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Abstract
Estimation of age at death is important in forensic investigations of unknown remains. There have been several reports on 
applying the degree of osteophyte formation—an age-related change in the vertebral body—for age estimation; however, 
this method is not yet established. This study investigated a method for age estimation of modern Japanese individuals using 
osteophytes measured on CT images. The sample included 250 cadavers (125 males) aged 20–95 years. The degree of osteo-
phyte formation was evaluated as score O (0–5 points), and the degree of fusion of the osteophytes between the upper and 
lower vertebrae was evaluated as score B (0–2 points). Age estimation equations were developed using regression analyses 
with seven variables, determined by scores O and B, and the equation with the smallest standard error of estimate (SEE) was 
obtained when the number of vertebrae with score O ≥ 2 was used as the explanatory variable. Age estimation with SEE of 
about 10 years was possible even when partial vertebrae with a high degree of osteophyte formation were used, showing its 
potential for practical application. The cutoff value for age estimation was established using the receiver operating charac-
teristic curve analysis, wherein good results were obtained for all variables (area under the curve ≥ 0.8). The combination 
of the estimation equation and the cutoff value can narrow the range of age estimates.
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Introduction

Estimation of age at death is part of determining the bio-
logical profile of the deceased and is crucial in the forensic 
investigation of unknown remains. Various parts of the bone 
such as diaphyseal length, cranial suture, pubic symphysis, 
fourth rib, and ilium auricular surface have been used for 
age estimation; however, the accuracy of these common 

age estimation methods depends on the experience level 
and knowledge of the observer [1]. Moreover, it is currently 
difficult to estimate the age of a deceased, middle-aged adult 
with a high degree of accuracy [2, 3]. As the aging popula-
tion grows, further research on age estimation methods to be 
applied for relatively older age groups will be soon required.

It is widely known that osteophytes of the vertebral col-
umn develop with age and represent one of the most com-
mon age-related changes [4]. Several studies have exam-
ined the relationship between osteophytes and age and have 
shown a significant correlation between osteophyte forma-
tion and age [5–12]. However, the first study to apply this to 
an age estimation equation was published recently, in 2006, 
by Watanabe et al. [13]. In the previous study, the degree 
of osteophyte formation in the vertebral column was evalu-
ated by palpation at the time of autopsy on a 4-point scale 
and used as the osteophyte formation index to examine its 
correlation with age. Subsequently, Praneatpokgrang et al. 
measured the length of osteophytes from the second cervical 
vertebra to the fifth lumbar vertebra, scored each vertebra 
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on a scale of 0–5, and reported an age estimation formula 
using the average value [14]. However, the age estimation 
method using vertebrae is not yet a well-established method, 
as there has been a very limited number of published reports, 
and some reports indicate that it is ineffective for estimating 
age by regression equation or narrowing age estimate due to 
its large variability [8].

Globally, postmortem computed tomography (PMCT) 
is increasingly being utilized in forensic departments to 
assist in forensic autopsies [15–17]. This has resulted in the 
increasing use of CT images in the field of forensic anthro-
pology. The use of CT images enables rapid, non-destruc-
tive observation of the bone without requiring any prepara-
tion. Moreover, the bone structure can be clearly observed, 
making it possible for relatively inexperienced examiners 
to perform bone examinations [18, 19]. Furthermore, it is 
possible to create multiplanar reconstructed (MPR) images 
and three-dimensional images, providing more information 
than conventional radiographic examinations [20]. CT is 
considered a potential tool in forensic anthropology and has 
been reported to be beneficial for several bone sites, includ-
ing the sternum, medial end of the clavicle, cranial suture, 
and pelvic bones; however, there is no previous reports of 
age estimation with osteophytes using CT images [21–26]. 
This study aimed to determine the presence and extent of 
vertebral osteophytes in an adult Japanese population and 
to use this data to develop an age estimation method for this 
particular population.

