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4.1.

Introduction

The estimation of age is an important aspect of forensic human identification. Dental age
estimation methods are primarily based on morphological markers and progressive or
degenerative changes in the dentition (see Chapter Two Section 2.2). The first systematic
study on adult dental age estimation was published by Gustafson (1950), in which he
presented a four-point scale scoring system (0 to 3) for six biological changes that are
apparent in ground longitudinal sections of teeth: attrition; periodontal recession;
cementum apposition; root resorption; secondary dentin formation and root translucency.
In combination, those age estimators were associated with an error rate of ±3.6 years,
which is believed to be incorrectly calculated due to statistical treatment on the relaticely
small data (n = 100) – a revised regression formula with an accuracy rate of ±7.03 years
is reported by Maples and Rice (1979).
Previous research has shown that secondary dentin formation has a strong correlation to
age, for example Dalitz (1962) (r = 0.61), Johansson (1971) (r = 0.66), Kvaal et al. (1995)
(r2 = 0.56-0.76) and Drusini et al. (1997) (r = 0.87-0.92). Secondary dentin is formed in
the same manner as primary dentin after root formation is completed. It is usually not
present when the tooth erupts but becomes more pronounced over time and accumulates
in the root canal, leading to a reduction in the size of the pulp cavity (Phillipas &
Applebaum 1966; Moore 1970; Ito 1975; Berkovitz et al. 2009). This relationship,
therefore, can be used to provide an estimation of chronological age (see Chapter Three
Section 3.2).
An indirect measure of secondary dentin is the size of the pulp chamber, which can be
measured in radiographs without the need to section the physical tooth (e.g., Morse et al.
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1991,1993; Drusini 1993). A combination of pulp chamber dimensions can increase the
predictive power of age estimations from the size of the pulp chamber, as demonstrated
by Kvaal et al. (1995), who calculated six different ratios from various pulp chamber and
tooth size measurements. Subsequent regression analysis of all data with age as the
dependent variable resulted in a predictive error of ±8.6 years.
Even though the original Kvaal et al. (1995) method examined periapical radiographs,
recent studies have reproduced the method in other populations with comparable accuracy
rates using dental orthopantomograms (OPGs) (e.g., Bosmans et al. 2005; Paewinsky et
al. 2005; Landa et al. 2009; Karkhanis et al. 2014) and cone-beam computed tomography
(CBCT) scans (Penaloza-Marroquin et al. 2016; Akay et al. 2017), thus making this
technique amenable for application in different imaging modalities (see Chapter Three
Section 3.2.3).
The applicability of the Kvaal et al. (1995) method has not been assessed in a Malaysian
population. Therefore, the aim of the present study is to evaluate the reliability and
accuracy of the Kvaal et al. (1995) method in the estimation of dental age in Malaysian
individuals. The present study utilised imaging techniques available in medical databases;
post-mortem multi-detector computed tomographic (MDCT) scans and dental OPGs. The
utilisation of CT in the present study is due to the capability of CT to minimise
magnification issues due to geometric distortion, which is a common error in
conventional radiography (Bassed et al. 2011). The following chapters in Part II outline
the materials and methods comprising this study (Chapter Five), the subsequent results
of statistical analyses performed (Chapter Six) and the interpretations of that data and
conclusions drawn in the context of existing knowledge (Chapter Seven).
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5.1.

Materials

The present study retrospectively examines medical images to derive Malaysian
population-specific age estimation standards based on secondary dentin formation. These
biological data were acquired from anonymised MDCT scans and dental OPGs of male
and female individuals from the three major ethnic groups in Malaysia: (i) Malay; (ii)
Chinese; and (iii) Indian. Two main types of medical images (i.e., MDCT scans and dental
OPGs) acquired from both forensic and patient samples were collectively assembled for
this study. There was no unnecessary or repeated radiation exposure to any individual, as
all scans were either taken as part of post-mortem investigation and/or clinical treatment.
Ethics approval for this study was granted by the Human Ethics Office of Research
Enterprise of the University of Western Australia (Reference No. RA/4/1/8352) on the
31st of May 2016 (see Appendix I(i)) and the Medical Research & Ethics Committee of
the Ministry of Health Malaysia (Reference No. (05) KKM/NIHSEC/P16-1344) on the
1st of September 2016 (see Appendix I(ii)). The following sections describe the specific
inclusion and exclusion criteria and the composition of study sample.
5.1.1. Inclusion / Exclusion Criteria
The lower age limit for the selection of subjects was 16 years as at this age, teeth (except
for the third molars) have reached the developmental milestone of apex closure, and thus
thereafter the formation of secondary dentin (Kvaal & Solheim 1994). The upper age limit
was 80 years, to conform to the average life expectancy of the Malaysian population,
which is approximately 74.7 years (Department of Statistics Malaysia 2016). Further the
population life expectancy is projected to improve regularly to reach 79.5 years in the
year 2035 (Saw 2007). The specific inclusion criteria were as follows: the teeth analysed
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were required to be in normal functional occlusion, although teeth with very small coronal
restorations were also included if they did not compromise the pulp chamber, and
secondary caries were not present. This was to ensure that the pulp chamber was not
occluded and thus the required dimensions can be reliably measured.
Any tooth with shape abnormalities (caused by diseases such as congenital syphilis,
cerebral palsy, ectodermal dysplasia, amongst others), active caries, root canal treatment,
prosthetic restorations, signs of pulp or periapical pathologies, open root apex or severe
apical root resorption were duly excluded from the sample, because secondary dentin
cannot be radiographically differentiated from tertiary (reparative) dentin (Kuttler 1959;
Stanley et al. 1966; Berkovitz et al. 2009; Penaloza et al. 2017). In addition, any poorquality images (e.g., erroneous exposure producing images that are too bright or too dark,
unclear/blurry and impacted teeth) were also excluded.
5.1.2. Forensic Sample
As part of a medico-legal investigation under Chapter XXXII of the Criminal Procedure
Code of Malaysia, it is a routine procedure at the National Institute of Forensic Medicine
(NIFM), Hospital Kuala Lumpur (HKL) to scan each cadaver that is referred for police
investigation. Before an autopsy is conducted, the full body is imaged using a Toshiba
Acquilion 64-Slice CT scanner. The NIFM’s protocols include scanning in two blocks:
1.0 mm for the head and 2.0 mm for the rest of the body. All MDCT scans were received
in a DICOM format (Digital Imaging and Communication in Medicine).
In the present study, the forensic sample comprised 164 males (61 Malay; 87 Chinese; 37
Indian) and 98 females (56 Malay; 32 Chinese; 10 Indian). The age range for the male
sample was 16 to 79 (mean: 36.86) years, and for the female sample it was 16 to 80 (mean:
34.07) years. The age and sex distribution of the forensic sample is further elucidated in
Table 5.1.
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Table 5.1. Age and sex distribution of the forensic sample.
Age range (years)
16 – 19
20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
70 – 80
Total

MDCT scans
Male
24
50
37
25
14
9
5
164

Female
17
38
9
14
10
3
7
98

Total
41
88
46
39
24
12
12
262

5.1.3. Patient Sample
A total of 456 anonymised dental OPGs were received from the Department of Radiology,
Hospital Sultanah Aminah (HSA). This hospital is a government agency that serves as
the referral centre for the state of Johor. All dental OPGs were received in JPEG format.
The sample comprised 232 males (99 Malay; 88 Chinese; 45 Indian) and 224 females (86
Malay; 91 Chinese; 47 Indian). The age range for the male sample was 16 to 79 (mean:
37.23) years, and for the female sample it was 16 to 76 (mean: 36.68) years. The age and
sex distribution of the patient sample is presented in Table 5.2.
Table 5.2. Age and sex distribution of the patient sample.
Age range (years)
16 – 19
20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
70 – 80
Total

Dental OPGs
Male
42
63
36
31
24
19
17
232

Female
41
59
35
31
30
21
7
224

Total
83
122
71
62
54
40
24
456

5.1.4. Total Sample (Forensic & Patient Combined)
Following the above inclusion and exclusion criteria, a total of 262 MDCT scans and 456
dental OPGs were assembled for the study using convenience sampling (as described
below). MDCT scans of 164 males (age range: 16-74 years; mean: 34.60 years) and 98
females (age range: 16-80 years; mean: 34.72 years) were acquired from the NIFM HKL.
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Dental OPGs of 232 males (age range: 16-79 years; mean: 33.14 years) and 224 females
(age range: 16 to 76 years; mean: 32.0 years) were obtained from Department of
Radiology HSA. Age and sex distribution of the total sample is shown in Table 5.3 and
Figure 5.1.
Table 5.3. Age and sex distribution of the total sample.
Age range
(years)
16 – 19
20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
70 – 80
Total

Male
24
50
37
25
14
9
5
164

MDCT
Female
17
38
9
14
10
3
7
98

OPG
Male
42
63
36
31
24
19
17
232

Female
41
59
35
31
30
21
7
224

Total
124
210
117
101
78
52
36
718

120
110
100

Number of individual
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Age group (years)

Figure 5.1. Age distribution of the Malaysian sample: male (blue); female (red).
The distribution of individuals according to stated ancestry in the total sample is 301
Malays (41.92%); 279 Chinese (38.86%); and 138 Indians (19.22%) (Table 5.4).
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Table 5.4. Distribution of the total sample by stated ancestry and sex.
Sample
MDCT
OPG
Total

Malay (n = 301)
Male
Female
60
56
99
86
159
142

Chinese (n = 279)
Male
Female
68
32
88
91
156
123

Indian (n = 138)
Male
Female
36
10
45
47
81
57

The number of individuals in this sample met minimum criteria for population research
in Malaysia (>384), unfortunately the demographic structure of the sample collection did
not follow the specific population demographic percentage (see Chapter One Section
1.2.4). The heterogeneity of the study sample is heavily influenced by the nature of multiancestral population of Malaysia, and as (at present) it is unlikely to be possible to assign
an unknown individual into any one ancestral group (due to the effect of genetic
admixture and lack of defined standards for the Malaysian population) the study sample
is examined according to pooled-ancestry unless otherwise stated.
5.2.

Methods

The following sections describe the methodology for acquiring tooth measurements from
the MDCT scans and dental OPGs, followed by explanation of the dental ratios calculated
to quantify secondary dentin deposition according to Kvaal et al. (1995) (see Chapter
Three Section 3.2.3). The statistical methods used to explore the relationship between
chronological age and pulp chamber dimensions, and the age prediction models
formulated thereafter, are also elaborated. A precision analysis to quantify observer
agreement was performed prior to primary data collection and is also accordingly
explained below.
5.2.1. Tooth Measurements
Measurement definitions followed those of Kvaal et al. (1995), including the length of
the tooth, pulp and root, in addition to the width of the root and pulp chamber at three
different levels, as illustrated and defined in Figure 5.2.

149

Chapter Five

Materials and Methods

Measurement
Maximum tooth
length (T)
Maximum pulp
length (P)
Maximum root
length (R)
Level A (A)
Level B (B)
Level C (C)

Description
Distance from the incisal edge or cusp
tip to the root apex
Distance from the pulp horn to the root
apex
Distance from the cemento-enamel
junction on the mesial aspect to the root
apex
The level of the cemento-enamel
junction
Midpoint between levels A and C
Mid-root level (or midpoint) between
the cemento-enamel junction and root
apex

Figure 5.2. Definition of the radiographic dental measurements (following Kvaal et al.
1995).
Measurements were acquired in six different teeth: upper central and lateral incisors, and
the second premolar; and the lower lateral incisor, canine and first premolar. Kvaal et al.
(1995) did not find significant differences between teeth of the left and right side of the
jaw. Therefore, in the present study, teeth from either the left or right side were measured
depending on the quality of the scan/radiograph; their FDI notation (tooth number) are as
shown in Table 5.5.
Table 5.5. Combination of right/left teeth analysed and their FDI notation.
Tooth/
Side
Right
Left

Central
incisor
11
21

Maxillary
Lateral
Second
incisor
premolar
12
15
22
25

Mandibular
Lateral
incisor
42
32

Canine
43
33

First
premolar
44
34

5.2.2. Visualisation and Assessment
(i) OsiriX
All anonymised MDCT images were received in DICOM format and were reconstructed
using OsiriX version 4.1.1. (Pixmeo SARL, available at https://www.osirix-viewer.com)
Visualisation of the teeth was performed using three-dimensional curved multiplanar
reformatting (3D Curved MPR); the resulting images are two- (2D) as opposed to threedimensional.
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An axial view was used to orientate the tooth into a standardised position to facilitate
examination in the coronal and sagittal planes. The contrast and brightness settings were
then optimised to enhance the quality of each individual original image. The tooth was
rotated so that its long axis was vertical to ensure that each measurement was taken in a
straight line, as described in Kvaal et al. (1995).
In the CT reconstruction a curved MPR allows the dental analysis to be undertaken in any
plane, including that most similar to the typical OPG (e.g., coronal view) (Brough et al.
2014). The mesio-distal measurements (coronal view) were performed as follows: (i)
level A is located at the ECJ (enamel-cementum junction); (ii) level C is located halfway
between level A and the root apex; and (iii) level B is located halfway between levels A
and C. As the present study is amongst the few studies to apply the Kvaal method in CT
scans, bucco-lingual measurements were also acquired (sagittal plane) to determine
whether there is any significant difference in measurements taken from the coronal and
sagittal planes. An example of all parameters in a MDCT scan visualised in OsiriX is
shown in Figure 5.3.
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Tooth
Length
(T)

Pulp
Length
(P)

Root
Length
(R)

Tooth
Width

Pulp
Width

SAGITTAL VIEW

CORONAL VIEW

Figure 5.3. Computed tomographic measurements in the central incisor from sagittal
and coronal views using OsiriX (FOR000935). Images are not of equal scale.
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ImageJ

The dental OPGs obtained in the present study were received in JPEG format and were
viewed using ImageJ (developed by the National Institute of Health USA). The necessary
length and width dimensions were measured using the ‘line tool’ to determine the
following: tooth length (T); pulp length (P); root length (R); root width (A, B, and C);
and pulp width (A’, B’, and C’). Instead of recording data as pixels (default),
measurement units were set to millimetre (mm) using the ‘set scale’ function. The scale
was manually set for each individual image, and while there may be a small variation in
scale between the repeat measurement of the images, any differences in scaling were
removed when all measurements were converted to ratios, thus standardising the data. An
example of all parameters in a dental OPG as visualised in ImageJ (with an example on
maxillary canine) is presented in Figure 5.4.

C
B
A

R
P
T

Figure 5.4. Orthopantomographic measurements using ImageJ (INT000842).
T = tooth length; P = pulp length; R = root length; A = the level of the cemento-enamel
junction; B = midpoint between levels A and C; and C = mid-root level between the
cemento-enamel junction and root apex.
5.2.3. Statistical Analyses
Dental ratios, intra-observer agreement, descriptive statistics and regression analyses
were calculated using Microsoft® Office Excel and IBM SPSS Statistics (version 25.0)
and are outlined below.
(i)

Dental Ratios

The ratio values for the pulp/root length (P); tooth/root length (T); pulp/tooth length (R);
and root width/pulp width ratios at the three levels (A, B and C) were calculated. Those
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values were then used to determine “M”, “W”, and “L”, as shown in Table 5.6. The M
and W-L values were used in subsequent multiple regression analyses to formulate the
age prediction models.
Table 5.6. Definition of the age estimation predictors.
Indicator
M
W
L
W-L
(ii)

Description
Mean value of all ratios except for T (tooth/root length)
Mean value of width ratios from levels B and C
Mean values of length ratios P (pulp/root length) and R (pulp/tooth
length)
Difference between W and L

Precision Test

It is essential to quantify observer error prior to statistical analysis as some degree of
subjective CT and radiologic interpretations are present due to image format compression
(e.g., TIFF to JPEG) (Yasar et al. 2012) and the visibility of the different anatomical
structures and image noise (e.g., MSCT and CBCT) (Liang et al. 2010). High levels of
measurement error in morphometric data can compromise the results of univariate and
multivariate statistical methods, including correlation and regression (Weinberg et al.
2005). In the present study, all measurements were acquired by a single observer (the
PhD candidate, SH). Because two different digital modalities were used in this study (i.e.,
MDCT and OPGs), each of which requiring different measuring software, a precision test
was performed for each.
Statistical quantification of intra-observer agreement was performed using 4x4 precision
studies. Four CT images (three male; one female) and four OPGs (three male; one female)
aged between 18 and 32 years (mean 24.63 years; SD ±4.27 years) were selected for the
precision test. The upper central incisor, lateral incisor, second premolar, lower lateral
incisor, canine and first premolar were measured on four separate occasions, with a
minimum of one day between each re-assessment to minimise observer recall. Interobserver agreement was not performed due to interpretation differences (Paewinsky et al.
2005) and time constraint. Measurement error was then statistically quantified using the
technical error of measurement (TEM), relative technical error of measurement (rTEM)
and coefficient of reliability (R) (see below).
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Technical Error of Measurement (TEM)
TEM is the quantification of the amount of variation between repeated measurements of
the same object to statistically verify accuracy (Ulijaszek & Lourie 1994; Perini et al.
2005; Harris & Smith 2009). In other words, the TEM is defined as the standard deviation
of repeated measures taken independently of one another on the same object (Knapp
1992). The formula to calculate TEM is:
TEM = √∑D2/xN
where D = the difference between measurements, x = the number of
replicates, and N = sample size.

Relative Technical Error of Measurement (rTEM)
The rTEM is calculated to express the error as a percentage corresponding to the total
measurement average. The rTEM provides an estimation of the magnitude of error
relative to measurement size (Goto & Mascie-Taylor 2007). For this purpose, the variable
average value (VAV) is calculated, which is the arithmetic mean of each repeat
measurement in each tooth. Smaller rTEM values (<5%) indicate precise measurements
(Reynolds et al. 2008). The rTEM values are analogous to the coefficient of variation and
represent an estimate of error relative to measurement size (Weinberg et al. 2005). The
formula for calculating rTEM is:
rTEM = TEM/VAV x 100
where VAV = variable average value.

Coefficient of Reliability (R)
The R value is the amount of repeated measurement variation or proportion of total
measurement variance, that is not due to measurement error (Reynolds et al. 2008).
Values can range from 0 to 1, where 0 indicates that all variations between subjects is
attributed to measurement error. As R expresses the proportion of the between-subject
variance that is free from measurement error, a value of 1 indicates that 100% of the
variance is due to factors unrelated to measurement error (Mueller & Martorell 1988;
Ulijaszek & Lourie 1994). A higher R-value thus indicates greater measurement
precision, with values greater than 0.75 considered precise (e.g., Ward & Jamison 1991;
Weinberg et al. 2005). The formula for calculating the coefficient of reliability is:
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R = 1 – (TEM2/S2)
where S2 = Inter-subject variance.

(iii) Data Normality
The simple regression method that is used to develop age estimation standards is known
to produce results that are sensitive to age distributions of the reference sample (i.e., age
mimicry) (Usher 2002; Boldsen et al. 2002; Milner et al. 2008). Age mimicry is a
phenomenon in which the structure of estimated ages using a particular technique on a
target skeletal sample is biased “toward,” or resembles, the age structure of the reference
sample in which the method was developed (Bocquet-Appel & Masset 1982; Jackes 1985,
1992, 2002; Masset 1989; Konigsberg & Frankenberg 1994; Hoppa & Vaupel 2002;
Boldsen et al. 2002). In addition, normality of the age distribution needs to be obtained
prior to any descriptive or inferential statistics to establish the applicability of parametric
or non-parametric statistics (Ghasemi & Zahediasl 2012; Field 2012; Pallant 2013).
Central Limit Theorem
In large data sets, most statistical methods rely on the Central Limit Theorem (Lumley et
al. 2002). According to the Linderberg-Feller Central Limit Theorem, if Y1, Y2, … Yn are
a large collection of independent random variables with variances s21, s22, … s2n, the
average:

The mean value is approximately normally distributed, with mean equal to the average of
the means of the Ys and variance equal to the average of their variances, under two
conditions: (i) the variance of any single observation is small compared to the sum of the
variances; and (ii) the number of outcomes that are extreme outliers, more than √𝑛
standard deviations away from their mean, is small (Lumley et al. 2002).
Central Limit Theorem states that as the sample size increases, the distribution of that
mean rapidly converges to the normal distribution (Müeller et al. 2002; Biau 2011;
Ghasemi & Zahediasl 2012; Field 2012). According to the theorem: (i) if the sample data
are approximately normal then the sampling distribution too will be normal; (ii) in large
samples (>30 or 40), the sampling distribution tends to be normal, regardless of the
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distribution shape of the data (Field 2012); and (iii) means of random samples from any
distribution will themselves have normal distribution (Altman & Bland 1995).
In assessing normality, it is also important to consider this statement from Ghasemi and
Zahediasl (2012:1): “With large enough sample sizes, the violation of the normality
assumption should not cause major problems; this implies that we can use parametric
procedures even when the data are not normally distributed. If we have samples consisting
of hundreds of observations, we can ignore the distribution of the data”. It is this normal
distribution of an average that underlies the validity of the t-test and linear regression
(Lumley et al. 2002), so that the errors in the regression models subsequently developed
are normally distributed (Field 2012).
The sample size, however, relates to the differences in variance and the prevalence of
extreme outliers; thus it is important to ascertain whether data show a serious deviation
from normality (Lumley et al. 2012; Ghasemi & Zahediasl 2012). Therefore, in the
present study, normality testing was also performed using the Kolmogorov-Smirnov
statistics, in conjunction with visual inspection of histograms and Normal Q–Q plots, and
skewness and kurtosis values (Field 2012), to cross-check for variance and extreme
outliers (see below).
Visual Inspection of the Histogram
Visual inspection of the age distribution histogram is used to assess age distribution and
normality. Ideally, the data would be distributed symmetrically around the centre of all
scores and characterised by a bell-shaped curve, which implies that the majority of the
scores lie around the centre of the distribution (Field 2012; Pallant 2013).
Visual Inspection of the Normal Q-Q Plot
A Normal Q–Q (quantile-quantile) plot is a graphical method for comparing two
probability distributions by plotting their quantiles (instead of every individual score in
the data) against each other, where the observed values are plotted exactly along the
straight diagonal line of the expected values in a sample with a normal distribution (Field
2012; Pallant 2013).
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Skewness and Kurtosis
Skewness is the measure of the symmetry of a distribution. Positive values of skewness
indicate that data are skewed to the left of the distribution (left tail is long relative to the
right tail), whereas negative values indicate that data are skewed to the right (right tail is
long relative to the left tail) (Pallant 2013). Values falling outside the range of -1 and +1
indicate a substantially skewed distribution (Field 2012; Pallant 2013). Kurtosis is the
measure of peakness or flatness of a distribution when compared with a normal
distribution. A positive value indicates a relatively peaked distribution and a negative
value indicates a relatively flat distribution (Pallant 2013).
In a normal distribution, the values of skewness and kurtosis are 0. If a distribution has
values of skewness and kurtosis above or below 0, then this indicates a deviation from
normal (Field 2012). The values of skewness and kurtosis are converted to Z-scores by
subtracting the mean of the distribution (in this case zero) and then dividing by the
standard deviation of the distribution (standard error), according to the following formula:
ZSkewness =

S−0
SESkewness

ZKurtosis =

K−0
SEKurtosis

where S = Skewness, K = Kurtosis, and SE = standard error.

Z-scores with an absolute value greater than 1.96 is significant at p<0.05; above 2.58 is
significant at p<0.01; and absolute values above about 3.29 are significant at p<0.001
(Field 2012). It is important to also note that with a relatively large sample (>200),
skewness will not make a substantive difference in the analysis and the risk of
underestimating the variance in kurtosis is reduced (Tabachnick & Fidell 2013).
Kolmogorov-Smirnov Test of Normality
The Kolmogorov-Smirnov test of normality is used to assess the age distribution of the
study sample. This test quantifies the difference of the standard deviation (SD)
distributions by determining the largest distance between the cumulative distributions of
the two evaluated sources of variability. If the test is non-significant (p>0.05), the
distribution of the sample is not significantly different from a normal distribution (i.e., it
is normal). If, however, the test is significant (p<0.05) then the distribution in question is
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significantly different from a normal distribution (i.e., it is non-normal) (Field 2012;
Pallant 2013).
(iv) Descriptive Statistics
Descriptive analyses are used to summarise the mean, 95% confidence interval (CI), SD
and range values for all dental ratios except for tooth-to-root length (M) in each type of
tooth in the pooled and individual sex samples examined in the present study. These
details are used to describe sample characteristics.
(v)

Simple Linear Correlation

Correlation is used to describe the strength and direction of the linear relationship
between two continuous variables. The correlation coefficient is measured on a scale from
-1 to +1. When the correlation between the two variables is perfect, the correlation
coefficient is expressed either by -1 or +1; 0 indicates that the two variables are
completely uncorrelated (Field 2012; Pallant 2013). The correlation coefficient is positive
when an increase in the independent variable results in an increase in the dependent
variable. It is negative when an increase in the independent variable results in a decrease
in the dependent variable. The relationship between two variables is generally
considered strong when their r value is larger than 0.7. Interpretation of these values
according to Cohen (1988) are as follows:
small correlation
medium correlation
large correlation

r = 0.10 to 0.29
r = 0.30 to 0.49
r = 0.50 to 1.0

Method validity focuses on the predictive values of age indicators, in which the accuracy
of any given assessment is illustrated by a strong correlation between a skeletal feature
and chronological age (Kemkes-Grottenthaler 2002). This information can be extended
to estimate the age of unknown individuals of similar sex and/or ancestry. In the present
study, the degree of linear association between chronological age and the various Kvaal
dental ratios calculated were assessed using the correlation coefficient.
(vi)

Linear Regression Analysis

Correlation is used to measure the size and direction of the linear relationship between
two variables (see above). A regression analysis, however, focuses on the relationship
between one dependent variable and one (or more) independent variable(s). Multiple
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linear regression is the appropriate method of analysis when the research problem
involves a single metric dependant variable presumed to be related to two or more metric
independent variables (Hair et al. 2010). In multiple regression models, more than one
independent variables are used to predict the dependent variable. The multiple regression
formula (Hair et al. 2010; Field 2012; Pallant 2013) is defined as:
y = a + β1x1 + β2x2 + ………. + βnxn (± SEE)
where y = predicted value of dependent variable (chronological age), a = constant,
β1 = regression coefficient for first independent variable, x1 = value of the first
independent variable, β2 = regression coefficient for second independent variable,
x2 = value of the second independent variable, βn = regression coefficient for the ‘n’th
independent variable, xn = value of the ‘n’th independent variable, and SEE =
Standard Error of the Estimate.

