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Abstract

Cranial vault thickness (CVT) and its variations provide valuable insights into an individual’s biological attributes such
as age and sex. This paper aimed to assess the correlations of CVT with age and sex and develop a regression model for
age estimation in Malaysian subadults using computed tomography (CT) images. A total of 521 CT images (male/female:
279/242; age range: 0-20 years; Malay/Chinese/Indian: 221/145/155) were included in the study. Correlations of CVT
measurements with age and sex, including frontal bone thickness (FBT), occipital bone thickness (OBT), left parietal bone
thickness (LPBT), and right parietal bone thickness (RPBT) were assessed and regression formulae were developed for
age estimation in subadults. A significant correlation between CVT measurements and age was demonstrated (p <0.001).
Age estimation was most accurate in the younger age group (<2 years) at frontal and occipital, and accuracy decreases
in the older age groups. Additionally, sexual dimorphism was evident in the frontal and parietal bone thickness within the
age range of 3—6 years and 16-20 years, respectively. In conclusion, the findings suggested CVT measurements could be
used to corroborate other age estimation methods for subadults.
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Introduction

Skull is a valuable source of information for creating a
person’s biological profile such as age and sex [1]. Cranial
vault thickness (CVT) was shown to be correlated with age
and sex, and remains as the subject of ongoing discussion
and research [2]. However, various studies have produced
inconsistent results, due to differences in measurement
techniques and analysis methods employed [3—5]. One con-
tributing factor to the inconsistencies is the variation in the
specific landmarks chosen for skull measurements, even in
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similar bones. The choice of measurement landmarks may
influence the obtained results, leading to significant varia-
tions in the correlation between CVT and the studied fac-
tors. Moreover, different measurement techniques, such
as manual callipers, two-dimensional (2D) imaging, or
three-dimensional (3D) imaging, could also contribute to
discrepancies in findings. The variations in techniques and
approaches across studies have made it difficult to compare
and draw definitive conclusions about the relationships
between CVT and different biological parameters [2].

The limited published data on subadults’ CVT under-
scores the need for additional research in this specific area.
Most anthropometry methods were developed for adults and
may not be suitable for subadult cases [3, 6-8]. The unique
challenges in subadult CVT studies are due to the ongo-
ing growth and complex development process during this
period [9]. This includes sutural growth, bone remodelling,
and changes in cranial proportions. Hence, it is essential to
develop an accurate and reliable method for measuring CVT
and establish comprehensive CVT data specifically for sub-
adults. Addressing this gap will equip researchers and prac-
titioners with the knowledge necessary for analysing and
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interpreting CVT in subadults, thereby enhancing outcomes
across forensic anthropology, medical research, and clinical
practice [10].

3D imaging technology, such as computed tomography
(CT) images provides valuable insights in forensic anthro-
pology, medical research, and clinical practice [7]. This
technology allows non-invasive assessment of skull thick-
ness and evaluation of larger samples [11]. Researchers
are able to analyse more extensive and diverse populations
due to availability and accessibility of clinical CT scans,
facilitating the study of skull thickness variations in rela-
tion to age, sex, and various skull conditions [12]. This 3D
approach may enhance the understanding of skull thickness
variations across demographic groups and contributes to the
development of potentially more accurate and reliable bio-
logical profiles in forensic anthropology [7]. Therefore, this
paper aimed to assess the correlations of CVT with age and
sex and develop a regression model for age estimation in
Malaysian subadults using CT images.

Materials and methods

Approval for research was granted by the Medical
Research Ethics Committee, UMMC (MREC ID NO:
202,147 —-10,039). All procedures conducted in this study
involving human participants followed the guidelines and
regulation standards of the national research committee
and the 1964 Helsinki Declaration. The informed consent
requirement was waived by the Medical Research Ethics
Committee, UMMC because this is a retrospective study
that used CT images obtained from the archives of the hos-
pital. Research management fund (project no: RMF 0637—
2021) from Universiti Malaya was used to fund this study.
A dataset containing 521 CT images of the cranium
was retrospectively selected from University Malaya
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Medical Centre’s (UMMC) radiology department. The sam-
ple included of 279 male and 242 female Malaysian patients
attending the UMMC from June 2020 to March 2021, aged
between 0 and 20 years. Figure 1 shows the demographic
profiles distribution.