Materials and methods

We reviewed data of 250 subjects with known age and sex 
(125 males, aged 20–95 years, mean 51 ± 22 years, the 
number of cadavers aged 20–29 = 23, aged 30–39 = 18, 
aged 40–49 = 16, aged 50–59 = 16, aged 60–69 = 16, aged 

70–79 = 20, aged 80–89 = 12, aged 90–95 = 4; 125 females, 
aged 20–91 years, mean 52 ± 21 years, the number of cadav-
ers aged 20–29 = 20, aged 30–39 = 18, aged 40–49 = 17, 
aged 50–59 = 17, aged 60–69 = 17, aged 70–79 = 18, aged 
80–89 = 15, aged 90–91 = 2) who underwent PMCT and 
subsequent forensic autopsy at the Department of Legal 
Medicine at our University in Japan, between December 
2009 and August 2016. All subjects belonged to Japanese or 
Northeast Asian ethnicities. Whole-body CT was performed 
before an autopsy in all cases, and subjects were excluded 
if their history included conditions or events, which could 
possibly affect the vertebrae, such as spinal injuries, multi-
ple traumas, burn injuries, severe decomposition, congenital 
malformations, known diseases that could affect bone obser-
vations, and an atypical number of vertebrae.

PMCT was performed using a 16-row detector CT system 
(Eclos; Hitachi, Ltd., Tokyo, Japan). The scanning protocols 
were as follows: collimation, 1.25 mm; reconstruction inter-
val, 1.25 mm; tube voltage, 120 kV; tube current, 200 mA; 
and rotation time, 1 s. Image data were processed on a work-
station (Synapse Vincent; Fujifilm Medical, Tokyo, Japan) 
to obtain MPR images. The thoracic and lumbar vertebrae 
were observed using a bone kernel reconstruction, a window 
width of 1,500 Hounsfield units (HU), and a window level 
of 450 HU. The degree of osteophytes and bridging of each 
vertebra was scored according to the following methodol-
ogy: the upper and lower surfaces of each vertebral body 
were observed in a plane parallel to the upper and lower 
vertebral body planes, respectively; the length of the per-
pendicular line from the most prominent osteophyte to the 
edge of the vertebral body limb in each plane “measurement 
o” was measured and classified as 0 to 5; and the score O 
was defined as the degree of osteophyte formation (Fig. 1, 
Table 1). The vertebrae were also observed on sagittal and 
coronal sections, and the degree of fusion between the ver-
tebrae and osteophytes above the observed vertebrae was 

Fig. 1  Postmortem computed 
tomography images for measur-
ing score O. a Sagittal section 
image of the vertebral body. 
The osteophytes are observed 
in the plane of the white dashed 
line in each thoracic and lumber 
spinal body; b the length of 
the perpendicular line from the 
most prominent osteophyte to 
the edge of the vertebral body 
limb was defined as “measure-
ment o” in each axial or oblique 
axial plane defined in Fig. 1a
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classified from 0 to 2, with score B indicating the degree 
of bridging (Fig. 2, Table 1). For all vertebral bodies in the 
thoracic and lumbar spine, the two scores, O and B, were 
measured and used to establish seven variables (Table 2). All 
subjects were evaluated by the same observer. To estimate 
intraobserver errors of scores O and B, 30 randomly selected 
subjects were re-evaluated by the same observer 6 months 
after the first evaluation. To estimate interobserver error, the 
same 30 subjects were also evaluated by a second observer.

Statistical analyses were performed using the statisti-
cal software R version 3.6.3 (R Foundation for Statistical 
Computing, Vienna, Austria. ISBN 3–900,051-07–0, URL 
http:// www.R- proje ct. org/) and Ekuseru-Toukei 2015 (Social 

Survey Research Information Co., Ltd., Tokyo, Japan). 
Cohen’s kappa analysis was used to examine inter-observer 
errors, and 0.80–1.0 indicated an almost perfect agreement 
[27, 28]. Descriptive statistics were performed for each vari-
able. After the analysis of variance, Student’s t-test was used 
to compare the mean values between the sexes. The correla-
tions between age at death and each variable were assessed 
using Pearson’s product-moment correlation coefficient, and 
the coefficient of determination (R2) was calculated. The 
standard error of estimate (SEE) was calculated to evaluate 
the validity of the regression equation.

