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Abstract The application of computed tomography (CT) is
useful for the documentation of whole-body anatomical data
on routine autopsy, virtual reconstruction of skeletal structure,
objective measurements, and reassessment by repetitive anal-
yses. In addition, CT data processing facilitates volumetric
and radiographic density analyses. Furthermore, a recently
developed automated analysis system markedly improved
the performance and accuracy of three-dimensional (3D) re-
construction. The present study investigated virtual CT mor-
phometry of lower limb long bones, including the femur, tibia,
fibula, and first metatarsus, to estimate the sex and stature
using postmortem CT data of forensic autopsy cases of Japa-
nese over 19 years of age (total n=259, 150 males and 109
females). Bone mass volumes, lengths, and total CT attenua-
tion values of bilateral femurs, tibias, and fibulas correlated
with the stature; however, the mean CT attenuation (HU)
values showed age-dependent decreases. Correlations with
the stature were similar for the lengths and mass volumes of
the femur, tibia, and fibula (r=0.77–0.85) but were higher for
the mass volume of the first metatarsus (r=0.77 for right and

r=0.58 for left). In addition, the ratio of the bone volume to
the length of each bone showed the most significant sex-
related differences (males > females with accuracy of 75.8–
98.1 %). These findings indicate the usefulness of virtual CT
morphometry of individual lower limb long bones, including
volumetry, to estimate the sex and stature in identification.
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Introduction

Forensic anthropology is essential for identification of human
remains and single bones, including estimation of the sex, age,
and stature, combined with DNA analyses of sex and genetic
polymorphisms [1–6]. Major anthropologic indicators include
anatomy of the skull and pelvis for sex discrimination [7], the
lengths of the upper and lower limb long bones for stature
estimation [8], and developmental [9] and degenerative bone
changes for age estimation [10]. In previous studies, however,
sexual dimorphism related to the size and robusticity is also
detected in the lengths, diameters, widths, and circumferences
of the long bones of the upper and lower extremities, which
are often recovered as dismembered body parts or skeleton-
ized single bones [2, 11–13].

In the aforementioned process of forensic victim identifi-
cation, radiology is useful to detect anatomical characteristics,
specific pathologies of bones, and foreign bodies including
surgical materials as well as in estimating the sex, age, and
stature by anthropological procedures [14]. Besides conven-
tional radiology, postmortem computed tomography (CT) is
nowadays widely used in forensic routines [15]. Major

Electronic supplementary material The online version of this article
(doi:10.1007/s00414-015-1228-9) contains supplementary material,
which is available to authorized users.

* Tomomi Michiue
michi.leg@med.osaka-cu.ac.jp

1 Department of Legal Medicine, Osaka City University Medical
School, Asahi-machi 1-4-3, Abeno, 545-8585 Osaka, Japan

2 Department of Forensic Medicine & Clinical Toxicology, Faculty of
Medicine, Minia University, 61111 Minia, Egypt

3 Medico-legal Consultation and Postmortem Investigation Support
Center, c/o Osaka City University Medical School, Asahi-machi
1-4-3, Abeno, 545-8585 Osaka, Japan

Int J Legal Med (2015) 129:1173–1182
DOI 10.1007/s00414-015-1228-9

http://dx.doi.org/10.1007/s00414-015-1228-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-015-1228-9&domain=pdf


advantages of CT in victim identification include virtual re-
construction of skeletal structures independent of the status of
recovered human remains, even in cases of advanced decom-
position or severe destruction by fire; reconstruction using
three-dimensional (3D) volume rendering software on a work-
station allows soft tissue to be removed without mechanical
intervention or maceration [16, 17]. In addition, the applica-
tion of CT is useful for the documentation of whole-body data
on routine autopsy, virtual reconstruction of skeletal structure,
objective measurements, and reassessment by repetitive anal-
yses. Several studies demonstrated the successful application
of virtual bone measurement using CT for stature and sex
estimation [8, 15, 18–22]. Although the long bones of the
lower limbs provide the most accurate stature estimates
among different populations [23–31], up-to-date Japanese
population data are limited owing to difficulty in mass human
material collection [8]; thus, postmortem CT data analysis
may contribute to updating the data. CT data processing also
facilitates volumetric and radiographic density analyses of in-
dividual bones. Furthermore, a recently developed automated
analysis system markedly improved the performance and ac-
curacy of three-dimensional (3D) reconstruction [22].