The output of the regression analysis consists of the standard error of estimate (SEE) and
coefficient of determination (R2). The SEE is a measure of the variation in the predicted
values that can be used to develop confidence intervals around any predicted values (Hair
et al. 2010). The SEE determines the amount of accuracy in the estimation of the
dependent value (i.e., chronological age). Thus, when the correlation coefficient between
the two variables is higher, the SEE will be lower. The R2 value is the proportion of
variation in the dependent variable that is explained by the regression model and is
expressed on a scale of 0 to 1. Higher values indicate that the model explains most of the
variation in y and 0 indicates that the model does not explain any variation in y (Hair et
al. 2010; Pallant 2013).
In the present study, the M and W-L values (independent variables) calculated for each
tooth were used to predict the chronological age of individuals (dependent variable).
Tooth-specific and combined teeth multiple regression equations were produced for the
Malaysian population as follows: (i) the three maxillary teeth with averaged M and W-L
values (2 predictors); (ii) the three maxillary teeth with averaged M and W-L values (2
predictors); and (iii) all six teeth with averaged M and W-L values (2 predictors).
(vii) Polynomial Regression Analysis
Polynomial regression is a specialised type of linear regression in which the data do not
conform to (or cannot be accurately predicted by) a straight line of best fit, and instead
require a curved line to more accurately predict variable values (Field 2012). Non-linear
(or curvilinear) relationships require at least two predictor variables (x; independent
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variable) with a single dependent variable (y), where successive x power values within
the model represent each respective predictor variable, as shown in Figure 5.5.

Figure 5.5. Linear, quadratic, cubic and quartic trends (from Field 2012).
A linear trend is known as a first-order polynomial; a quadratic trend is known as a
second-order polynomial; a cubic trend is known as a third-order polynomial; and a
quartic trend is known as a fourth-order polynomial. A quadratic trend is where there is
one change in the direction of the line (e.g., the line is curved in one place). A cubic trend
is where there are two changes in the direction of the trend (e.g., the mean of the
dependent variable at first goes up across the several first data of the independent variable,
then across the succeeding categories the means go down, but then across the several last
data the means rise again) (Field 2012). The power of x (represented by p in the equation)
is referred to as the degree of the polynomial and determines the overall shape of the
model (e.g., quadratic, cubic, quartic) (Field 2012; Pallant 2013):
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E (y) = α + β1x + β2x2 + … + βpxp (± SEE)
where y = predicted value of dependent variable (chronological age),
a = constant, β1 = regression coefficient for x, x = the independent variable, β2 =
regression coefficient for x2, βp = regression coefficient for the xp, p = the power of x,
and SEE = Standard Error of the Estimate.

In the present study, polynomial regression was also utilised to examine the relationship
between actual (y) and estimated age for averaged M (successive x) values on the basis
that growth and aging is a smooth, continuous process when based on incremental
continuous function (Bogin 1999; Hospie & Roelants 2012).
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6.1.

Introduction

The purpose of the present study is as follows: (i) to examine the correlation between
Kvaal’s dental ratios and chronological age; and (ii) to develop age estimation formula
as a function of the quantification of secondary dentin formation.
This chapter outlines the results of the age estimation models developed following Kvaal
et al. (1995) based on the analyses of 262 MDCT scans and 456 dental OPGs from a
Malaysian population, as previously described in Chapter Five. This chapter first presents
the results of the precision analysis that quantifies intra-observer agreement of each
imaging modality. Thereafter, data normality, descriptive statistics of mean values of all
dental ratios (except tooth/root length – M), and simple linear correlation between the
Kvaal dental ratios and chronological age are presented. Regression analyses were
performed to evaluate the relationship between chronological age and pulp chamber size
by regressing the Kvaal dental ratios against chronological age. This resulted in statistical
models for dental age estimation. The predictive accuracy of the models were then
evaluated based on the values of the standard error of the estimate (SEE).
6.2.

Intra-Observer Agreement

The results of the individual precision analyses on the dental measurements performed
on MDCT scans and dental OPGs are accordingly outlined below.
6.2.1. MDCT Scans
Visualisation of the teeth using 3D curved multiplanar reformatting (MPR) facilitated
tooth examination in the coronal and sagittal planes. As the present study is amongst only
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a few to-date performed using MDCT images, measurements were taken in both sagittal
and coronal planes to compare if there is any difference in those measurement values and
determine which is most suitable for subsequent statistical analysis.
(i)

MDCT – sagittal plane

The results of the precision analysis for the maxillary and mandibular measurements
taken from the sagittal plane in the MDCT scans are shown in Table 6.1 and 6.2,
respectively. The technical error of measurement (TEM) values for all variables were less
than 1.0; the overall mean for the maxillary measurements was 0.152, and for their
mandibular counterparts it was 0.145. The smallest TEM value for the maxillary
measurements was pulp width at level A of the central incisor (0.043); whereas for the
mandibular measurements it was pulp width at level C of the canine (0.046). The highest
TEM value for the measurement of pulp length was the maxillary central incisor (0.468).
For the mandibular measurements, the highest TEM value was pulp length of the canine
(0.441). The coefficient of reliability (R) values were between 0.852 and 0.996, with the
overall mean values for maxillary and mandibular measurements of 0.945 and 0.960,
respectively. The relative technical error of measurement (rTEM) values were all less
than 5%, with an overall mean of 2.474% for the maxillary, and 2.620% for the
mandibular, measurements.
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Table 6.1. Precision of measurement (TEM, rTEM, R) for the MDCT maxillary
measurements (taken from the sagittal plane).
Tooth
(FDI)
11/21

Sagittal

12/22

Sagittal

15/25

Sagittal

Plane

†

Measurement

TEM

rTEM

Reliability (R)

T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
Mean Value

0.359
0.468
0.230
0.138
0.043
0.199
0.085
0.127
0.029
0.281
0.394
0.325
0.069
0.051
0.211
0.054
0.079
0.047
0.242
0.132
0.108
0.052
0.117
0.064
0.088
0.049
0.059
0.152

1.58
2.70
1.91
2.31
1.71
4.03
4.71
2.91
2.37
1.28
2.35
2.21
1.25
2.12
4.34
2.85
1.85
3.23
1.29
0.99
0.89
0.97
4.87
1.48
4.54
1.39
4.67
2.474

0.962
0.945
0.964
0.926
0.896
0.852
0.923
0.942
0.879
0.977
0.962
0.996
0.979
0.920
0.866
0.943
0.976
0.977
0.913
0.981
0.885
0.996
0.967
0.995
0.964
0.996
0.942
0.945

†

Key to measurements: (T) tooth length; (P) pulp length; (R) root length; (RW) root width; (PW) pulp
width; (A) level of the cemento-enamel junction; (C) midpoint between the ECJ and root apex; (B) midpoint
between levels A and C.
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Table 6.2. Precision of measurement (TEM, rTEM, R) for the MDCT mandibular
measurements (taken from the sagittal plane).

†

Tooth
(FDI)
32/42

Sagittal

33/43

Sagittal

34/44

Sagittal

Plane

†

Measurement

TEM

rTEM

Reliability (R)

T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
Mean Value

0.197
0.246
0.118
0.129
0.078
0.080
0.069
0.106
0.025
0.263
0.441
0.231
0.150
0.093
0.093
0.072
0.075
0.046
0.302
0.248
0.348
0.075
0.072
0.067
0.088
0.150
0.054
0.145

1.03
1.63
1.10
2.84
3.76
1.93
4.07
2.82
1.98
1.24
2.64
1.77
2.80
3.96
1.92
3.59
1.79
3.01
1.54
1.58
2.67
1.58
3.36
1.75
4.87
4.72
4.78
2.620

0.918
0.944
0.946
0.966
0.852
0.988
0.938
0.983
0.942
0.989
0.952
0.983
0.984
0.932
0.994
0.977
0.996
0.987
0.979
0.980
0.876
0.993
0.974
0.993
0.947
0.963
0.956
0.960

Key to measurements shown in Table 6.1.

(ii)

MDCT – coronal plane

The results of the precision analysis for the maxillary and mandibular measurements
taken from the coronal plane in the MDCT scans are shown in Table 6.3 and 6.4,
respectively. The TEM values for all variables were less than 1.0; the overall mean for
the maxillary measurements was 0.129, and for their mandibular counterparts it was
0.170. The smallest TEM value for the maxillary measurements was for pulp width at
level B of the lateral incisor (0.024); whereas for the mandibular measurements it was
pulp width at level C of the first premolar (0.020). The highest TEM value for the
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measurement of tooth length was for the maxillary canine (0.480). For the mandibular
measurements, the highest TEM was for tooth length of the first premolar (0.487). For
the maxillary measurements, the R values ranged from 0.850 and 0.987 (overall mean
0.936); whereas for the mandibular measurements, the values ranged between 0.858 and
0.997 (overall mean 0.969). The rTEM values were all less than 5%, with an overall mean
of 2.812% for the maxillary, and 3.250% for the mandibular, measurements.
Table 6.3. Precision of measurement for the MDCT maxillary measurements (taken
from the coronal plane).

†

Tooth
(FDI)
11/21

Coronal

12/22

Coronal

15/25

Coronal

Plane

†

Measurement

TEM

rTEM

Reliability (R)

T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
Mean Value

0.188
0.249
0.168
0.082
0.068
0.099
0.075
0.106
0.047
0.227
0.135
0.105
0.066
0.051
0.051
0.024
0.081
0.019
0.480
0.383
0.350
0.092
0.070
0.088
0.083
0.043
0.050
0.129

2.10
3.93
2.94
1.76
4.15
2.21
4.89
2.73
4.05
2.70
2.33
2.05
1.71
3.23
1.37
1.61
2.37
1.86
2.99
3.44
3.63
1.90
3.51
2.16
4.77
1.27
4.27
2.812

0.986
0.917
0.974
0.952
0.925
0.933
0.855
0.867
0.850
0.965
0.908
0.959
0.934
0.959
0.961
0.959
0.942
0.967
0.971
0.976
0.961
0.856
0.944
0.923
0.874
0.987
0.959
0.936

Key to measurements shown in Table 6.1.
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Table 6.4. Precision of measurement for the MDCT mandibular measurements (taken
from the coronal plane).

†

Tooth
(FDI)
32/42

Coronal

33/43

Coronal

34/44

Coronal

Plane

†

Measurement

TEM

rTEM

Reliability (R)

T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
Mean Value

0.407
0.292
0.318
0.166
0.069
0.149
0.053
0.085
0.019
0.401
0.292
0.347
0.178
0.087
0.120
0.081
0.043
0.057
0.487
0.320
0.206
0.149
0.087
0.057
0.056
0.054
0.020
0.170

3.52
3.06
3.94
4.29
4.36
4.38
3.93
2.77
2.28
2.50
2.34
3.58
3.67
4.61
2.70
4.72
1.16
4.90
3.47
3.02
2.43
3.28
4.34
1.42
3.44
1.45
2.20
3.250

0.989
0.994
0.991
0.985
0.935
0.983
0.972
0.993
0.869
0.990
0.991
0.985
0.970
0.926
0.986
0.942
0.997
0.939
0.984
0.990
0.996
0.983
0.958
0.998
0.975
0.997
0.858
0.969

Key to measurements shown in Table 6.1.

As the MDCT images can be viewed in sagittal and coronal planes, a paired-sample t-test
was performed to compare the calculated pulp/tooth width ratios from sagittal and coronal
planes. There was no significant difference in the value of any ratio for both planes: Level
A: t = 2.346NS, p = 0.019; Level B: t = -2.132NS, p = 0.033; and Level C: t = 0.626NS, p =
0.532. Accordingly, only the measurements taken from the sagittal plane are analysed
and presented herewith.
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6.2.2. Dental OPGs
The results of the precision analysis for the measurements acquired in the dental OPGs
are shown in Tables 6.5 and 6.6. The TEM values for all variables were less than 1.0; the
overall mean for the maxillary and mandibular measurements was 0.095 and 0.081,
respectively. The smallest TEM value for the maxillary measurements was for pulp width
at level C of the central incisor (0.026), whereas for the mandibular measurements it was
pulp width at level B of the canine (0.025). The highest TEM value was for tooth length
in the maxillary central incisor (0.186). For the mandibular measurements, the highest
TEM value was for tooth length of the central incisor (0.198). For the maxillary
measurements, the R values ranged from 0.704 to 0.997 (overall mean 0.954), whereas
for mandibular measurements, the values were 0.805 to 0.999 (overall mean 0.961). The
rTEM values were all less than 5%, with an overall mean of 2.0% for the maxillary and
1.77% for the mandibular, measurements.
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Table 6.5. Precision of measurement for the OPGs maxillary measurements.
Tooth
(FDI)
11/21

12/22

15/25

†

†

Measurement

TEM

rTEM

Reliability (R)

T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
Mean Value

0.186
0.121
0.154
0.069
0.059
0.100
0.035
0.051
0.026
0.133
0.180
0.174
0.059
0.074
0.053
0.046
0.107
0.038
0.223
0.122
0.139
0.106
0.051
0.105
0.048
0.073
0.037
0.095

0.70
0.61
0.91
1.09
2.85
1.76
2.20
1.01
2.18
0.52
0.93
1.04
1.18
4.68
1.15
3.73
2.60
4.03
0.92
0.67
0.91
1.84
3.31
2.20
4.80
1.72
4.48
2.00

0.993
0.989
0.987
0.990
0.966
0.964
0.993
0.996
0.988
0.997
0.990
0.990
0.973
0.962
0.915
0.973
0.844
0.974
0.974
0.982
0.987
0.964
0.914
0.924
0.704
0.979
0.942
0.954

Key to measurements shown in Table 6.1.
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Table 6.6. Precision of measurement for the OPGs mandibular measurements.
Tooth
(FDI)
32/42

33/43

34/44

†

†

Measurement

TEM

rTEM

Reliability (R)

T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
T
P
R
RW (Level A)
PW (Level A)
RW (Level B)
PW (Level B)
RW (Level C)
PW (Level C)
Mean Value

0.198
0.172
0.129
0.047
0.041
0.048
0.046
0.049
0.035
0.164
0.164
0.121
0.038
0.041
0.025
0.027
0.028
0.033
0.207
0.193
0.124
0.045
0.045
0.043
0.039
0.050
0.031
0.081

0.83
0.92
0.81
1.00
3.68
1.22
4.99
1.39
4.71
0.60
0.75
0.65
0.65
3.04
0.46
2.39
0.56
3.69
0.86
1.01
0.77
0.76
3.31
0.84
3.37
1.22
3.24
1.77

0.981
0.988
0.997
0.945
0.953
0.954
0.883
0.981
0.864
0.987
0.969
0.987
0.998
0.933
0.999
0.805
0.998
0.845
0.977
0.970
0.995
0.997
0.986
0.998
0.984
0.997
0.984
0.961

Key to measurements shown in Table 6.1.

6.3. Data Normality
Data acquired from both MDCT scans and dental OPGs were pooled for further statistical
analysis. Pooling of the sample is based on the premise that the Kvaal method utilises 2D
linear measurements (acquired in the present study from both OPGs and MPR
views/reconstructions in CT scans) that are then converted to ratios that are thus scale
invariant. The acquisition of such measurements is well accepted and established in the
literature (e.g., Bassed & Hill 2009; Bassed et al. 2011; Brough et al. 2012, 2014;
Penaloza et al. 2016; Akay et al. 2017; Nguyen et al. 2018).
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The accuracy and reliability of measurements taken in dental CT is comparable to typical
OPGs (Brough et al. 2014); accuracy is the degree of error in a measurement as calculated
from the true value (Youden 1998) and reliability is the degree to which a method
produces the same results when used at different times (Adams & Byrd 2002). The
pooling of the sample is further justified by the results for the precision test showing high
agreement values for measurements taken from MDCT and OPGs and no significant
difference in their error values (see above).
The total sample of the present study comprised 718 individuals, hence Central Limit
Theorem can be applied; however, data normality was further assessed to examine
differences in variance and the prevalence of extreme outliers (if any) (see Chapter Five
Section 5.2.3(iii)). Unless otherwise stated, all analyses were performed in the pooledancestry sample. The results for the assessment of the histogram and Normal Q-Q plots,
skewness and kurtosis, Kolmogorov-Smirnov test of normality, and the application of the
Central Limit Theorem, are outlined below.
6.3.1. Visual Inspection of the Histogram and Normal Q-Q Plot
Testing the assumption of normality of the sample age distribution was performed in the
individual and pooled-sex samples. Figure 6.1 shows histograms for age distribution in
the pooled and individual-sex samples, while Figure 6.2 shows the Normal Q-Q plots for
age distribution in the same samples. Visual inspection based on histograms demonstrate
that the age data did not follow a normal distribution as they are positively skewed with
larger concentrations at the lower end of the age distribution (Figure 6.1). All of the
Normal Q-Q plots follow the line of the expected values of normal distribution, showing
some degree of deviation from normality, where the distribution has less data in the centre
of the distribution, hence has fatter tails than expected for a normal distribution (Figure
6.2).
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Figure 6.1. Histograms for age distribution in the pooled-sex sample (top), males
(middle) and females (bottom).
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Figure 6.2. Normal Q-Q plots for age distribution in the pooled-sex sample (top), males
(middle) and females (bottom).
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6.3.2. Skewness and Kurtosis
The values for skewness (standard error – SE) and kurtosis (SE) for the pooled-sex sample
are 0.763 (0.091) and -0.421 (0.182). The corresponding data in males are 0.799 (0.123)
and -0.307 (0.245), respectively. In females, the values are 0.721 (0.136) and -0.558
(0.271). These statistics suggest normal age distributions. The Z-scores of skewness in
the pooled and individual sex samples are 8.385, 6.496 (male) and 5.301 (female),
respectively, indicating a significant positive skew. The kurtosis Z-scores are: -2.313 for
the pooled-sex sample; -1.253 for the male sample; and -2.059 for the female sample.
These Z values indicate significant kurtosis (p<0.05); however, this is expected in a large
sample (>200) (Field 2012).
6.3.3. Kolmogorov-Smirnov Test of Normality
The Kolmogorov-Smirnov test of normality demonstrated that the actual age distribution
in all samples were all significantly non-normal, as shown in Table 6.7.
Table 6.7. Kolmogorov-Smirnov test of normality for the total sample.
Sample
Pooled-sex
Male
Female

KS Statistic
0.137
0.131
0.145

Df
718
396
322

p
<0.001
<0.001
<0.001

6.3.4. Central Limit Theorem
Since the sample used in the present study is large (396 male; 322 female), the mean of
the sample is more likely to represent a normal distribution, even when the sample itself
is not independent. This is because normality tests in large datasets are often overpowered and give significant results (Field 2012; Ghasemi & Zahediasl 2012), and is
known as the Central Limit Theorem (see Chapter Five Section 5.2.3(iii)). Therefore,
parametric tests will be used for subsequent analysis, as they are more robust to deviations
with large datasets.
6.4. Statistical Analyses of the Malaysian Data
The following section describes the results of the statistical analyses of the Malaysian
data. It includes the descriptive statistics, simple linear correlation between the Kvaal
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dental ratios and chronological age, followed by the regression models formulated using
the M and W-L dental values.
6.4.1. Descriptive Statistics
The descriptive analyses summarise the mean, SD and range of the Kvaal mean value of
M (all dental ratios except for tooth/root length) in the pooled-sex sample for the
Malaysian population. The descriptive statistics according to age group and all teeth are
shown in Table 6.8.
Table 6.8. Descriptive statistics (in years) for the mean value for M (all dental ratios
except for tooth-to-root length) according to age group and all teeth in the Malaysian
sample.
Age (years)
16-19
20-29
30-39
40-49
50-59
60-69
70-80

N
695
1210
672
547
374
230
144

Mean
0.422
0.575
0.564
0.544
0.528
0.530
0.499

SD
0.072
0.076
0.073
0.069
0.060
0.067
0.067

Minimum
0.422
0.434
0.437
0.429
0.439
0.357
0.323

Maximum
0.806
0.807
0.816
0.725
0.721
0.732
0.786

6.4.2. Simple Linear Correlation
The correlation between chronological age and the Kvaal dental ratios was assessed using
the Pearson’s correlation coefficient (r); results are shown in Table 6.9.
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Table 6.9. Pearson’s correlation between chronological age and the Kvaal dental ratios†.
Tooth /
Ratio
P
T
R
A
B
C
M
W
L
W-L

11/21

12/22

15/25

32/42

33/43

34/44

-0.221**
-0.161**
-0.148**
-0.358**
-0.358**
-0.314**
-0.340**
-0.351**
-0.218**
-0.083*

-0.215**
-0.157**
-0.120**
-0.277**
-0.292**
-0.304**
-0.305**
-0.309**
-0.203**
-0.127**

-0.132**
-0.054NS
-0.026NS
-0.177**
-0.216**
-0.158**
-0.220**
-0.203**
-0.108**
-0.147**

-0.198**
-0.214**
0.030NS
-0.267**
-0.280**
-0.265**
-0.274**
-0.283**
-0.163**
-0.178**

-0.196**
-0.214**
-0.005NS
-0.200**
-0.246**
-0.254**
-0.239**
-0.258**
-0.153**
-0.182**

-0.172**
-0.240**
0.084NS
-0.167**
-0.244**
-0.231**
-0.222**
-0.254**
-0.083*
-0.223**

†

Key: (P) ratio between pulp and root length; (T) ratio between tooth and root length; (R) ratio between
pulp and tooth length; (A) ratio between pulp and root width at enamel-cementum junction (Level A); (B)
ratio between pulp and root width at midpoint between Level A and Level C (Level B); (C) ratio between
pulp and root width at mid-root level (Level C); (M) mean value of all ratios; (W) mean value of width
ratios from levels B and C; (L) mean value of P/R and P/T ratios.
Significance: *p<0.05; **p<0.01; NS: Not significant

A negative and (generally) significant correlation between age and dental ratio was
demonstrated (r = -0.083 to -0.358). However, a non-significant correlation was found
between the age and R (pulp/tooth length) in all teeth (other than maxillary central and
lateral incisor), and between age and T (tooth/root length) in the maxillary canine.
6.4.3. Multiple Linear Regression
Age estimation models were formulated using the standard method, whereby the
independent variables (M and W-L values) were entered into the equations
simultaneously to predict age (dependent variable). In addition to tooth-specific models,
regression equations were also formulated for the same tooth combinations outlined in
Kvaal et al. (1995).
(i)

Regression models for the pooled-sex sample

Multiple regression models for estimation of chronological age were developed
collectively for the pooled-sex sample, as shown in Table 6.10.
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Table 6.10. Multiple regression models for estimation of chronological age (in years)
from single and multiple teeth (pooled-sex sample).
n

11/21

617

0.372 0.138

12/22

636

0.315 0.099

15/25

575

0.225 0.050

32/42

673

0.288 0.083

33/43

696

0.248 0.061

34/44

669

0.244 0.060

3 maxillary
teeth
3 mandibular
teeth
6 teeth
†

R

R2

Tooth (FDI)

1830 0.303 0.092
2040 0.259 0.067
3871 0.278 0.077

Equation†
Age = 53.957– 73.111(M)
– 28.726(W-L)
Age = 58.587 – 63.081(M)
– 14.887(W-L)
Age = 65.538 – 55.874(M)
+ 2.466(W-L)
Age = 49.632 – 49.946(M)
– 18.317(W-L)
Age = 47.634 – 40.701(M)
– 14.716(W-L)
Age = 35.498 – 29.278(M)
– 21.737(W-L)
Age = 59.266 – 60.435(M)
– 11.542(W-L)
Age = 45.893 – 41.328(M)
– 17.001(W-L)
Age = 51.618 – 49.700(M)
– 14.831(W-L)

SEE
(± years)
14.345
14.470
14.471
15.444
16.030
15.340
14.466
15.603
15.097

Key to measurements shown in Table 6.9.

The most accurate model was for the maxillary central incisor (SEE ±14.345 years),
followed closely by the maxillary lateral incisor (SEE ±14.470 years). The least accurate
model was for the mandibular canine (SEE ±16.030 years). The results of the regression
analyses indicate that models formulated for the three maxillary teeth were slightly more
accurate (SEE ±14.466 years) compared to the three mandibular teeth (SEE ±15.603
years) by 1.14 years.
The results demonstrated large variations of age as reflected by the SEE of ±14.345 to
16.030 years. Even though the original Kvaal method is non-sex and non-ancestry
specific, regression models for individual sex and ancestral groups are developed in order
to investigate whether in the Malaysian population, sex and ancestry parameters
contribute measurable bias to the age estimates (see below).
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Regression models for individual-sex samples

Multiple regression models for estimation of chronological age are developed separately
for males and females, as shown in Tables 6.11 and 6.12, respectively.
Table 6.11. Multiple regression models for estimation of chronological age (in years)
from single and multiple teeth in males.
Tooth (FDI)

n

R

R2

11/21

311

0.626

0.391

12/22

354

0.304

0.092

15/25

324

0.256

0.065

32/42

377

0.387

0.083

33/43

387

0.230

0.053

34/44

372

0.230

0.053

839

0.251

0.063

1138

0.249

0.062

1978

0.252

0.063

3 maxillary
teeth
3 mandibular
teeth
6 teeth
†

Equation†
Age = 129.280 – 141.193(M)
+ 7.871(W-L)
Age = 66.771 – 61.112(M)
– 3.251(W-L)
Age = 89.962 – 776.838(M)
+19.900(W-L)
Age = 50.683 – 47.551(M)
– 16.382(W-L)
Age = 38.383 – 29.270(M)
– 19.441(W-L)
Age = 44.506 – 33.857(M)
– 13.757(W-L)
Age = 62.488 – 50.815(M)
– 1.534(W-L)

Age = 45.304 – 37.297(M)
– 15.800(W-L)
Age = 52.355 – 42.957(M)
– 10.289(W-L)

Key to measurements shown in Table 6.9.
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Table 6.12. Multiple regression models for estimation of chronological age (in years)
from single and multiple teeth in females.
Tooth (FDI)

n

R

R2

11/21

274

0.393

0.155

12/22

281

0.367

0.135

15/25

250

0.273

0.074

32/42

295

0.303

0.092

33/43

308

0.290

0.084

34/44

296

0.279

0.078

807

0.337

0.113

900

0.298

0.089

1708

0.318

0.101

3 maxillary
teeth
3 mandibular
teeth
6 teeth
†

Equation†
Age = 35.349 – 71.630(M)
– 51.029(W-L)
Age = 54.281 – 77.297(M)
– 29.813(W-L)
Age = 23.618 – 24.407(M)
– 31.845(W-L)
Age = 48.421 – 56.791(M)
– 23.303(W-L)
Age = 54.973 – 55.838(M)
– 14.827(W-L)
Age = 27.122 – 28.926(M)
– 31.715(W-L)
Age = 43.690 – 59.967(M)
– 31.041(W-L)
Age = 50.999 – 56.429(M)
– 19.952(W-L)
Age = 44.549 – 56.447(M)
– 27.826(W-L)

SEE
(± years)
13.922
13.977
14.157
15.085
15.789
15.093
14.056
15.295
14.721

Key to measurements shown in Table 6.9.