Receiver operating characteristic (ROC) curve analy-
sis was used to set the cutoff value of the variables in age 

Table 1  Score O and B, 
indicators of osteophyte 
formation and the degree of 
bridging

a The length of the perpendicular line from the most prominent osteophyte to the edge of the vertebral body 
limb was defined as “measurement o”

Score Definition

Score O 0 There is no formation of osteophytes
1 Onset of osteophyte formation is observed, although (measurement o) is less than 2 mm
2 2 mm ≤ (measurement o) < 4 mm
3 4 mm ≤ (measurement o) < 6 mm
4 6 mm ≤ (measurement o) < 8 mm
5 8 mm ≤ (measurement o)

Score B 0 No osteophytic fusion (bridging) or no close approximation of the osteophytes between 
upper and lower osteophytes (proximity)

1 Proximity between upper and lower osteophytes but no bridging
2 Bridging between upper and lower osteophytes

Fig. 2  Postmortem computed 
tomography images for measur-
ing score B. a No osteophytic 
fusion (bridging) or no close 
approximation (proximity) 
between upper and lower osteo-
phytes (score B = 0); b proxim-
ity is observed, but bridging 
is not complete (score B = 1); 
c bridging between the upper 
and lower vertebral bodies is 
complete (score B = 2)

Table 2  Definition of the 
variables

Variable Definition

O(sum) Upper and lower surfaces of 17 thoracic and lumbar vertebrae, sum of 34 score O
O(sumL) Upper and lower surfaces of 5 lumbar vertebrae, sum of 10 score O
O(max) The maximum score O among the 17 thoracic and lumbar vertebrae observed
O(maxL) The maximum score O among the 5 lumbar vertebrae observed
O( −) Number of vertebrae that had score O = 0
O( +) Number of vertebrae with clear osteophyte formation, or score O ≥ 2
B(sum) Sum of score B
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estimation. To determine the most appropriate cutoff value 
for answering the question “above or below a certain age,” 
the range of 30–80 years and above was divided into eleven 
5-year intervals, and ROC analysis was conducted for each 
age for all seven variables. The ROC curve represents a plot 
of the “false positive proportion” on the x-axis and the “true 
positive proportion” on the y-axis. The accuracy of the cutoff 
value was measured by the area under the curve (AUC); the 
larger the value of the AUC, the better the efficacy of the 
measurement in estimation. A test with perfect accuracy, or 
sensitivity and specificity of 100%, has an AUC value of 1, 
and when the variable is a perfectly random predictor, the 
AUC is 0.5. The AUC results were defined as follows: excel-
lent, 0.9–1; good, 0.8–0.9; fair, 0.7–0.8; poor, 0.6–0.7; and 
finally, failed for AUC values between 0.5 and 0.6 [29, 30]. 
As a cutoff value, the one with the largest Youden’s index 
was adopted [31].

Moreover, P-values < 0.05 were considered statistically 
significant.

This study was approved by the Ethics Committee of our 
university. The requirement for informed consent from the 
next of kin was waived.

Results

The κ coefficients for intraobserver error were as follows; 
score O was 0.998 for the upper vertebral column, 0.998 for 
the lower, and 0.983 for score B, and those for interobserver 
error were as follows: score O was 0.995 for the upper ver-
tebral column, 0.992 for the lower, and 0.954 for score B, 
wherein all values were above 0.9, indicating almost perfect 
agreement.

The results of the descriptive statistics for each variable 
are shown in Table 3. Although the degree of osteophyte 
formation and bridging was slightly higher in males, there 
was no significant difference between the sexes.

The results of the simple regression analysis with each 
variable as the explanatory variable and age as the objective 

variable are shown in Table 4. The SEE for both males and 
females was the smallest in the single regression analysis 
with O( +) as the explanatory variable, and it was < 10 years 
old (males, y = 2.924x + 27.394, SEE 9.884 years; females, 
y = 3.007x + 30.681, SEE 9.546 years).

The results of the ROC analysis are shown in the Sup-
plementary Material Table 1. All variables showed excellent 
or good AUC values for all age groups, with several being 
above 0.95, indicating useful cutoff values. The P values 
were all < 0.01.