The CT scan images were obtained using the Siemens
SOMATOM (Forchheim, Germany) scanner. Samples with
skull malformation, past trauma, surgical history, defects or
pathological conditions, infectious, or neoplastic pathology
were excluded. Tube voltage at 120 kV, 110450 mAs, 0.4s
exposure time, voxel size of 0.625 mm x 0.625 mm x 1 mm,
and convolution kernel ranging from H40s to H60s were
used to acquire images stored in DICOM format.

The skull model was reconstructed into multiplanar
(axial, coronal, and sagittal) views. Bregma, lambda, left
and right euryon landmarks were identified, and the coor-
dinate values (X, y, and z) were generated automatically
by the system for each landmark within the 3D coordinate
framework. Four CVT landmarks: frontal bone thickness
(FBT)=1 cm in front of the bregma; occipital bone thick-
ness (OBT)=1 cm behind the lambda; left parietal bone
thickness (LPBT)=left euryon, and right parietal bone
thickness (RPBT)=right euryon were measured on sagittal
and axial views (Fig. 2) [6].

The mean and standard deviation of all age groups were
obtained and correlation between CVT measurements and
age groups was evaluated with Pearson’s correlation coef-
ficient (R) (p<0.05) [13]. R values approaching, or close
to -0.2/0.2, -0.5/0.5, -0.8/0.8, and —1/1 indicated weak,
moderate, strong, and perfect correlations, respectively.
Models for age estimation were developed individually
using stepwise linear regression for all age groups (below 2
years, 3—6 years, 7-9 years, 10—12 years, 13—15 years, and
16-20 years). Normality for each variable was tested using
skewness and kurtosis. Differences in CVT measurements
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Fig. 2 Cranial vault thickness
measurements at frontal bone
thickness (FBT), right parietal
bone thickness (RPBT), left pari-
etal bone thickness (LPBT), and
occipital bone thickness (OBT),
measured in three age groups:
(A) 20 months, (B) 12 years, and
(C) 20 years

B
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between sexes were then compared using independent sam-
ple t-test.

Intra-observer reliability was tested by repeated mea-
surements of 30 cranial datasets of different age groups
and sexes chosen at random, with an interval of 3 weeks.
Another set of 30 cranial images, analysed by an experi-
enced oral and maxillofacial radiologist (>7 years) was
compared for inter-observer reliability. Intra- and inter-
observer reliability of the x, y, and z coordinates for all
landmarks were assessed using intraclass correlation coef-
ficients (ICC). Reliability was categorised as poor for ICC
lower than 0.50, moderate (0.50-0.75), good (0.75-0.90),

and excellent for ICC was higher than 0.90 [14]. In addition,
the technical error of measurement (TEM), relative techni-
cal error of measurement (rTEM), and the coefficient of
reliability (R) were obtained to determine the measurement
errors. The acceptable values for rTEM and R were < 1.0%
and >0.95, respectively [15]. IBM SPSS Statistics version
26 was used to perform all statistical analyses.
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Table 1 Descriptive statistics of cranial vault thickness for entire sam-
ple and different age groups in Malaysian subadults

Age FBT RPBT LPBT OBT
groups

(years)

0-2 3.07+1.07 2.48+0.60 2.50+0.59 3.92+1.62
3-6 4.53+0.61 3.42+0.49 348+0.54 6.27+0.85
7-9 532+0.79 3.68+0.55 3.73+0.52  6.92+0.95
10-12 597+097 4.18+0.64 4.17+£0.61 7.48+1.47
13-15 631+1.17 4.49+091 4494091 7.65+1.37
16-20 7.00+1.52 4.95+3.15 4.86+1.10 8.75+1.71
0-20 537+1.84 474+1993 3.88+1.17 6.82+2.23