The most accurate model was for the maxillary central incisor in both sexes (male: SEE
±11.525 years; female: SEE ±13.922 years). The least accurate model in both sexes was
for the mandibular canine (male: SEE ±16.196 years; female: SEE ±15.789 years). A
similar relationship was observed for both male and female samples, where the models
formulated for the three maxillary teeth are slightly more accurate (male: SEE ±14.589
years; female: SEE ±14.056 years) compared to the three mandibular teeth (male: SEE
±15.787 years; female: SEE ±15.295 years) by 1.20 and 1.24 years in males and females,
respectively.
(iii)

Regression models for individual ancestral groups

Multiple regression models for estimation of chronological age are also developed for the
pooled-sex individual ancestral group (Malay, Chinese and Indian), as shown in Tables
6.13-6.15, respectively.
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Table 6.13. Multiple regression models for estimation of chronological age (in years)
from single and multiple teeth in Malay individuals (pooled-sex).
Tooth (FDI)

n

R

R2

11/21

282

0.516

0.266

12/22

280

0.467

0.218

15/25

253

0.390

0.152

32/42

283

0.437

0.191

33/43

289

0.413

0.171

34/44

283

0.384

0.148

817

0.462

0.213

856

0.409

0.167

1674

0.431

0.186

3 maxillary
teeth
3 mandibular
teeth
6 teeth
†

Equation†
Age = 69.318– 101.518(M)
– 27.066(W-L)
Age = 75.863 – 94.192(M)
– 12.043(W-L)
Age = 90.215 – 98.894(M)
+ 8.642(W-L)
Age = 72.079 – 83.565(M)
– 11.760(W-L)
Age = 75.183 – 79.761(M)
– 3.308(W-L)
Age = 86.882 – 88.749(M)
+ 7.421(W-L)
Age = 72.934 – 91.280(M)
– 13.259(W-L)
Age = 73.590 – 79.823(M)
– 5.596(W-L)
Age = 71.491 – 83.473(M)
– 10.232(W-L)

Key to measurements shown in Table 6.9.
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Table 6.14. Multiple regression models for estimation of chronological age (in years)
from single and multiple teeth in Chinese individuals (pooled-sex).
Tooth (FDI)

n

R

R2

11/21

211

0.254

0.064

12/22

227

0.159

0.025

15/25

209

0.076

0.006

32/42

260

0.216

0.047

33/43

272

0.127

0.009

34/44

256

0.193

0.037

649

0.137

0.019

790

0.168

0.028

1440

0.156

0.024

3 maxillary
teeth
3 mandibular
teeth
6 teeth
†

Equation†
Age = 38.766 – 55.220(M)
– 40.271(W-L)
Age = 30.088 – 21.813(M)
– 27.397(W-L)
Age = 52.159 – 23.903(M)
+ 3.275(W-L)
Age = 3.435 – 9.212(M)
– 52.482(W-L)
Age = 28.062 – 10.047(M)
– 23.172(W-L)
Age = 2.076 + 10.808(M)
– 41.814(W-L)
Age = 39.581 – 24.293(M)
– 15.683(W-L)
Age = 15.481 – 4.200(M)
– 34.546(W-L)
Age = 27.670 – 13.798(M)
– 24.956(W-L)

Key to measurements shown in Table 6.9.
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Table 6.15. Multiple regression models for estimation of chronological age (in years)
from single and multiple teeth in Indian individuals (pooled-sex).
Tooth (FDI)

n

R

R2

11/21

122

0.330

0.109

12/22

127

0.318

0.101

15/25

111

0.268

0.072

32/42

127

0.218

0.048

33/43

133

0.221

0.049

34/44

129

0.225

0.051

362

0.289

0.084

391

0.213

0.045

754

0.245

0.060

3 maxillary
teeth
3 mandibular
teeth
6 teeth
†

Equation†
Age = 18.031– 27.322(M)
– 41.888(W-L)
Age = 48.941 – 43.799(M)
– 12.540(W-L)
Age = 60.647 – 45.791(M)
+ 3.093(W-L)
Age = 45.503 – 26.285(M)
– 4.674(W-L)
Age = 16.225 – 4.933(M)
– 27.746(W-L)
Age = 14.450 – 0.022(M)
– 26.897(W-L)
Age = 41.350 – 33.521(M)
– 15.340(W-L)
Age = 28.861 – 13.566(M)
– 17.349(W-L)
Age = 36.858 – 23.998(M)
– 14.395(W-L)

SEE
(± years)
11.275
11.414
10.668
11.571
12.084
11.699
11.131
11.724
11.443

Key to measurements shown in Table 6.9.

In Malays and Indians, the most accurate model was for the maxillary second premolar
(SEE ±12.371 years and ±10.668 years, respectively), whereas for the Chinese it was for
the maxillary central incisor (SEE ±15.716 years). The least accurate model for all three
ancestral groups was for the mandibular canine (Malay: SEE ±14.939 years; Chinese:
SEE ±17.674 years; Indian: SEE ±12.084 years). A similar trend was observed across all
ancestral groups, where the regression models for the three maxillary teeth were slightly
more accurate than the models for the three mandibular teeth by 1.16, 0.95 and 0.59 years
in Malays, Chinese and Indians, respectively.
6.4.4. Polynomial Regression
Due to the relatively low accuracy values of the multiple linear regression equations, and
the fact that aging is a non-linear phenomenon, a quadratic polynomial regression of
chronological age against M (mean of all dental ratios except tooth/root length) was
performed (Table 6.16).
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Table 6.16. Regression models for estimation of chronological age (in years) from six
teeth (pooled-sex sample).

†

Model

n

R

R2

Linear
Multiple
linear

3871

0.266

0.071

3871

0.278

0.077

Quadratic

3871

0.310

0.096

Equation†
Age = 66.100 – 56.379(M)
Age = 51.618 – 49.700(M)
– 14.831(W-L)
Age = 207.913 – 551.922(M)
+ 425.055(M)2

SEE
(± years)
15.148
15.097
14.941

Key to measurements shown in Table 6.9.

The quadratic polynomial regression slightly improved the R2 and SEE values relative to
the linear regression by 0.025 and ±0.207 years, respectively.
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7.1.

Introduction

The present study evaluated the reliability of the Kvaal et al. (1995) method in a
Malaysian population as visualised in MDCT images and dental OPGs and thereafter
formulated statistically quantified age estimation models for forensic application. The
original Kvaal et al. (1995) method was developed based on stereomicroscopic
measurements of periapical radiographs in a Norwegian population, which produced age
estimation regression models with associated accuracy rates of ±8.6 to 11.5 years. The
Kvaal et al. (1995) method is recommended by the American Board of Forensic
Odontology (ABFO) for age estimation in both living and deceased individuals due to its
non-destructive and non-invasive approach.
A precision test to quantify the level of intra-observer agreement associated with the
dental measurements was performed prior to data collection; highly precise
measurements were achieved in the present study (Tables 6.1-6.6). A significant negative
correlation was demonstrated between age and the Kvaal dental ratios (Table 6.9). This
chapter discusses and interprets the results obtained for the sample population in relation
to the aims of this research. This chapter also considers the age prediction accuracy
achieved in comparison to standards presented in other global populations. However, it
should be noted that comparative analysis of the results obtained in the present study with
those from the same population is extremely limited due to the paucity of published
comparable research. Finally, this chapter considers the limitations of the present study
and thereafter proposes recommendations for future research.
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Intra-Observer Agreement

In the present study the measurements taken from both the MDCT images (sagittal and
coronal planes) and the dental OPGs were highly precise, fulfilling all requirements that
the TEM should be lower than 1.0, with an associated rTEM value of less than 5% and
R-values greater than 0.75 (Tables 6.1-6.6) (Weinberg et al. 2005). In the present study,
since the dental ratios calculated from measurements taken in both sagittal and coronal
planes did not show any statistical difference, measurements from the former were then
subjected to further statistical analysis since it is only observable in CT imaging technique
and inaccessible in routine dental radiographs, also in consideration to other forensic age
estimation protocols based on pulp volume reduction (e.g., Pinchi et al. 2015) and third
molar development (i.e., where images taken in the sagittal plane gave 100% assessable
mandibular third molars) (Bjørk & Kvaal 2018).
Measurements taken from the digital OPGs were more precise (TEM = 0.088, rTEM =
1.885%, R = 0.958) than those taken from the MDCT scans (MDCTsagittal: TEM = 0.149;
rTEM = 2.547%; R = 0.953; MDCTcoronal: TEM = 0.150, rTEM = 3.031%, R = 0.953).
This may be explained based on the purpose of the images. Post-mortem MDCT scans
are taken to provide a full body scan, whereas the OPGs are a routine form of dental
imaging that acquires a panoramic radiograph of the whole mouth, including the teeth,
upper and lower jaw and the bones of the lower face (Habets et al. 1988). The border
between the dentin and the pulp chamber in the former is often unclear, thus potentially
affecting measurement reliability (Penaloza et al. 2016). Intra-observer variability could
be reduced by using image analysis programs that can be automated to recognize tooth
and pulp outlines in radiographic images to minimise manual measurements of
morphological parameters (Ravindra et al. 2015).
Overall the present study demonstrated that the width and length measurements from the
Kvaal method can be acquired accurately and precisely in both MDCT scans and dental
OPGs, and that the measurement aspect of the method involves a low level of intraobserver variance, which is in general accordance with similar published literature, for
example Karkhanis et al. (2014) (TEM <1.0, rTEM <5%, R >0.75) and Penaloza et al.
(2016) (TEM <1.0, rTEM <10%, R >0.80).
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Comparison between Kvaal et al. (1995) and the Present Study

The Kvaal et al. (1995) method has been tested in at least 3,254 individuals from 12
different populations using various imaging techniques (Marroquin et al. 2017). When
applied to the Malaysian population in the present study, regression models for estimating
age from secondary dentin formation following Kvaal et al. (1995) exhibited accuracy
rates (SEE) of ±14.35 to 16.03 years; lower than the original study, as shown in Table
7.1.
Table 7.1. Standard error of the estimates (SEE) from age prediction formula developed
based on quantification of secondary dentin formation following Kvaal et al. (1995).
Imaging Technique
Periapical radiographs
MDCT & Dental OPGs

Author
Kvaal et al.
(1995)
Present study

Study
Population
Norwegian
(44 ♂; 56 ♀)
Malaysian
(396 ♂; 322 ♀)

Age
range
20-87

SEE
(± years)
8.6-11.5

16-80

14.35-16.03

♂ male; ♀ female

The original Kvaal method was developed based on a relatively small sample of 100
European-descent individuals (Norwegian), whereas the present study utilised 718
Malaysian individuals (Malay, Chinese, and Indian). The decrease in the accuracy values
in the application of the Kvaal et al. (1995) method in the Malaysian population is likely
associated with the use of different imaging techniques for obtaining measurements and
the effect of population variation in secondary dentin formation; these are further
considered below.
7.3.1. Digital Images compared to Periapical Radiographs
The original Kvaal et al. (1995) method acquired stereomicroscopic measurements in
periapical radiographs; an intraoral technique designed to show and provide detailed
information of individual teeth (up to four teeth in each film) and the tissues around the
apices (Whaites 2005). A stereomicroscope is a recommended protocol to achieve
maximum accuracy in measurements that are acquired manually in wet-plate
radiographic films (Schultze et al. 2000) (now outmoded). On the contrary, two separate
studies in Indian populations did not achieve such high accuracy (i.e., Ranjani et al.
(2010), SEE ±10.2–13.3 years; Kanchan-Talreja et al. (2012), SEE ±11.17–13.89 years)
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even though their data were also derived from periapical radiographs – most likely due to
the effects of genetic and/or local environmental factors on their samples (i.e., population
effects) (Lewis & Senn 2013) (see Section 7.3.2 below).
Alternatively, the present study utilised MDCT scans and dental OPGs collectively,
taking advantage of the readily available hospital databases representing a contemporary
population. No other research that has applied the Kvaal et al. (1995) method to MDCT
scans is reported in the literature. It is acknowledged that MDCT scans are able to provide
comparable image quality and 3D accuracy to CBCT (Liang et al. 2010a,b). Previous
studies that had assessed the Kvaal et al. (1995) method in CBCT scans include Penaloza
et al. (2016) and Akay et al. (2017) but with mixed results. The former applied the Kvaal
et al. (1995) method in a Malaysian population and presented regression models with
poorer correlation between pulp/tooth ratios and age, and lower associated accuracy rates
(SEE ±12.2-15.4 years) compared to Kvaal et al. (1995); while the latter produced a
regression formula with higher accuracy rate of ±5.44 years for maxillary lateral incisor
in a Turkish population (see Chapter Three Section 3.2.3).
Cameriere et al. (2006, 2007a,b) claim that the most precise measurements to indirectly
quantify secondary dentin formation are periapical radiographs (i.e., because they give
more detailed information and thus better results). In contrast, previous research has
reaffirmed the reproducibility of the Kvaal et al. (1995) method in digital dental OPGs,
with their accuracy rates comparable to the original Kvaal et al. (1995) method (SEE
±8.6-11.5 years). These studies (with adequate sample size) include Bosman et al. (2005)
(n = 197; SEE ±8.1-11.6 years), Paewinsky et al. (2005) (n = 168; SEE ±5.6-10.02 years),
Karkhanis et al. (2014) (n = 279; SEE ±7.96-10.9 years) and Mittal et al. (2016) (n = 152;
SEE ±7.51-8.85 years). However, it should be noted that all samples were of European
(Caucasian) origin and showed comparable accuracy rates to each other. Several other
studies in various different populations reported decreased accuracy rates, including
Landa et al. (2009) (Spain; n = 100; SEE ±12.53-14.95 years), Erbudak et al. (2012)
(Turkey; n = 123; SEE ±12.17-25.10 years) and Roh et al. (2017) (Korea; n = 266; SEE
±10.4-14.2 years) (see Chapter Three Section 3.2.3).
There is a possibility of quality and technical limitations of the imaging modalities
utilised (i.e., difficulties in identifying the reference points in digital images as viewed on
the monitor screen) that might have reduced measurement precision, hence directly
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affecting the accuracy of the method (Paewinsky et al. 2005; Landa et al. 2009). However,
previous research has also highlighted the possible effect of population variation,
specifically in secondary dentin formation (see above) and dental age estimation in
general (see Section 7.3.2 below).
7.3.2. Population Variation in Secondary Dentin Formation
Age-related changes in the dentition are dissimilar across individuals because of sex,
genetic variation, physical activity level, lifestyle, nutrition, alcohol and drug abuse,
personal habits, disease, treatments and trauma (Lewis & Senn 2010, 2013). These
population effects may be inferred from the decreased accuracy values associated with
regression models for age estimation following Kvaal et al. (1995) when applied to other
foreign populations (see Chapter Three Section 3.2.3). The lower accuracy rates of the
present study (SEE ±14.35-16.03 years) relative to Kvaal et al. (1995) (SEE ±8.6-11.5
years) is somewhat expected due to the different populations studied: (i) Asian versus
European-descend individuals (genetic variation); and (ii) Malaysia versus Norway
(geographical variation). However, none of these factors mentioned above can be
quantified, as the MDCT scans and dental OPGs obtained for the present study are
anonymised except for age, sex and ancestry.
Both the present study and Penaloza et al. (2016) examined CT images of a Malaysian
population. The standard errors published by Penaloza et al. (2016) (SEE ±12.2-15.4
years, r ≤0.4) accord more closely to the Malays in the present study (SEE ±12.37-14.94
years, r ≤0.516), compared to Malaysian Chinese (SEE ±15.72-17.67 years) or Malaysian
Indians (SEE ±10.67-12.08 years). Despite the latter, direct comparison with the work of
Penaloza et al. (2016) is not possible, as Penaloza et al. (2016) did not provide ancestral
group distribution, had a small sample (n = 101) and only examined three tooth types
(i.e., maxillary central incisor, lateral incisor, and canine). Therefore, sex and ancestry
were also investigated in the present study to elucidate possible variations introduced in
the study that potentially influence the broad range of standard error of the estimate values
(see below).
(i)

Sex-Specific Variation

The present study comprised 396 males (55.15%) and 322 females (44.85%). Even
though the Kvaal et al. (1995) method is not sex-specific, the present study has developed
multiple regression models for individual and multiple teeth, for pooled and individual189
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sex samples, to examine sex variation in age estimation based on secondary dentin
formation (Tables 6.10-6.12).
Sex-specific models (male: SEE ±11.525-15.787 years; female: SEE ±13.922-15.789
years) are expectantly more accurate than pooled-sex models (SEE ±14.345-16.03 years).
The accuracy rates for males are slightly higher than females (difference of 2.397 years)
probably due to slightly larger sample size in males (n = 396) compared to females (n =
322) (Ubelaker & Parra 2008). However previous research has demonstrated that pulp
narrowing is not statistically significant with sex (Cameriere et al. 2009; Star et al. 2011;
Zaher et al. 2011; Pinchi et al. 2015). Age prediction models developed for pooled-sex
Malaysian individuals in the present study show high SEEs, which may be attributable to
the heterogeneity of the study population (see Chapter Five Section 5.1). In the event that
the biological sex is unknown, a pooled-sex model would be the most appropriate method
for deriving an estimation of age. As the ancestral parameter in medical databases is
usually self-reported, the effect of genetic admixture cannot be examined hence the
application of age estimation standards developed from pooled-sex and ancestry samples
is more appropriate.
(ii)

Variations between Ancestral Groups

The present study comprised a heterogenous sample of 301 Malay (41.92%), 279 Chinese
(38.86%) and 138 Indian (19.22%) individuals. Substantial inter- and intra-subpopulation
differences are evident in populations comprising multiple genetic backgrounds (e.g.,
Malaysia) based on dialect group, occupation, class or geographic region (Lim et al. 2000;
Seah et al. 2003; Hatin et al. 2011; Alimat & Goodwin 2012) (see Chapter One Section
1.2.4). These differences may introduce potential variations in dental age estimation, thus
the present study has developed multiple regression models for individual and multiple
teeth for each ancestral group (pooled-sex) with associated accuracy rates (Tables 6.136.15).
The accuracy rates for Indian individuals in the present study (SEE ±10.67-12.08 years)
accords closely to other studies on Indian populations; for example, Ranjani et al. (2010)
(SEE ±10.2-13.3 years) and Kanchan-Talreja et al. (2012) (SEE ±11.17-13.89 years).
These findings conform with expectations relative to population history; Malaysian
Indian communities are the descendants of immigrants from the Indian subcontinent (e.g.,
Indians, Pakistanis, Bangladeshis, Sri Lankans) (Hirschman 1987; Saw 2007; Gabriel
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2014). No other validation study of the Kvaal et al. (1995) method has been performed
specifically on Malay or Chinese individuals.
The effect of mixed-parentage could not been examined in the present study as the
ancestry parameter in hospital databases is usually self-reported. The sample was
acquired from Hospital Kuala Lumpur and Hospital Sultanah Aminah Johor Bahru, Johor.
The percentage distribution of citizen population by ancestral group in Kuala Lumpur is
42.7% Malay; 43.5% Chinese; and 11.4% Indian, whereas in Johor, the distribution is
55.7% Malay; 35.4% Chinese; and 6.9% Indian (Saw 2007). The ethnic diversity
index (describes the degree of variety of ethnic groups living together on a common
territory) for these two states is high, with 0.56 for the former and 0.54 for the latter
(DOSM 2012; Evers 2014). Both have long been subjected to foreign migration and as a
result, people in Kuala Lumpur and Johor are much more ancestrally mixed (Leete 1996).
7.4.

Comparison with other Dental Age Estimation Methods

The American Board of Forensic Odontology (ABFO) has recommended that dental age
assessment procedures be applied depending on practicality (See Chapter Two Section
2.2). Other adult age estimation methods recommended by the ABFO are the pulp/tooth
area ratio by Cameriere et al. (2004, 2007) (see Chapter Two Section 2.2.2 and Section
2.2.3).
In the present study, the most accurate model for dental age estimation in the Malaysian
population was for the maxillary central incisor (SEE ±14.345 years). This level of
accuracy is lower than Cameriere et al. (2004, 2007), who calculated the pulp/tooth area
ratio in periapical images to estimate age, with an associated SEE of ±3.36 years when
both upper and lower canines were included in the statistical analysis; ±4.38 years for the
lower canine and ±4.46 years for the upper canine. However, no study on pulp/tooth area
ratio has been conducted in a Malaysian sample.
Technological advancement and use of different visualisation methods of the digital
imaging can capture 3D changes of the pulp chamber (Vandevoort et al. 2004; Porto et
al. 2015; Balasuriya & Doyle 2019). Recent studies presented a 3D volumetric method
using CBCT images with high precision: for instance, Pinchi et al. (2015) (ICC = 0.99)
and Asif et al. (2019) (ICC = 0.945-0.968). However varying associated accuracy rates
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were described: for example, ±7.22 years (Tardivo et al. 2014), ±11.45 years (Pinchi et
al. 2015) and ±14 years (Angelis et al. 2015). A Malaysian study was undertaken by Asif
et al. (2019), who examined the pulp/tooth volume ratio in the maxillary left and right
canines, and maxillary right central incisor, based on 300 CBCT scans of 179 Malay and
121 Chinese individuals. Their findings show higher age estimation accuracy rates (SEE
±7.603 years for central incisor and SEE ±9.672 years for canine) compared to the
pulp/tooth length ratios in the present study (SEE ±14.345 years for central incisor).
These findings indicated that 3D imaging could potentially provide a more accurate
quantification of secondary dentin formation to estimate age; this has been proposed for
future research (see Section 7.6).
7.5.

Limitations of the Study

Research involving the analysis of anonymised MDCT scans and dental OPGs (as in the
present study) is inherently limited in relation to sample age distribution and the
associated background information available. These are accordingly discussed below.
7.5.1. Sample Age Distribution
It is acknowledged that the total sample examined in the present study was large (i.e., 718
scans), however it is important to note that the number of individuals aged 50 to 80 years
was only 166 (23.12%), compared to 552 (76.88%) individuals aged below 50 years.
Although an evenly distributed sample is statistically and practically desirable, the sample
examined here (especially older individuals) is limited by the number of MDCT scans
and dental OPGs available in hospital databases that meet all of the inclusion criteria for
this study. The effect of age mimicry may be present in a biased age distribution in the
sample.
7.5.2. Individual Background Information
The MDCT scans and dental OPGs utilised in this study are anonymised (except for age,
sex and ancestry) to protect patient privacy and to conform to standard ethical
requirements. Large geographic variations may be attributable to the multi-factorial
nature of pathogenic processes, which include genetic variability, diet, lifestyle,
occupation and physical activities (amongst others). Those factors combined contribute
to dental wear that leads to accelerated deposition of secondary dentin (Morse 1991;
Morse et al. 1991). Further, dental age estimation in adults is largely based upon
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degenerative processes and most of those changes are related to individualistic function
of the dentition (Whittaker 2000; Lewis & Senn 2013). However, the unknown variation
potentially introduced by the above factors in relation to age changes in the dentition
could not be addressed, as those parameters are not defined in the medical databases
examined.
7.6.

Recommendations for Future Research

This study is amongst the first investigations of secondary dentin formation following the
Kvaal et al. (1995) method in a contemporary Malaysian population, in which those
findings highlight the importance of population specific anthropological studies for the
development of forensic standards. Future studies with a larger sample representative of
the Malaysian population (particularly of older Malaysian individuals) are recommended
to adequately represent variability in the broader population, thus producing statistically
valid inferences applicable in forensic case work.
Future research should take into account various influences that affected the formation of
secondary dentin, such as population histories, ancestral admixture and eco-geographic
adaptations (Lewis & Senn 2010, 2013). In the attempt to develop and formulate
Malaysian standards for forensic age estimation via quantification of secondary dentin
formation, further research on each ancestral group from this population is being
proposed. Literature has demonstrated that there are different radiographic approaches to
quantify secondary dentin formation; volumetric method should also be explored further
(see Section 7.4).
7.7.

Conclusions

The present study examined pulp/tooth dimensions in a total of 718 MDCT scans and
dental OPGs collectively, and formulated Malaysian age estimation standards based on
the Kvaal et al. (1995) method. The results indicated a high measurement reliability
(TEM<1.0, rTEM<5% and R>0.75) and a negative (in general) relationship between
chronological age and dental ratios (r = 0.083-0.358). The most accurate model is for
maxillary central incisor (male: SEE ±11.5 years; female: ±13.92 years; pooled-sex: SEE
±14.35 years). Age prediction models are also developed for the three primary ancestral
groups (Malay: SEE ±12.37 years; Chinese: SEE ±15.72 years; Indian: SEE ±10.67
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years). The standards provided in the present study are representative of the Malaysian
population and have potential forensic application for adult age estimation in Malaysian
individuals. General formulae for pooled-sex and ancestry sample are important in cases
where sex and ancestry are unknown, cannot be estimated or are simply unavailable.
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8.1.

