
Legal Medicine 61 (2023) 102215

Available online 17 February 2023
1344-6223/© 2023 Elsevier B.V. All rights reserved.

A novel method to estimate adult age from the lumbar vertebral body using 
3D PMCT images in Japanese 

Dawa Zangpo a,b, Kazutake Uehara c, Katsuya Kondo d, Motoo Yoshimiya a, Masato Nakatome a, 
Morio Iino a,* 

a Division of Forensic Medicine, Faculty of Medicine, Tottori University, Yonago 683-8503, Japan 
b Department of Forensic Medicine & Toxicology, Jigme Dorji Wangchuk National Referral Hospital, Thimphu 11001, Bhutan 
c Department of Mechanical Engineering, National Institute of Technology, Yonago College, Yonago 683-8502, Japan 
d Department of Electrical Engineering & Computer Science, Faculty of Engineering, Tottori University, Tottori 680-8552, Japan   

A R T I C L E  I N F O   

Keywords: 
Personal identification 
Age estimation 
Lumbar vertebral bodies 
Postmortem CT, Japanese 

A B S T R A C T   

This study evaluated the age-related changes in the vertebral body using 3D Postmortem CT (PMCT) images and 
proposed an alternative age estimation formula. The PMCT images of 200 deceased individuals aged 25 to 99 
years (126 males, 74 females) were retrospectively reviewed and included in the study. Using the open-source 
software ITK-SNAP and MeshLab, a 3D surface mesh of the fourth lumbar vertebral body (L4) and its convex 
hull models were created from the PMCT data. Using their inbuilt tools, volumes (in mm3) of the L4 surface mesh 
and convex hull models were subsequently computed. We derived VD, defined as the difference in volumes 
between the convex hull and L4 surface mesh normalized by L4 mesh volume, and VR, defined as the ratio of L4 
mesh volume to convex hull volume based on individual L4. Correlation and regression analyses were performed 
between VD, VR, and chronological age. A statistically significant positive correlation (P < 0.001) between 
chronological age and VD, (rs = 0.764, males; rs = 0.725, females), and a significant negative correlation be-
tween chronological age and VR (rs = -0.764, males; rs = -0.725, females) was obtained in both sexes. The lowest 
standard error of the estimate was demonstrated by the VR at 11.9 years and 12.5 years for males and females, 
respectively. As such, their regression models to estimate adult age were Age = 248.9–2.5VR years, males; Age =
258.1–2.5VR years, females. These regression equations may be useful for estimating age in Japanese adults in 
forensic settings.   

1. Introduction 

From both the physical and forensic anthropologists’ perspectives, 
human vertebral bodies have been explored to generate their biological 
profiles such as sex, age, and stature of the individual concerned. For 
subadults, growth-related features have been studied, whereas, for the 
adult population, degenerative changes observed in vertebral bodies are 
investigated to understand their aging patterns [1–4]. Moreover, 
forensic anthropologists have used normal morphological variations and 
comparative studies using vertebral bodies as a sole tool to obtain pos-
itive personal identification [5,6]. 

Vertebral osteophytes represent a gross anatomic marker of degen-
erative change [7]. Several methods for assessing, grading, and 

evaluating the osteophytes in the vertebral body have been documented 
for clinical and anthropological purposes [8]. Based on these osteophyte 
scoring systems, a few researchers have derived regression equations to 
estimate age [9–12]. Depending on the structural and biochemical 
integrity of the adjacent intervertebral disc, not only does the endplate 
remodel, but also transforms the whole vertebral body dimensions. 
Specifically, with disc degeneration, the vertical height decrease, while 
there is an increase in the width of the vertebral body [13,14]. As far as 
forensic anthropology is concerned, literature reporting on sex and 
stature estimation based on this vertebral morphometrics is enormous 
[15,16]. In contrast, there exist limited studies that have utilized this 
vertebral morphometrics or morphology to estimate age in the adult 
population. 