Values are in mean=+standard deviation, FBT: frontal bone thick-
ness, RPBT: right parietal bone thickness, LPBT: left parietal bone
thickness, OBT: occipital bone thickness

Table 2 Pearson correlation of cranial vault thickness for different age
groups in Malaysian subadults

Age FBT RPBT LPBT OBT
groups (years)
0-2 R 0.605%* 0.513** 0.528** 0.596**
Significant <0.001 <0.001 <0.001 <0.001
3-6 R 0.163 0.034 0.062 0.379%*
Significant 0.152 0.768 0.587 0.001
7-9 R 0.198 0.557** 0.490** -0.002
Significant 0.141 <0.001 <0.001 0.988
10-12 R 0.181 -0.134  -0.090  0.073
Significant 0.167 0.307 0.495 0.580
13-15 R 0.251*  0.089 0.115 -0.026
Significant 0.026 0.433 0.315 0.823
16-20 R 0.205* -0.005 0.132 0.111
Significant 0.017 0.954 0.130 0.201

FBT: frontal bone thickness, RPBT: right parietal bone thickness,
LPBT: left parietal bone thickness, OBT: occipital bone thickness; R:
Pearson correlation coefficient, bold signifies significant difference at
*p<0.05 and **p < 0.001

Results
Descriptive statistics

Descriptive statistics (mean thickness and standard devia-
tion) of CVT for different age groups are presented in
Table 1. The overall mean thickness and standard deviation
of the frontal and occipital bones were 5.37 +1.84 mm and
6.82 +£2.23 mm, respectively. The right parietal bone mean
thickness was 4.74+19.93 mm, and 3.88+1.17 mm for
the left parietal bone. CVT increased with age at all four
landmarks. CVT values were higher at the occipital than the
frontal and parietal regions areas.

Age

The correlations between CVT and age are presented in
Table 2. The highest number of correlations was observed
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in the 0-2 years group in FBT (R=0.605, p<0.001),
RPBT (R=0.513, p<0.001), LPBT (R=0.557, p<0.001),
and OBT (R=0.596, p<0.001). In the age group of 3-6
years, a correlation was observed only in OBT (R=0.379,
p<0.001). Meanwhile, in the age group of 7-9 years, cor-
relations were demonstrated in RPBT (R=0.528, p <0.001)
and LPBT (R=0.490, p <0.001).

Figure 3 illustrates positive correlations between CVT and
age (R=0.098-0.785, p<0.05). Regression models devel-
oped for all age groups are summarised in Table 3. Based
on R? and the standard error of estimate (SEE), age estima-
tion was most accurate in the 0-2 years group (R?=0.629,
SEE =0.303) at the frontal and occipital regions. Lower R?
values of 0.133, 0.344, 0.016, 0.051, and 0.035, along with
higher SEE values of 1.038, 0.667, 0.819, 0.780, and 1.402,
were observed in the age groups of 3—6 years, 7-9 years,
10-12 years, 13—15 years, and 16-20 years, respectively.
In addition, variance inflation factor (VIF) values for the
regression models of all age groups were below 5, indicat-
ing reliability.

Sexual dimorphism

Independent #-test results of CVT for males and females
are presented in Table 4. Sexual dimorphism in both fron-
tal (1=2.572, p=0.012) and parietal (r=2.579, p=0.011)
bone thickness was evident in the age groups 3—6 years and
16-20 years, respectively (p <0.05).

Intra- and inter-observer errors

The ICC values for intra- and inter-observer reliability are
presented in Table 5. The values for the x, y, and z coor-
dinates of all landmarks were higher than 0.90, suggesting
nearly perfect agreement between observers. Table 6 shows
the TEM, rTEM, and R values for intra— and inter—observer
measurement errors. All rTEM values for intra—observer
error (0.142-0.246%) and inter—observer error (0.151—
0.259%) were lower than 1%. Additionally, all R values
exceeded 0.95 (0.966-0.996), indicating reliability.

Discussion

The human skull stands as one of the most thoroughly
investigated structures of the skeletal system. The ability
of morphological characteristics to describe age and sex,
demonstrated the human skull as a highly valuable source
of information for constructing a comprehensive biological
profile of an unidentified individual [1, 16].