Introduction

Spheno-occipital synchondrosis fusion status has been investigated for potential
application in age estimation (Irwin 1960; Powell & Brodie 1963; Konie 1964; Melsen
1969,1972; Ingervall & Thilander 1973). The closure of the spheno-occipital
synchondrosis marks the skeletal transition from juvenile to adult (Scheuer & Black 2004;
Black & Ferguson 2011). The spheno-occipital synchondrosis persists into the late teens
or early adulthood (i.e., adolescent). Adolescence signifies the onset of puberty inclusive
of the adolescent growth spurt (i.e., 5-8 years after that) (Bogin 1997, 1999; Scheuer &
Black 2004; Christensen et al. 2014; Bogin et al. 2018). The pattern and timing of sphenooccipital synchondrosis fusion is correlated with age and can provide an upper or lower
age boundary depending on its fusion state for forensic age estimation in an adolescent
(Acsádi & Nemeskéri 1970; Villa & Lynnerup 2014).
Even though anatomical texts and growth reviews traditionally stated that the age range
of spheno-occipital synchondrosis closure is 17 to 25 years (Frazer 1948; Grant 1948;
Ford 1958; Scott 1958; Acsádi & Nemeskéri 1970), current research has reported fusion
of spheno-occipital synchondrosis occurring at as early as 11 to 16 years of age in females
and 13 to 18 in males (e.g., Scheuer & Black 2000; Purves et al. 2011). Disparity
regarding the reported age of complete synchondrosis fusion is evident in the current
literature, possibly attributed to inconsistencies in research design (e.g., scoring system),
sex distribution and visualisation medium (i.e., dry bones, histology, and radiography);
studies are now utilising digital imaging methods, including multi-detector computed
tomography (MDCT) and magnetic resonance imaging (MRI) that facilitate visualisation
and accurate assessment of the various developmental phases (Krishan & Kanchan 2013;
Franklin & Flavel 2014).
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The timing of skeletal development has been empirically demonstrated to occur at
different rates in different populations, with significant population variation in relation to
“… biologically induced differences in the aging mechanisms” (Kemkes-Grottenthaler
2002:64). Previous studies show variation in the time of spheno-occipital synchondrosis
closure in different global populations (e.g., Sahni et al. 1998; Okamoto et al. 1999; ElSheikh & Ramadan 2006; Bassed et al. 2010; Akhlaghi et al. 2010; Shirley & Jantz 2011;
Franklin & Flavel 2014; Can et al. 2014; Barrany et al. 2015; Sinanoglu et al. 2016). This
suggests that there may be significant inter-population differences related to genetics and
environment.
With the aim of examining the timing of spheno-occipital synchondrosis fusion in a
Malaysian population, the present study applied the four-phase system of Franklin and
Flavel (2014) and consequently formulated statistically quantified forensic age estimation
models (i.e., age-at-transition standards and lower and upper developmental boundaries)
based on fusion status as visualised in high-resolution MDCT scans. This is highly
appropriate since repositories of physical collection of documented human skeletal
remains do not exist for Malaysia. Part III of the present thesis comprised the following
sections: Chapter Nine outlines the materials and methods, Chapter Ten presents results
of the statistical analysis of spheno-occipital synchondrosis fusion, and Chapter Eleven
discusses the latter in the context of existing knowledge and forensic significance in
Malaysia.
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9.1.

Materials

The present study examined Malaysian cranial MDCT scans to derive population specific
age estimation standards based on spheno-occipital synchondrosis fusion. These
biological data were acquired from MDCT scans of male and female individuals from the
three major ancestral groups in Malaysia (i.e., Malay, Chinese, and Indian). Two main
sources were used to assemble the required scans: (i) forensic sample; and (ii) patient
sample (see below). All scans were taken as part of post-mortem investigation and/or
therapeutic treatment at hospitals, and thus there was no unnecessary or repeated radiation
exposure to any individual. All MDCT scans were received in a DICOM format. The
scans were anonymised prior to receipt except for sex, age and ancestry data.
Ethics approval for this study was granted by the Human Ethics Office of Research
Enterprise of the University of Western Australia (Reference No. RA/4/1/8352) on the
31st of May 2016 (see Appendix I(i)), and by the Medical Research & Ethics Committee
of the Ministry of Health Malaysia (Reference No. (05) KKM/NIHSEC/P16-1344) on the
1st of September 2016 (see Appendix I(ii)). The following sections describe the specific
inclusion and exclusion criteria and the composition of study sample.
9.1.1. Inclusion / Exclusion Criteria
The age range for the selection of subjects was between 5 to 25 years, the age range that
is likely to demonstrate the entire sequence of spheno-occipital synchondrosis
development. As the MDCT scans for this study were assembled from forensic and
clinical databases, they were assessed retrospectively. Individuals with history of
previous trauma, surgical procedures or known medical illnesses (e.g., infectious
diseases, cancer, congenital malformations) that could affect the bony structure of the
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regions of interest were excluded. Scans with a reconstructed slice thickness over 1.5 mm
were also discarded due to lack of sufficient detail to accurately visualise the necessary
anatomical structure. Scans exhibiting any abnormal development (e.g., hydrocephalic
skulls), trauma, or other pathological conditions (e.g., healed fracture, surgical
interventions) that may affect normal bone morphology were also duly excluded.
9.1.2. Forensic Sample
It is a routine procedure (as part of the medico-legal autopsy under Chapter XXXII of

the Criminal Procedure Code of Malaysia) to scan each cadaver that is referred for police
investigation at the National Institute of Forensic Medicine (NIFM), Hospital Kuala
Lumpur (HKL). Before an autopsy is conducted, the full body of the cadaver is scanned
through a Toshiba Acquilion 64-Slice CT scanner. The NIFM’s protocols include
scanning in two blocks; 1.0 mm for the head and 2.0 mm for the rest of the body.
The original sample collected in situ by the PhD candidate (SH) in December 2016
comprised of 138 males (73 Malay; 18 Chinese; 47 Indian) and 38 females (27 Malay; 9
Chinese; 2 Indian) between 5 and 25 years of age. The mean age for the male sample was
20.56 years and for the female sample, it was 19.68 years. The age and sex distribution
of the forensic sample is further elucidated in Table 9.1.
Table 9.1. Age and sex distribution of the forensic sample.
Age range (years)
5–9
10 – 15
16 – 19
20 – 25
Total

Male
1
8
41
88
138

Female
3
3
11
21
38

Total
4
11
52
109
176

9.1.3. Patient Sample
Patient scans were randomly selected from individuals that undergo diagnostic CT scans
(Siemens Definition AS Plus; 64 x 2 slice MSCT scanner) of the head that include the
entire region of interest (e.g., high-resolution CT temporal, head and neck). The
anonymised patient scans were provided by the Department of Diagnostic Imaging,
Hospital Sultanah Aminah (HSA). To minimise bias in data structure, it was originally
intended to undertake a stratified sampling protocol to collect 100 males and 100 females
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of each ancestral background from the department’s database. The sample received from
this source, however comprised of 198 males (100 Malay; 50 Chinese; 48 Indians) and
126 females (85 Malay; 24 Chinese; 17 Indian), 5 to 25 years of age. The mean age for
the male sample was 17.60 years and for the female sample, 17.27 years. This was due to
not enough materials that meet the inclusion criteria. The age and sex distribution of the
patient sample is further elucidated in Table 9.2.
Table 9.2. Age and sex distribution of the patient sample.
Age range (years)
5–9
10 – 15
16 – 19
20 – 25
Total

Male
13
56
55
74
198

Female
8
36
43
39
126

Total
21
92
98
113
324

9.1.4. Total Sample (Forensic & Patient Combined)
Following the above criteria, a total of 500 MDCT scans were assembled using
convenience sampling to quantify the timing of spheno-occipital synchondrosis fusion.
Cranial CT scans of 336 males and 164 females, between 5 and 25 years were acquired
from the NIFM HKL and Department of Radiology HSA. The mean age was 18.80 ±4.59
years for males and 17.85 ±4.88 years for females. The number of male and female
individuals included in the present sample was not balanced (67.2% male; 32.8% female);
this is duly acknowledged as an unavoidable study limitation (see Chapter Eleven Section
11.5). Sex and age distribution of the final sample is outlined in Table 9.3 and Figure 9.1.
Table 9.3. Age and sex distribution of the total sample.
Age range (years)
5–9
10 – 15
16 – 19
20 – 25
Total

Male
14
64
96
162
336

Female
11
39
54
60
164
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Figure 9.1. Age distribution of the Malaysian sample: male (blue); female (red).
The distribution according to ancestry in the total sample is 285 Malays (41.92%); 101
Chinese (38.86%); and 114 Indians (19.22%) (Table 9.4).
Table 9.4. Distribution of the total sample according to ancestry and sex.
Sample
Forensic
Patient
Total

Malay (n = 285)
Male
Female
73
27
100
85
173
112

Chinese (n = 101)
Male
Female
18
9
50
24
68
33

Indian (n = 114)
Male
Female
47
2
48
17
95
19

Although the number of individuals in this sample met minimum criteria for population
research in Malaysia (>384), it did not follow the specific population demographic
percentage (see Chapter One Section 1.2.4). The study sample was examined according
to pooled-ancestry, as it is unlikely to be possible to assign an unknown individual into
any one ancestral group due to the effect of genetic admixture and lack of defined
standards for the Malaysian population (see Chapter Seven Section 7.3.2(i)); this is also
duly acknowledged as a study limitation (see Chapter Eleven Section 11.6.2).
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Methods

The method followed in the present study is based on a four-phase scoring system of
spheno-occipital synchondrosis fusion status developed by Franklin and Flavel (2014)
(see Chapter Three Section 3.3.2). The following sections outline the specific
methodology for acquiring the necessary standard position to assess fusion status. It also
describes the statistical analyses employed to analyse the data, including assessment of
observer precision, descriptive statistics, linear and polynomial regressions, and transition
analysis.
9.2.1. Visualisation of the Spheno-Occipital Synchondrosis
The scans were processed and reconstructed into three-dimensional (3D) images using
OsiriX (Rosset et al. 2004). Visualisation of the cranial base was performed using 3D
curved multiplanar reformatting (MPR) (Franklin & Flavel 2014). Axial and coronal
views were used to orientate the cranium into a standardised position to facilitate
assessment of fusion status in the sagittal plane, as shown in Figure 9.2. Where required,
the quality of the original image was enhanced by adjusting contrast and brightness. The
fusion status of the spheno-occipital synchondrosis was then assessed in the median
sagittal plane. Each image was saved using an assigned study identification number in
JPEG format.

a

b

c

Figure 9.2. Orientation of the cranium into standard positions using MPR
(a - axial view; b - coronal view; c - sagittal view). Images are not of equal scale.
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9.2.2. Assessment of the Spheno-Occipital Synchondrosis Fusion Status
Based on a modification of Bassed et al. (2010) and Shirley and Jantz (2011), Franklin
and Flavel (2014) developed a four-phase scoring system for spheno-occipital
synchondrosis, comprising Phases 0 to 3 (see Chapter 3 Section 3.3.2). Definition of the
features used to score fusion, and example images exhibiting each phase in the median
sagittal plane using OsiriX, are shown in Figure 9.3.
Phase
0 Unfused

Description
Completely open with no
evidence of fusion
between the basilar
portion of the occipital
and sphenoid – no bone
present in the gap.

Male

Female

INT000343
(7 years)

FOR000892
(7 years)

FOR000912
(15 years)

FOR000950
(7 years)

1 Fusing
No more than half the
endocranially length of the
synchondrosis is fused –
proceeding ento- to
ectocranially.

2 Fusing
ectocranially

Greater than half the
length of the
synchondrosis is fused –
ectocranial (inferior)
border remains unfused.
FOR000923
(17 years)

3 Complete
fusion

INT000288
(14 years)

Completely fused with the
appearance of normal
bone throughout – a
fusion scar may be
present.
FOR000911
(18 years)

FOR000956
(18 years)

Figure 9.3. Spheno-occipital synchondrosis fusion based on a four-phase system as
visualised in the median sagittal plane (3D MPR reconstruction) using OsiriX.
Images are not of equal scale.
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9.2.3. Statistical Analyses
As medical (including computed tomographic) interpretations often rely on some degree
of subjective interpretation by observers (Liang et al. 2010a,b; Yasar et al. 2012) (see
Chapter Five Section 5.2.3(ii)), the Kappa statistic was used to provide a quantitative
measure of the magnitude of agreement between observers (Viera & Garrett 2005).
Observer accordance, descriptive statistics, and regression analyses were calculated using
Microsoft® Office Excel and IBM SPSS Statistics (version 24.0). A transition analysis
was also used to calculate age ranges for each of the defined spheno-occipital phases,
performed

using

the

Nphases2

program

(accessed

and

downloaded

from

http://konig.la.utk.edu/nphases2.htm).
(i)

Intra- and Inter-Observer Agreement

In assessing the reliability of an observation, the agreement between assessments by the
same observer (intra-observer) or between two or more observers (inter-observer) were
tested. Prior to data collection, intra-observer error was measured based on three repeated
assessment of 50 scans: 33 males and 17 females, 2.84 to 25.0 years of age (mean 14.15;
SD ±5.79), selected to reflect a variety of morphologies across spheno-occipital
synchondrosis development. Inter-observer error was quantified for the scores according
to Franklin and Flavel (2014) on the same 50 scans assigned by the PhD candidate (SH)
and two other expert assessors (i.e., forensic anthropologists with postgraduate
qualifications and experience in both case work and the virtual platform OsiriX). All
investigators performed the required assessments blinded to age and sex parameters at
different time intervals (with at least one-day between re-assessment) and independent
from each other.
The results of individual age assessment for each of the 50 scans used in the validation
study were compared and analysed using Fleiss’ Kappa coefficient. Kappa is a
measurement of reliability; it is a test of diagnostic criteria and reproducibility (Svanholm
et al. 1989). The Kappa statistic provides a quantitative measure of the magnitude of
agreement between observers, in which a Kappa of 1 indicates perfect agreement, and 0
indicates agreement equivalent to chance (Fleiss 1971; Viera & Garrett 2005). The Kappa
statistic corrects for agreement by chance by subtracting the proportion of agreement that
would be expected to occur by chance alone; it is calculated according to the following
formula (Cohen 1960):
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κ = Po – Pe
1.0 - Pe
where Po = the proportion of observed agreement, and Pe = the proportion of agreement
expected by chance.

Fleiss’ Kappa is a statistical measure for assessing the reliability of agreement between
three repetitions when assigning categorical ratings to a number of items or classifying
items. The number of scans assessed for the precision test (n = 50) is appropriate; the
sample is large enough (compared to the number of raters) to determine whether a Kappa
coefficient is statistically significant (e.g., Walter et al. 1998; Fleiss et al. 2004; Sim &
Wright 2005; Sawa & Morika 2007; Machin et al. 2008). The interpretation of the
calculated score follows Fleiss (1981) and Fleiss et al. (2004), as outlined in Table 9.5.
Table 9.5. Interpretation of Fleiss’ Kappa relative to strength of agreement.
Kappa Value
<0.40
0.40 to 0.75
>0.75
(ii)

Strength of Agreement
Poor
Intermediate to Good
Excellent

Data Normality

Age mimicry, the bias of the target population distribution to mimic that of the reference
sample from which the standards were derived, is a significant issue in age estimation
(Konigsberg & Frankenberg 1994; Hoppa & Vaupel 2002). Taking into account the
applicability of the Central Limit Theorem to the present study (n = 500), assessment of
normality of the age distribution in the pooled and individual-sex samples was performed
via visual inspection of histograms and Normal Q–Q plots, skewness and kurtosis values,
and the Kolmogorov-Smirnov test of normality to examine for serious deviation and/or
extreme outliers (if any) (Field 2012; Pallant 2013) (see Chapter Five Section 5.2.3).
(iii)

Descriptive Statistics

Descriptive analyses were used to summarise the mean, 95% confidence interval (CI),
standard deviation and range values of each phase of the timing of the spheno-occipital
synchondrosis fusion (see Chapter Five Section 5.2.3).
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Simple Linear Correlation

The degree of linear association between chronological age and the phases of the sphenooccipital synchondrosis fusion was assessed using the Pearson’s correlation coefficient
(r). The coefficient indicates the strength of the association between two metric variables
(see Chapter Five Section 5.2.3).
(v)

Linear Regression Analysis

A simple linear regression was performed in the present study to determine if the actual
(or chronological) age of individuals can be estimated using the phase scores outlined by
Franklin and Flavel (2014). The regression model summarises the relationship between a
single dependent or effect variable (y), and an independent or predictor variable (x), where
the outcome variable y is predicted from x using the equation of a straight line (Field
2012; Tabachnick & Fidell 2013):
y = a + ßx ± SEE
where y = predicted value of dependent variable (chronological age),
a = constant, ß = regression coefficient for independent variable,
x = value of the independent variable, and SEE = Standard Error of the Estimate.

The slope of the resultant equation determines the amount of change in the dependent
variable (y) when the value of the independent variable (x) is increased by 1, and the y
intercept represents the value of the dependent variable when x equals 0. The difference
between the predicted and the observed values of y at each value of x represents errors of
prediction or residuals, thus the best-fitting straight line is the one that minimizes the
squared errors of prediction (Tabachnick & Fidell 2013) (see Chapter Five Section 5.2.3).
(vi)

Polynomial Regression Analysis

It can be assumed that growth is a smooth process when based on incremental continuous
function (Hospie & Roelants 2012), hence polynomial regression was utilised to examine
the relationship between actual (y) and estimated age per phase of spheno-occipital
synchondrosis fusion (x). Polynomial regression is the transformation of an independent
variable to represent a curvilinear relationship with the dependent variable. By including
a squared term (x2), a single inflection point is estimated. A cubic term (x3) estimates a
second inflection point; additional terms of a higher power can also be estimated (Hair et
al. 2010) (see Chapter Five Section 5.2.3).
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Transition Analysis

When using a method that estimates age-at-death with a scoring approach, it is possible
to evaluate not only the accuracy and precision at which such methods correctly estimate
age-at-death, but to also assess the age at which the individuals of the study transition
from one age classification (or score) to the next (Boldsen et al. 2002; Langley-Shirley
& Jantz 2010; Shirley & Jantz 2011; Milner & Boldsen 2012; Franklin & Flavel 2014).
The goal of transition analysis is to revise the means of age estimation of adult skeletons
in order to develop more reliable and vigorously validated age estimation methods
(Hoppa & Vaupel 2002). This approach better reflects the complex changes observed for
age indicators than do static phase descriptions, because senescent changes do not occur
simultaneously, and it is difficult to force a complex anatomical structure into one
particular phase (Boldsen et al. 2002). Transition analysis uses a “known” reference
sample (skeletons for which sex, age-at-death and ancestry is known) preferably from the
same human population as the individual being analysed, and a hazard model
(information that models survivorship) to estimate at what age those known individuals
transition from one phase to another.
Bayesian prediction allows direct visualisation of skeletal development and degeneration
variability because age at death is assessed by the probability that it fits a set
chronological interval (Schmitt et al. 2002). This type of analysis provides a highest
posterior density distribution (prior probability is part of the Bayesian analysis) of ageat-transition; this information is indicative of the chance that an individual belongs to a
particular age group and can be used for age-at-death estimation of an unknown
individual (Aykroyd et al. 1999; Uhl 2013). Transition analysis parameters can be
obtained from samples (Boldsen et al. 2002) to estimate the age-of-transition or the age
at which an individual progresses from phase to phase. This cumulative probit model
operates on the natural log (to achieve log-normality) of the known ages to produce the
ages-of-transition (Konigsberg et al. 2008).
In the present study, transition analysis (Boldsen et al. 2002) was utilised to provide age
ranges for each of the defined spheno-occipital phases on the basis that skeletal aging is
a continuous biological variable and a non-linear process (Cunha et al. 2009; Rogers
2009). The reasons for this are relative to three major advantages of transition analysis:
(i) more robust statistical outputs of transition analysis in forms of maximum likelihood
estimates with point estimates, 95% confidence intervals and standard errors (Lucy et al.
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1996; Aykroyd 1999; Boldsen et al. 2002); (ii) reduced age mimicry because this type of
statistical approach is appropriate for osteological traits that have a regular pattern of
morphological change with advancing age, helping (to some degree) mitigate the problem
where age estimates tend to imitate the age-at-death distribution of the reference sample
(Boldsen et al. 2002); and (iii) ability to estimate age of individuals over 50 years of age
(Lucy et al. 1996; Milner et al. 2000; Boldsen et al. 2002; Gowland & Chamberlain 2002).
Previous studies have applied transition analysis to quantification of spheno-occipital
synchondrosis fusion (e.g., Shirley & Jantz 2011; Franklin & Flavel 2014; Lottering et
al. 2015; Sinanoglu et al. 2016) to calculate average ages at which an individual
transitions from unfused to fusing, and from fusing to fused, status.
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10.1.

Introduction

The purpose of the present study is as follows: (i) to determine the mean age of sphenooccipital synchondrosis fusion in males and females; (ii) to determine the age-attransition for successive phases of the spheno-occipital synchondrosis fusion; and (iii) to
develop age prediction formula as a function of the score of the spheno-occipital
synchondrosis fusion status – all in relation to a Malaysian population. MDCT images
from Malaysian individuals (n = 500) were analysed and the fusion status of the sphenooccipital synchondrosis was scored according to the four-phase system of Franklin and
Flavel (2014) as described in Chapter Nine.
This chapter accordingly first presents the results of the analyses performed to quantify
intra- and inter-observer agreement of spheno-occipital synchondrosis fusion assessment.
Thereafter, data normality, descriptive statistics of the fusion scores and the correlation
between fusion status and chronological age are presented. Linear and polynomial
regression analyses were conducted to develop age prediction models. The predictive
accuracy of the models was then evaluated based on the values of the standard error of
the estimate (SEE). Transition analysis was also performed to produce age estimates for
each defined fusion phase; this provided age ranges (in 65% and 95% prediction intervals)
based on transition analysis probability distribution.
10.2.

Intra- and Inter-Observer Agreement

The results of the precision analyses on the assessment of spheno-occipital synchondrosis
fusion are accordingly outlined below.
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10.2.1. Intra-Observer Agreement
Based on repeat assessment of 50 scans after an intervening period of three months, both
Expert Assessors had a total of 3/50 non-agreements (94% agreement), while the PhD
candidate (SH) had 7/50 non-agreements (86% agreement). There was no instance where
the difference between repeated observations differed by more than one phase for the
intra-observer assessment.
The Kappa value for the repetitions for the PhD candidate (SH) (κ = 0.785) also
represented excellent agreement beyond chance. Results for intra-observer agreement
performed by the PhD candidate (SH), which include the rating category describing the
fusion phases 0 to 3, are presented in Table 10.1, where all phases examined had
intermediate to excellent agreement between observations (κ = 0.458-0.941) (see Chapter
Nine Section 9.2.3). It is important to note that the intermediate Kappa values for Phase
1 (κ = 0.621) and Phase 2 (κ = 0.458) correspond to the subjectivity of interpreting those
phase descriptions (i.e., less/greater than half the length of the synchondrosis is fused).
Table 10.1. Kappa statistic for intra-observer agreement of spheno-occipital
synchondrosis fusion assessment.

Kappa

Z

p value

0.785

15.075

<0.001

Rating
Kappa
Category
0
1
2
3

0.941
0.621
0.458
0.863

Z
11.520
7.608
5.605
10.564

Overall Kappa
Lower 95%
Asymptotic CI Bound
0.683
Category Kappa
Lower 95%
p value
Asymptotic CI
Bound
<0.001
0.781
<0.001
0.461
<0.001
0.298
<0.001
0.703

Upper 95%
Asymptotic CI Bound
0.887

Upper 95%
Asymptotic CI
Bound
1.101
0.781
0.618
1.023

10.2.2. Inter-Observer Agreement
The strength of agreement between observers is rated as excellent with an associated
Kappa value of 0.812 (p<0.001; 95% CI = 0.700-0.924). All phases had intermediate to
excellent agreement between observations (κ = 0.527-0.918). There was no instance
where the difference between observers varied by more than one phase for the interobserver assessment. Inter-observer accordance, including rating categories describing
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fusion phases 0 to 3, are shown in Table 10.2. Similar trend is observed to the findings in
intra-observer agreement (see above), as most errors (i.e., intermediate Kappa values) are
in the ‘difficult’ Phase 1 (κ = 0.527) and Phase 2 (κ = 0.608) .
Table 10.2. Kappa statistic for inter-observer agreement of spheno-occipital
synchondrosis fusion assessment.

Kappa

Z

0.812

14.202

Overall Kappa
Lower 95%
p value
Asymptotic CI
Bound
<0.001
0.700

Rating
Kappa
Category
0
1
2
3
10.3.

0.863
0.527
0.608
0.918

Z
10.564
6.458
7.441
11.242

Category Kappa
Lower 95%
p value
Asymptotic CI
Bound
<0.001
0.703
<0.001
0.367
<0.001
0.448
<0.001
0.758

Upper 95%
Asymptotic CI
Bound
0.924

Upper 95%
Asymptotic CI
Bound
1.023
0.687
0.768
1.078

Data Normality

The present study comprises 500 individuals, thus the Central Limit Theorem can be
applied to the data. In addition, data normality was further assessed to examine
differences in variance and the prevalence of extreme outliers (see Chapter Five Section
5.2.3(iii)). Results for the visual inspection of the histogram and Normal Q-Q plot,
skewness and kurtosis, Kolmogorov-Smirnov test of normality, and the application of the
Central Limit Theorem, are outlined below.
10.3.1. Visual Inspection of the Histogram and Normal Q-Q Plot
Normality assumption of sample age distribution was performed on the pooled and
individual sex samples to ascertain whether the sample age distribution showed any
serious deviation from normality. Histograms and Normal Q-Q plots for age distribution
in the pooled and individual sex samples are shown in Figures 10.1 and 10.2, respectively.
Visual inspection based on all histograms indicates that sample age did not follow a
normal distribution as it is negatively skewed with larger concentrations at higher ages
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(Figure 10.1). Conversely, all scores in the Normal Q-Q plots are hugging the line, with
only a slight degree of deviation from normality evident (Figure 10.2).
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Figure 10.1. Histograms for age distribution in the Malaysian pooled-sex sample (top),
males (middle) and females (bottom). Histograms are not of equal scale (refer to
individual axes).
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Figure 10.2. Normal Q-Q plots for age distribution in the Malaysian pooled-sex sample
(top), males (middle) and females (bottom).
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10.3.2. Skewness and Kurtosis
The values for skewness (standard error – SE) and kurtosis (SE) for the pooled-sex sample
are -0.604 (0.109) and -0.232 (0.218), respectively. In the male sample, the corresponding
values are -0.661 (0.133) and -0.159 (0.265), respectively. In the female sample, the
values are -0.485 (0.190) and -0.329 (0.377). These statistics suggest a normal age
distribution. The values for ZSkewness in the pooled-sex, male, and female samples indicate
a significant negative skew, with -5.541, -4.970 and -2.553, respectively. The values for
ZKurtosis are -1.064 for the pooled-sex, -0.60 for male and -0.873 for female samples. Those
Z values (<1.96) indicate non-significant kurtosis.
10.3.3. Kolmogorov-Smirnov Test of Normality
The Kolmogorov-Smirnov test of normality demonstrated that the actual age distribution
in pooled-sex, male and female samples suggested non-normality, as the p values are less
than 0.05 (Pallant 2013) (Table 10.3).
Table 10.3. Kolmogorov-Smirnov test of normality for the total sample.
Sample
Pooled-sex
Male
Female

KS Statistic
0.103
0.106
0.093

df
500
336
164

P
<0.001
<0.001
0.001

10.3.4. Central Limit Theorem
Assessment of data normality demonstrated mixed results (see above). Because the
sample examined in the present study is large (n = 500), the Central Limit Theorem is
applicable: the violation of assumption of normality does not preclude the application of,
nor compromise interpretations from parametric statistical analysis methods (Ghasemi &
Zahediasl 2012; Field 2012) (see Chapter Five Section 5.2.3). Therefore, parametric
methods are employed in all further statistical analyses.
10.4. Statistical Analyses of the Malaysian Data
The following section describes the results of the statistical analyses of the Malaysian
data. It includes the descriptive statistics, simple linear correlation between the scoring of
the spheno-occipital synchondrosis fusion and chronological age, followed by linear and
polynomial regression models formulated using the phase score for the spheno-occipital
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synchondrosis fusion status, and the subsequent transition analysis based on the same
data.
10.4.1. Descriptive Statistics
Spheno-occipital synchondrosis fusion according to age is shown in Table 10.4. Complete
fusion of the spheno-occipital synchondrosis, irrespective of sex, was noted in 100% of
individuals over the age of 18 years.
Table 10.4. The spheno-occipital synchondrosis fusion status in Malaysian individuals
by age and sex.
Age
(years)
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Phase 0
Male Female
2
3
1
.
1
1
5
.
5
3
6
1
6
4
4
2
5
1
2
.
1
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase 1
Male Female
.
.
.
.
.
1
.
1
.
2
1
1
.
1
2
1
2
3
5
1
4
.
2
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase 2
Male Female
.
.
.
.
.
.
.
.
.
.
.
.
2
1
.
.
3
2
6
6
10
1
4
.
2
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase 3
Male Female
.
.
.
.
.
.
.
.
.
.
.
.
.
.
2
.
1
2
1
3
10
12
11
21
10
19
11
36
22
22
6
29
8
27
12
24
13
30
7
30
14

Descriptive statistics, including mean age, standard deviation, standard error, 95%
confidence interval and age range for each phase in male and female individuals are
presented below. The age of earliest and latest spheno-occipital synchondrosis closure,
including the mean age and standard deviation of different phases according to age, are
detailed in Table 10.5.
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Table 10.5. Descriptive statistics (in years) for spheno-occipital synchondrosis fusion in
the Malaysian population.
Phase
Male
Phase 0
Phase 1
Phase 2
Phase 3
Female
Phase 0
Phase 1
Phase 2
Phase 3
*

Mean age

95% CI
mean age

SD

Range

38
19
24
255

10.26
13.74
14.75
20.84

9.46 – 11.07
13.02 – 14.45
14.13 – 15.36
20.49 – 21.19

2.45
1.48
1.45
2.84

5-15
10-16
11-17
14-25

15
11
10
128

9.33
10.82
13.60
19.78

7.84 – 10.82
9.23 – 12.40
12.83 – 14.37
19.20 – 20.37

2.69
2.36
1.07
3.35

5-13
7-14
11-15
12-25

n

*

Means for the first and last phases are skewed by the upper and lower age limits of the assessed sample.

