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Abstract Computed tomography (CT) data provide informa-
tion for volumetric and radiographic density analysis. The
present study investigated the application of virtual CT
volumetry of the tarsal bones to estimation of the sex, stature,
and body weight using postmortem CT (PMCT) data of foren-
sic autopsy cases. Three-dimensional (3D) images of the bilat-
eral foot bones of intact Japanese subjects after adolescence
(age ≥15 years, n=179, 100 males and 79 females) were re-
constructed on an automated CT image analyzer system.
Measured parameters were mass volume, mean CT value
(HU), and total CT value of the talus and calcaneus. Mean
CT values of these bones showed age-dependent decreases in
elderly subjects over 60 years of age for both sexes, with sig-
nificant sex-related differences especially in the elderly. The
mass volumes and total CT values of the talus and calcaneus
showed significant sex-related differences, and also moderate
correlations with body height and weight for bilateral bones in
all cases (r=0.58–0.78, p<0.0001); however, the correlations
of these parameters of the female talus with body weight were
insufficient (r=0.41–0.61, p<0.0001). These observations in-
dicate the applicability of virtual CT morphometry of the talus
and calcaneus using an automated analyzer to estimate the sex

and stature in forensic identification; however, greater variations
should be considered in body weight estimations of females.

Keywords Forensic anthropology . Sex estimation . Stature
estimation . Talus . Calcaneus

Introduction

In identification of human remains and single bones, forensic
anthropology is essential for estimation of the sex, age, and
stature, combinedwith DNA analyses of sex and genetic poly-
morphisms [1–6]. In this process, radiology detects anatomi-
cal characteristics, specific pathologies of bones and foreign
bodies including surgical materials, as well as sex-related
differences and age-dependent changes, and provides
measurements for stature estimation [7, 8]. Besides conven-
tional radiology, computed tomography (CT) is useful for the
documentation and reconstruction of skeletal data in autopsy
routines. Several studies have demonstrated the successful
application of virtual bone measurement using CT for stature
and sex estimation [9–23]. Postmortem CT (PMCT) data
provide information for volumetric and radiographic density
analysis in addition to two-dimensional measurement [13, 23].

In forensic routine, identification of tarsal bones is needed
when recovering dismembered remains or single bones.
Previous studies have provided osteometric data of the tarsal
bones for sex and stature estimation in several modern differ-
ent ethnic populations using manual and radiographic proce-
dures [24–35]; however, no Japanese data have been pub-
lished. Furthermore, there are no published CT volumetric
data, which may especially be useful for the identification of
short bones, such as tarsal bones. It may also be possible to
estimate body weight in addition to sex and body height [36,
37].
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From the abovementioned observations, the aim of the pres-
ent study was to investigate the efficacy of virtual CT volumetry
of the tarsal bones in estimating sex, stature, and body weight
using an automated three-dimensional (3D) CT data system in
forensic autopsy cases of Japanese subjects after adolescence.

Materials and methods

Postmortem CT data

Postmortem CTscans were routinely performed immediately be-
fore autopsy within the frame of routine case work using a scan-
ner (ECLOS; Hitachi Medical Co., Tokyo; 120 kVp, 200 mAs,
1.25 pitch factor, 2.5×4 mm collimation, and 16×1.25 mm sec-
tion thickness). Serial forensic autopsy cases of Japanese subjects
of known sex, age, and stature after adolescence (age ≥15 years)
without advanced decomposition, evident fracture, destruction, or
advanced osteoarthrosis, in which complete foot bone CT data
were available, during a 3.5-year period from January 2012 to
June 2015, were used: a total of 192 subjects, including 108
males and 84 females, who were aged 15–95 years (mean 54.5,
median 52.5). In addition, three cases of advanced decomposition
or mummification (about 30–85 days postmortem) were used to
examine postmortem interference. Demographic and anatomical
data were collected from autopsy documents, including the sex,
age, and stature. The cadaveric stature was measured in centime-
ters from the top of the head to the soles in a supine position on an
autopsy table using a measuring tape [11, 12, 38].