During the initial stages of ontogeny, the skull under-
goes substantial growth and changes in bone thickness, with



International Journal of Legal Medicine

| |
°
179 129 —0—0—0¢ 8
° . 8 8
° ° 4 8 |
0
1000 [ 1 T — 21— :,e - ; 1000+ 1 0 8 o : 3 8 8 °
° 8 o 8 o ° a
SRR i SRENEENE
o
] g 0
Rl —0—o B*ﬂ*ﬂ *s"'*g* A k10— O o 7§7977§77§_8 gfg g* —f- E* 7§—°—
@ : 0 o g 8 ] § 8 o 3 08 3 E g 8
o = 0
. g 2 [} 8 a g 8 8 o o ° 8 °
) 8 $ 0 ° 8 o 2
el = & o 8 g,g 88 g 88 o, g,, 8 | 8 ¢ 6 o BT g 0 > e 1
0 g 8 o H 8 ° . g ()
0 8 ° E ° °
° " 0
W R=0.785, p<0.001 P R=0.740, p<0.001
0 s 10 15 B 0 s 10 1s )
100 1000
8 8
800 1 . 800 o
| ° o °
| o ° °
| ° 3 ° ° : ‘ § g ° o 8
- 1 | EICE-E S | Pyt
: S i
o ° 8 i 4 s ) ° g
© ! ° ﬁ E g 9 8 g g o | oo o E B a (] !,, £
6 8 ﬂ . . 0 ° 0 o E B B ¢ o 9 o 0 o
> 8 ° o 8 o o ¢ g ; o ° o 8 B o § o o 0 0
° o
sal—1 e ] | sl E 8 |
| °
°
. R=0098, p=0025 | o | 2=077, pog0l |
|
0 5 10 15 B 0 s 10 15 )
Age Age

Fig. 3 Correlation between CVT and age at frontal bone thickness (FBT), right parietal bone thickness (RPBT), left parietal bone thickness
(LPBT), and occipital bone thickness (OBT) in the subadult samples. R: Pearson correlation coefficient

Table 3 Linear regression models developed for CVT in Malaysian subadults

Age groups (years) Linear regression models R? SEE VIF and p-value
FBT RPBT OBT
0-2 0.503+0.147(OBT)+0.160(FBT) 0.629 0.303 VIF 4.089 - 4.089
p-value 0.001 - 0.004
3-6 1.514+0.493(0OBT) 0.133 1.038 VIF - - 1.000
p-value - - 0.001
7-9 5.011+0.820(RPBT) 0.344 0.667 VIF - 1.000 -
p-value - 0.001 -
10-12 11.012+0.221(FBT)+0.027(OBT)-0.338(RPBT) 0.016 0.819 VIF 1.522 1.613 1.328
p-value 0.102 0.079 0.768
13-15 12.892+0.171(FBT) 0.051 0.780 VIF 1.000 - -
p-value 0.026 - -
16-20 16.804+0.192(FBT) 0.035 1.402 VIF 1.000 - -
p-value 0.017 - -

FBT: frontal bone thickness, RPBT: right parietal bone thickness, OBT: occipital bone thickness, VIF: variance inflation factor, bold signifies

significant difference at p <0.05

additional periods of accelerated growth during childhood
and adolescence [17-19]. The current study showed that
CVT gradually increased during growth, with significant
variability in the first 6 years and plateaued towards the end
of adolescence up to 20 years. The most substantial change
in thickness observed in the cranial vault was around the

occipital bone with the largest increase occurring between
ages 0 and 2. Fewer changes were observed thereafter. CVT
values in the occipital area specifically were much larger
than the frontal and parietal areas, consistent with the find-
ings of Li, Park [20]. In addition, several studies reported a
significant increase in skull thickness during early infancy
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Table 4 Mean + standard deviation and ¢ value of cranial vault thickness between males and females