On average, the spheno-occipital synchondrosis was totally open (Phase 0) up to the age
of approximately 9 to 10 years in females and males, respectively. The mean age for
attainment of Phase 1 was two years earlier in females than males (Table 10.5). The
youngest age for attainment of Phase 3 (complete fusion) is 14 years in males and 12
years in females. The latest age at which fusion remains incomplete is 17 (mean 14.75)
and 15 (mean 13.60) years for males and females respectively. Distribution of the
Malaysian males and females according to age and spheno-occipital synchondrosis fusion
phase is shown in Figure 10.3.
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Figure 10.3. Distribution of the Malaysian male (top) and female (bottom) samples
according to age (in years) and spheno-occipital synchondrosis fusion phase.
Both outliers are misclassification of Phase 2, which is described as “greater than half the
length of the synchondrosis is fused – ectocranial (inferior) border remains unfused
(Franklin & Flavel 2014) and is known to be difficult to characterised.
10.4.2. Simple Linear Correlation
Pearson’s correlation coefficient test was performed to evaluate the association between
age and spheno-occipital synchondrosis fusion in the pooled and individual sex samples.
A strong statistically significant positive correlation (Cohen 1988) between age and phase
occurred in the pooled and individual sex samples (pooled-sex: r = 0.780, p<0.01; male:
r = 0.804, p<0.01; female: r = 0.753, p<0.01).
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10.4.3. Linear Regression Analysis
Given the strong positive linear correlation between estimated and chronological age,
simple linear regression was performed to formulate a model to predict chronological age
(outcome variable) using estimated scores (predictor variable) from spheno-occipital
synchondrosis fusion status. The variables (phase scores) were submitted using the Enter
method, and results of the pooled and sex-specific regressions are presented in Table 10.6.
It is evident that the male-specific model is the most, and the female-specific the least
accurate. Associated pooled-sex and sex-specific scatterplots with regression lines for
fusion status shown in Figure 10.4.
Table 10.6. Linear regression equations for the phase score of spheno-occipital
synchondrosis fusion in the Malaysian population.
Sample

n

R

R2

Equation

Pooled-sex
Male
Female

500
336
164

0.780
0.803
0.753

0.608
0.646
0.568

Age = 9.374 + 3.659 (Phase)
Age = 9.857 + 3.618 (Phase)
Age = 8.241 + 3.796 (Phase)
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(± years)
2.952
2.741
3.219
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Phase

Phase

Phase

Figure 10.4. The linear relationship between the score for the spheno-occipital
synchondrosis fusion status and actual age (in years) in the Malaysian pooled-sex (top),
male (middle) and female (bottom) samples.
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10.4.4. Polynomial Regression Analysis
Polynomial regression was performed to determine if the relationship between estimated
and chronological age could be more accurately modelled using a curvilinear approach,
as growth and senescence is not necessarily linear (Rossen et al. 1999; Latham &
Finnegan 2010). The growth behaviour of the spheno-occipital synchondrosis was
expressed by using a third order (cubic) polynomial regression for the pooled and
individual-sex samples, as the results shown in Table 10.7 and Figure 10.5.
Table 10.7. Cubic polynomial regression equations for the status of spheno-occipital
synchondrosis fusion in the Malaysian population.

*

Sample

n

R2

F

Pooledsex

500

0.627

278.040

Male

336

0.666

Female

164

0.590

Equation*

Age = 10.0 + 4.881(Score)
– 3.091(Score)2 + 0.877(Score)3
Age = 10.263 + 7.220(Score)
221.232
– 5.005(Score)2 + 1.258(Score)3
Age = 9.333 + 1.537(Score)
76.751
– 0.403(Score)2 + 0.350(Score)3

SEE
(± years)
2.886
2.669
3.154

All significant at p<0.001

A non-linear correlation between spheno-occipital synchondrosis fusion scoring and
chronological age was exhibited by the slight improvement in the R2 values (R2 = 0.5680.646 in the linear regression analysis to R2 = 0.590-0.666 in the polynomial regression
analysis). The results of the polynomial models largely mirrored those of the linear
analysis; where the most accurate was for the male sample. The use of cubic polynomial
regression to estimate age from scores was associated with error rates between ±2.669 to
3.154 years in the Malaysian population, which was a slight improvement over the use of
linear regression equations (±2.741-3.219 years). The greatest improvement in accuracy
between linear and growth polynomial regression was for the male sample, where the
mean SEE was reduced by 0.072 years.
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Phase

Phase

Phase

Figure 10.5. The cubic relationship between the score for the spheno-occipital
synchondrosis fusion status and actual age (in years) in the Malaysian pooled-sex (top),
male (middle) and female (bottom) samples.
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10.4.5. Transition Analysis
In the method for estimating age based on the spheno-occipital synchondrosis fusion
proposed by Franklin and Flavel (2014), there were four age classifications. Accordingly,
for the transition analysis there were three distributions of transition phases. The four
successive spheno-occipital synchondrosis fusion phases are presented in Table 10.8 and
modelled in Figure 10.6. ‘Unfused’, ‘fusing’ and ‘fused’ age limits are derived from the
upper and lower bounds of phase transition distribution using ±1 and ±2 standard
deviations, representing 68% and 95% of the prediction intervals (PI), respectively. The
curves for Phases 1 and 2 were also combined to provide the lower and upper fusing age
limits.
Table 10.8. Transition analysis parameters (in years) for age-of-transition distribution
between successive spheno-occipital synchondrosis phases in the Malaysian population
based on a cumulative probit model.
Transition
phases
0-1
1-2
2-3

Male

Female

Age
Std.
Min-Max
Estimate
Error
12.52
11.15-13.89 0.273
13.98
12.61-15.26 0.227
15.52
14.15-16.89 0.210
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Age
Estimate
10.47
12.26
13.80

Min-Max
8.74-12.19
10.54-13.99
12.08-15.53

Std.
Error
0.468
0.399
0.354
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0.32
0.3

Male 0-1

0.28

Male 1-2

0.26

Male 2-3

Density

0.24

Female 0-1

0.22

Female 1-2

0.2

Female 2-3

0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Age (years)

Figure 10.6. Age-of-transition distributions derived from the cumulative probit model
for spheno-occipital synchondrosis phases in the Malaysian male (blue) and female
(red) samples.
The transition analysis probability distribution for Malaysian individuals is shown in
Table 10.9, along with the prediction intervals (68% and 95%) for each phase, which
represent the probability that an individual will fall into a certain age range whilst they
exhibit the fusion status of a given phase. Using the 95% PI, the oldest age at which a
male individual is likely to be unfused was 15.25 years (13.91 years in females), while
the youngest age at which a male individual is likely to be fused was 12.79 years (10.36
years in females).
Table 10.9. Age ranges (in years) for Malaysian individuals based on transition analysis
probability distribution.
Fusion status
Unfused
Fusing
Fused

Male (n = 336)
68% PI
95% PI
<13.88
<15.25
12.61-16.89
11.25-18.25
>14.16
>12.79

Female (n = 164)
68% PI
95% PI
<12.19
<13.91
10.54-15.53
8.82-17.25
>12.08
>10.36

PI, prediction interval; unfused, Phase 0; fusing, Phases 1-2; fused, Phase 3.
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11.1.

Introduction

The present study evaluated the reliability of the Franklin and Flavel (2014) four-phase
scoring system describing spheno-occipital synchondrosis fusion in a Malaysian
population as visualised in MDCT images. A series of age estimation standards were
consequently formulated that have direct forensic application. First, a discussion on the
levels of intra- and inter-observer agreement associated with fusion phase scoring
achieved in the present study are compared to those in the published literature to assess
the overall reliability of the chosen method. This chapter then discusses and interprets the
results obtained for the sample population in comparison to standards presented by other
global populations. The forensic significance of the findings the present study are also
evaluated in the context of the accuracy of existing literature on adolescent age
estimation. However, it should be noted that comparative analysis of the results obtained
in the present study with those from the same population is extremely limited due to the
paucity of published comparable research. Finally, this chapter considers the limitations
of the study and then makes recommendations for future research.
11.2.

Intra- and Inter-Observer Agreement

Intra- and inter-observer agreement are affected by: (i) observer’s experience; (ii) number
of phases in the scoring system; and (iii) scan resolution (see below). The results for the
analysis of intra- and inter-observer agreement in the present study indicated that
assignation of the developmental phases is reproducible between observers (intraobserver agreement: κ = 0.785; inter-observer agreement: κ = 0.812). The Franklin and
Flavel (2014) four-phase scoring system relative to other systems with more phases (e.g.,
five-phase system of Bassed et al. 2010; six-phase system of Lottering et al. 2015) was
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adopted in the present study as it decreases subjectivism (i.e., open to interpretation as it
is perceived, depending on experience) in assessment, which should flow into higher
levels of inter-observer accordance (Webb & Suchey 1985; Scheuer & Black 2000;
Franklin & Flavel 2014).
In general, phase methods (including the scoring system of the spheno-occipital
synchondrosis fusion) lump several morphological indicators into a single discrete
category with the assumption that each trait progresses in conjunction with the others at
the same rate (Langley & Dudzik 2018; Nawrocki et al. 2018). Systems with a multitude
of categorical tiers can result in significant levels of disagreement between observers
(Shirley & Ramirez Montes 2015); this is demonstrated by the higher Kappa values for
inter-observer agreement in Franklin and Flavel (2014) (κ = 0.867), Sinanoglu et al.
(2016) (κ = 0.798-0.829) and the present study (κ = 0.812) compared to the values in fivephase scoring system, such as of Bassed et al. (2010) (κ = 0.780) and Barrany et al. (2015)
(κ = 0.678). However, very high inter-observer agreement (κ = 0.995) was achieved using
an extended six-phase system (included 3D fusion pattern of ossification nodules) by
Lottering et al. (2015), perhaps due to the availability of high-resolution scans (<0.5 mm)
(see Chapter Three Section 3.3.2).
11.3.

Comparison between Franklin and Flavel (2014) and the Present Study

The development of spheno-occipital fusion has been assessed via direct inspection on
dry bone gross morphology, wet bone morphology at autopsy, histological examination,
conventional radiography and CT imaging across various disciplines (e.g., forensic
sciences, anatomical, odontological and medical). There are obviously some variations in
the literature in relation to the timing of closure of the spheno-occipital synchondrosis,
which is perhaps largely attributable the different methodologies employed (i.e., direct
inspection, histology, and radiography) and/or imaging modality studied (magnetic
resonance imaging, CBCT, and CT) in addition to population and other sources of
potential variation (e.g., sex and age distribution of the target sample) (see Chapter Three
Section 3.3.2).
The present study followed the methodology proposed by Franklin and Flavel (2014). It
is agreed that high resolution MDCT images afford earlier detection and accurate
assessment of fusion status and enabled visualisation of the fusion scar in a timely and
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non-destructive manner, compared to the examination of skeletal material (Okamoto et
al. 1996; Bassed et al. 2010; Shirley and Jantz 2011; Franklin & Flavel 2014). Franklin
and Flavel examined MDCT images acquired from Western Australian individuals, while
the target population in the present study was of Malaysian origin (Table 11.1).
Table 11.1. Spheno-occipital synchondrosis fusion timing in Western Australian and
Malaysian populations.

Method

Author

Study Population

CT scans

Franklin & Flavel
(2014)
Present study

Western Australian
(169♂; 143♀)
Malaysian
(336♂; 164♀)

CT scans

Mean Years of Age
(Min-Max)
Male
Female
19.83
18.62
(13.4-25.0) (11.8-25.6)
20.84
19.78
(18.0-23.7) (16.4-23.1)

In comparison to Franklin & Flavel (2014) and other CT studies (e.g., Bassed et al. 2010;
Can et al. 2014; Barrany et al. 2015), the mean ages and 95% CIs of complete fusion in
the present study (male: 20.84 years, 20.49-21.19 years; female: 19.78 years, 19.20-20.37
years) are noted to be later in both sexes. The differences in mean age of complete fusion
in Malaysian individuals are +1.01 and +1.16 years in males and females, respectively,
in comparison to the Western Australian individuals. Results of the transition analysis
using the 95% PI demonstrated inconsistencies between both populations; the oldest age
at which a Malaysian individual is likely to be unfused is 15.25 years in males (17.96
years for Western Australian males) and 13.91 years in females (14.74 years for Western
Australian females). Meanwhile, the youngest age at which a Malaysian individual is
likely to be fused is 12.79 years in males (12.63 years in Western Australian males) and
10.36 years in females (10.29 years in Western Australian females). Such variation in
fusion data are, however, somewhat expected (at least in part) because of the sample
composition population variances relative to genetics (i.e., Asian versus Europeandescend individuals) and geographical location (i.e., Australia versus Malaysia) (see
Chapter Three Section 3.3.2).
11.4.

Variation between Sex

In general development, females mature earlier than males due to hormonal changes
(Kemkes-Grottenthaler 2002; Algee-Hewitt 2012). Sex differences in the age-at229
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transition of spheno-occipital synchondrosis fusion appear non-directional. There is a
clear sexual dimorphism in the timing of spheno-occipital synchondrosis fusion in the
present study, in accordance with the literature (Madeline & Elster 1995; Sahni et al.,
1998; Mann et al. 2000; El-Sheikh & Ramadan 2006; Coqueugniot & Weaver 2007;
Langley-Shirley & Jantz 2011; Franklin & Flavel 2014). Sexual dimorphism between
transition ages for all maturational stages is prevalent in the present study (Table 10.8),
with females exhibiting fusion earlier than males by around one to two years (estimates
for transition 0-1, female: 10.47 years; male: 12.52 years). On average, the sphenooccipital synchondrosis of Malaysian females fused 1.06 years earlier than their male
counterparts (see below).
The present study shows that the transition age between Phases 0 and 1 in females is
approximately 8.74 to 12.19 years, somewhat according to the mean of age at menarche
of Malaysian girls, which is reportedly 12.3 ±1.1 years (Lee et al. 2006) and 12.45 ±1.17
years (Hossain et al. 2013). This supports the notion that spheno-occipital synchondrosis
begins to fuse around puberty (i.e., represents an indicator of the onset of puberty in
females) (Alhazmi et al. 2007; Shirley & Jantz 2011), which is an example of significant
sexual maturational events related to fusion times of the spheno-occipital synchondroses
(Scheuer & Black 2000).
11.5.

Comparison with other Adolescent Age Estimation Techniques

The present study focuses on the adolescent period (12 to 20 years of age) from the time
of eruption of the premolars and permanent second molars to the end of skeletal growth.
Sub-adult age estimation is based on growth and development, but it is complicated by
sexual and individual variation (Saunders 2000; Rogers 2009). Skeletal maturational
changes during development are largely under genetic control, although health, nutrition,
socioeconomic status and other external environmental stressors do have the capacity to
stunt and/or slow these processes (Schmeling et al. 2000; Stinson 2012; Langley-Shirley
& Jantz 2010; Lottering et al. 2015). Schmeling et al. (2006) further explained that the
genetically determined potential of skeletal maturation can be exploited under optimum
environmental conditions (i.e., high socioeconomic status), whereas a less favourable
environment (e.g., restricted health care access and lower life expectancies) may lead to
retardation of skeletal maturation. It is acknowledged that population variation may
influence the accuracy of forensic age estimation methods.
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The closure of spheno-occipital synchondrosis accords with “the beginning of adult life”
(Scheuer & Black 2004:5). Other than spheno-occipital synchondrosis fusion, the
preferred biological process to be considered in the context of an age diagnosis in an
adolescent is dental development. The third molar is arguably the most reliable biological
indicator during adolescence and into early adulthood (Harris et al. 2010) and can noninvasively be evaluated radiographically. In addition, methods based on skeletal
indicators such as medial clavicular epiphysis and pubic symphysis (Phase I - Brooks &
Suchey 1990) are also widely used. The relationship between these fusion/growth sites
and chronological age can thus be used to develop forensic standards for age estimation.
These methods are further discussed below.
11.5.1. Dental Development
Dental development is widely regarded as the most accurate means of estimating age at
death in individuals who have not yet reached dental maturity (Brickley & McKinley
2004). Teeth develop in a predictable sequence over approximately 25 years and
formation and/or eruption can be used to estimate age up to early adulthood. Between 14
to 20 years of age, the third molars will often be the only teeth still developing. Third
molar age estimation is accomplished by estimating the phase of development relative to
a reference standard (e.g., Schour & Massler 1941; Moorrees et al. 1963; Gustafson &
Koch 1974; Ubelaker 1989; Smith 1991). The simplest method is to examine the phase
of dental development and eruption, either visually or with the aid of radiographic images,
to allow root development and un-erupted teeth to be observed. Within the dentition, the
third molar is the only tooth that has not competed growth by the age of 18 years (legal
milestone) (Wood et al. 2011) however, there have been many warnings issued in relation
to the unreliability or indeed unpredictability of the maturation of this tooth.
In further considering fusion timing of the spheno-occipital synchondrosis, it does appear
to accord with the completion of dental development (around the eruption of the second
molars) (Bogin 1997; Scheuer & Black 2004; Kocasarac et al. 2015), another significant
maturational event (Scheuer & Black 2000). In the present study, the age range of fusing
spheno-occipital synchondrosis to fused in Malaysian females was between 12.08-15.53
years, comparable to the 95th percentile of age of second molar eruption (14.44 years for
maxilla and 13.33 years for mandible) in the same population (Hussin et al. 2007);
whereas in Malaysian males, the age range is between 14.15-16.89 years, compared to
the 95th percentile of age of second molar eruption (14.36 years for maxilla and 13.69
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years for mandible) (Hussin et al. 2007). Amongst Malaysian individuals, the
development of spheno-occipital synchondrosis is shown to begin earlier compared to
third molar eruption (mean age 15.22 and 15.66 years in males and females, respectively)
(Mohd Yusof et al. 2007).
The variability of third molar development of Malaysian sub-adults has been assessed to
formulate age estimation models (e.g., Johan et al. 2012; Mohd Yusof et al. 2015). Age
estimation models with associated prediction errors of -0.17 and 3.14 years were derived
based on regression analyses following the Demirjian (1973) method (Johan et al. 2012).
Mohd Yusof et al. (2015) formulated age prediction models following the methodology
by Gleiser and Hunt (1973), Kohler (1994) and Olze (2007) based on digital panoramic
radiographs for a Malay population with root mean square error (RMSE) of 1.5 to 2.0
years. It is important to note that RMSE is used to measure distance between values and
prediction for those values (the error of prediction), hence RMSE and SD will be exactly
the same when the mean is used as a prediction variable (Tabachnick & Fidell 2013).
Therefore, it is acknowledged that dental age estimation models in sub-adults are
associated with higher accuracy rates compared to skeletal age indicators, including the
standards derived from the present study (SD ±1.08-7.92 years).
11.5.2. Medial Clavicular Epiphysis
The medial clavicle is generally the last epiphysis to fuse (White et al. 2012),
commencing fusion around 16 to 21 years (although it has been reported as early as 11
years), with completion often not occur until the late 20s (Stevenson 1924; McKern &
Stewart 1957; Jit & Kulkarni 1976; Szilvássy 1980; Webb & Suchey 1985; Scheuer &
Black 2000). Thus, the clavicle is commonly used as a biological age marker for
individuals for the age range between 18 and 30 years (Schaefer et al. 2009). Cardoso
(2008) stated that the data on the clavicle could be used to obtain an age within a 9-year
range. The timing of medial clavicular fusion also varies amongst different global
population according to sex (male and female, respectively), for example: >22.0 and 23.0
years in Indians (Jit & Kulkarni 1979), >21.3 and 20.0 years in German (Schmeling et
al. 2004), >25.0 and 23.0 years for Portugese (Coqueugniot & Weaver 2007), >25.9 and
25.4 years in American (Langley-Shirley & Jantz 2010), >21.56 and 21.92 years in
Danish (Tangmose et al. 2014), >21.0 and 20.0 years in Australian (Franklin & Flavel
2015), and >19.4 and 22.3 years in French (Houpert et al. 2016) individuals.
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In comparison between the development of spheno-occipital synchondrosis and medial
clavicular fusion, there are several differences in the timeline for initial through complete
fusion. Scheuer and Black (2000) summarise the development of the medial clavicle starts
around 18 years; a fusing flake will appear between 16-21 years with almost total
coverage achieved by 24 to 29 years and finally, complete fusion by the age of 30 years.
In contrast, spheno-occipital synchondrosis fusion is widely considered to begin much
earlier in accordance to puberty, with fusion occurring at 11-16 years of age in females
and 13-18 years in males (Scheuer & Black 2000; Purves et al. 2011). No data on the
timing of medial clavicular epiphysis for the Malaysian population is currently available.
11.6.

Limitations of the Study

Research involving the analysis of anonymised medical scans (as in the present study) is
inherently limited in relation to sex distribution and associated background information
available. These are accordingly discussed below.
11.6.1. Sample Sex Distribution
Although the total sample examined in the present study was large (i.e., 500 scans), it is
important to note that the number of male and female individuals included in the present
sample was not balanced (67.2% male; 32.8% female). This study was limited by the
number of MDCT cranial scans available in the relevant age range; it involved the
analysis of previously collected anonymised clinical and forensic MDCT scans from
hospital databases, where females were not well-presented especially in the relatively
new forensic database (developed in 2010) due to low number of females involved in
forensic cases (e.g., motor vehicle accident, homicide, suicide, amongst others). The
forensic sample included in the present study was 176 individuals, thus patient scans were
also utilised to increase the size of the overall study sample. The intended patient sample
for this study was 600 cranial MDCT scans distributed evenly by sex and ancestral group
(i.e., 20 male scans 5-9 years; 30 male scans 10-15 years; 30 male scans 16-19 years; 20
male scans 20-25 years); however only 324 scans were able to be collected from that
hospital. Further, in ideal scenario sample distribution should follow the Malaysian
population demographic percentage. The sample number was restricted by the
inclusion/exclusion criteria: must be exhibiting normal pathology, and within the age
limit required to observe the development of spheno-occipital synchondrosis. It is also
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difficult to obtain MDCT scans with an appropriate level of resolution (scan thickness of
<1.5 mm) due to the radiation risk to patients.
11.6.2. Individual Background Information
No information about the patients other than age, sex and ancestry was available. It is
acknowledged that the fusion of cranial sutures specifically is related to genetics,
environment, nutrition, socioeconomic status and bone growth (Scheuer & Black 2000,
2004; Schmeling et al. 2000, 2005; Cunha 2009; Shirley & Jantz 2011; Can et al. 2014;
Lottering et al. 2015). Genetics can have a significant effect on the timing of the onset of
puberty within an individual (Sedlmeyer et al. 2002; de Vries et al. 2004), however the
contribution of genetics to the rate of skeletal maturation is unknown. The ancestry
parameter in hospital databases is usually self-reported, thus the effect of mixedparentage and/or adoption crossing ancestral groups could not be examined in the present
study (see also Chapter Seven Section 7.3.2.).
Previous research has established that well-nourished individuals progress through
puberty earlier than under-nourished individuals (e.g., Simondon et al. 1997; Cardoso et
al. 2014), hence malnourished individuals could be expected to show delayed skeletal
development. Stress, inter-related with socioeconomic status, can influence the timing of
the onset of puberty, and therefore, the timing of skeletal development and maturation
(e.g., Arim et al. 2011; Gosman et al. 2011). Hauspie and Roelants (2012:65) further
elaborated that “The environmental stresses persist for a long period or extend into the
adolescent growth cycle, the resulting effect on growth may be a pattern which is typical
for late-maturing children”. Furthermore, as the medical history of these individuals is
not known, it is possible that abnormalities that may cause accelerated or stunted growth
are present due to pathogenic events (e.g., sickle cell disease) (Zemel et al. 2007; Hauspie
& Roelants 2012). The variation potentially introduced by the above factors in relation to
skeletal maturation could not be addressed in the present study as those scans were
anonymised (except for age, sex and ancestry data) upon receipt.
11.7.