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; PMCT, postmortem CT; L4, fourth lumbar vertebral body; DICOM, digital imaging and communi-
cation in medicine; CSA, cross-sectional area; SEE, standard error of estimate; STL, stereolithography. 
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Furthermore, degenerative changes and remodeling of bones occur 
in three dimensions (3D) [17], and estimating age using linear mea-
surements of vertebral dimensions either in real bones or in radiographic 
images in two-dimensional (2D) space might under or overestimate age. 
Limitations such as information loss, projection errors, and misidenti-
fication of anatomical landmarks are well known in radiology when 2D 
techniques are applied to analyze 3D structures. However, 3D-based 
approaches can describe the exact location, size, and shape of bones, 
while also addressing issues related to image acquisition and anatomical 
orientations [18–20]. 

This study aimed to evaluate the age-related changes in the vertebral 
body using 3D Postmortem CT (PMCT) images and to propose an 
alternative age estimation formula for the adult population. Due to the 
maximum weight-bearing nature of the lumbar vertebral bodies, most 

degenerative changes are observed in them [21]. Particularly, the fourth 
lumbar vertebral body (L4) being farthest from the line of gravity bears 
the most body weight [22]. Thus, the current study was based on the 3D 
morphology of L4. 

2. Materials and methods 

The PMCT images of 200 deceased individuals with known age and 
sex (126 males, aged 26–99 years, mean 63 ± 18 years; 74 females, aged 
25–99 years, mean 71 ± 18 years) who underwent PMCT scanning prior 
to forensic autopsy at the Division of Forensic Medicine, Tottori Uni-
versity, Japan from March 2018 to December 2021 were retrospectively 
reviewed and selected for this study. The study subjects included 25 
years and above, and of Japanese ethnicity with known proof of birth. 
The vertebral ring epiphyses fuse in the mid-twenties, and its growth- 
related events cease subsequently [23]. Vertebral morphological 
changes due to endplate remodeling or osteophyte development after 
that are degenerative and would represent aging. Therefore, the lower 
limit of the age in our study samples was set at 25 years. Subjects with a 
history of trauma and surgeries to the vertebral column, spinal birth 
defects, severe burns, putrefied, and bone disease that could interfere 
with image interpretation were excluded. The study was approved by 
the Institutional Ethics Committee of Tottori University Hospital 
(Approval no: 22A059). 

A 64-slice CT scanner, Aquilion 64 (Toshiba, Tokyo, Japan) was used 
to acquire the whole-body PMCT images with the following technical 
parameters: Tube voltage, 120 kV; tube current, 200 mA; rotation time, 

Fig. 1. Steps outlining the procedure of L4-volume segmentation in ITK-SNAP software, its surface mesh, convex-hull generation, and subsequent-volume 
computation in MeshLab software. DICOM: Digital Imaging and Communication in Medicine L4: Fourth lumbar vertebral body PMCT: Postmortem CT STL: 
Stereolithography. 

Table 1 
Age and sex distribution of the samples studied.  

Age Male Female Total 

25–39 14 7 21 
40–49 15 4 19 
50–59 25 7 32 
60–69 22 9 31 
70–79 20 17 37 
80–89 20 17 37 
90–99 10 13 23 
Total 126 74 200  

Table 2 
Agreement analysis between the two assessments.  

Variable  First measurement Second measurement 95 % CI CC 
Mean ± SD Mean ± SD 

L4 mesh vol 48109.6 7721.3 48250.9 7755.2 (0.995–0.999) 0.998 
Convex hull vol 63276.4 13920.1 63520.4 14136.0 (0.993–0.999) 0.997 

Volumes in mm3. 
SD standard deviation. 
CI confidence interval. 
CC Lin’s correlation coefficient. 
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1 s; collimation, 1.25 mm; and slice thickness, 1.0 mm. Raw CT data 
were reconstructed into 3D volumes using the standard kernel for image 
reconstruction using the software from the Toshiba scanner manufac-
turer. The 3D PMCT data were then anonymized and exported in Digital 
Imaging and Communication in Medicine (DICOM) format for further 
image processing. 