CT data analysis

The 3D images of bilateral talus and calcaneus bones were
virtually reconstructed on the automated CT image analyzing
system Volume Analyzer SYNAPSE VINCENT version 3
(FUJIFILMMedical Co., Ltd., Tokyo, Japan), using the original
analysis algorithm without operator intervention (Fig. 1) [13,

23]. The measured parameters were the mass volume, mean
CT value (HU), and total CT value (mean HU×mass volume)
of the bilateral talus and calcaneus. The mean CT value (HU)
was automatically provided for the whole extracted bone.
Manual procedures were not used in the present study.

Statistical analysis

Analyses were performed using Microsoft Excel, Statview
(version 5.0; SAS Institute Inc.) and SPSS 17.0 (Statistical
Software Package, Inc., Chicago, IL). The Kruskal-Wallis and
Mann-Whitney U tests were used for non-parametric multiple
and two-group comparisons among the age of subjects, respec-
tively. The comparisons of measured values between sexes
were evaluated with unpaired t test analysis. The relationships
between bone measurements and stature were determined by
Pearson correlation analysis. The regression formulae were
calculated by linear regression analysis for stature estimation
using each parameter of individual bones. In these analyses, a p
value <0.05 was considered significant. The Bland-Altman
method was used to assess agreement between the measured
stature and estimated values using the abovementioned bone
parameters. For sex estimation, a receiver operating character-
istic (ROC) analysis was performed to estimate the cut-off
points for each parameter of individual bones to compare the
efficacy. With the cut-off 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 cut-off values
were estimated as males and females, respectively.

Results

Efficacy of automated bone reconstruction and mean CT
values with regard to the age of subjects

The bilateral talus and calcaneus were successfully recon-
structed using the automated 3D image reconstruction

(b)(a)

Fig. 1 Representative three-
dimensional figures of
reconstructed talus (a) and
calcaneus (b) using the automated
CT image analyzing system
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system except for several elderly subjects with advanced
degenerative osteoarthrosis that obstructed the separation
of individual bones (n=8, 4.1 %), for which manual trim-
ming was needed. In addition, minor fractures of the talus
and/or calcaneus were detected in extracted foot bones of
several young subjects (n=5, 2.6 %). These cases were

excluded from further investigation. Once foot bone
extraction was successfully performed using the automat-
ed 3D image reconstruction, reproducibility of bone data
was 100.0 %, independent of the operator. These data are
shown in Table 1 (age ≥15 years, n=179, 100 males and
79 females).

(Age)
0

10

20

30

40

50

60

≦59 ≧60 ≦59 ≧60

/103

P<0.0001

P<0.0001

0

5

10

15

20

25

30

35

40

45

≦59 ≧60 ≦59 ≧60

/103

P<0.0001

P<0.0001

0

20

40

60

80

100

120

≦59 ≧60 ≦59 ≧60

(ml)

P<0.0001

0

100

200

300

400

500

600

700

800

≦59 ≧60 ≦59 ≧60

HU)

P<0.1

P<0.0001

0

100

200

300

400

500

600

700

800

900

≦59 ≧60 ≦59 ≧60

HU)

P<0.0001

P<0.1

0

20

40

60

80

100

120

140

160

≦59 ≧60 ≦59 ≧60

(ml)

P<0.0001

P<0.0001

Ta
lu

s
C

al
ca

ne
us

Male Female Male Female Male Female

Male Female Male Female Male Female

Mass volume Mean CT value Total CT value

(c)(b)(a)

(d) (e) (f)

(Age) (Age) (Age)

)egA()egA(

P<0.0001

Fig. 2 Age dependency of bone mass volumes, and mean and total CT values of the talus (a–c) and calcaneus (d–f)

Table 1 Descriptive statistics of subjects examined (n=179) and bone parameters

Parameter Male (n=100) Female (n=79)