Recommendations for Future Research

Age estimation models developed using samples from mainly European populations may
not be applicable to individuals of Asian ancestry, as growth and aging can be affected
by disease, health, environment, and cultural practice (Schmitt et al. 2002; Schmitt 2004;
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Gocha et al. 2015); therefore, a clear need for further research into population-specific
standards. The present study represents the first investigation of spheno-occipital
synchondrosis fusion in a contemporary Malaysian population, in which the findings
highlight the importance of population specific anthropological studies for the
development of forensic standards. Future studies with a larger sample representative of
the Malaysian population (particularly of Malaysian females 10 to 15 years of age) are
recommended to adequately represent variability in the broader population, thus
producing statistically valid inferences applicable in forensic case work.
Malaysia is an ethnically diverse country (Department of Statistics Malaysia 2016), the
impact of migration, immigration, admixture, and changes in social construction of
ancestral identity may have blurred the defined gene pools making it difficult to place
individuals into any one ancestral group (Leete 1996; Evers 2014; Nagaraj et al. 2015).
As the ancestral parameter recorded in medical databases is usually self-reported,
individuals of mixed heritage may choose to identify with one rather than the other yet
possess skeletal traits representative of both. In such situations where ancestry parameter
is somewhat unreliable, pooled-ancestry standards provide an appropriate alternative. It
would be interesting and of forensic significance to investigate further the peopling of
Malaysia, hence a larger study to explore anthropological variations, especially between
the major ancestral groups (i.e., Malay, Chinese and Indian) in Malaysia, is
recommended.
It is acknowledged that different skeletal traits may be under different influences (e.g.,
diet, disease, biomechanical loading and geographical location) and hence reflect
different biological ages independent of each other (Ubelaker 1987; KemkesGrottenthaler 2000; Boldsen et al. 2002; Franklin 2010; Nawrocki et al. 2018; Langley &
Dudzik 2018). Multifactorial forensic age estimation approach (the use of multiple
individual age indicators which are statistically combined to produce a single age
estimate) is proposed for further research to achieve higher accuracy rates (Brooks 1955;
Lovejoy et al. 1985a; Murray & Murray 1991; Saunders et al. 1992; Bedford et al. 1993;
Matrille et al. 2007) by combining the analyses of spheno-occipital synchondrosis fusion,
third molar development and medial clavicular epiphyses (e.g., Bassed et al. 2011).
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11.8. Conclusions
This study provides morphological standards for age estimation in Malaysian adolescents
using the spheno-occipital synchondrosis as assessed according to a reliable and
replicatable four-phase scoring system in a MDCT platform. The fusion of the sphenooccipital synchondrosis is positively correlated with age, with spheno-occipital fusion
commencing approximately two years earlier in females. Complete fusion of the sphenooccipital synchondrosis was observed in all individuals above the age of 18 years. Mean
ages for complete fusion are 20.84 years in males and 19.78 years in females. The oldest
age a male is likely to be unfused is 15.25 years and female, 13.91 years. The youngest
age a male is likely to be fused is 12.79 years and female, 10.36 years. Age prediction
models for pooled and individual-sex samples were formulated using linear and
polynomial regression analyses. Their accuracy rates were high (SEE ±2.669-3.219
years) relative to existing methods age estimation in the adolescents. Spheno-occipital
synchondrosis fusion status is used to provide upper and lower age boundaries for
forensic age estimation.
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12.1.

Introduction

The Suchey-Brooks method (Suchey et al. 1986; Katz & Suchey 1986; Brooks & Suchey
1990; Suchey & Katz 1998) comprises a six-phase system with detailed descriptions of
pubic symphyseal age-related osteological features (i.e., the ridges, delimitation of the
two extremities, ventral rampart, symphyseal rim, face depression, ligamentous
outgrowths and bone texture) corresponding to each phase. These phases encompass a
mean age and standard deviation, with an allocated range of 95% confidence interval
according to sex (Brooks & Suchey 1990).
The applicability of the Suchey-Brooks method has been assessed in inter-population
studies using the mean age and standard deviation of each phase to calculate the
percentage of correct classification (i.e., whether the actual chronological age of each
individual is correctly included in the age ranges corresponding to the observed phase).
High percentages of correct classification (up to 88%) was observed in populations of
European descent; for example, French (Baccino et al. 1999; Pasquier et al. 1999; Telmon
et al. 2005), Spanish (Rissech et al. 2012; Lopez-Alcaraz et al. 2015), and American
(Martrille et al. 2007; Fleischman 2013; Wink 2014).
Evidently, the applicability of the method is reduced when applied to genetically and
geographically foreign populations; for example, age was only correctly estimated in
63.9% of males and 69.7% of females in an Australian (Queensland) sample (Lottering
et al. 2013). Even lower accuracy was demonstrated in another Australian (Victorian)
sample: 57.6% males 67.1% females (Merritt 2018). Increased bias was also presented in
a Thai population (27.2 to 32.2 years) (Schmitt 2004) (see Chapter Three Section 3.4.2).
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Recent research has applied the Suchey-Brooks method in the assessment of the the
symphysis as visualised and reconstructed in CT images (e.g., Pasquier et al. 1999;
Telmon et al. 2005; Lottering et al. 2013; Wink 2014; Villa et al. 2015; Savall et al. 2016,
2018, Pattamapaspong et al. 2019). In comparison between physical and virtual
assessment of the pelvic bone, Telmon et al. (2015) demonstrated high inter-method
agreement (κ = 0.82-0.86); the accuracy of age estimation did not significantly differ
(Wilcoxon test) between the Suchey-Brooks method applied to bones and the same
method applied to CT images (z = 0.36; p = 0.71). This indicates that 3D representations
can be used to accurately assess age following the established visual criteria of the
Suchey-Brooks method (see Chapter Three Section 3.4.2).
The accuracy of the Suchey-Brooks method as applied to the Malaysian population will
be determined by examining whether or not the actual chronological age of each
individual is correctly included in the age ranges corresponding to the observed phase.
Therefore, the aim of this study is to test the Suchey-Brooks method in a contemporary
Malaysian sample, with the ultimate aim to formulate Malaysian population-specific
forensic standards based on the analysis of MDCT images. The following Chapters in
Part IV outline the materials and methods comprising this study (Chapter Thirteen),
subsequent results of the statistical analyses performed (Chapter Fourteen), and then the
interpretations of that data and conclusions drawn in the context of existing knowledge
(Chapter Fifteen).
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13.1.

Materials

This retrospective study examined pelvic MDCT scans to derive population specific age
estimation standards. These biological data were acquired from MDCT scans of males
and females from three major ethnic groups in Malaysia; Malay, Chinese and Indian. Two
main samples were used to assemble the required scans: (i) forensic sample; and (ii)
patient sample (see below). All scans were taken as part of the post-mortem investigation
and/or therapeutic treatment at hospitals, which indicated that there was no unnecessary
or repeated radiation exposure to any individual. These stored scans were from medical
facilities. All scans were received in a DICOM format and were anonymised prior to
receipt except for sex, age and ancestry data.
Ethics approval for this study was granted by the Human Ethics Office of Research
Enterprise of the University of Western Australia (Reference No. RA/4/1/8352) on the
31st of May 2016 (see Appendix I(i)), and by the Medical Research & Ethics Committee
of the Ministry of Health Malaysia (Reference No. (05) KKM/NIHSEC/P16-1344) on the
1st of September 2016 (see Appendix I(ii)). The following sections describe the specific
inclusion and exclusion criteria applied and the composition of the study sample.
13.1.1. Inclusion / Exclusion Criteria
The minimum age for inclusion of subjects was 15 years, as this is the lower limit of the
earliest phase (Phase I) in the Suchey-Brooks system for pubic symphyseal age estimation
(Brooks & Suchey 1990); no upper limit was set (the oldest age in latest phase (Phase VI)
in the Suchey-Brooks system is 87 years). Individuals with history of previous trauma,
surgical procedures or known medical illnesses that could affect the morphology of the
regions of interest were excluded. Scans exhibiting any abnormal development, trauma,
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or other pathological conditions that may affect normal morphology were also excluded
to avoid confounding variables that would skew the age estimation.
13.1.2. Forensic Sample
The National Institute of Forensic Medicine, Hospital Kuala Lumpur is the only facility
in Malaysia that provides routine post-mortem CT scanning as part of the medico-legal
autopsy under Chapter XXXII of the Criminal Procedure Code of Malaysia. The
protocols include scanning in two blocks; 1.0 mm for the head and 2.0 mm for the rest of
the body through a Toshiba Acquilion 64-Slice CT scanner.
The sample collected for this study comprised of 118 males (42 Malays; 40 Chinese; and
36 Indian) and 26 females (8 Malay; 12 Chinese; and 6 Indian) between 17 to 83 years of
age. The sample was biased because much less females were involved in forensic cases
(e.g., motor vehicle accident, homicide, suicide, amongst others) compared to males and
they were limited by the inclusion criteria of exhibiting normal pelvic bone pathology.
The resolution of the pelvic scans was 2.0 mm. The mean age for males and females was
44.56 years and 47.27 years, respectively. Distribution of the forensic sample according
to age and sex is shown in Table 13.1 and Figure 13.1.
Table 13.1. Age and sex distribution of the forensic sample.
Age range (years)
15 – 19
20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
70 – 79
80 – 83
Total

Male
4
21
23
21
26
18
2
2
118

Female
0
7
3
3
6
4
3
0
26
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Total
4
28
26
24
32
22
5
2
144
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Figure 13.1. Distribution according to age and sex in the male (blue) and female (red)
forensic sample.
13.1.3. Patient Sample
A total of 355 MDCT pelvic scans were assembled: 165 male (62 Malay; 53 Chinese;
and 50 Indian) and 190 female (63 Malay; 79 Chinese; and 48 Indian) between 15 to 83
years of age (mean age is 37.85 ±17.72 years and 42.65 ±18.30 years for males and
females, respectively) from the Department of Radiology, Hospital Sultanah Aminah.
Scan resolution ranged 0.625 to 1.5 mm, with 86.76% of the sample scanned at 1.0 mm.
Distribution of the patient sample according to age and sex is outlined in Table 13.2 and
Figure 13.2.
Table 13.2. Age and sex distribution of the patient sample.
Age range (years)
15 – 19
20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
70 – 79
80 – 83
Total

Male
33
33
29
31
17
13
5
4
165

Female
26
28
36
35
29
17
15
4
190
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Total
59
61
65
66
46
30
20
8
355
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Figure 13.2. Distribution according to age and sex in the male (blue) and female (red)
patient sample.
13.2.

Methods

The present study followed the Suchey-Brooks method (Katz & Suchey 1986, 1989;
Suchey et al. 1986; Suchey & Brooks 1988; Brooks & Suchey 1990) (see Chapter Three
Section 3.4.2). The following sections outline the methodology for acquiring the specific
standard position to assess the pubic symphysis. It also describes the statistical methods
employed to analyse the data, including assessment of precision, descriptive statistics,
linear and polynomial regressions, and transition analysis.
13.2.1. Visualisation of the Pubic Symphyseal Face
The scans were processed and reconstructed into 3D images using RadiAnt DICOM
Viewer 4.6.5. Visualisation of the region of interest was performed using 3D volume
rendering (VR). A series of rendering setting were tested, and a combination of different
digital manipulations were performed to achieve the clearest visualisation for analysis
with particular emphasis on the detail of the pubic symphysis (RadiAnt DICOM Viewer
User Manual 2018).
The image was rotated around the X and Y axes (parallel to the viewing plane) using “3D
rotate”, and around the Z axis (perpendicular to the viewing plane) using the “Roll”
function. Cuts were made using the “Scalpel” tool to remove all unwanted structures from
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the image (e.g., medical device, personal effects such as a belt buckle, and other
unnecessary anatomical structures). The pubic symphysis was isolated and the image was
further rotated along the X, Y and Z axes to be parallel to the viewing plane (Roll: 43.856.6).
The zoom level and position of the image were altered using the “Zoom” and “Pan”
functions, respectively. Adjustment was made on the brightness (window level, WL) and
contrast (window width, WW) of the image (i.e., WL: 120-130; WW: 330-340) where
required. Each image of right and left pubic symphyses was thus saved according to its
study identification number as a JPEG file. An example of the visualisation technique
used in RadiAnt is shown in Figure 13.3.
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(i) Articulated pelvis.

(ii) Articulated pubic symphyses

(iii) Right pubic symphysis (lateral)

(iv) Left pubic symphysis (lateral)
Figure 13.3. Visualisation of a reconstructed MDCT image in RadiAnt in 3D VR
(INT000039). Images are not of equal scale.
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13.2.2. Assessment of Pubic Symphysis Metamorphosis
The Brooks and Suchey (1990) method was used to assess the degree degeneration of
both right and left symphyseal face of each individual (see Chapter Three Section 3.4.2).
General visual assessment and comparison with written descriptions and illustrations
specific to the Suchey-Brooks method were used to make phase estimations. A phase
score was assigned to each pubic symphysis using the morphological criteria proposed
by Brooks and Suchey (1990). Assessments were made blind of age and sex data. Figure
13.4 shows the pubic symphyseal morphological changes according to the SucheyBrooks system observed in 3D volume rendering (VR) using RadiAnt.
Phase
II

III

IV

V

VI

INT01326,
15 years

INT01206,
20 years

INT01260,
31 years

INT01274,
45 years

INT00040,
64 years

INT01263,
76 years

INT01171,
18 years

INT01133,
22 years

INT01200,
48 years

INT00052,
56 years

INT01235,
61 years

INT00131,
77 years

Female

Male

I

Figure 13.4. Pubic symphyseal morphological changes according to the Suchey-Brooks
system observed in 3D volume rendering (VR) using RadiAnt. Images are not of equal
scale.
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13.2.3. Statistical Analyses
Malaysia is a heterogenous population (see Chapter One Section 1.2.4); this can be
reflected in the study sample (see above). As convenience sampling was adopted for
sample collection, the sample was analysed as pooled-ancestry since classification of an
individual into one ancestral group is not possible due to genetic admixture (see Chapter
Seven Section 7.3.2(i)) and this is acknowledged as one of the study limitations (see
Chapter Eleven Section 15.6.2).
All statistical analyses were performed using Microsoft® Office Excel and IBM SPSS
Statistics (version 25.0). The transition analyses utilised to calculate age ranges for each
of the defined pubic symphysis phases, were performed using the Nphases2 program
(accessed and downloaded from http://konig.la.utk.edu/nphases2.htm) as described
below.
(i)

Intra- and Inter-Observer Agreement

A statistical assessment of observer accordance in phase estimation was performed prior
to primary data collection. For the forensic sample, an intra-observer precision test was
conducted by the PhD candidate (SH) based on three repeated assessment of 10 scans
(five of each sex), 20 to 80 years of age (mean: 44.80; SD: 20.15) with three-day interval
between assessments to test reliability of the pubic symphysis assessment. Scan
resolution was 2.0 mm. Precision agreement is calculated by using Fleiss’ Kappa
coefficient (see Chapter Nine Section 9.2.3).
Intra- and inter-observer agreement for the patient sample was measured based on three
repeated assessment of 50 scans representing all age groups by three assessors (PhD
candidates with postgraduate qualifications with some experience/familiarity in virtual
platform and method of assessment). The scans consisted of 25 males and 25 females, 19
to 83 years of age (mean: 49.02; SD: 20.90). Scan resolution ranged between 0.625 to 1.5
mm with 94% of the scans at <1.0 mm. All assessments were performed independently
with at least one-day interval between re-assessments. Intra- and inter-observer
agreement was calculated by using Fleiss’ Kappa coefficient (see Chapter Nine Section
9.2.3).
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Bilateral Asymmetry

The present study acknowledged the influence of bilateral asymmetry in phase allocation
for left and right symphyseal surfaces in the same individual (Schmitt 2004; Overbury et
al. 2009; Lottering et al. 2013), thus bilateral variance was statistically quantified relative
to its influence on age estimation in the Malaysian population.
(iii)

Data Normality

The tendency of the target population distribution to mimic the distribution of the
reference sample is known as age mimicry (Bocquet-Appel & Masset 1982; Konigsberg
& Frankenberg 1994; Hoppa & Vaupel 2002). Even though the Central Limit Theorem
is applicable to the present study (patient sample = 355), normality was assessed through
visual inspection of histograms and Normal Q–Q plots, also the values of skewness and
kurtosis, and the Kolmogorov-Smirnov test of normality to assess deviation and/or
extreme outliers (if any) in the distribution of actual age (see Chapter Five Section 5.2.3).
(iv)

Descriptive Statistics

Descriptive statistics (including mean age, standard deviation, standard error, 95%
confidence interval and age range for each phase) were quantified in the present study to
establish whether there are any differences between the mean chronological and estimated
ages for the Suchey-Brooks method (see Chapter Five Section 5.2.3).
(v)

Simple Linear Correlation

The correlation coefficient measures the strength of relationship between two variables
(see Chapter Five Section 5.2.3). In the present study, the Pearson’s correlation
coefficient was used to assess the correlation between the actual age and the phase of
morphological changes of the symphyseal face as estimated by the Suchey-Brooks
method.
(vi)

Bias and Inaccuracy

The mean age reported for each phase or composite score in the original literature was
used as a point age estimate for each individual. For age estimation, accuracy is defined
according to its closeness to the actual chronological age. Precision is defined as obtaining
similar age estimates for a set of remains over many trials. To test the accuracy of the
Suchey-Brooks method in a Malaysian population, point age estimates derived from each
method were compared to known age at death through calculations of bias, inaccuracy,
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percentage correct classification and correlation (Baccino et al. 1999; Schmitt 2004;
Sakaue 2006; Hens et al. 2008; Moraitis et al. 2014; Gocha et al. 2015; Savall et al. 2016).
“Bias is the signed difference between estimated and actual age, and inaccuracy is the
absolute difference” (Baccino & Ubelaker 1999:934). Bias is directional, so the sign is
important; it is informative for the identification of systematic over- or under-estimation
of age [Σ(estimated age - known age)/n]. Inaccuracy is the mean absolute error of the
estimation [Σ|estimated age - known age|/n] and therefore does not account for the
directionality of error in age estimation.
Actual age was compared to the mean age of the predicted phase, and its associated 95%
range, to determine if it was correctly incorporated in the Suchey-Brooks standards. This
comparison was used to determine the accuracy of the method in a Malaysian population.
The analyses of inaccuracy and bias were undertaken to address the issue of uniformity
of age changes (Hoppa 2000).
(vii)

Linear and Polynomial Regression Analyses

Scatterplots of predicted versus actual age is an important part of the validation process
to detect non-linearities, as the trait used in age assessment is discrete, and the relationship
between the assigned phase and corresponding age span is usually highly non-linear
(Kemkes-Grottenthaler 2002). Actual ages were plotted against predicted ages for males
and females using a scatter plot with a regression line. The variables (phase scores) were
submitted using the Enter method. Linear and polynomial regression analyses were thus
used to formulate age estimation standards; the SEE is the basis of assessment of the
accuracy of the Suchey-Brooks standards in a Malaysian population (see Chapter Five
Section 5.2.3).
(viii) Transition Analysis
Recent research suggests that methods that set age parameters based on mean age at each
phase (i.e., point estimates) including Brooks and Suchey (1990), establish age intervals
that are constant (Konigsberg & Holman 1999; Milner et al. 2000). This is issue is further
elaborated, whereby “… substituting point estimates neglects the fact that ages are
estimated rather than known and gives the analysis false power in tests" (Konigsberg &
Frankenberg 2002:307). Therefore, transition analyses were utilised to calculate age
ranges for each of the defined pubic symphysis phases (see Chapter Nine Section 9.2.3).
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This statistical approach utilises an ordinal probit regression model to produce maximum
likelihood estimates that represent the average age at which an individual is likely to
transition from one age phase to the next (Boldsen et al. 2002; Shirley & Jantz 2011;
Lottering et al. 2013). All analyses in the present study were performed as an unrestricted
cumulative probit that produces estimates with varying standard deviations (multiple
SD); see Chapter Nine Section 9.2.3(vii) for further detailed description. However, it is
important to note that Malaysian mortality data were unavailable, hence hazard analysis
(i.e., Gompertz model) parameters could not be calculated; this is acknowledged as a
study limitation (see Chapter Fifteen Section 15.6.3).
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14.1. Introduction
The purpose of the present study was as follows: (i) to determine the mean age of each
phase of pubic symphyseal morphological changes in males and females; (ii) to determine
age-at-transition of the pubic symphyseal status from one phase to the next; and (iii) to
develop age estimation standards based on quantification of age-related pubic
symphyseal morphological changes – all in relation to a Malaysian population. MDCT
images from a Malaysian population were analysed and the status of the pubic
symphyseal morphological changes was scored according to the six-phase system of
Brooks and Suchey (1990) (as described in Chapter Thirteen).
This chapter accordingly presents the results of the precision analysis performed to
quantify intra- and inter-observer accordance, the assessment of bilateral asymmetry, and
the accuracy of the Suchey-Brooks method as applied to the Malaysian population.
Correlation between pubic symphyseal phase and chronological age are measured using
Pearson’s correlation coefficient; results of transition analysis are presented with age
estimates for each defined phase.
14.2.

Intra- and Inter-Observer Agreement

Precision tests were conducted separately for forensic and patient samples due to the
difference in scan resolution; 2.0 mm for the former and between 0.625 and 1.5 mm for
the latter. The results of the precision analyses on the assessment of pubic symphysis
metamorphosis are accordingly outlined below.
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14.2.1. Forensic Sample
The Kappa value for repeat assessment of 10 individuals represented poor agreement
beyond chance, with κ = 0.367 (p<0.001), 95% CI = 0.168-0.567; and see Table 14.1.
Hence, all forensic scans were excluded from further analysis because this result
suggested that the Suchey-Brooks system could not be reliably assessed in scans with 2.0
mm resolution.
Table 14.1. Kappa statistics for intra-observer agreement of pubic symphysis
assessment following Brooks and Suchey (1990) in the forensic sample.
Overall Kappa
Asymptotic
Kappa Standard
Error
0.367
0.102

Rating
Kappa
Category
1
2
3
4
5
6

1.000
0.135
0.365
0.282
0.259

Lower 95%
Asymptotic CI
Bound
0.168

Upper 95%
Asymptotic CI
Bound
0.567

Category Kappa
Lower 95%
p value
Asymptotic CI
Bound
<0.001
0.642
0.461
-0.223
0.046
0.007
0.122
-0.076
0.156
-0.099

Upper 95%
Asymptotic CI
Bound
1.358
0.492
0.723
0.640
0.617

Z

p value

3.605

<0.001

Z
5.477
0.737
2.000
1.546
1.420

14.2.2. Patient Sample
Based on three repeat assessments of 50 scans, the PhD candidate (SH) had 40/50
agreements (80%). The other two assessors had a total of 36/50 (72%) and 37/50 (74%)
agreement, respectively. There was no instance where the difference between repeated
observations was greater than one phase. Kappa values for the repeat assessment
performed by the PhD candidate (SH) represented excellent agreement beyond chance
with κ = 0.832 (p<0.001), 95% CI = 0.754-0.911. All phases examined in the present
work have intermediate to excellent agreement between observations (Fleiss 1981).
Results for intra-observer error, which include the rating category describing the Phases
I to VI, are presented in Table 14.2.
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Table 14.2. Kappa statistics for intra-observer agreement of pubic symphysis
assessment following Brooks and Suchey (1990) in the patient sample.
Overall Kappa
Kappa
0.832

Asymptotic
Standard
Z
Error
0.040
20.894

Rating
Kappa
Category
1
2
3
4
5
6

1.000
0.790
0.699
0.824
0.806
0.905

Z
12.247
9.677
8.557
10.096
9.868
11.081

p value
<0.001

Lower 95%
Asymptotic CI
Bound
0.754

Category Kappa
Lower 95%
p value
Asymptotic CI
Bound
<0.001
0.840
<0.001
0.630
<0.001
0.539
<0.001
0.664
<0.001
0.646
<0.001
0.745

Upper 95%
Asymptotic CI
Bound
0.911

Upper 95%
Asymptotic CI
Bound
1.160
0.950
0.859
0.984
0.966
1.065

Repeat assessment of the same 50 images was conducted independently by the PhD
candidate (SH) and two other assessors to test for inter-observer agreement. There was
no instance where the difference between observers differed by more than one phase. The
Kappa value for the repetitions was found to represent excellent agreement beyond
chance, with κ = 0.763 (p<0.001), 95% CI (0.682-0.843). All phases examined in the
present work have intermediate to excellent agreement between observations (Fleiss
1981). Results for inter-observer error, which include the rating category describing
Phases I to VI, are presented in Table 14.3.
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Table 14.3. Kappa statistics for inter-observer agreement of pubic symphysis
assessment following Brooks and Suchey (1990) in the patient sample.
Overall Kappa
Kappa
0.763

Asymptotic
Standard
Z
Error
0.041
18.565

Rating
Kappa
Category
1
2
3
4
5
6

0.679
0.464
0.650
0.785
0.789
0.896

Z
8.311
5.686
7.963
9.611
9.658
10.974

Lower 95%
Asymptotic CI
Bound
0.682

Upper 95%
Asymptotic CI
Bound
0.843

Category Kappa
Lower 95%
p value
Asymptotic CI
Bound
<0.001
0.519
<0.001
0.304
<0.001
0.490
<0.001
0.625
<0.001
0.629
<0.001
0.736

Upper 95%
Asymptotic CI
Bound
0.839
0.624
0.810
0.945
0.949
1.056

p value
<0.001

Note: Due to the aforedescribed issue with the scan resolution of the forensic sample,
only statistical analyses of the clinical MDCT scans from the patient sample (n = 355) are
performed. Due to the effect of genetic admixture and lack of defined standards for the
Malaysian population, the heterogenous sample (see Chapter One Section 1.2.4) is
examined according to pooled-ancestry as it is unlikely to be possible to assign an
unknown individual into any one ancestral group. This is also acknowledged as a study
limitation (see Chapter Fifteen Section 15.6.1).
14.3.

Bilateral Asymmetry

Bilateral variation in pubic symphysis morphology, and by association age estimation
using the Suchey-Brooks method, was quantified. Overall 351 of the 355 individuals
assessed (98.87%) had the same phase assigned for each symphyseal face. A total of four
individuals (two males; two females) between the age of 18 and 27 years had a bilateral
difference in phase assignation (albeit by only one phase), as shown in Table 14.4.
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Table 14.4. Bilateral asymmetry in pubic symphysis morphology following the SucheyBrooks assessment.

Study ID

Sex

Age

Ancestry

INT001309
INT001339
INT001387
INT001393

Male
Male
Female
Female

18
18
27
27

Malay
Chinese
Chinese
Chinese

Assigned
Phase
(Right)
I
I
IV
III

Assigned
Phase
(Left)
II
II
V
IV

Difference
1
1
1
1

Results from the paired-sample t-test demonstrate that the difference between phase
assignation of right and left symphyseal faces in both sexes is not statistically significant;
males, t(165) = -1.419NS (p = 0.158); females, t(190) = -1.741NS (p = 0.083). Thus only
the right side was thereafter used in all subsequent analyses performed.
14.4.