Sex FBT RPBT LPBT OBT

0-2 years

Male (n=61) 3.14+£1.02 2.54+0.58 2.55+£0.59 3.94+1.46
Female (n=51) 295+1.12 2.40+0.61 2.44+0.58 3.90+£1.80
t-value 0.785 1.2 0.953 0.145
p-value 0.434 0.233 0.342 0.885

3-6 years

Male (n=43) 4.43+0.40 3.52+0.49 3.62+0.54 6.35+0.86
Female (n=36) 4.65+0.79 3.31+£0.48 3.32+£0.49 6.17+£0.85
t-value -1.547 1.854 2.572 0.932
p-value 0.126 0.068 0.012* 0.354

7-9 years

Male (n=35) 5.46+0.84 3.66+0.52 3.69+0.52 6.97+£0.95
Female (n=22) 5.11+£0.66 3.72+0.61 3.80+£0.53 6.83+£0.95
t-value 1.621 -0.425 -0.762 0.548
p-value 0.111 0.672 0.45 0.586
10-12 years

Male (n=30) 5.93+0.82 4.12+0.55 4.12+£0.56 7.59+1.06
Female (n=30) 6.01+£1.12 4.23+0.73 4.21+0.67 7.38+1.81
t-value -0.312 -0.664 -0.539 0.559
p-value 0.756 0.509 0.592 0.578
13-15 years

Male (n=41) 6.3+1.150 4.37+£0.94 4390091 7.80+1.37
Female (n=38) 6.27+1.21 4.61+£0.87 4.59+0091 7.49+1.36
t-value 0.276 -1.159 -0.989 1.022
p-value 0.783 0.25 0.326 0.31

16-20 years

Male (n=69) 7.32+1.60 4.74+1.06 4.76+1.07 8.99+1.53
Female (n=065) 6.65+1.35 497+1.19 5.00+1.11 8.48+1.88
t-value 2.579 0.05 0.291 0.04
p-value 0.011* 0.287 0.212 0.084

N: number of individuals, FBT: frontal bone thickness, RPBT: right parietal bone thickness, LPBT: left parietal bone thickness, OBT: occipital
bone thickness, *bold signifies significant difference between males and females at p <0.05 (independent #-test)

Table 5 Intraclass correlation coefficients for intra and inter-observer agreements on the coordinate values of all landmarks

Landmarks Intra-observer ICC Inter-observer ICC
Y-coordinate Z-coordinate X-coordinate Y-coordinate Z-coordinate

Bregma 0.999 0.999 0.995 0.994 0.996
Lambda 0.990 0.999 0.991 0.990 0.992
Right euryon 0.997 0.999 0.990 0.993 0.993
Left euryon 0.983 0.999 0.985 0.980 0.994
ICC: Intraclass correlation coefficients
Table 6 Intra and interobserver measurement errors

Intra-observer errors Inter-observer errors

TEM rTEM (%) R TEM rTEM (%) R
Frontal bone thickness 0.188 0.142 0.996 0.195 0.151 0.993
Right parietal bone thickness 0.273 0.201 0.981 0.298 0.221 0.981
Left parietal bone thickness 0.384 0.246 0.985 0.442 0.259 0.966
Occipital bone thickness 0.203 0.168 0.993 0.208 0.171 0.989
Mean 0.262 0.189 0.989 0.285 0.201 0.982

TEM: the technical error of measurement, -TEM: the relative technical error of measurement, R: the coefficient of reliability
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and childhood, leading to the attainment of adult skull
dimensions by the end of skeletal maturation [18-23]. Fur-
thermore, right and left parietal bone thickness were highly
correlated, which is in agreement with previous studies [0,
24].

The relationship between CVT and age has been a sub-
ject of considerable investigations [4, 25]. The current study
established that CVT has a positive correlation with devel-
opmental age in the subadult’s cranium with a significant
increase during the first 2 years. This may be associated
with the overall increased growth in skeletal bone mass,
influenced by systemic factors such as hormones and nutri-
tion [26-28]. De Boer, Van der Merwe [4] and Calderbank,
Morgan [10] found positive correlations between age and
frontal, temporal, and occipital measurements in subadults
younger than 19. However, a study on 43 men and 21
women aged older than 16 years measuring skull thickness
from lambda, bregma, and left and right euryon reported no
significant correlation between CVT and age [3]. This could
be due to the dynamics of vault bones that may undergo
alterations due to additional functional matrices, including
muscles and the shape of the brain as ontogeny progresses
into adulthood [19]. This long-term association between
CVT and age establishes the potential groundwork to cor-
roborate other age estimation methods for subadults [25].