Range Average Median Range Average Median

Age (years) 15–95 54 52 18–93 54 54

Body height (cm) 150–183 166 166 133–169 155 154

Body weight (kg) 33.4–122 63 63 26.4–99.8 50 47

Talus Mass volume (ml) 27.9–57.1 40.2 39.1 21.6–49.8 30.0 29.7

Mean CT value (HU) 242.8–574.1 431.5 433.2 147.7–565.1 384.6 401.8

Total CT value (/103) 9.4–26.2 17.3 17.4 4.6–23.4 11.6 11.8

Calcaneus Mass volume (ml) 50.4–107.5 72.9 71.9 34.6–77.2 54.7 54.9

Mean CT value (HU) 157.8–452.2 311.7 314.3 94.3–444.5 271.0 280.1

Total CT value (/103) 11.4–33.8 22.7 22.0 4.9–29.6 14.9 15.6

Mean CT value (HU) indicates the mean of whole-bone CT attenuation automatically calculated and total CT value indicates mean CT value×mass
volume
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Bone volumetry and total CT value

Age dependence

There was no age dependence of the virtual bone mass
volumes of the talus and calcaneus. Mean CT values of
the talus and calcaneus showed significant age-dependent
decreases in both sexes (for the talus, y=−0.1218x+103.8,
r=0.49, p<0.0001; for the calcaneus, y=−0.1459x+
97.027, r=0.52, p<0.0001) and were significantly lower

in elderly male and female subjects over 60 years of age
(p<0.05) than in younger subjects under 60 years of age
when stratified according to decades of age; such tenden-
cies were greater in females, showing a distinct age-
dependent difference, and also that in the total CT value
(Fig. 2). The elderly female subjects had lower mean and
total CT values than the other groups (males and younger
females); the respective cut-off values were estimated to
be 361.90 HU (sensitivity 0.59 and specificity 0.94) and
10.2×103 (sensitivity 0.47 and specificity 0.94).

Table 3 Cut-off values with sensitivities and specificities, accuracies, and correctly identified rates using individual bone parameters for sex estimation
in random resampling and reanalysis (n=100)

Specimen Parameter Cut-off value Sensitivity
(%)

Specificity
(%)

Accuracy
(%)

Correctly identified rate (%)

Male Female

Talus Mass volume (ml) 33.13 90.0 100.0 88.8 86.5 78.6

Mean CT value (HU) 391.09 78.0 100.0 71.6 74.3 58.6

Total CT value (/103) 14.93 72.0 100.0 85.8 82.4 77.1

Calcaneus Mass volume (ml) 62.72 82.0 100.0 83.6 77.0 78.6

Mean CT value (HU) 285.71 69.0 100.0 70.9 73.0 58.6

Total CT value (/103) 19.09 70.0 100.0 86.6 78.4 82.9

Talus+calcaneus Mass volume (ml) 95.92 85.0 100.0 87.3 87.8 74.3

Mean CT value (HU) 361.90 59.0 100.0 72.4 77.0 57.1

Total CT value (/103) 32.12 78.0 100.0 85.8 87.8 71.4

Table 2 Cut-off values with sensitivities and specificities, accuracies, and correctly identified rates using individual bone parameters for sex estimation

Case Specimen Parameter Cut-off v
alue

Sensitivity
(%)

Specificity
(%)

Accuracy
(%)

Correctly identified
rate (%)