Data Normality

The present study comprised 355 individuals, thus Central Limit Theorem is applicable.
Data normality was also assessed to examine differences in variance and the prevalence
of extreme outliers (if any) (see Chapter Five Section 5.2.3(iii)). Results for visual
inspection of the histogram and Normal Q-Q plot, skewness and kurtosis, KolmogorovSmirnov test of normality, and the application of the Central Limit Theorem, are outlined
below.
14.4.1. Visual Inspection of the Histogram and Normal Q-Q Plot
Histograms for age distribution in the Malaysian pooled and individual-sex samples are
shown in Figure 14.1. Visual inspection based on all histograms show that the age data
reasonably follow a normal distribution. Figure 14.2 shows the Normal Q-Q plots for the
distribution of age in pooled-sex, male and female samples, in general all plots show
normal distribution (with slight degree of deviation from normality).
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Figure 14.1. Histograms for age distribution of the Malaysian pooled-sex (top), male
(middle) and female (bottom) samples. Histograms are not of equal scale (refer to
individual axes).
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Figure 14.2. Normal Q-Q plots for age distribution of the Malaysian pooled-sex (top),
male (middle) and female (bottom) samples.
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14.4.2. Skewness and Kurtosis
The values for skewness (standard error – SE) and kurtosis (SE) for the pooled-sex sample
are 0.470 (0.129) and -0.684 (0.258), respectively. The corresponding data in the male
sample are 0.363 (0.157) and -0.623 (0.313), respectively. In the female sample, the
values are 0.243 (0.172) and -0.851 (0.342). Those statistics suggest a normal age
distribution. The Z-scores of skewness in pooled-sex, male and female samples are 3.643,
2.312 and 1.413, respectively. The kurtosis Z-scores are: -2.651 for the pooled-sex
sample, -1.990 for males, and -2.488 for females. Those Z values (between -3.29 and
3.29) indicate that the data are symmetric and normally distributed (Field 2012).
14.4.3. Kolmogorov-Smirnov Test of Normality
The Kolmogorov-Smirnov test of normality demonstrated that the distribution of actual
age in the pooled-sex sample, D(355) = 0.081, p<0.001; male sample, D(165) = 0.099,
p<0.001; and female sample, D(190) = 0.072, p = 0.018. These are non-normal, as the p
values are less than 0.05 (Pallant 2013).
14.4.4. Central Limit Theorem
Assessment of data normality presented mixed results (see above). Because the sample
examined in the present study is large (n = 355), the Central Limit Theorem is applicable,
hence interpretations from parametric statistical analysis methods will not be
compromised (Field 2012; Ghasemi & Zahediasl 2012) (see Chapter Five Section 5.2.3).
Therefore, parametric methods are duly employed in subsequent statistical analyses.
14.5. Statistical Analyses of the Malaysian Data
The following sections describe the results of the statistical analyses of the Malaysian
individuals. It includes the descriptive statistics, simple linear correlation between scoring
of the pubic symphysis and chronological age, followed by linear and polynomial
regression models formulated using assigned phases and transition analyses.
14.5.1. Descriptive Statistics
Each os coxa in the Malaysian sample was assessed based on degenerative changes
visible in the pubic symphysis; individuals were assigned to a phase described by Brooks
and Suchey (1990). Specific scoring of pubic symphysis phases by age and sex is shown
in Table 14.5.
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Table 14.5. Age and sex distribution of pubic symphysis phases in the Malaysian
individuals.
Age
(years)
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Phase I
♂
♀
3
1
9
9
3
2
7
6
5
2
.
1
.
1
.
1
.
.
.
1
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase II
♂
♀
.
.
.
.
2
2
3
1
1
2
4
1
.
.
1
1
2
1
3
1
.
.
1
1
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase III
♂
♀
.
.
.
.
.
.
.
1
.
.
1
.
1
1
.
1
1
.
3
1
1
4
.
3
1
3
3
1
3
1
2
1
1
4
2
.
.
1
.
1
.
.
.
2
.
2
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
1
.
.
.
1
.
1
.
.
.
.
.
.
.
.
.
.

Phase IV
♂
♀
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
1
.
.
.
2
.
3
3
1
1
1
.
1
1
1
.
3
2
2
2
3
.
4
2
1
1
1
3
2
3
1
1
2
3
3
2
2
2
1
1
2
1
3
.
3
.
.
1
.
1
.
.
.
.
1
.
.
.
.
.

Phase V
♂
♀
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
1
.
1
1
2
.
1
1
1
2
2
1
2
1
1
.
2
1
.
.
2
1
2
1
1
1
3
3
3
6
1
1
4
.
2
.
2
3
4
2
.

Phase VI
♂
♀
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
1
.
.
.
1
.
.
.
.
1
2
.
1

♂ male; ♀ female.
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(years)
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
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Phase I
♂
♀
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase II
♂
♀
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase III
♂
♀
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase IV
♂
♀
.
.
.
.
.
1
.
1
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase V
♂
♀
2
2
.
4
1
1
3
1
1
1
2
2
2
.
1
1
.
.
.
.
1
.
.
1
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Phase VI
♂
♀
.
.
.
.
.
1
.
1
1
.
.
3
.
2
1
.
2
1
.
2
.
3
1
2
1
1
2
2
.
2
2
.
.
2
.
1
1
.
.
2
.
1
.
2
2
2
2
3
.
1
.
1
.
1
2
.
1
.
1
3

♂ male; ♀ female.

The age range for each scan was compared to the actual age of the individual, and it was
noted whether the assigned age range incorporated the actual age of the individual, or it
over- or under-estimated age (Wink 2014), as shown in Table 14.6.
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Table 14.6. Suchey-Brooks phase assignments in the Malaysian population.
Phase (Range)
I (♂ 15-23), (♀ 15-24)
II (♂ 19-34), (♀ 19-40)
III (♂ 21-46), (♀ 21-53)
IV (♂ 23-57), (♀ 26-70)
V (♂ 27-66), (♀ 25-83)
VI (♂ 34-86), (♀ 42-87)
Total

n (%) Correct
Phase
51 (14.37)
19 (5.35)
47 (13.24)
76 (21.41)
88 (24.79)
64 (18.03)
345 (97.18)

n (%) Actual
Age Lower
8 (2.25)
2 (0.56)
10 (2.82)

Total (%)
51 (14.37)
27 (7.60)
49 (13.80)
76 (21.41)
88 (24.79)
64 (18.03)
355 (100)

♂ male; ♀ female; n = number.

Age estimation using the Suchey-Brooks system estimated true age in 97.18% of the
sample. The true ages of 10 individuals fell outside of the assigned age range (six male;
four female), thus the assigned age ranges estimated true age in 96.36% of the male and
97.89% of the female sample. In cases in which true age was not correctly estimated, the
errors primarily relate to Phases II and III. All misclassifications were overestimations
(i.e., the actual age of the individuals was lower than the assigned age range).
In order to achieve increased accuracy (based on the premise that population-specific
standards are more appropriate than using geographically or temporally removed
standards) chronological age was assessed for each phase. Brooks and Suchey (1990)
found evidence of sexual dimorphism in the pubic symphysis that occurs with differences
in morphological growth and maturation between males and females. To derive
morphological time-points specific to the Malaysian population, the mean age, standard
deviation, standard error, 95% confidence interval and range were quantified for the
individual sexes; those descriptive statistics are presented in Table 14.7.
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Table 14.7. Descriptive statistics for pubic symphysis phases in the Malaysian
population.
Phase
Male
Phase I
Phase II
Phase III
Phase IV
Phase V
Phase VI
Female
Phase I
Phase II
Phase III
Phase IV
Phase V
Phase VI
*

*

Mean Age
(years)

SD

SE

95% CI

Range
(years)

27
17
19
44
38
20

17.07
20.76
27.05
36.57
50.00
70.15

1.075
1.734
1.729
4.482
5.067
7.608

0.261
0.683
0.822
1.021
1.217
1.965

16.54-17.61
19.32-22.21
25.33-28.78
34.51-38.63
47.53-52.47
66.04-74.26

15-19
17-26
20-32
24-51
35-64
52-83

24
10
30
32
50
44

17.75
20.50
30.27
38.13
47.62
67.25

1.122
1.370
2.833
2.230
4.471
7.919

0.451
0.980
1.330
1.295
1.098
1.439

16.82-18.68
18.28-22.72
27.55-32.99
35.48-40.77
45.41-49.83
64.35-70.15

15-24
17-26
18-48
27-57
33-65
47-83

n

Means for the first and last phases are skewed by the upper and lower age limits of the assessed sample.

The mean age for Phases I and II accords closely between males and females (slight
differences of -0.68 and 0.26 years, respectively). The differences in mean age for Phases
III-VI are substantial (up to 3.22 years difference for Phase III), with most of the variation
between males and females evident after 40 years of age. The mean ages for females are
lower than males in Phases V-VI. Distribution of the Malaysian males and females
according to age and Suchey-Brooks pubic symphysis phase is shown in Figure
14.3. While there was some misclassification (outliers), it was not statistically significant,
indicating small observer error.
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Figure 14.3. Distribution of phase relative to age (in years) in the Malaysian males
(top) and females (bottom).
14.5.2. Simple Linear Correlation
The correlation between chronological age and the phase scoring system was assessed
using Pearson’s correlation and indicated a significant positive relationship between age
and phase for both sexes (male: r = 0.900, p<0.001; female: r = 0.884, p<0.001).
14.5.3. Bias and Inaccuracy
Bias expresses the tendency for either over or under-estimation of age, and inaccuracy
shows the average magnitude of the absolute error. The sample size and value for both
bias and inaccuracy according to sex and decade (10-year intervals), when the mean sex265
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specific ages of the Suchey-Brooks series (Brooks & Suchey 1990) were applied to the
present study, are presented in Table 14.8.
Table 14.8. Bias and inaccuracy scores (in years) for the Suchey-Brooks method
according to age and sex.
Known age
(years)
15-24
25-34
35-44
45-54
55-64
65-74
75-83
Overall

N
50
31
27
27
15
7
8
165

Male
Bias
Inaccuracy
2.67
2.84
2.45
3.42
-0.94
4.84
-5.22
5.95
-9.64
10.09
-6.66
6.66
-17.93
17.93
-5.04
7.39

N
37
31
38
32
25
14
13
190

Female
Bias
Inaccuracy
3.34
3.84
4.82
5.32
2.32
5.12
-1.48
5.22
-5.42
6.22
-9.56
9.56
-18.39
18.39
-3.48
7.67

There is a marked decrease in the number of individual (both sexes) in the two oldest age
groups (i.e., 65-74 and 75-83 years). Bias in males ranged from 2.67 to 17.93 years, while
in females it is 3.34 to 18.39 years. Inaccuracy values in males and females is between
2.84 to 17.93 years, and 3.84 to 18.39 years, respectively. Overall bias was lower for
females, while overall inaccuracy was slightly lower for males.
The Suchey-Brooks method provides correct age estimation (i.e., low error) in younger
individuals (15-39 years), as evidenced by lower bias and inaccuracy in those groups
(<5.0 years). Under 40 years there was no systematic over or under-estimation of age,
while above 40 years there was a tendency to underestimate age that was exacerbated in
individuals beyond 50 years of age. The inaccuracy values of the present Malaysian series
were below 10 years in the 10-year intervals between 15 to 69 years.
14.5.4. Linear Regression Analysis
The linear relationship between phase score and known chronological age in the pooled
and sex-specific samples are presented in Table 14.9. The R2 values demonstrated a good
fit between actual age of the individual and mean age of predicted phase (0.797 pooledsex; 0.809 male; 0.781 female). The highest accuracy is in the male sample (SEE ±7.745
years), followed by the pooled-sex and female samples (Table 14.9). Associated
scatterplots with regression lines are shown in Figure 14.4.
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Table 14.9. Linear regression equations for the pubic symphysis phase score in the
Malaysian population.
Sample

n

R

R2

Equation

Pooled-sex
Male
Female

355
165
190

0.893
0.900
0.884

0.797
0.809
0.781

Age = 2.060 + 9.861 (Phase)
Age = 1.802 + 9.839 (Phase)
Age = 2.468 + 9.832 (Phase)

267

SEE
(± years)
8.181
7.745
8.571
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Phase

Phase

Phase

Figure 14.4. The linear relationship between Suchey-Brooks phase score and known
chronological age (in years) in the Malaysian pooled-sex (top), male (middle) and
female (bottom) samples.
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14.5.5. Polynomial Regression Analysis
As the relationship between age and pubic symphysis degeneration is unlikely to be
linear, polynomial regression was also performed to determine if the relationship between
estimated and chronological age could be more accurately described (Table 14.10). A
third order (cubic) polynomial was utilised for the pooled and individual-sex samples;
associated scatterplots are shown in Figure 14.5.
Table 14.10. Cubic polynomial regression equations for the pubic symphysis phase
score in the Malaysian population.
Sample

n

R2

Equation*

F

PooledAge = 10.306 + 8.052(Score)
355 0.856 695.409
sex
– 1.602(Score)2 + 0.310(Score)3
Age = 13.665 + 3.428(Score)
Male 165 0.884 420.420
– 0.304(Score)2 + 0.126(Score)3
Age = 6.755 + 13.224(Score)
Female 190 0.834 311.040
– 3.183(Score)2 + 0.442(Score)3
*

SEE
(± years)
6.915
6.071
7.514

All significant at p<0.001

The results of the polynomial models largely mirror those of the linear analysis; the phase
scores in the male sample is the most accurate (SEE ±6.071 years), followed by the
pooled-sex and female samples (Table 14.10). The use of polynomial regression to
estimate age from pubic symphysis phase scores is associated with error rates between
±6.071 and 7.514 years in this population, which is an improvement over the use of linear
regression equations (±7.745-8.571 years), with the SEE being reduced by 1.674, 1.266
and 1.057 years in the male, pooled-sex and female samples, respectively.
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Phase

Phase

Phase

Figure 14.5. The cubic relationship between phase score and known chronological age
(in years) in the Malaysian pooled-sex (top), male (middle) and female (bottom)
samples.
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14.5.6. Transition Analysis
As the metamorphosis between phases is not a discrete phenomenon (e.g. a continuous
process is being ‘forced’ into categorical phases), transition analysis was performed to
provide an estimate of the age at transition between phases, with associated error rates.
This illustrates the transition of the symphyseal face from its earliest phases which it has
a billowing surface (ridges and furrows; grooves), to a flat surface and complete oval
outline in the later phases. The unrestricted cumulative probit (multiple SD) was used to
calculate the mean ages-of-transition for individual-sex samples and demonstrated a
significant overlap (especially between the later phases) reflecting the wide age range
observed for each phase (see Tables 14.11 and 14.12 below).
(i)

Male Sample

Population-specific mean ages-at-transition and standard error, which represent the mean
age at which a Malaysian male was most likely to transition from one Suchey-Brooks
phase to the next, is provided in Table 14.11; visual illustration of those distributions is
presented in Figure 14.6. Each line represented normal distribution of one phase
transitioning into the next. The varying dispersion of each distribution indicated that the
standard deviation for each transition was not constant, reflecting the values of standard
variation (SD) among phases.
Table 14.11. Age-at-transition distribution (in years) from successive Suchey-Brooks
phases in Malaysian males based on an unrestricted cumulative probit model.
Phase
I-II
II-III
III-IV
IV-V
V-VI

Age Estimate
18.79
23.29
28.85
43.64
61.15

SD
1.625
2.568
4.024
6.289
4.876
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Min-Max
17.17-20.42
20.72-25.86
24.83-32.87
37.35-49.93
56.27-66.03

Standard Error
0.431
0.653
0.818
1.141
1.450
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Figure 14.6. Age-of-transition distributions derived from the unrestricted cumulative
probit model for Suchey-Brooks phases in Malaysian males.
The male transition analysis shows relatively narrow age at transition ranges, with SD
values between ±1.625 to 6.289 years. It is apparent in Figure 14.6 that the age of
transition distributions between Phases I-II, II-III, III-IV and V-VI are relatively narrow
(SD <5.0 years), whereas Phase IV-V has a relatively broad age at transition distribution
(SD >5.0 years), representing high degree of variations in Phases IV and V. The relative
widths of these curves show the error associated with estimating the ages of older
individuals in the sample.
(ii)

Female Sample

Population-specific mean ages-at-transition and standard error, which represent the mean
age at which a Malaysian female was most likely to transition from one Suchey-Brooks
phase to the next, is provided in Table 14.12; visual illustration of those distributions is
presented in Figure 14.7. Each line represented normal distribution of one phase
transitioning into the next. The varying dispersion of each distribution indicated that the
SD for each transition was not constant, reflecting their values among phases.

272

Chapter Fourteen

Results

Table 14.12. Age-at-transition distribution (in years) from successive Suchey-Brooks
phases in Malaysian females based on an unrestricted cumulative probit model.
Phase
I-II
II-III
III-IV
IV-V
V-VI

Age Estimate
19.77
22.53
32.62
41.85
57.39

SD
3.079
2.963
7.448
7.892
6.229

Min-Max
16.691-22.849
19.567-25.493
25.172-40.152
33.958-49.742
51.161-63.619

Density

0.14
0.13

Standard Error
0.698
0.536
1.011
1.104
1.097

Phase 1-2
Phase 2-3
Phase 3-4
Phase 4-5
Phase 5-6

0.12
0.11
0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

1517192123252729313335373941434547495153555759616365676971737577798183

Age (years)

Figure 14.7. Age-of-transition distributions derived from the unrestricted cumulative
probit model for Suchey-Brooks phases in Malaysian females.
The female transition analysis showed relatively broad age at transition ranges, with SD
values between ±2.963 and 7.892 years, as shown in Table 14.12. It is apparent in Figure
14.7 that the age of transition distributions between Phases I-II and II-III are relatively
narrow (SD <5.0 years), whereas Phases III-IV, IV-V and V-VI had relatively broad age
at transition distributions (SD >5.0 years), representing high degree of variations in
Phases III, IV, V and VI.
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15.1.

Introduction

The aim of the present study was to apply the Suchey-Brooks method to a contemporary
Malaysian population based on the analysis of 3D volumetric reconstructed CT images.
The primary objective was to develop age estimation standards that have direct forensic
application. A precision test to quantify the level of intra- and inter-observer agreement
associated with phase scoring was performed prior to data collection; levels of observer
agreement achieved in the present study are compared to those in the published literature
to assess the overall reliability of the chosen method.
This chapter discusses and interprets the results obtained for the sample population in
comparison to the original study of Brooks and Suchey (1990) and standards presented
by other global populations. The forensic significance of the findings the present study is
also evaluated in the context of the accuracy of existing literature on adult age estimation
including based on cranial suture closure, sternal rib, and auricular surface. However, it
should be noted that there are extremely limited studies on the same population (i.e.,
Malaysia). Finally, this chapter considers the limitations of the study and thus makes
recommendations for future research.
15.2.

Intra- and Inter-Observer Agreement

An inherent limitation of many existing age estimation methods is that the “… different
progressive age changes of the phases can often be seen as a continuum, rather than being
clearly demarcated between the phases. Another factor causing different interpretations
could be the fact that a specimen could exhibit advanced age in certain aspects, but
younger features in other aspects” (Oettlé et al. 2000:1078). Thus, morphoscopic (visual)
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age estimation methods do rely on the resolution of the scans, which is caused by the
partial volume effect (increasing slice thickness results in decreasing spatial resolution
along the longitudinal axis) (Mühler et al. 2006; Lottering et al. 2013; Robinson et al.
2008; Merritt 2018; Doyle et al. 2019) and the expertise of the observer who must assess
specific skeletal features and precisely apply the aging methods in order to create an
accurate age estimate, for example between observers with 5 years, 10 years and 30 years
of professional anthropological experience (Grabherr et al. 2009; Villa et al. 2013).
15.2.1. Forensic sample
Studies on CT images are somehow limited relative to physical assessment as not all
features on the pubic symphysis listed under the traditional Suchey–Brooks system were
equally visible in the scans (e.g., billowing less marked, completeness of ventral rampart,
depth of depression) and the inability to assess the weight, texture and fragility of the
bone (Hartnett 2010; Villa et al. 2013; Wink 2014). This issue is directly related to the
resolution of the CT scans, as demonstrated in the forensic sample (resolution 2.0 mm)
in the present study (see Chapter Fourteen Section 14.2.1). Those results suggest that the
Suchey-Brooks system could not be reliably assessed in those forensic scans as the
precision test represented poor agreement beyond chance (κ = 0.367) (Fleiss 1981). It is
acknowledged that medical imaging is utilised for assessment as part of patient diagnostic
or post-mortem procedures, hence specialised scanning protocols are continuously being
devised to facilitate sufficient resolution for visualisation of bone tissue for
anthropological purposes (Guyomarc’h et al. 2012; Uldin et al. 2012).
15.2.2. Patient sample
In comparison with other studies utilising CT for data acquisition, the Kappa value for
intra-observer agreement for the patient sample in the present study (κ = 0.832) is higher
than Villa et al. (2013) (κ = 0.66) and Lottering et al. (2013) (κ = 0.748), but lower than
Telmon et al. (2005) (κ = 0.94), Savall et al. (2018) (κ = 0.86-0.90) and Pattamapaspong
et al. (2019) (κ = 0.87-1.0). All phases examined in the present work have intermediate
to excellent agreement between observations (Fleiss 1981); the lowest agreement values
were for Phases II (κ = 0.790) and III (κ = 0.699).
Other than Villa et al. (2013) who reported a Kappa value of 0.30, the Kappa value for
inter-observer agreement in the present study (κ = 0.763) appears to accord with previous
research, including Djurić et al. (2007) (κ = 0.726); Hartnett (2010) (rs = 0.62-0.79);
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Lottering et al. (2013) (κ = 0.878), Wink (2014) (Krippendorph’s α = 0.65), Savall et al.
(2018) (κ = 0.81-0.86) and Pattamapaspong et al. (2019) (κ = 0.74-0.91). This is most
probably due to the variability of the aging process which are reflected by the large
standard deviations and wide age intervals associated with each phase, which makes
phase assessment difficult even for the most experienced observers (Algee-Hewitt 2013;
Hoppa 2000; Katz & Suchey 1989; Konigsberg et al. 2008; Schmitt et al. 2002). Telmon
et al. (2005) and Dhuny (2013) had also demonstrated that the agreement between
assessments of physical specimens and digital images using Suchey-Brooks method
increased with observer experience, for example an experienced observer achieved an
agreement in 81% of the sample (κ = 0.86) compared to only 71% of the sample (κ =
0.82) for a non-experienced observer (Telmon et al. 2005). All phases examined in the
present work have intermediate to excellent agreement between observers (Fleiss 1981);
the lowest agreement values were for Phases II (κ = 0.464) and III (κ = 0.650), similar to
the results for intra-observer variance. It is important to note that in cases where true age
was not correctly estimated (n = 10), the errors also accords to observer variance (Phases
II and III) (Table 14.6; see Section 15.3 below).
Grabherr et al. (2009) and Villa et al. (2013) highlighted the importance of the experience
in evaluating digital images and also the importance of using correct scanning parameters
for obtaining an accurate 3D model, for example the soft-tissue reconstruction may inflict
a smoothing effect on bone surface and possible important artefacts (Grabherr et al.
2009). The results for intra- and inter-observer agreement (see Chapter Fourteen Section
14.2.2) indicated that the Suchey-Brooks method can be applied to 3D visualisations
(Pasquier et al. 1999; Ferrant et al. 2009; Telmon et al. 2005) and assignation of the
phases is reproducible between observers using the specific visualisation/assessment
protocols established for the present study (scan resolution: 0.625-1.5 mm). Merritt
(2018) suggested that this method to be tested with different CT scanners, settings and
software in other populations.
15.3.

Comparison between Brooks and Suchey (1990) with the Present Study

There were some differences that should be highlighted in relation to transposition of the
Suchey-Brooks method in 3D volumetric reconstructed CT images of Malaysian
individuals in the present study, including the sample assessed and results of the statistical
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analyses (i.e., descriptive statistics; bias and inaccuracy; regression analyses; and
transition analysis). These are accordingly discussed below.
15.3.1. Study Sample
The Suchey-Brooks method was developed based on direct examination of physical
specimens of American individuals, in contrast to the present study based on the analysis
of MDCT images of a Malaysian sample in the present study; premised on the proposition
that there is no significant difference between scoring of 3D volumetric reconstructed CT
images derived from the pubic symphysis and traditional approaches (Telmon et al. 2005)
hence digital images can be analysed to develop population-specific forensic standards.
Volumetric data are the standard output of current 3D image acquisition devices and are
used in medical imaging modalities, which provided an insight into the internal structure
and function of the human body (Davy-Jow & Decker 2014). The advantages of utilising
digital images as opposed to physical bones are that the latter require long and tedious
preparation (may pose anatomical damage) of the bone specimens and cannot be applied
to living individuals (Wink 2014; Telmon et al. 2015; Hartnett-McCann et al. 2018).
15.3.2. Descriptive Statistics (Mean age, SD, and range)
The Suchey-Brooks system is presented by mean age for each phase, standard deviation
and a 95% range (Brooks & Suchey 1990). Tables 15.1 and 15.2 show the comparison on
descriptive statistics and differences between mean ages for the Suchey-Brooks aging
method applied to the Malaysian male and female individuals, respectively.
Table 15.1. Descriptive statistics and differences between mean ages (in years) for the
Suchey-Brooks method applied to the Malaysian males.

Phase
I
II
III
IV
V
VI
†

Suchey-Brooks (n = 739)
Mean
95%
SD
Age
Range
18.5
2.1
14-24
23.4
3.6
17-36
28.7
6.5
20-48
35.2
9.4
22-71
46.6
10.4
22-80
61.2
12.2
34-86

N
27
17
19
44
38
20

Present study (n = 165)
Mean
100%
SD
Age
Range
17.07
1.08
15-19
20.76
1.73
17-26
27.05
1.73
20-32
36.57
4.48
24-51
50.00
5.07
35-64
70.15
7.61
52-83

dif.†
0.80
2.64
1.65
-1.37
-3.40
-8.95

difference between mean age data published in Brooks and Suchey (1990) and the present study.
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Table 15.2. Descriptive statistics and differences between mean ages (in years) for the
Suchey-Brooks method applied to the Malaysian females.

Phase
I
II
III
IV
V
VI
†

Suchey-Brooks (n = 273)
Mean
95%
SD
Age
Range
19.4
2.6
15-24
25.0
4.9
19-40
30.7
8.1
21-53
38.2
10.9
26-70
48.1
14.6
25-83
60.0
12.4
42-87

n
24
10
30
32
50
44

Present study (n = 190)
Mean
100%
SD
Age
Range
17.75
1.12
15-24
20.5
1.37
17-26
30.27
2.83
18-48
38.13
2.23
27-57
47.62
4.47
33-65
67.25
7.92
47-83

dif.†
1.65
4.50
0.43
0.07
0.48
-7.25

difference between mean ages published in Brooks and Suchey (1990) and the present study.