Since previous studies suggested that the diameters or
widths of long bones showed greater sex-related differences
than bone lengths [2, 12, 32, 33], automated bone mass vol-
ume analysis may be useful for sex estimation, demonstrating
the 3D size and robusticity of bones. Also, radiographic den-
sity analysis may provide identification data related to the
robusticity of bones and age of subjects in the remains without
postmortem decalcification. These parameters are not avail-
able in manual measurement.

From the abovementioned observations, the aim of the
present study was to investigate the efficacy of virtual CT
morphometry of lower limb long bones, especially volumetry
and CT density analysis, to estimate the sex and stature using
an automated 3D CT data analysis system in forensic autopsy
cases of Japanese over adolescence.

Materials and methods

Postmortem CT data

Postmortem CT scans were routinely performed immediately
before autopsy within the framework of routine case work
using a scanner (ECLOS; Hitachi Medical Co., Tokyo;
120 kVp, 200 mAs, 1.25 pitch factor, 2.5×4 mm collimation,
and 16×1.25 mm section thickness). Serial forensic autopsy
cases of Japanese of known sex, age, and stature without ad-
vanced decomposition, fracture, or destruction during a 3-year
period from July 2010 to December 2013 were used: n=259;
150 males of 19–95 (mean, 58.9; median, 52.0) years of age,
and 109 females of 20–97 (mean, 59.6; median, 62.0) years of

age. Demographic and anatomical data were collected from
autopsy documents, including the sex, age, and stature. The
cadaveric stature was measured in centimeters from the top of
the head to the soles in a supine position on an autopsy table
using a measuring tape [15].

CT data analysis

3D images of bilateral lower limb long bones, including the
femur, tibia, fibula, and first metatarsus, were virtually recon-
structed on the automated CT image analyzing systemVolume
Analyzer SYNAPSE VINCENT version 3 (FUJIFILM Med-
ical Co., Ltd., Tokyo), identifying each bone shape based on
the manufacturer’s graph-cut algorithm, which automatically
estimates the CT value distribution and optimal boundary for
region segmentation of the bones without users’ intervention
[23, 34, 35]. The first metatarsus was chosen because it is a
well-preserved foot bone in decomposed bodies and easy to
identify when recovered separately [36]. Measured parame-
ters were bone mass volume (cm3), maximum (max.)
length (mm) (vertical distance between proximal and distal
endpoints) (Supplementary Fig. S1), and the mean CT at-
tenuation (HU) value and total CT attenuation (HU) value
(mean HU × bone volume). The mean CT attenuation (HU)
value was automatically provided for the whole extracted
bone. Manual 3D measurement of the bone length was
performed by three independent observers , and
intraobserver and interobserver precisions were examined
by applying three widely used precision estimates: the
technical error of measurement (TEM), the relative techni-
cal error of measurement (rTEM), and the coefficient of
reliability (R) [16]. Virtual measurements of the maximum
bone length were compared with the manual measurements
using skeletonized dry bone samples of the femur, tibia,
and fibula (n=7 for each) to examine the reliability. These
measurements were repeated two times for each bone.

Comparison with previous stature estimation studies
in Japanese

The present bone length measurements were applied to the
stature estimation equations of previous studies involving Jap-
anese for the femur and tibia by Hasegawa et al. [8], and the
tibia and fibula by Yoshino et al. [33], and the results were
compared.