Male Female

All cases Talus Mass volume (ml) 34.00 87.5 91.1 88.8 87.0 91.1

Mean CT value (HU) 415.24 64.0 58.9 61.5 63.5 58.9

Total CT value (/103) 14.93 76.0 88.6 81.3 75.5 88.6

Calcaneus Mass volume (ml) 63.83 84.5 91.8 87.4 84.0 91.8

Mean CT value (HU) 301.72 60.0 63.9 61.5 59.5 93.9

Total CT value (/103) 19.06 74.5 82.3 77.7 74.0 82.3

Talus+calcaneus Mass volume (ml) 96.50 86.0 89.2 87.1 85.5 89.2

Mean CT value (HU) 705.38 65.0 58.2 61.7 64.5 58.2

Total CT value (/103) 33.46 77.0 81.0 78.5 76.5 81.0

≥60 years of age Talus Mass volume (ml) 33.13 89.3 92.2 89.9 88.1 92.2

Mean CT value (HU) 352.17 78.6 68.8 73.6 77.4 68.8

Total CT value (/103) 12.78 85.7 90.6 87.2 84.5 90.6

Calcaneus Mass volume (ml) 59.17 85.7 85.9 85.1 84.5 85.9

Mean CT value (HU) 259.14 69.0 75.0 70.9 67.9 75.0

Total CT value (/103) 14.73 89.3 84.4 86.5 88.1 84.4

Talus+calcaneus Mass volume (ml) 91.76 90.5 87.5 88.5 89.3 87.5

Mean CT value (HU) 646.79 67.9 81.3 73.0 66.7 66.7 81.3

Total CT value (/103) 26.00 90.5 84.4 87.2 89.3 84.4
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Sex-related difference

Mass volumes of the talus and calcaneus showed significant sex-
related differences, independent of age (p<0.0001). There were
significant sex-related differences in mean CT values of the talus
and calcaneus in subjects over 60 years of age (p<0.0001), and
the total CT values of these bones showed significant sex-related
differences, independent of the age (p<0.0001). Cut-off values
estimated for individual parameters to identify male and female
bones are shown, together with their accuracy, in Table 2. The
accuracy in sex estimation was higher for mass volumes of the
talus (88.8 %) and calcaneus (87.4 %) than other parameters
(61.5–81.3 %). When talus and calcaneus data were combined,
the accuracy was similar (61.7–87.1 %) (Table 2). In addition,
sex estimation in subjects over 60 years of age showed higher
accuracies of 89.9% for themass volume of the talus and 86.5%
for total CT values of the calcaneus, and 70.9–85.1 % for other
parameters. Correctly identified rates using the mass volumes
and total CT values of both bones were slightly higher for
females (89.2 and 81.0 %, respectively) than for males (85.5
and 76.5 %, respectively) in all cases, showing a high rate for
the mass volume of each bone (84.0–91.8 %) and various rates
for the other parameters (58.9–93.9%), but were similar for these
parameters in elderly subjects over 60 years of age (84.5–88.1 %
for males and 84.4–92.2 % for females), except for the mean CT
values of the female talus and male calcaneus (68.8 and 67.9 %,
respectively). For these findings, random resampling, and re-
analysis, reducing sample numbers (total n=100; males n=70,
females n=30) did not show a significant difference in cut-off
values and accuracies (accuracy 70.9–88.8 %) (Table 3).

Relationship with body height

Mass volumes and total CT values of the talus and calca-
neus showed moderate correlations with body height in all
cases (r=0.71–0.78, p<0.0001; Table 4); however, the
correlations of mass volumes of both bones with body
height were lower in separated male and female groups
(r=0.51–0.67). The regression equations for body height

estimation using bilateral data were 128.41+(0.9167×ta-
lus mass volume); 124.93+(0.5569×calcaneus mass vol-
ume); 137.38+(1.6038×total CT values/103 of the talus);
and 139.77+(1.1049×total CT values/103 of the calcane-
us). When talus and calcaneus data were combined, the
correlation was similar (r=0.51–0.79). The measurement
error ranges for body height estimation, as calculated
from 95 % confidence evaluated by Bland-Altman meth-
od, did not show an evident difference between the talus
and calcaneus in all cases (mixed-sex groups) but were
slightly greater in females (2.6–3.0) than in males (1.6–
1.9) (Table 4). For these findings, random resampling, and
reanalysis, reducing sample numbers (total n=100; males
n=70, females n=30) did not show a significant differ-
ence in the correlations between the body height and in-
dividual parameters (r=0.47–0.79) (Table 5).

Relationship with body weight

Mass volumes and total CT values of the talus and calcaneus
showed moderate correlations with body weight in all cases
(r=0.58–0.67); however, the correlations of mass volumes
were lower when males and females were examined separate-
ly (r=0.41–0.49) (Table 6).