For example, if O(max) was 5, the regression equation 
would estimate the age range to be 59.7–79.9 years for males 
and 63.3–83.2 years for females. If the same value was used 
as the cutoff value obtained in the ROC analysis, it is deter-
mined to be ≥ 60 years for males (sensitivity 0.898; speci-
ficity 0.868) and ≥ 70 years for females (sensitivity 0.778; 
specificity 0.854). In addition to this, if O(-) was 1, it is 
estimated to be ≥ 65 years for males (sensitivity 0.872; speci-
ficity 0.814) and ≥ 75 years for females (sensitivity 0.808; 
specificity 0.838), and it may be possible to narrow the range 
of estimated ages by using different explanatory variables 
together.

Discussion

Single regression analysis in our study showed each variable 
using score O for both males and females and showed an 
age estimation equation with a SEE of about 10 to 11 years 
old, with O( +) showing the smallest SEE. O( +) had SEEs 
of < 10 years old, and it was considered to be effective. 
Previous studies have considered the length and degree of 
osteophytes for scoring and performing regression analy-
sis; the number of vertebrae with obvious osteophytes was 

Table 3  Descriptive statistics

Male Female
Mean SD Mean SD P-value

Age (years) 50.856 22.0 52.112 21.0 0.646
O(sum) 47.736 45.315 39.407 36.618 0.113
O(sumL) 17.688 16.661 15.096 14.1689 0.188
O(max) 3.048 1.987 2.88 1.891 0.496
O(maxL) 2.776 2.082 2.72 1.929 0.826
O( −) 6.544 6.678 7.296 6.573 0.372
O( +) 8.024 6.621 7.128 6.333 0.277
B(sum) 7.024 9.284 6.08 8.012 0.392

Table 4  Regression equation

Variable Sex Regression equation SEE R2 P-value

O(sum) Male y = 0.412x + 31.169 11.117 0.742  < 0.01
Female y = 0.515x + 31.809 9.895 0.787  < 0.01

O(sumL) Male y = 1.160x + 30.337 9.944 0.793  < 0.01
Female y = 1.315x + 32.265 10.343 0.767  < 0.01

O(max) Male y = 9.686x + 21.334 10.099 0.787  < 0.01
Female y = 9.961x + 23.424 9.943 0.785  < 0.01

O(maxL) Male y = 9.196x + 25.327 10.298 0.778  < 0.01
Female y = 9.673x + 25.801 10.283 0.770  < 0.01

O(-) Male y = -2.849x + 69.502 10.514 0.769  < 0.01
Female y = -2.891x + 73.202 9.634 0.798  < 0.01

O( +) Male y = 2.924x + 27.394 9.884 0.796  < 0.01
Female y = 3.007x + 30.681 9.546 0.802  < 0.01

B(sum) Male y = 1.783x + 38.332 14.143 0.582  < 0.01
Female y = 2.042x + 39.699 13.702 0.592  < 0.01
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not considered [13, 14]. Our study is a first-of-a-kind report 
using a method that evaluates the number of vertebrae with 
osteophytes and shows it is useful in practice owing to its 
feasibility. O(maxL) is the least complicated evaluation 
method, as it only measures the length of the most devel-
oped osteophyte of the five lumbar vertebrae observed. The 
SEE of both males and females was relatively good at about 
10.3 years, considering that the difference in SEE was less 
than 1 year compared with the smallest SEE (O( +)). The 
SEE of B(sum) was relatively large, about 14 years old, and 
each estimating equation using variables from score O was 
more useful.

ROC analysis showed excellent or good results for all 
variables with excellent results in about 77% (118/154) and 
results with AUC > 0.95 in 44% (68/154). While the other 
variables tended to have generally lower AUCs with age, 
B(sum) did not show a decrease in AUC values with increas-
ing age for both males and females. B(sum) was found to be 
relatively more useful for estimating age after middle age, 
as high AUC values of 0.88 or higher for males and 0.9 or 
higher for females were obtained for all classes after age 40, 
and the highest AUC values were obtained for females aged 
75 or older and 80 or older.