Statistical analysis

The analyses were performed usingMicrosoft Excel, Statview
(version 5.0, SAS Institute Inc.) and SPSS 17.0 (Statistical
software package, Inc., Chicago, IL). The comparisons of
measurement values between sexes were evaluated with un-
paired t test analysis. The relationships between bone
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measurements and stature were determined by Pearson corre-
lation analysis. The regression formulae and standard errors of
estimate (SEE) were calculated by linear regression analysis
for stature estimation. A p value <0.05 was considered signif-
icant. Bland-Altman method was performed to assess the
agreement between the measured stature and estimated values
using the above mentioned bone parameters. For sex estima-
tion, the receiver operating characteristic (ROC) analysis was
performed to estimate the cutoff points for each parameter of
individual bones to compare the efficacy [12]. With the cutoff
value, the accuracy of sex estimation was examined, dividing
the number of cases identified by the total number of cases;
cases above and below the cutoff values were estimated as
males and females, respectively.

Results

Adequacy of virtual bone reconstruction

3D images of individual bones were virtually reconstructed on
the automated CT image analyzing system two times in all
cases. The reproducibilities of the extracted bone volume
and CT density were 100.0 %. In manual measurements of
bone lengths, intraobserver precisions were TEM=0.149–
1.316, rTEM<1.5 %, and R>0.95; interobserver precisions
were TEM=0.752–1.878, rTEM<2.0 %, and R>0.95
(Table 1). The differences between the virtual measurements
using the volume analyzer and manual measurements of skel-
etonized dry bone samples of the femur, tibia, and fibula were
0–2 mm (errors within 0.005 % for each bone length).

Relationship with stature

Bone mass volumes (cm3), max. lengths (mm), and total CT
values (HU) of the bilateral femurs, tibias, fibulas. and first
metatarsus correlated with the stature in all cases (r=0.42–

0.85, SEE=4.81–8.57, p<0.0001), and also in males and fe-
males (r=0.33–0.85, SEE=4.17–6.64, p<0.0001). Descrip-
tive statistics of all bone parameters in males and females
are shown in Table 2; each bone measurement and measured
stature were greater in males than in females (p<0.0001, ex-
cept for the first metatarsal length with p=0.03 and 0.04 for
the left and right, respectively).

The correlations between max. bone lengths and the stature
were positive and significant in all cases (r=0.42–0.85, SEE=
4.81–8.57 cm, p<0.0001), and also in males (r=0.33–0.74,
SEE=4.72–6.49 cm, p<0.0001) and females (r=0.55–0.85,
SEE=4.17–6.64 cm, p<0.0001); however, lower correlations
with greater SEE were detected for the first metatarsus (r=
0.33–0.68, SEE=5.79–8.57 cm, p<0.0001) than for the other
bones (r=0.71–0.85, SEE=4.17–5.35 cm, p<0.0001)
(Table 3 and Supplementary Fig. S2). Bone mass volumes
showed correlations with the statures in all cases, and in males
and females (r=0.58–0.83, SEE=4.93–6.15 cm, p<0.0001);
the correlation of the first metatarsus (r=0.58–0 77, SEE=
5.70–6.15 cm, p<0.0001) was higher than that for the length
(Table 3 and Supplementary Fig. S2). Mean HU value showed
an age-dependent decrease in all cases, and in males and fe-
males (r=−0.30 to −0.83, p=0.0002 for male right femur and
p<0.0001 for the others), showing significant difference be-
tween females of <60 and >60 years of age (p<0.0001,
Fig. 1); however, total CT attenuation value (HU) correlated
with the stature in all cases, and in males and females (r=
0.62–0.82, SEE=5.02–6.04 cm, p<0.0001) (Table 3 and
Supplementary Fig. S2). There was a substantial right-left
difference in max. length of the first metatarsus (r=0.69,
p<0.0001); however, such bilateral asymmetry was not sig-
nificant for the first metatarsal volume and each parameter of
the other bones (r=0.92–0.99, p<0.0001). As above, correla-
tions with the stature were similar for the lengths and mass
volumes of the femur, tibia, and fibula but were higher for the
mass volume of the first metatarsus without bilateral asymme-
try, showing regression equations for stature estimation using

Table 1 Technical error of measurements (TEM), relative technical error of measurements (rTEM%), and coefficient of reliability (R) (n=10) of
maximum bone length