2.1. L4 vertebral body segmentation and 3D surface mesh generation 

ITK-SNAP software (available from https://www.itksnap.org) [24] 
was used to process the volumetric PMCT data and segment L4 from the 
DICOM files. Using the semiautomatic tool ‘Active Contour Segmenta-
tion Mode’ in the ITK-SNAP software, a region of interest was defined 
around L4, and its 3D volumetric image was segmented. A minimum 
threshold mode was set between 80 and 100 to separate soft tissues from 
the vertebral body. The pedicles, lamina, transverse processes, spinous 
process, and articular facets were not included in image analyses and 
were manually removed using the ‘Paint brush’ tool. The 3D volumetric 
image of L4 was then exported as an stereolithography (STL) file, Fig. 1. 

2.2. Convex hulling and volume documentation 

The STL files were imported into the open-source 3D mesh process-
ing software MeshLab (available from https://www.meshlab.net) [25] 
and the 3D surface mesh of L4 were reconstructed and reviewed. Spe-
cifically, the mesh was checked for any unclosed holes. If found, it was 
closed using the tool “Close holes” function to make it watertight. Next, 
from the tool ‘Remeshing, Simplification and Reconstruction’ a ‘Convex 
hull’ was applied to the L4 surface mesh. In computational geometry, 
“the convex hull S of a set S is the smallest convex set that contains S” 
[26]. In our context, we described the convex hull as the smallest convex 
volume that has all the segmented L4 bony features. Specifically, a 3D 
surface mesh of L4 contains sets of vertices representing the morphology 
of the L4, including osteophytes, irregular endplate surface, etc. that are 
in X, Y, and Z coordinates. The convex hulling procedure then mounts 
the smallest polytope around those vertices, resulting in a close-fitting 
hull around the L4 surface mesh. Subsequently, the volumes (in mm3) 
of the L4 surface mesh and convex hull were calculated using the inbuilt 
tool “Compute Geometric Measures” in MeshLab software, Fig. 1. 

For each subject, we derived the following variables: L4 mesh vol-
ume, convex hull volume, volume difference (VD), and volumetric ratio 
(VR) based on the 3D surface mesh of individual L4. VD was calculated 
as the difference in volumes between the convex hull and L4 surface 
mesh, normalized by the volume of the L4 surface mesh as follows: 

VD =
Convex hull vol − L4mesh vol(mm3)

L4mesh vol(mm3)
*100% 

While VR was defined as the ratio of L4 surface mesh volume to 
convex hull volume, represented by the equation: 

VR =
L4mesh vol(mm3)

Convex hull vol(mm3)
*100% 

Both VD and VR were expressed as percentages and were 

Fig. 2. Scatter plots for the mesh volume [A] and the convex hull volumes [B]. Measurements of the re-segmented mesh volume and its convex hull volumes highly 
correlated with their first measurement. 

Table 3 
Descriptive statistics of the variables between sexes.  

Variables Sex Range Mean ±
SD 

Median P- 
value* 

Age (years) Male 26–99 63 ± 18 64 <

0.001 Female 25–99 71 ± 18 75 
L4 mesh vol 

(mm3) 
Male 29791.3–90605.6 50223.8 

± 8243.4 
50764.9 =

0.001 
Female 20614.1–56744.0 37974.9 

± 7038.9 
36381.7 

Convex hull 
vol 

(mm3) 

Male 34132.8–134361.5 66987.2 
± 13836.4 

66353.6 <

0.001 
Female 28549.3–83352.0 50734.7 

± 11393.6 
48989.6 

VD (%) Male 15.2–57.7 32.7 ± 9.8 32.5 =

0.812 Female 12.3–55.0 33.1 ± 9.7 31.5 
VR (%) Male 63.4–86.8 75.7 ± 5.5 75.5 =

0.812 Female 64.5–89.0 75.5 ± 5.4 76.0 

*Mann-Whitney U test, significant at P < 0.05. 