The regression equations for body weight estimation
using bilateral data were 11.414+(1.2942×talus mass vol-
ume); 10.743 + (0.7210 × calcaneus mass volume);
22.482+(2.3723×total CT values/103 of the talus); and
25.706+(1.6504×total CT values/103 of the calcaneus).
When talus and calcaneus data were combined, the corre-
lation was similar (r=0.51–0.79) (Table 7). The measure-
ment error ranges for body weight estimation, as calculat-
ed from 95 % confidence evaluated by the Bland-Altman
method, did not show an evident difference between the
talus and calcaneus in all cases (mixed-sex groups) but
were slightly greater in females (5.3–6.4) than in males
(3.7–4.4) (Table 6). For these findings, random resam-
pling, and reanalysis, reducing sample numbers (total n=
100; males n=70, females n=30) did not show significant

Table 5 Correlations of body height and weight with bilateral bone mass volumes, mean CT values, and total CT values of the combined talus and
calcaneus in random resampling and reanalysis (n=100)

Talus Calcaneus

Correlation equation r p Correlation equation r p

Body height Mass volume (ml) y=0.9894x+125.4 0.71 <0.0001 y=0.6334x+119.69 0.79 <0.0001

Mean CT value (HU) y=0.0563x+136.65 0.55 <0.0001 y=0.0658x+140.54 0.56 <0.0001

Total CT value (/103) y=1.5897x+137.11 0.78 <0.0001 y=1.0957x+139.45 0.79 <0.0001

Body weight Mass volume (ml) y=1.348x+8.703 0.60 <0.0001 y=0.7414x+8.5299 0.57 <0.0001

Mean CT value (HU) y=0.072x+25.934 0.43 <0.0001 y=0.0902x+29.167 0.47 <0.0001

Total CT value (/103) y=2.1244x+25.225 0.64 <0.0001 y=1.425x+29.075 0.64 <0.0001
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difference in the correlations between the body weight
and individual parameters (r=0.43–0.64) (Table 5).

Postmortem interference

In a male case of mummification (case 1; estimated post-
mortem period, about 85 days), and a male and female
case of advanced decomposition (cases 2 and 3; estimated
postmortem period, about 40 and 30 days, respectively),
the individual sex was accurately identified and estimated
errors for stature estimation ranged from 0.57 to 3.88 %
(Table 8).

Discussion

Reconstruction of the talus and calcaneus using the auto-
mated CT data analysis system was obstructed in elderly
subjects with advanced osteoarthrosis but was otherwise
successfully performed in the present study, as in previous
studies on the lower limb long bones [13, 39]; thus, the
accuracy and reproducibility of the measurements were
established. All parameters of individual bone, including
the volume and CT density, correlated with body stature,
showing sexual dimorphism, as previously reported for
the lower limb long bones [40]. These findings are con-
sistent with the general concept of bone development de-
pending on hereditary factors and sex with ethnic and
regional variations, modified by the influence of acquired
factors [41], as well as the sex-related difference of corti-
cal bone development [42], and degenerative changes in
the elderly [43]. These bone statuses can be reflected in
the mass volume and total CT attenuation value as indi-
cators of the 3D size and robusticity in remains without
postmortem decalcification.

For sex estimation, the present study demonstrated the
usefulness of volumetry and CT density of the talus and
calcaneus; the indicators involving these variables,

including the mass volume and total CT attenuation value,
were effective for sex identification, especially in elderly
subjects. The mean CT attenuation values of each bone
also showed sex-related differences. The accuracy in sex
estimation using mass volumes of the talus (88.8 %) and
the calcaneus (87.4 %) as well as other parameters (61.5–
81.3 %) was similar to those described in previous reports
using manual and radiographic 2D measurements (about
80–90 %) [19–23, 26–28, 30, 31]. However, the correctly
identified rates of these bone parameters in sex estimation
were similar for males (59.5–87.0 %) and females (58.2–
93.9 %) without bilateral asymmetry, although previous
studies of lower limb long bones showed a higher accu-
racy for females [44–48], which suggested a greater con-
tribution of congenital factors to bone development during
adolescence and aging-related degenerative changes in fe-
males, involving bone atrophy with a decreasing bone CT
density after menopause [43, 49]. The influence of ac-
quired factors including physical activity and age-
dependent changes may be greater for tarsal bones, which
support the whole body in the erect position. However,
statistical bias resulting from the use of limited Japanese
population data of forensic autopsy cases should be con-
sidered in the present study.