Age estimation methods for subadults, including dental
development, pelvis size, and lengths of long bones such
as femur and tibia, have been extensively studied [29-35].
Various researchers investigated the relationship between
CVT and chronological age [3, 4, 10], however, most did
not consider development of regression models to estimate
age for subadults. The age estimation regression models
developed in the present study were most accurate in the
younger age group (<2 years) at lambda and bregma. At
these landmarks, the models consistently demonstrated the
highest accuracy and precision. In contrast, Kamnikar [25]
reported that age estimation is feasible for juveniles under
the age of 6 at vertex and lambda points, but not at bregma.
Therefore, this study indicated that CVT measurements
could be utilised as a supplement to other methods to esti-
mate age for subadults.

Sexual dimorphism in CVT has been a subject of interest
for understanding cranial development and potential differ-
ences [4]. Significant sexual dimorphism was observed in
frontal and parietal bone thickness for age groups 3—6 years
and 16-20 years, respectively. In contrast, De Boer, Van der
Merwe [4] and Anzelmo, Ventrice [19] reported no signifi-
cant correlations between CVT and sex in subadults [4, 19].
While Zaafrane, Ben Khelil [2], Moreira-Gonzalez, Papay
[36] and Hatipoglu, Ozcan [37] found significant sexual
dimorphism in adults and this was theorised to be due to
hyperostosis frontalis interna (HFI). Ross et al. [38] posited

that cranial thickness is sexually dimorphic by the time HFI
happens. This study also showed significantly thicker fron-
tal and occipital bones in males, except for the euryon which
is consistent with findings by Zaafrane, Ben Khelil [2] and
Lynnerup, Astrup [3].

The ability to measure the human skull using CT images
has a significant practicality in various fields, including
anatomy, clinical medicine, biomechanical studies, and
forensic anthropology. Traditionally, measurements of CVT
were conducted during autopsies [3]. However, CT scans
have emerged as a preferred modality for bone imaging due
to their high-fidelity representations of cranial bones [7].
CT scans provide detailed and accurate 3D images of the
skull, allowing for precise measurements of various cranial
parameters, including skull thickness [2]. Measurement of
CVT on 3D images has been shown to be reliable, con-
venient, and often superior to conventional measurement
methods [39—41]. These studies have shown that measure-
ments obtained from CT scans correlate with similar mea-
surements obtained from human specimens [3, 5, 42]. This
indicates that the measurements derived from CT scans are
comparable and provide reliable information about skull
thickness [36, 43].

Several limitations were identified in the present study.
First, this study lacked equal distribution of sample across
age, sex, and ethnicity. This limitation is inherent in any
study using MSCT scans, especially in studies involving
subadults. Given the radiation risk to patients, it was chal-
lenging to obtain MSCT scans with an appropriate level of
resolution and the correct landmarks. Next, the sample for
this study came from a very specific part of the Malaysian
population, which could misrepresent the population and
limit the applicability of the findings to other regions within
Malaysia. Thus, it is vital to acknowledge the regional spec-
ificity of the sample and to interpret the results with caution
when applying to the broader population.

Conclusions

This study found a significant correlation between CVT
measurements and age. CVT gradually increases during the
early years of life, particularly within the first 6 years. As
individuals progress through adolescence, CVT reaches a
plateau towards the end of adolescence and up to 20 years.
This finding indicates that changes in CVT occur mostly
during the earlier stages of growth and development. Addi-
tionally, age estimation is most accurate with bregma and
lambda in children under 2 years old; however, accuracy
decreases in the older age groups. This study contributes to
the body of literature to support and further strengthen the
age estimated by other methods for subadults.
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