Table 4 
Values of VD and VR across different age groups.  

Age groups Sex N VD (%) VR (%) 
Mean SD Mean SD 

25–39 Male 14 20.8 2.7 82.7 1.9 
Female 7 19.1 4.1 84.0 2.9 

40–49 Male 15 24.4 4.5 80.5 2.9 
Female 4 23.7 3.7 80.9 2.5 

50–59 Male 25 28.8 4.9 77.7 3.0 
Female 7 28.2 3.4 78.1 2.1 

60–69 Male 22 32.6 8.2 75.6 4.7 
Female 9 28.5 6.2 77.9 3.7 

70–79 Male 20 39.7 9.2 71.8 4.8 
Female 17 33.4 6.5 75.1 3.5 

80–89 Male 20 40.8 5.9 71.1 2.9 
Female 17 37.3 8.0 73.0 4.1 

90–99 Male 10 42.1 8.6 70.6 4.3 
Female 13 43.4 8.9 70.0 4.6 

P- value* Male 126 < 0.001 < 0.001 
Female 74 < 0.001 < 0.001  

* Kruskal-Wallis test, significant at P < 0.05. 
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hypothesized to serve as aging indices to describe age-related 
morphology in L4. To assess the intra-rater agreement, one investi-
gator re-segmented and assessed 20 PMCT images after 3 months from 
their first assessments. 

2.3. Statistical analyses 

Lin’s concordance correlation coefficient (CC) was used to analyze 

the intra-rater agreement between the assessments [27]. The following 
qualitative scale was used to assess levels of concordance between the 
two measurements: almost perfect for CC greater than 0.99; substantial 
from 0.95 to 0.99; moderate from 0.90 to 0.95; and poor for CC <0.90 
[28]. The normality of data was checked with the Shapiro-Wilk test. For 
the description of continuous data, mean and standard deviation were 
used. The chronological age was divided into seven age groups: 25–39 
years, 40–49 years, 50–59 years, 60–69 years, 70–79 years, 80–89 years, 
and 90–99 years (Table 1), and the VD and VR were compared among 
these categories using the Kruskal-Wallis test by the sex groups (male, 
female). For two-group comparisons, we used the Mann-Whitey U test. 

We also performed correlation and regression analyses among the 
chronological age and the variables (L4 mesh volume, convex hull vol-
ume, VD and VR). For correlation analyses, we used Spearman’s corre-
lation coefficient. Statistical analyses were performed using IBM SPSS 
Statistics v27. All P values quoted are 2-sided, and the significance level 
was set to 0.05. 

3. Results 

Lin’s (CC) was 0.998 and 0.997 for mesh volume and convex hull 
volumes, respectively, which is considered a perfect agreement between 
the two assessments (Table 2, Fig. 2). Shapiro-Wilk test revealed that all 
variables (chronological age, L4 mesh volume, convex hull volume, VD, 
and VR) did not comply with normality for either sex (P < 0.05). 
Accordingly, we performed the Mann–Whitney U test to check for sex 
differences in those variables. The male subjects were significantly 
younger than the female (Z-value = -3.2, P < 0.001). Similarly, both L4 
mesh volumes and convex hull volumes were significantly larger in 

Fig. 3A. Box-and-whisker plots of the percentage VD for each age group. *Adjusted P < 0.05, Bonferroni correction. ◦Represent outliers.  

Fig. 3B. Box-and-whisker plots of the percentage VR for each age group. *Adjusted P < 0.05, Bonferroni correction. ◦Represent outliers.  

Table 5 
Spearman’s rs and regression models for estimation of chronological age (Y) 
from variables (X).  