In stature estimation from separate single bones, the
most common method is linear regression [50]. Since in-
dividual height is influenced by ethnicity and changes
over time, it is recommended to use the latest regression
formulae derived from the relevant population [51]. In the
present study, CT morphometric measurements of the bi-
lateral talus and calcaneus bones showed similar correla-
tions with stature, and the total HU value was highly
correlated with stature in both sexes. In stature estimation
using individual bone parameters, the accuracies as esti-
mated from 95 % confidence were slightly higher for
mixed-sex groups (error range <1.9 cm) than for separated
male and female sex groups (error range <3.1 cm), as
described in previous studies of foot measurements [1,

Table 7 Correlations of body height and weight with bone mass volumes, mean CT values, and total CT values in combined analysis of the talus and
calcaneus

Bilateral talus+calcaneus

Body height Body weight

Correlation equation r p Correlation equation r p

All cases Mass volume (ml) y=0.3623x+124.66 0.77 <0.0001 y=0.4831x+8.9641 0.60 <0.0001

Mean CT value (HU) y=0.0317x+138.78 0.51 <0.0001 y=0.0512x+21.489 0.51 <0.0001

Total CT value (/103) y=0.6673x+138.35 0.79 <0.0001 y=0.9929x+23.717 0.79 <0.0001

>60 years of age Mass volume (ml) y=0.3631x+121.35 0.75 <0.0001 y=0.4604x+7.3652 0.62 <0.0001

Mean CT value (HU) y=0.0311x+137.5 0.53 <0.0001 y=0.0435x+25.416 0.53 <0.0001

Total CT value (/103) y=0.6511x+137.94 0.74 <0.0001 y=0.9035x+26.181 0.74 <0.0001
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52], indicating the inclusion of some skeletal variants in
both sexes. Although a difference from antemortem stat-
ure (about a 2.5-cm increase after death) should be taken
into consideration in postmortem measurement [53], the
aforementioned accuracy of stature estimation using vir-
tual CT volumetry was higher than that of previous man-
ual or radiographic 2D measurement procedures in other
ethnic populations (standard deviation, about 4–6 cm)
[25, 27, 29].

In addition, the present study demonstrated possible
estimation of body weight using virtual volumetry of the
talus and calcaneus, although the correlations were lower
than for body height. The accuracies as estimated from
95 % confidence were also slightly higher for mixed-sex
groups (error range <3.7 kg) than for separated male and
female sex groups (error range <6.5 kg); larger deviations
should be considered than in body height estimation, es-
pecially for females. Further investigation is needed in-
cluding combination with two-dimensional parameters
for improvement of the procedure.

Further data collection involving various ethnic popu-
lations is needed to establish the efficacy of this procedure
in routine forensic practice. In addition, improvement of
volumetric data analysis is required for practical applica-
tion, in consideration of postmortem decalcification, al-
though sex and stature estimations were successfully per-
formed in several examples of advanced decomposition
and mummification in the present study. However, it
was shown that automated CT data analysis is useful to
exclude or minimize interobserver deviation.

In conclusion, the observations described above indicate
the applicability of CT morphometry of the talus and calcane-
us using an automated analyzer for virtual volumetry and ra-
diographic density analysis in evaluating the 3D size,
robusticity, and age-related degenerative changes of intact
bones for sex and stature estimation in forensic identification,
when compared with updated ethnic population data; howev-
er, larger deviations should be considered in body weight
estimation.
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