Measurement Intraobserver TEM rTEM% R Interobserver TEM rTEM% R

RFEL 0.631664 0.148886 0.99906 0.810247 0.192387 0.999333

LFEL 1.170897 0.276181 0.996766 0.850588 0.200513 0.998953

RTL 1.408368 0.460519 0.992916 1.56285 0.468164 0.994998

LTL 1.317574 0.098647 0.9987 1.553383 0.465782 0.995128

RFIL 1.137102 0.335527 0.996185 1.004739 0.295446 0.997945

LFIL 0.943663 0.277079 0.997385 1.877898 0.552201 0.992736

RML 0.676387 1.120682 0.99242 0.77556431 1.286496 0.962902

LML 0.78867 1.315546 0.989625 0.75232971 1.261663 0.956241

RFEL right femur maximum length, LFEL left femur maximum length, RTL right tibia maximum length, LTL left tibia maximum length, RFIL right
fibula maximum length, LFIL left fibula maximum length, RML right first metatarsal maximum length, LML left first metatarsal maximum length
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bilateral data: 30.037 + (0.309 * max. femur length); 40.638 +
(0.361 * max. tibia length); 36.392 + (0.368 * max. fibula
length); and 123.607 + (2.151 * first metatarsal volume).
When the sampling error was examined by random resam-
pling and recalculation, reducing sample numbers to 100
and 50, the correlations between the stature and individual

parameters (r values) did not show significant difference
(<0.05).

The accuracy for stature estimation, as calculated from
95 % confidence evaluated by Bland-Altman method, was
24.2–73.9 % for individual bone max. length and was higher
for the femur, tibia, and fibula (69.3–73.9 %) in all cases but

Table 3 Stature (Y) estimation equations using different parameters in males (n=150), females (n=109), and all cases (n=259)

Variables (x) Right side equation ± SEE Left side equation ± SEE

Maximum bone length (mm):

Femur Male Y=52.17+0.261*x±4.83; r=0.73, p<0.0001 Y=58.04+0.247*x±4.72; r=0.72, p<0.0001

Female Y=38.48+0.286*x±4.29; r=0.83, p<0.0001 Y=37.42+0.287*x±4.49; r= 0.81, p<0.0001

All cases Y=29.06+0.312*x±4.81; r=0.84, p<0.0001 Y=31.46+0.305*x±4.84; r=0.85, p<0.0001

Tibia Male Y=74.02+0.269*x±4.92; r=0.71, p<0.0001 Y=73.60+0.270*x±4.88; r=0.72, p<0.0001

Female Y=47.42+0.332*x±4.39; r=0.82, p<0.0001 Y=48.04+0.330*x±4.36; r=0.84, p<0.0001

All cases Y=40.96+0.360*x±5.35; r=0.82, p<0.0001 Y=41.46+0.359*x±5.28; r=0.83, p<0.0001

Fibula Male Y=67.05+0.284*x±4.74; r=0.74, p<0.0001 Y=67.86+0.282*x±4.76; r=0.73, p<0.0001

Female Y=46.01+0.332*x±4.17; r=0.85, p<0.0001 Y=40.95+0.348*x±4.18; r=0.84, p<0.0001

All cases Y=37.44+0.365*x±4.99; r=0.85, p<0.0001 Y=35.62+0.370*x±4.97; r=0.85, p<0.0001

1st Metatarsus Male Y=130.45+0.635*x±6.61; r=0.33, p<0.0001 Y=127.66+0.685*x±6.49; r=0.37, p<0.0001

Female Y=84.67+1.270*x±6.64; r=0.68, p<0.0001 Y=75.25+1.444*x±5.79; r=0.55, p<0.0001

All cases Y=100.42+1.096*x±8.57; r=0.42, p<0.0001 Y=95.78+1.180*x±8.28; r=0.48, p<0.0001

Mass volume (cm3):

Femur Male Y=125.88+0.071*x±5.01; r=0.70, p<0.0001 Y=127.03+0.069*x±4.93; r=0.64, p<0.0001