Sex Variables Spearman’s 
rs 

Regression 
model 

SEE R2 P- 
value 

Male L4 mesh 
vol 

0.279 Y = 31 +
0.001X 

17.241 0.086 <

0.001 
Convex 
hull vol 

0.519 Y = 20 +
0.001X 

15.670 0.245 <

0.001 
VD 0.764 Y = 18.6 +

1.4X 
12.122 0.548 <

0.001 
VR − 0.764 Y =

248.9–2.5X 
11.935 0.562 <

0.001 
Female L4 mesh 

vo 
0.216 Y = 43.3 +

0.001X 
17.698 0.081 =

0.014 
Convex 
hull vol 

0.431 Y = 32.5 +
0.001X 

16.232 0.227 <

0.001 
VD 0.725 Y = 26.9 +

1.3X 
12.916 0.510 <

0.001 
VR − 0.725 Y =

258.1–2.5X 
12.545 0.538 <

0.001  
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males than in females (L4 mesh volume: Z-value = -8.86, P = 0.001; 
convex hull volume: Z-value = -7.84, P < 0.001). However, it was 
observed that values of VD and VR between the two sexes were statis-
tically insignificant (VD: Z-value = -0.238, P = 0.812; VR: Z-value = −

0.238, P = 0.812), Table 3. 
The means and the standard deviation of VD and VR across different 

age groups are presented in Table 4. The mean VD tended to increase 
with age, while the mean VR tended to decrease with age in both sexes. 
Additionally, a Kruskal-Wallis test showed both VD and VR values 
significantly different among age groups in both sexes (VD: H (6) = 71.3, 
P < 0.001; VR: H (6) = 71.3, P < 0.001, male; VD: H (6) = 39.3, P <

0.001; VR: H (6) = 39.3, P < 0.001, female), Table 4. When pairwise 
comparisons with Bonferroni correction were made between age groups 
25–39 and others, we found a significant difference (P < 0.05) between 
groups 25–39 and 60–69 (Adj. P = 0.002), between groups 25–39 and 
70–79 (Adj. P < 0.001), between groups 25–39 and 80–89 (Adj. P <
0.001), and between groups 25–39 and 90–99 (Adj. P < 0.001) in males 
in both VD and VR. In females, there was a significant difference in VD 
and VR only between age groups 25–39 and 70–79 (Adj. P = 0.010), 
between groups 25–39 and 80–89 (Adj. P < 0.001), and between groups 
25–39 and 90–99 (Adj. P < 0.001), Fig. 3. 

Table 5 shows Spearman’s correlation coefficient (rs), the regression 

Fig. 4A. Regression lines of chronological age vs L4 mesh volumes. Note the wider inter-individual variability of mesh volumes between individuals of the same age, 
particularly in female subjects. R2 = Coefficient of determination SEE = standard error of estimate. 
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equation, the standard error of estimate (SEE), and the coefficient of 
determination (R2) obtained among the chronological age and variables. 
The Spearman’s rs obtained between chronological age and L4 mesh 
volume (males: rs = 0.279, P = 0.002; females: rs = 0.216, P = 0.065) 
and between chronological age and convex hull volume (males: rs =

0.519, P < 0.001; females: rs = 0.431, P < 0.001) were either not sig-
nificant or as strong as that of the rs obtained between chronological age 
and aging indices, VD (males: rs = 0.764, P < 0.001; females: rs = 0.725, 

P < 0.001); VR (males: rs = -0.764, P < 0.001; females: rs = -0.725, P <
0.001) in either sex. 

The regression lines among the chronological age and the variables 
are shown in Fig. 4 [A-D]. Considering the SEE obtained between the 
chronological age and aging indices, VR showed a slightly lower SEE of 
11.9 years for males (vs 12.1 years for VD), and 12.5 years for females 
(vs 12.9 years for VD). The regression equations generated for adult age 
estimation based on aging indices are as follows: 

Fig. 4B. Regression lines of chronological age vs convex hull volumes. Although the correlations between the chronological age and the convex hull volumes were 
moderately strong and significant, their relationship with aging was not as robust as with VD and VR. R2 = Coefficient of determination SEE = standard error 
of estimate. 
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For VD, 
Estimated age (years): 18.6 + 1.4VD (males). 
Estimated age (years): 26.9 + 1.3VD (females). 