In this study, the SEE obtained using the regression equa-
tion using O( +) (males: 9.884 years; females: 9.546 years) is 
better than the SEE reported in the previous Japanese study 
(males, 12.6 years; females, 11.9 years) and comparable or 
slightly better than the SEE examined for Thai skeletal spec-
imens (males, 10.275 years; females, 9.813 years) [13, 14]. 
In a previous study on Japanese people, the scoring method 
was subjective, and reproducibility was not examined. How-
ever, this study solved such issues by measuring the osteo-
phytes scoring more objectively using CT images with high 
reproducibility. To observe the whole vertebral body as a 
skeletal specimen after soft tissue removal, as in the Thai 
method, is time-consuming and not feasible in clinical set-
tings; further, it is ethically difficult to collect prospective 
data. Conversely, CT can obtain whole-body data quickly, 
and soft tissue can be easily removed with less ethical dif-
ficulty; thus, CT can be particularly useful for estimating the 
age at death by the vertebral body.

Praneatpokgrang et al. reported several regression equa-
tions for each vertebral body, except for the atlas, in the cer-
vical, thoracic, and lumbar spine [14]. This is useful when 
the spine is completely preserved, or at least one of the cer-
vical, thoracic, or lumbar spine is completely preserved.

However, the vertebral body is expected to be easily 
separated and partially missing owing to postmortem 
changes. This is often a problem in forensic anthropology. 
In addition to O( +), which had the smallest SEE among 
the variables in this study, O(sum) and O( −) require a 
complete thoracolumbar spine, and O(sumL) requires 
a complete lumbar spine to remain. On the other hand, 

O(max), O(maxL), and B(sum) may be used for age esti-
mation even when only some of the vertebrae remain. If 
the osteophyte formation in the partially discovered skel-
eton is mild, it cannot be used because the undiscovered 
vertebrae may have advanced osteophytes, but if only one 
discovered vertebra has a maximum value of 5, an age 
estimate of about 10 years SEE is possible. Furthermore, 
if multiple vertebrae are fused and remain in a single mass, 
the regression equation using B(sum) can be used to nar-
row down the estimated age using a cutoff value.

Although very few reports have focused on setting the 
cutoff values for age estimation using ROC analysis, it may 
allow narrowing the range of estimated ages when used in 
conjunction with regression equations [32]. In this study, 
all variables showed good or excellent results, and it was 
also shown that it is possible to set excellent cutoff values 
with an AUC of 0.9 or higher, even for cadavers > 70 years. 
Although the Lamendin method was considered to be one 
of the most accurate age estimation methods for deceased 
persons > 40 years old, it has been reported to have the dis-
advantage of underestimating age with a mean error of about 
19 years in elderly persons with periodontal disease [33, 
34]. Even the iliac auricular surface, which can estimate 
the age of relatively older adults, cannot be used to clas-
sify people > 60 years [35]. This study is the first to provide 
cutoff values for age estimation at 5-year intervals for peo-
ple aged ≥ 60 years, which strongly suggests that it is useful 
for estimating the age of the elderly, which is considered 
relatively difficult and may be particularly useful in forensic 
anthropology for the contemporary aging population.

Limitations

This study was conducted using data from modern adult Jap-
anese, and other populations were not examined. Moreover, 
cross-validation was not performed, and the performances 
of the regression equation and the cutoff value may have 
been overestimated. Known diseases and obvious trauma 
were excluded, but chronic spine pathologies may not have 
been ruled out. It is known that osteophyte formation is 
also affected by microtrauma, environmental factors such 
as occupational and labor loads, and bone formation, which 
is influenced by various factors such as nutritional status. 
However, it was difficult to analyze these occupational and 
environmental factors in detail because of the lack of suffi-
cient antemortem information as a characteristic of forensic 
autopsy cases. [4, 36, 37]. A prospective study is neces-
sary for quantitative evaluation, although it seems difficult 
to carry out at present. Moreover, the cervical spine was 
not evaluated in this study due to the metal artifacts associ-
ated with dental treatment, which is considered an additional 
limitation.
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Conclusion

This is the first study to use CT images of vertebral osteo-
phytes to calculate both a regression equation and a cutoff 
value for age estimation. The results show that assess-
ment of vertebral osteophytes by postmortem CT could 
be useful for estimating age at death in Japanese adults, 
especially in the older population.
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