Female Y=112.99+0.099*x±5.47; r=0.70, p<0.0001 Y=115.99+0.092*x±5.78; r=0.66, p<0.0001

All cases Y=120.68+0.080*x±5.25; r=0.82, p<0.0001 Y=121.94+0.078*x±5.32; r=0.81, p<0.0001

Tibia Male Y=126.98+0.110*x±5.03; r=0.70, p<0.0001 Y=128.23+0.106*x±5.09; r=0.69, p<0.0001

Female Y=114.94+0.150*x±5.57; r=0.70, p<0.0001 Y=115.92+0.145*x±5.83; r=0.69, p<0.0001

All cases Y=121.07+0.127*x±5.30; r=0.83, p<0.0001 Y=121.18+0.126*x±5.46; r=0.82, p<0.0001

Fibula Male Y=137.08+0.38*x±5.35; r=0.65, p<0.0001 Y=137.84+0.378*x±5.52; r=0.61, p<0.0001

Female Y=120.47+0.586*x±5.80; r=0.65, p<0.0001 Y=123.61+0.543*x±6.15; r=0.63, p<0.0001

All cases Y=125.19+0.526*x±5.79; r=0.79, p<0.0001 Y=125.60+0.531*x±6.02; r=0.77, p<0.0001

1st Metatarsus Male Y=136.30+1.517*x±5.71; r=0.58, p<0.0001 Y=135.77+1.559*x±5.70; r=0.58, p<0.0001

Female Y=117.31+2.524*x±6.15; r=0.63, p<0.0001 Y=116.69+2.573*x±5.88; r=0.67, p<0.0001

All cases Y=124.11+2.115*x±6.06; r=0.77, p<0.0001 Y=123.14+2.186*x±5.96; r=0.58, p<0.0001

Total CT value (HU):(mean CT value × mass volume)

Femur Male Y=137.68+1.049E-4*x±5.23; r=0.66, p<0.0001 Y=139.92+0.955E-4*x±5.19; r=0.64, p<0.0001

Female Y=133.22+1.139E-4*x±5.52; r=0.70, p<0.0001 Y=133.90+1.114E-4*x±5.60; r=0.69, p<0.0001

All cases Y=132.49+1.223E-4*x±5.41; r=0.81, p<0.0001 Y=133.90+1.159E-4* x ±5.43; r=0.80, p<0.0001

Tibia Male Y=138.59+1.633E-4*x±5.02; r=0.70, p<0.0001 Y=140.96+1.487E-4*x±5.24; r=0.66, p<0.0001

Female Y=138.32+1.425E-4*x±5.57; r=0.69, p<0.0001 Y=136.89+1.533E-4*x±5.68; r=0.70, p<0.0001

All cases Y=135.80+1.757E-4*x±5.38; r=0.82, p<0.0001 Y=135.56+1.763E-4*x±5.56; r=0.81, p<0.0001

Fibula Male Y=142.61+0.001*x±5.12; r=0.69, p<0.0001 Y=144.90+4.859E-4*x±5.45; r=0.62, p<0.0001

Female Y=138.09+0.001*x±5.55; r=0.69, p<0.0001 Y=138.48+0.001*x±5.81; r=0.68, p<0.0001

All cases Y=136.50+0.001*x±5.56; r=0.81, p<0.0001 Y=137.29+0.001*x±5.92; r=0.78, p<0.0001

1st Metatarsus Male Y=147.32+0.002*x±5.48; r=0.62, p<0.0001 Y=147.18+0.002*x±5.43; r=0.63, p<0.0001

Female Y=138.29+0.003*x±5.90; r=0.67, p<0.0001 Y=139.98+0.003*x±6.01; r=0.65, p<0.0001

All cases Y=139.16+0.003*x±5.96; r=0.77, p<0.0001 Y=139.62+0.003*x±6.04; r=0.77, p<0.0001

SEE standard error of estimate
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lower when separately examined for males and females (52.9–
67.3 %). The accuracy was lower for the first metatarsus
(24.2 % for right and 29.1 % for left) in all cases, showing
difference betweenmales (24.7% for right and 26.0% for left)
and females (55.7 % for right and 45.4 % for left). The accu-
racy for stature estimated from bone mass volume and total
CTattenuation value was 40.1–71.9 and 29.3–69.6 %, respec-
tively, for individual bones, and 61.3 and 60.5 % for mass
volume of the right and left first metatarsus, respectively, in
all cases, but lower when separately examined for males and
females (42.0–54.6 %).