For VR, 
Estimated age (years): 248.9–2.5VR (males). 
Estimated age(years): 258.1–2.5VR (females). 

4. Discussion 

Our retrospective study conducted using 3D PMCT images was to 
elucidate the age-related changes in the vertebral body and to generate 
regression models for age estimation. The current study used a convex 

hulling technique to quantify and describe the 3D surface of L4. The 
convex hulling method has recently been used in the medical image 
processing fields [29–31]. Our extensive literature search of the use of 
the convex hull in forensic anthropology yielded only one study that 
used this concept. However, their study was limited to using the convex 
hulling technique in 2D shapes [32]. As such, this study is the first to use 
the convex-hulling method in a 3D space using the 3D vertebral model to 
study its morphology and estimate age. 

The L4 mesh volumes had wider inter-individual variability even 
between individuals of the same age, demonstrating no appreciable 
relationship with aging (Fig. 4 [A]). It could be due to biological factors 
such as height, weight, occupation, nutrition, ethnicity, genetics, etc., 

Fig. 4C. Regression lines of chronological age vs volume difference (VD). R2 = Coefficient of determination SEE: Standard error of estimate.  
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which influence the growth and anatomy of individual L4 [33]. This was 
also noted by Caula A et al. when they investigated the lumbar vertebral 
body volumes using 2D-based mathematical equations for patient 
morphological features. They observed that vertebral volumes mostly 
correlated with height and weight more than with age [34]. However, 
both of our studies clarified that males have larger vertebral volumes 
than females, which is explained by the fact that men have bigger 
vertebral body sizes. When the convex hull volume alone was considered 
for analysis, its relationship with aging was not robust (Fig. 4 [B]). The 
convex hull volume certainly would have overrepresented the actual 
deformation pattern of L4 as it includes mesh vertexes that are the 
farthest and form borders of the contour. Therefore, we used the volume 

difference and volumetric ratios of the volumes to reveal their re-
lationships with aging. However, the normalization of the volume dif-
ference was necessary to scale the variability in vertebral volumes across 
the population. 

The VD and VR demonstrated a linear relationship with aging, with 
statistically significant differences in their values among age groups, 
Table 4. As soon as vertebral growth ceases in the mid-twenties [23], 
vertebral bodies undergo various shape deformations. In a study by 
Junno J A et al. on the cross-sectional area (CSA) of the L4, they noted a 
moderate increase in CSA with age. When comparing the youngest and 
the oldest age groups, there was a 4%-6% increase in CSA, in both sexes. 
They attributed this to an increase in vertebral corpus width resulting 

Fig. 4D. Regression lines of chronological age vs volume ratio (VR). R2 
= Coefficient of determination SEE: Standard error of estimate.  
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from sub-periosteal bone deposition [22]. Whitmarsh T et al. in their 
study of vertebral morphometry by statistical shape analysis, evaluated 
various landmarks of the third lumbar vertebral body to understand 
their age-related changes. They noted an apparent decrease in vertebral 
body height, while the endplate widths increased. Notably, the lower 
endplate protrusion from the vertebral body was more compared with 
the upper endplate [35]. Indeed, the decrease in vertebral height is also 
not uniform; the decrease in the anterior height is more compared to the 
middle and posterior heights of the vertebral body, which is clinically 
termed wedge deformity [36]. Furthermore, the deformation process of 
the vertebral body is accompanied by the increased concavity of the 
endplate [37,38]. We hypothesized that these unequal dimensional 
changes and non-uniform 3D shape deformations acquired by L4 over 
time are represented by mesh vertexes virtually, resulting in increasing 
convex hull volumes, so in VD and VR with aging, as shown in Fig. 5. 

