) 55.25 61.22 57.85
German™ [36] 62.3 69.3
Distal Korean (this study) 23.46 25.78 24.47
WMC (mm) Talwanes;e [38] 26.7
Japanese™ [40] 30.1
German” [36] 28.4 323
DIN (mm) Korean (this study) 2716 30.50 28.61
German” [36] 30.3 32,5
Taiwanese™ [38] 18.2
WIN (mm) German® [36] 19.0 19.3
Korean (this study) 18.97 21.66 20.14
Korean (this study) 9.59 9.6 9.6
MLWI (mm) Turkish [11] 10.7
Medullary canal American (Texas, USA)" [23] 12.3
Korean (this study) 10.97 11.51 11.24
APWI (mm) Turkish [11] 13.7
American (Texas, USA)" [23] 16.9

*Specific population not mentioned; samples were considered to be from the country of the authors’ institute.
DLC: depth of lateral condyle, WLC: width of lateral condyle, DMC: depth of medial condyle, WMC: width of medial condyle, DIN: depth of intercondylar
notch, WIN: width of intercondylar notch, MLWI: mediolateral width at isthmus, and APWTI: anteroposterior width at isthmus.

sexes (both P < 0.01) [36]. WLC was statistically smaller in
Koreans than in Germans in both sexes (both P < 0.01) [36].
Moreover, WLC tended to be larger than that in the Japanese
and the Taiwanese, although not statistically [38, 40]. DMC
was statistically smaller in Koreans than in Germans in both
sexes (both P < 0.01) [36]. WMC was statistically smaller in
Koreans than in Germans, the Japanese, and the Taiwanese
(all P < 0.01) [36, 38, 40]. DIN was statistically smaller in
Koreans than in Germans in both sexes (both P < 0.01) [36].
WIN was statistically larger in Koreans than in Germans and
the Taiwanese (both P < 0.01), except for German females
[36, 38]. Thus, the WLC of Koreans was similar to that of most
other populations except Germans, and WIN was larger than
that in other populations; meanwhile, all other parameters in
the distal femur were smaller in Koreans.

At the medullary canal (Table 5), both MLWI and APWI
were statistically smaller in Koreans than in Turks and
Americans (both P < 0.01) [11, 23].

4. Conclusion

We calculated the 28 morphometric parameters of femurs
from Koreans by using a geometric computation program.
The results show that most parameters were larger in males

than in females. Moreover, 14 variables differed statistically
between Koreans and other populations.

These data can be used for studies in physical and forensic
anthropology as well as orthopedic implant design. Many
previous studies only measured specific regions of the femur,
such as the proximal and distal parts for the hip and knee
joints, respectively. However, data of the whole femur are
more useful for the aforementioned purposes. Traditional
direct measurement methods require many times whole
femur study. On the other hand, automated software can
rapidly analyze the whole femur as well as other bones.
Also, automated computation methods have lower inter- and
intraobserver variations than traditional direct measurement
methods.

We expect that the Korean data and comparisons with
other populations will be useful references for physical and
forensic anthropology as well as orthopedic device design. In
addition, this computational measurement method may be
useful for surgical navigation systems.
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