Comparison with previous stature estimation studies
in Japanese

The accuracy of stature estimation, evaluated using the 95 %
confidence interval, was 55.1–67.3 % for males and 26.4–
40.2 % for females using the stature equation of Hasegawa
et al. [8] for the femur and tibia; 40.3–48.6 % for males and
42.1—57.0 % for females using the stature equation of
Yoshino et al. [33] for the tibia and fibula; and 60.4—
66.4 % for males and 64.2—70.6 % for females using the
present stature equation for the femur, tibia, and fibula
(Table 4).

Sex-related difference

Sex-related difference was detected for all variables (p=
0.0018 for the max. length of the first metatarsus, and
p<0.0001 for the others; Table 5). The ratio of the bone vol-
ume to the length of each bone also showed significant sex-
related difference (males > females; p<0.0001). Cutoff values
estimated for individual parameters to identify male and

F, female; M, male; A, <60 years of age; B, >60 years of age
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Fig. 1 Mean bone CT density
with regard to age of the subject.F
female, M male, A <60 years of
age, B >60 years of age

Table 4 Comparison of the 95 % confidence interval among the
present and the previous stature estimation formulae using the bone
maximum length measurement

Bone Present study Hasegawa et al. Yoshino et al.

Male Female Male Female Male Female

Femur Right 62.0 % 70.6 % 55.1 % 40.2 % – –

Left 63.4 % 64.4 % 65.5 % 34.7 %

Tibia Right 60.4 % 64.2 % 67.1 % 26.4 % 45.6 % 50.9 %

Left 64.0 % 67.3 % 67.3 % 39.3 % 46.0 % 57.0 %

Fibula Right 65.8 % 70.1 % – – 40.3 % 52.9 %

Left 66.4 % 65.4 % 48.6 % 42.1 %

Previous estimation formulae by Hasegawa et al. [8] and Yoshino et al.
[32]
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female bones are shown in Table 5 together with their accura-
cy. The accuracy to identify the sex was the highest for the
ratio of bonemass volume to the max. length (75.8–91.6% for
males and 91.6–98.1 % for females), followed by total CT
attenuation value (59.3–86.4 % for males and 84.0–95.1 %
for females) and mass volume (75.3–85.7 % for males and
80.8–91.7 % for females), and then max. bone length (65.5–
75.2 % for males and 74.8–80.2 % for females). In addition,
the sex-related difference in mean CT attenuation value was
detected in subjects over 60 years of age, showing the accu-
racy of 59.2–79.0 % for males and 80.4–96.4 % for females.

When the sampling error was examined by random resam-
pling and recalculation, reducing the sample number (75
males and 54 females), a sex-related difference was detected
for all variables (p=0.0001―0.041 for mean CT value of all
bones, and p<0.0001 for the others). The recalculated accura-
cy of sex discrimination did not show significant difference
(<5.0 %) in all variables except for the ratio of the bone mass
volume to the max. length in females and the total CT atten-
uation value in males (>10 %). Consistency rates of sex esti-
mation using the combination of the parameters in males and
females, respectively, were as follows: for the max. length and

Table 5 Individual bone parameters in males and females

Variables Males (n=150) Mean ± SD Females (n=109) Mean ± SD p value Cutoff value Sensitivity Specificity

Maximum length (mm):