We obtained a statistically significantly strong correlation between 
aging indices and chronological age (P < 0.001). Spearman’s rs was 
slightly higher in males than in females (0.764 vs 0.725) suggesting 
more variations in females. When these indices were regressed against 
the chronological age, we obtained the lowest SEE with VR (male, 11.9 
years; female, 12.5 years), which is comparable to the SEE obtained 
from vertebral osteophyte scores [9–11]. Chiba et al. measured osteo-
phytes of thoracic and lumbar vertebral bodies on CT images, and their 
scores regressed against age. They obtained a SEE of < 10 years with an 
R2 of 0.8, which was slightly better than that of the current study [39]. 
Using vertebral diameter measurements (length, height, width, and 
depth), studies [40–43] have attempted to estimate adult age. However, 
correlations obtained from those measurements with age were not as 
strong as ours. Imaizumi K et al. developed an age estimation method 
based on machine learning using the third lumbar vertebral body, ischial 
tuberosity, iliac crest of the right coxal bone, and upper half of the right 
femur from PMCT images. They observed that the features extracted 
from the third lumbar vertebral body obtained the highest accuracy in 
males, whilst ischial tuberosity demonstrated the highest accuracy in 
females in one of the machine learning algorithms employed [44]. The 
method presented objectivity, automation, and accuracy, but their 

automatic feature extraction was based on 2D images of the given bones. 
Despite several methodologies adopted to estimate adult age from 

the vertebral bodies, there remains an issue of a wide prediction age 
range. Unlike in the subadult population, where growth-related features 
are more uniform, degenerative changes in adult bones are highly var-
iable, as demonstrated by a wider range of values in this study (Fig. 4). 
However, it is to be noted that the current age estimation was based on 
L4 alone, and if other or several vertebral bones were considered for 
analysis, our technique might have outperformed the existing age esti-
mation techniques. As mentioned earlier, besides osteophyte develop-
ment, spectrums of morphological changes occur in the aging vertebral 
body, such as endplate remodeling, vertebral diameter change, and 
volumetric alteration. Estimating age using osteophyte evaluation alone 
would not be sufficient as it would be based on a ‘one bony feature’ 
analysis. As such, the proposed age estimation method represents a 
systematic approach that includes all these degenerative features, from a 
3D perspective, and is easier to compute. 

Our study has several limitations. One major limitation is that there 
was a possibility of introducing errors while segmenting the L4 vertebral 
body and measuring its mesh and convex hull volumes. Although the 
intra-rater agreement analyses confirmed its reproducibility, we 
couldn’t include the inter-rater agreement analyses in the current work. 
We acknowledge that a second investigator segmenting and repeating 
the whole process would have provided a better evaluation of the 
reproducibility of the method proposed. Another limitation of this study 
is there were very few study samples in the lower age groups, especially 
those below 40 years. Being retrospective and descriptive, this study 
depended only on the existing samples in the PMCT database which 
unfortunately had fewer samples in younger age groups. Furthermore, in 
the current study, we have not considered biological parameters such as 
body weight, stature, occupation, nutrition, etc., of the individuals for 
possible interactions that would have influenced the overall results. 
More importantly, regression equations derived in this study would 
apply only to the adult Japanese population. Further studies are needed 
to validate the proposed method with a larger sample size, using 
different vertebral bones, alone or in combinations, and from different 

Fig. 5. Examples showing how the vertebral morphology and its corresponding convex-hull volumes change with aging.  
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population backgrounds. 

5. Conclusion 

Using 3D PMCT images of L4, we could describe its age-related 
changes and propose an alternative methodology to estimate adult age 
in Japanese. The technique was based on L4 surface mesh generation 
and the subsequent convex-hulling process in 3D space. The volumes 
computed from the digital models were then used to derive aging 
indices, VD, and VR. VD showed a significantly positive correlation with 
age, while VR negatively correlated with age. The lowest standard error 
of the estimate was demonstrated by the VR at 11.9 years and 12.5 years 
for males and females, respectively. As such, their regression models to 
estimate age were Age = 248.9–2.5VR years for males; Age =

258.1–2.5VR years for females. 
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