Femur Right 433.97±19.36 404.41±22.24 <0.0001 423.00 0.69 0.77

Left 435.14±19.71 405.99±21.77 <0.0001 426.90 0.66 0.80

Tibia Right 340.79±18.54 319.97±18.96 <0.0001 333.90 0.65 0.76

Left 341.26±18.50 319.83±19.92 <0.0001 332.05 0.70 0.75

Fibula Right 346.92±18.09 323.77±19.18 <0.0001 335.00 0.75 0.75

Left 347.76±17.89 324.30±19.22 <0.0001 339.00 0.68 0.80

1st Metatarsus Right 55.40±3.59 54.39±3.41 0.04 ― ― ―

Left 55.37±3.80 54.35±3.68 0.03

Mass volume (cm3):

Femur Right 557.31±68.50 414.91±54.42 <0.0001 489.63 0.85 0.89

Left 558.24±67.61 415.23±55.59 <0.0001 490.64 0.85 0.90

Tibia Right 349.90±44.16 258.24±35.26 <0.0001 308.00 0.83 0.97

Left 351.27±44.91 260.51±36.81 <0.0001 310.82 0.83 0.98

Fibula Right 75.00±11.87 56.30±8.44 <0.0001 62.51 0.85 0.81

Left 73.93±11.09 55.36±9.11 <0.0001 67.82 0.74 0.92

1st Metatarsus Right 19.32±2.65 14.44±1.98 <0.0001 16.66 0.85 0.90

Left 19.13±2.59 14.41±2.03 0.0001 17.26 0.75 0.91

Mass volume/maximum length

Femur Right 1.28±0.12 1.02±0.10 <0.0001 1.15 0.86 0.90

Left 1.28±0.12 1.02±0.10 <0.0001 1.15 0.86 0.91

Tibia Right 1.02±0.10 0.81±0.08 <0.0001 0.92 0.85 0.95

Left 1.03±0.10 0.81±0.09 <0.0001 0.99 0.88 0.92

Fibula Right 0.22±0.03 0.17±0.02 <0.0001 0.20 0.74 0.90

Left 0.21±0.03 0.17±0.02 <0.0001 0.19 0.81 0.89

1st Metatarsus Right 0.35±0.04 0.27±0.03 <0.0001 0.31 0.85 0.92

Left 0.35±0.04 0.26±0.03 <0.0001 0.31 0.84 0.93

Total CT value (HU): (mean CT value × mass volume)

Femur Right 265,578.47±44,195.37 182,290.55±46,749.86 <0.0001 226,100.86 0.84 0.84

Left 266,721.35±45,635.60 181,364.40±47,545.38 <0.0001 230,325.16 0.78 0.87

Tibia Right 165,476.13±29,885.84 107,717.50±37,097.47 <0.0001 141,669.10 0.77 0.81

Left 165,738.64±31,060.40 109,206.69±35,758.52 <0.0001 144,777.99 0.77 0.88

Fibula Right 43,965.58±9191.64 29,364.59±9973.490 <0.0001 37,383.98 0.72 0.81

Left 43,033.82±8813.28 28,848.65±10,114.181 <0.0001 38,587.15 0.70 0.84

1st Metatarsus Right 7586.52±1794.75 4913.47±1678.38 <0.0001 6508.24 0.71 0.82

Left 7402.55±1762.89 4865.49±1793.86 <0.0001 6594.09 0.64 0.79
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mass volume, 58.5 and 68.6 % for the femur, 60.0 and 69.2 %
for the tibia, and 57.7 and 58.9 % for the fibula; for the mass
volume and total CT attenuation value, 65.3 and 73.5 % for
the femur, 52.7 and 64.5 % for the tibia, and 54.4 and 70.1 %
for the fibula; and for the max. length, mass volume, and total
CTattenuation value, 53.1 and 65.7 % for the femur, 66.0 and
72.0 % for the tibia, and 51.0 and 61.7 % for the fibula. Sex
estimation using all bilateral long bones in males and females,
respectively, was consistent in 46.7 and 59.6 % for the max.
length and mass volume; in 54.7 and 66.1 % for the mass
volume and total CT attenuation value; and in 37.3 and
41.3 % for the max. length, mass volume, and total CT atten-
uation value.

Discussion

The lower limb long bones of interest were readily recon-
structed using automated CT data analysis system in the pres-
ent study, as previously reported [23], and the accuracy and
reproducibility of the measurements were established. All pa-
rameters of individual bone, including the length, volume, and
CT density, correlated with body stature, showing sexual di-
morphism, as previously reported for the bone length and
diameter or width of long bones of the upper and lower ex-
tremities [2, 12, 32, 33]. These findings are consistent with the
general concept of the lower limb long bone development
depending on the hereditary factors and sex with ethnic and
regional variations, modified by the influence of acquired fac-
tors [37], as well as the sex-related difference of cortical bone
development [38], and degenerative changes in the elderly
[39]. These bone statuses can be reflected in the mass volume
and total CT attenuation value as indicators of the 3D size and
robusticity in the remains without postmortem decalcification.

For the estimation of sex, the present study demonstrated
the usefulness of volumetry and CT density of the lower limb
long bones; the indicators involving these variables, including
the mass volume and total CT attenuation value, were more
effective for sex identification than the bone length. In addi-
tion, mean CT attenuation value of each bone also showed
sex-related difference in the elderly subjects over 60 years of
age. With regard to these parameters, however, individual
subjects had varied sex-related characteristics, showing con-
sistent results for all bilateral lower limb long bones in around
40 %. Among these parameters, the ratio of the mass volume
to max. length was the most effective for sex estimation,
showing the accuracies of 75.8–91.6 % for males and 91.6–
98.1 % for females. The accuracies of these bone parameters
were higher for females without bilateral asymmetry (over
90 % for the mass volume/max. length ratio) than for males
(around 80–90 %), as previously reported [33, 36, 40–42],
suggesting greater contribution of congenital factors to bone

development during adolescence and aging-related degenera-
tive changes in females [37, 39].

In the estimation of stature from separate single bones, the
most common method is linear regression [43]. Since individ-
ual height is influenced by ethnicity and changes over time, it
is recommended to use the updated regression formulae de-
rived from the relevant population [44]. In the present study,
the measurements of bilateral bones showed no significant
difference for femur, tibia, and fibula, and the maximum
lengths highly correlated with the stature both in males and
female, as previously reported [45, 46]. However, the max.
length of the first metatarsus showed lower correlations with
the stature, involving substantial bilateral asymmetry. A pre-
vious study suggested a higher correlation with stature for the
length of second metatarsus [47]; in the present study, how-
ever, for the first metatarsus, which is more easily identifiable
when separately recovered, mass volume of the first metatar-
sus was a more adequate indicator for stature estimation than
its max. length, suggesting the efficacy of CT volumetry. In
stature estimation using individual bone parameters, the accu-
racies as estimated from 95% confidence were higher (around
70 %) for mixed-sex groups than for male and female groups
(around 60 %), as previously reported for foot measurements
[1, 48], indicating that some skeletal variants are included both
in males and females. This suggests that the accuracy of stat-
ure estimation is not improved by preliminary sex discrimina-
tion. Small intraobserver and interobserver deviations (<1.5
and <2 %, respectively) indicated the reliability of the virtual
measurement, and a difference of <2 mm between the virtual
and manual measurements using skeletonized dry bones is
considered an acceptable range of error in forensic anthropol-
ogy [49]. In postmortem measurement, a difference from an-
temortem statures (around 2.5-cm increase after death) should
be taken in consideration [50]; however, comparisons with
previous procedures for Japanese demonstrated the higher-
level accuracy of the present procedure.

In conclusion, the observations of the present study de-
scribed above suggest the usefulness of virtual CT morphom-
etry of lower limb long bones to estimate the sex and stature in
forensic identification, using virtual bone preparation for con-
ventional osteometry, volumetry for estimating 3D size and
robusticity, and CT value for degenerative changes and
robusticity of intact bones for the elderly, especially in fe-
males, when compared with the updated ethnic population
data. A rapid automated CT data analysis is practically useful
to establish such population data using autopsy material.
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