In males, it is apparent that the mean ages of attainment of Phases I, II and III are all
lower in the present study compared to those published phase means (Brooks & Suchey
1990) by 0.80 years (Phase I) to 2.64 years (Phase II). This may be due to the small sample
size in those phases (nPhase I = 27; nPhase II = 17; nPhase III = 19). On the contrary, the mean
ages of attainment of Phases IV, V and VI in the present study are all higher than the
published phase means (Brooks & Suchey 1990) by 1.37 years (Phase IV) to 8.95 years
(Phase VI). These higher mean ages may suggest that the Malaysian population has a
slightly slower rate of degeneration of the pubic symphysis compared to the original
Suchey-Brooks sample. No significant differences were observed overall between the
mean chronological and estimated ages with the application of the Suchey-Brooks
method in Malaysian males (t = -0.071NS, p = 0.487).
In females, it is apparent that the mean ages of attainment of Phases I to V are all lower
in the Malaysian population compared to those in the original Suchey-Brooks study
sample by 0.07 (Phase IV) to 4.50 (Phase II) years. On contrary, the mean ages of
attainment of Phase VI is higher in the Malaysian population compared to those in the
original Suchey-Brooks study sample by 7.25 years. No significant differences were
observed overall between the mean chronological and estimated ages with the application
of the Suchey-Brooks method in Malaysian females (t = -0.013NS, p = 0.990).
Overall in all phases, the upper limits of the 100% age intervals in the present study were
consistently lower than those of the original Brooks and Suchey (1990) published
intervals, whereas the lower limits of the 100% intervals in the present study were
consistently higher than their corresponding published data. These values demonstrate
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that the present study improved the age range as it is not as wide as the original work of
Brooks & Suchey (1990) (see Section 15.3.6 below).
Analysis of 3D images of the pubic symphysis to estimate age using the Suchey-Brooks
system yielded promising results with correct age estimation of 97.18% of the pooled-sex
sample (male: 96.36%; female: 97.89%). All misclassifications (n = 10) were
overestimations of age relative to Phases II and III, which also accords to observer
variance (see Tables 14.2 and 14.3). This may be attributable to the small sample size for
those phases (nPhase II: male = 17, female = 10; nPhase III: male = 19, female = 30) and the
subjectivity of the pubic symphysis metamorphosis descriptions (e.g., identifying the
primary feature that is present/absent and/or several features co-existed and overlapped
with one another). In general, skeletal degeneration in Malaysian individuals (both male
and female) appears more advanced in earlier years (Phases I-III), but at slower rates in
later years (Phases IV-VI), compared to the American population examined by Brooks
and Suchey (1990).
15.3.3. Bias and Inaccuracy
The bias measure provides information about the possible under estimation or over
estimation results that can occur with all regression-based aging methods (Brown 2010;
Hartnett 2010). However, it is important to note that inaccuracy and bias calculations are
based on the mean ages at death of the phases provided by the methods (Merritt 2017).
The issues of method repeatability and population specificity in skeletal aging have been
highlighted in the literature, as the degree of inaccuracy of the Suchey-Brooks method in
older individuals (over the age of 60 years) is as high as 22.4 years in Canadians (Saunders
et al. 1992), 25.2-32.0 years in Italians (Hens et al. 2008) and 27.2-32.2 years in Thai
individuals (Schmitt 2004). The highest inaccuracy in the present study is 20.55 and 22.25
years in males and females over the age of 80 years, respectively. The higher inaccuracy
for females was expected due to the increased variability in their age indicators (Djurić
et al. 2007; Gocha et al. 2015). However, those results are not directly comparable with
previous research because of the differences in the attribution of age groups due to
different minimum age in the sample: for instance, 17 years in Saunders et al. (1992) and
Hens et al. (2008); 20 years in Schmitt (2004); and 15 years in the present study. The
overall bias value of -0.594 for males and -4.423 females demonstrates the tendency to
underestimate age (Table 14.9), which supports previous research (Schmitt 2004; Djurić
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et al. 2007; Hens et al. 2008; San Millan et al. 2013; Fleischman 2013; Rivera-Sandoval
et al. 2018).
The present study provides further support to the notion that age assessment from the
pubic symphysis is not reliable past the fourth decade (e.g., Hanihara & Suzuki 1978;
Suchey 1979; Meindl et al. 1983, 1985; Lovejoy et al. 1985a,b, 1997; Katz & Suchey
1986; Klepinger et al. 1992; Meindl & Russell 1998; Sakaue 2006; Djurić et al. 2007;
Martrille et al. 2007; Sharma et al. 2008). The difference between mean age data
published in Brooks and Suchey (1990) and the present study is highest in the oldest age
groups (Phase VI); 8.95 years in males and 7.25 years in females, respectively. This
finding coincides with previous research showing that age estimation in older individuals
is more problematic than that of younger individuals (Hens et al. 2008; Gocha et al. 2015;
San Millan et al. 2013; Savall et al. 2016; Cappella et al. 2017; Merritt 2018). This may
be attributable to the nature of complex variability (i.e., on-going interactions between
genes, culture and environment) in the aging process, with increased variations
(especially after the third decade of life) between individuals and within the same
individual (inter- and intra-skeletal variation) (Loth 1990; Meinl & Russell 1998; Schmitt
et al. 2002; Cappella et al. 2017). Therefore, the relationship between chronological age
and skeletal age indicators is neither constant, nor linear or uniform across populations
(Katz & Suchey 1989), which leads to the utilisation of robust statistical analyses
(regression and transition analyses) for forensic age estimation based on pubic symphysis
metamorphosis in the present study (see below).
15.3.4. Regression Analyses
Linear regression models developed for the pooled and individual sex samples
demonstrated a good fit between actual age of the individual and mean age of predicted
phase (R2 = 0.797 in pooled-sex, R2 = 0.809 in male, and R2 = 0.781 in female samples,
respectively), with associated accuracy of SEE ±8.181 in pooled-sex, ±7.745 years in
males, and ±8.571 years female samples (Table 14.9). Polynomial regression models
improved the age estimation accuracy rates with SEE ±6.915 years in pooled-sex, ±6.071
years in male, ±7.514 years in female samples (Table 14.10). Those statistics improved
the age estimates derived from the Malaysian individuals in comparison to those produced
by Brooks and Suchey (1990) (see Section 15.3.6 below).
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15.3.5. Transition Analyses
Transition analysis is a parametric method that provides information on the timing of the
transition from one phase to the next, that is, the probability of an individual has attained
a certain phase, given age and the mean age of transition (Boldsen et al. 2002; Milner &
Boldsen 2008). Transition analysis has successfully been used to increase the accuracy
and decrease the bias of pubic symphysis age estimation methods (e.g., Hartnett 2007;
Berg 2008; Kimmerle et al. 2008; Dudzik & Langley 2015; Godde & Hens 2012, 2015;
Lottering et al. 2013). In the present study, it was performed to investigate whether there
are any considerable differences in the rate of transition of pubic symphysis
metamorphosis between males and females.
The Suchey-Brooks symphyseal traits demonstrate a mixed pattern in the schedule of trait
transitions (Tables 14.11-14.12); females showed a faster transition from the second to
third phase than males (mean age for Phases II-III: 23.29 years in males and 22.53 years
in females), but experienced a delay in transition compared to males for Phases III-IV
and Phases V-VI. In the present study, the age range for all phases are wider in females
compared to its male counterparts. Transition analysis also indicated relatively broad age
at transition ranges (SD ±2.963-7.892 years) in females compared to the males (SD
±1.625-6.289 years). Those statistics showed an improvement in age estimates derived
from the Malaysian individuals in comparison to those produced by Brooks and Suchey
(1990) (see Section 15.3.6 below).
The wider variation in females is argued to increase inaccuracy in female age estimates
(Brooks 1955; Hanihara & Suzuki 1978; Jackes 1985; Katz & Suchey 1989; Suchey &
Katz 1998). High variability and faster degeneration of the female pelvic joints has been
attributed to the reproductive function. This is related to a loss of bone mineral density
(Kemkes-Grottenthaler 2002) and changes in hormonal levels, in which the combination
of relaxin and estrogen may increases the symphyseal width and mobility and induce
resorption of the symphyseal margins and structural changes during pregnancy (Becker
et al. 2010) and trauma related to childbearing (e.g., Putschar 1976; Suchey et al. 1979;
Bergfelder & Hermann 1980); during the development of a fetus, the inter-pubic
ligaments are pulled extensively causing haemorrhage that leave permanent pits or
grooves on the dorsal surface of the pubis, making the pubic symphysis appear (up to ten
years) older than the individual’s actual age in some populations relative to others
(Stewart 1957; Gilbert and McKern 1973).
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15.3.6. Improvement in Age Estimates of the Malaysian Models
The present study has shown that there are several improvements in age estimates derived
from the Malaysian individuals in comparison to those produced by Brooks and Suchey
(1990). Error in age estimates in each phase in the Suchey-Brooks system (male: SD ±2.112.2 years; female: SD ±2.6-12.4 years) was reduced in both sexes (male: SD ±1.08-7.61
years; female: SD ±1.12-7.92 years) (Tables 15.1-15.2); particularly in middle-aged
adults (Phases III-V) whose traits have been known to be difficult to characterise (Milner
& Boldsen 2012) (reduction by up to 10.13 years). The upper age limits of the present
study are 77.76 and 75.17 years for males and females, respectively, in comparison to
60+ years for the original Suchey-Brooks phases.
Further, the linear and polynomial regression models produced even greater improvement
in age estimates of the Malaysian sample, with associated accuracy rates of SEE ±7.745
to 8.181 years in the former and SEE ±6.071 to 7.514 years in the latter. Another notable
improvement is the reduced error in the transition analysis probit model (male: SD ±1.636.29 years; female: SD ±2.96-7.89 years). The age estimates derived from the Malaysian
probit models captured 100% of the chronological ages within its range, whereas the
original Suchey-Brooks system did not (i.e., older individuals).
15.4.

Population Variation in Metamorphosis of the Pubic Symphysis

It has been argued that different population grow, develop and age differently from one
another due to environmental and genetic factors, such as the quality of nutrition, the
presence of infectious diseases, general health care throughout adulthood, or population
genetic history (Todd 1920; Katz & Suchey 1986; Jackes 2000; Kemkes-Grottenthaler
2002). Variation in the rate of development/degeneration at the individual level may be
small, however, the impact at the population level is potentially great, as population
differences may be statistical artefacts due to differences in the age distribution of the
sample compared (Hoppa 2000; Hoppa & Vaupel 2002; Schmitt et al. 2002; Nawrocki et
al. 2018). To address the issues of inter-population variability and secular trends, it has
been recommended that population-specific standards for estimating age in various
populations are developed (Pasquier et al. 1999; Klepinger et al. 2002; Schmitt et al.
2002; Cole 2003; Berg 2008; Franklin 2010; Franklin & Flavel 2019).
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Population variation highlights that most populations have become increasingly complex
perhaps due to translocation and gene flow (amongst other factors) (Hall 1982). When
the Suchey-Brooks original formulae were used on different global populations, their
accuracy rates were reduced (Schmitt 2004; Lottering et al. 2013; Wink 2014; Merritt
2018). This suggests that pubic symphysis metamorphosis might be affected by potential
underlying differences in ancestral composition of different geographical regions, socioeconomic status, physical activities, health, and nutrition (amongst others) (see below).
Intra-skeletal variation in different bones may be attributed to relative functional stress
and differential use (Loth and İşcan 1994). Individuals with physically more demanding
occupations or activity levels (with repetitive stress on the age indicators) will show
greater skeletal degeneration (Jurmain 2013). For example, Cunningham et al. (2007)
found frequent fibrocartilage herniation of the pubis among sports players (who
constantly apply severe biomechanical strain on the pubic symphysis and its supporting
structures), associated with narrowing of the joint space and para-symphyseal
osteophytes. Further, Wescott and Drew (2015) demonstrated that the age estimates using
the Suchey-Brooks method in a group of individuals with body mass index (BMI) values
greater than the normal level (i.e., obese) tend to be overestimated with increased
inaccuracy than the normal BMI group. Merritt (2015) also conducted similar research
and concluded that short and light individuals tend to age slower, whereas tall and heavy
individuals showed accelerated aging rates.
With regard to forensic application, it is recommended “… to use the more traditional
and standardized methods, possibly tested on different populations, and apply the correct
population reference for the individual one is studying” (Cunha et al. 2009:10).
Accordingly, many researchers have tested the Suchey-Brooks method in different
populations to develop population-specific formulae that account for local variation (e.g.,
Klepinger et al. 1992; Sinha & Gupta 1995; Baccino et al. 1999; Hoppa 2000; Schmitt
2004; Berg 2008; Kimmerle et al. 2008; Hartnett 2010). Previous research had applied
transition analysis on their dataset to address the issues of continuous nature of age and
age mimicry, in which estimated age will be biased toward the age-at-death distribution
of the reference sample (e.g., Kimmerle et al. 2008; Berg 2008; Lottering et al. 2013) (see
Section 15.3.5).
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For the purpose of comparison with previous literature, studies on pubic symphysis
metamorphosis have been carried out specifically amongst Chinese (e.g., Chen et al.
2008, 2011; Langley & Wu 2016) and Indian (e.g., Pal & Tamankar 1983; Sinha & Gupta
1995; Sharma et al. 2008; Janardhan et al. 2016) individuals, although direct comparison
with individuals from the same ancestral groups in the present study is not possible due
to difference in methodology and actual data was not provided (as described below).
Langley and Wu (2016) demonstrated that the Suchey-Brooks method underestimated
the Chinese population by 74% to 92%. On the other hand, the age-related pubic
symphyseal morphological changes amongst Indians are specifically described as “… the
development of dorsal margin is earlier in Indian bones. However, the completion of the
dorsal plateau is delayed. The completion of ventral bevelling and rampart is delayed as
against the formation of the symphyseal rim, which starts earlier, but completed later in
Indian bones” (Sinha & Gupta 1995:76). No other study on Malay individuals is currently
available.
15.5.

Comparison with other Adult Age Estimation Methods

Many aging techniques have demonstrated a general tendency to overage younger
individuals and underage older individuals (Murray & Murray 1991; Saunders et al. 1992;
Aykroyd et al. 1999; Passalacqua 2010), and the Brooks and Suchey (1990) method is
not exempted from this trend (Brown 2010; Hartnett 2010). It has argued that “… the
anatomical feature most frequently used for determination of age-at-death in both
demographic and forensic osteology is the pubic symphyseal face” Meindl et al.
(1985:29).
The standards outlined for the Malaysian population in the present study offer a noninvasive method for age estimation with SD ±1.08 to 7.61 years in males and ±1.12 to
7.92 years in females. The upper age limits of the present study are 77.76 and 75.17 years
for males and females, respectively. Predictive models were also presented with
associated SEE ±6.071 to 8.181 years. The level of accuracy achieved in this study is
higher compared to other age skeletal markers, for instance cranial suture closure (Meindl
& Lovejoy 1985), sternal rib (İşcan et al. 1984a,b, 1985) and the auricular surface of the
ilium (Lovejoy & Meindl 1985; Buckberry & Chamberlain 2002; Osborne et al. 2004)
(see Chapter Two Section 2.3). These methods are accordingly discussed below.
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At present, there are limited studies on forensic age estimation in a Malaysian population
thus no forensic standards formulated and validated yet for that population (mainly due
to a lack of contemporary human skeletal collections). For the basis of comparison in this
section, it is important to note that SD and SEE are often two terms used for reporting the
same data, as SE is a type of SD (Altman & Bland 2005; Tabachnick & Fidell 2013).
These aforementioned methods are discussed further below.
15.5.1. Cranial Suture Closure
The present study on age-related changes in the pubic symphysis demonstrated higher
accuracy rates compared to the cranial suture closure method based on the analysis of 236
crania from the Hamann-Todd Collection, as presented in Meindl and Lovejoy (1985)
(SD ±7.5 years in ectocranial scoring of the lateral anterior system; 14.2 years in scoring
of the vault sutures). The oldest grouping of the composite scores had a mean age of 56.2
years, with an inaccuracy and bias of almost 17 years. The age ranges associated with the
suture score are very broad and there is extreme variability in the order and timing of
suture closure and therefore it is unreliable as a method of age estimation (Key et al. 1994;
Purves et al. 2011; Shirley et al. 2013) (see Chapter Two Section 2.3.1).
15.5.2. Sternal Rib End
The present study demonstrated higher accuracy rates compared to methods based on age
estimation based on the analysis of the sternal extremity of the rib (İşcan et al. 1984a,b;
1985; Blaszkowska et al. 2019). İşcan and co-researchers (1984, 1985) studied the agerelated metamorphosis of the sternal extremity of the rib and categorised it into nine
phases. The accuracy rates in males and females for the İşcan et al. method range between
±0.50-11.17 years and ±1.52-14.93 years, respectively.
To address the issue of intercoastal variation (since there is a paucity of existing literature
evaluating this phenomenon in a diverse range of modern populations), Blaszkowska et
al. (2019) formulated multiple regression models using phase scores for the third, fourth
and fifth rib with associated SEE of ±10.04 years for Australian males and ±9.81 years
for females (see Chapter Two Section 2.3.3). Fanton et al. (2010) highlighted the
difficulty to score the pit depth consistently, while Oettlé and Steyn (2009) reported lower
accuracy rates when the İşcan method was applied to a black South African population
(71.62% agreement when one phase difference is accepted).
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15.5.3. Auricular Surface
Aging of the auricular surface of the ilium was introduced by Lovejoy et al. (1985), where
the authors provided descriptions and figures of eight auricular surface phases; the
method variables include graininess, density, microporosity, macroporosity, billowing,
presence of striations, apical activity, retro-auricular topography, and transverse
organization (see Chapter Two Section 2.3.5). Difficulty detecting all of the
morphological parameters involved in the assessment of auricular surface has been one
of the limiting factors of this methodology relative to forensic application (Murray &
Murray 1991; Purves et al. 2011), for example, to distinguish the appearance of “build
up” from “break down” (Loth & İşcan 1994). The age ranges in auricular surface methods
are narrow and the progression with age seems to be limited as different features of the
auricular surface vary and develop independently of each other, resulting in some overlap
of the age categories (Murray & Murray 1991; Osborne et al. 2004; Schmitt 2004; Hens
et al. 2008). The present study on age-related changes on pubis symphysis offers a more
accurate alternative to the age estimation techniques based on the auricular surface of the
ilium (SD ±3.10-15.24 years; upper age limit of 60+ years with an inaccuracy of 7.2 years
and bias of 6 years).
15.6.

Limitations of the Study

There were some potential limitations that should be considered in relation to the present
study, including sample size, individual background information and prior age-at-death
distribution. These are accordingly discussed below.
15.6.1. Sample Size
This study involved the analysis of previously collected anonymised clinical and forensic
MDCT scans from hospital databases. The sample size in the present study (n = 355) is
the lowest compared to the other independent studies in Part II (secondary dentin
formation) (n = 718) and Part III (spheno-occipital synchondrosis fusion) (n = 500). The
forensic sample had to be excluded from the present study as it was limited by the postmortem CT protocols of full body scanning at 2.0 mm slice thickness for the body. The
intended patient sample for this study was 420 pelvic MDCT scans distributed evenly by
sex and ancestral group (i.e., 10 scans per 10 years-interval age group for each sex) to
minimise bias in data structure. However, in the present study only 355 scans were able
to be collected from that hospital. The sample number was restricted by the
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inclusion/exclusion criteria. It is also difficult to obtain CT scans with an appropriate level
of resolution (scan thickness of <1.5 mm) due to the radiation risk to living patients. On
the other hand, the sample utilised in the present study was highly heterogenous (35%
Malay, 37% Chinese and 28% Indian). Ideally, sample distribution should follow the
Malaysian population demographic percentage. Even though Katz and Suchey (1989)
demonstrated significant differences in rates of aging across ancestral groups,
unfortunately variation between ancestral groups could not be addressed; the number of
individuals in each group was small which will have decreased statistical power and
limited validity for individual group.
15.6.2. Individual Background Information
It is acknowledged that the skeletal degeneration specifically is related to genetics,
nutrition, socioeconomic status and bone growth (Schmeling et al. 2005; Cunha 2009;
Scheuer & Black 2000, 2004; Shirley & Jantz 2011; Can et al. 2014; Lottering et al. 2015;
Mays 2015). Pubic symphyseal morphological changes are also known to be affected
(i.e., accelerated skeletal aging) by osteoporosis and osteopenia (Meindl & Lovejoy 1989;
Berg 2008), parturition (Stewart 1957; Kelley 1979; Suchey & Katz 1998; Mays 2015;
Bongiovanni 2016), and body size (Merritt 2015, 2017), amongst other; individuals are
presented with features of higher phases compared to actual age. Even though the
individuals used in the present study did not exhibit features of trauma or pathology,
injuries, malnutrition, disease, and repetitive strenuous activity could affect the skeleton
and obscure the features required for age estimation. Albeit, Rissech et al. (2004) reported
that only the severe manifestations of specific joint syndromes (e.g., ankylosing
spondylitis, psoriatic arthritis, and Reiter’s syndrome) might obstruct the reliability of age
estimation at this articulation. The variation potentially introduced by the above factors
in relation to the reliability of the Suchey-Brooks method could not be addressed in the
present study as no information about the patients other than age, sex and ancestry was
available. Further, the ancestry parameter in hospital databases is usually self-reported,
thus the effect of mixed-parentage and/or adoption crossing ancestral groups was and
could not be examined in the present study (Hirsch 1987) (see also Chapter Seven Section
7.3.2).
15.6.3. Prior Age-at-Death Distribution
The age structure of the study sample will (to some degree) influence the age intervals in
the standards developed for personal identification of unknown human remains (Hoppa
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& Vaupel 2002; Konigsberg et al. 2008). Algee-Hewitt (2017:387) has recommended
“…a combination of statistical treatments, including transition analysis, Bayesian
methods and hazard analysis, allows for the estimation of the complete age-at-death
distribution, and individual ages that are grounded in robust objective methods and
supported by probabilities”. These calculations require information about the age-atdeath distribution of the target population and a method to link the observed frequencies
of age-related traits in the target population to the underlying probability distribution of
these characteristics; specifically “a good reference sample or prior should have an ageat-death distribution similar to the distribution of ages expected in the target sample”
(Algee-Hewitt 2017:401) (see Chapter Nine Section 9.2.3(vii)). However, the present
study is limited by the unavailability of Malaysian mortality data, from which an
appropriate prior age-at-death distribution is derived, thus the hazard analysis parameters
could not be calculated (Wood et al. 1994; Godde & Hens 2012, 2015; Konigsberg 2015;
Algee-Hewitt 2017).
15.7.

Recommendations for Future Research

The present study is amongst the first forensic research on the transposition of the SucheyBrooks method onto pelvic CT scans in Malaysian individuals. Using high-quality images
(i.e., 0.625-1.5 mm resolution), this approach appears to be as reliable as the original
Suchey-Brooks method, but with the advantages of no bone preparation, no damage to
bone specimens, and possible application to living individuals. Future applications should
subsequently involve a larger and robust sample distribution (i.e., with relatively equal
number of individuals in each of the age ranges to be classified in each phase) as features
and trends associated with aging should be more apparent with larger samples (AlgeeHewitt 2017; Nawrocki et al. 2018).
There is also the issue of regional variability (i.e., the ‘natural’ level of variation in pubic
symphysis metamorphosis found between populations is likely to be smaller than the
level of variation found within populations) and possible interactions (i.e., sex and age)
that have not been addressed in the present study. Obtaining enough modern Malay,
Chinese and Indian individuals would facilitate formulation of age estimation standards
for each different ancestral group, which is definitely beneficial for the application in
routine forensic casework. Interactions is also proposed to be assessed using analysis of
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covariance (ANCOVA), a statistical procedure that can examine the effects of two (or
more) independent variables simultaneously (Nawrocki et al. 2018).
15.8.

Conclusions

The present study evaluated accuracy and hence validated (i.e., replicating a previously
published study and comparing the results obtained in order to assess whether a method
is reliable) the applicability of the Suchey-Brooks method in a Malaysian population for
estimating age in unidentified human remains in a forensic context. The findings
reaffirmed the reproducibility of the Suchey-Brooks method in 3D pubic symphyseal
images reconstructed from MDCT scans. The present study presented higher accuracy
rates (male: SD ±1.08-7.61 years; female: SD ±1.12-7.92 years) compared to the original
method, highlighting the necessity of population-specific standards. In addition, age
prediction models for pooled and individual-sex samples were formulated using linear
and polynomial regression; their accuracy rates were high (SEE ±6.071-8.571 years)
relative to other commonly applied adult age estimation methods (up to SD ±14.2 years
in Meindl and Lovejoy (1985) cranial sutures, SD ±14.93 years in İşcan et al. (1984,
1985) sternal rib and SD ±15.24 years in Lovejoy et al. (1985)auricular surface.
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16.1.

Introduction

This thesis covers two important topics that are essential to the improvement of research
into forensic age estimation: (i) the transposition of age estimation methods into virtual
bone data; and (ii) the validation of established age estimation methods in a contemporary
target (Malaysian) population. It addresses the importance of determining whether aging
methods can be uniformly applied to bone data of individuals ‘foreign’ from the original
method. It also highlights the possibility of using virtual anthropology as an alternative
to physical skeletal collections to develop population-specific reference standards. The
primary objective of this research project was to test the accuracy of three aging methods
(i.e., Kvaal et al. 1995; Franklin & Flavel 2014; Brooks & Suchey 1990) to medical digital
images (MDCT scans and dental OPGs) in a Malaysian population, with the ultimate aim
to formulate and validate Malaysian population-specific standards for forensic age
estimation.
This thesis comprised five parts: Part I (Chapters 1-3), Part II (Chapters 4-7), Part III
(Chapters 8-11), Part IV (Chapters 12-15) and Part V (Chapter 16). In Part I, the
background of the study was presented, and the literature relevant to forensic adult age
estimation (both dental and skeletal) was reviewed. Transposition of the three selected
methods (i.e., Kvaal et al. 1995; Franklin & Flavel 2014; Brooks & Suchey 1990) onto
digital imaging was also appraised. The application of these methods in the Malaysian
population were presented in the next parts: secondary dentin formation (Part II); fusion
of the spheno-occipital synchondrosis (Part III); and pubic symphysis metamorphosis
(Part IV).
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The intention of Part V of this thesis is to briefly integrate the findings of the previous
three individual studies (Parts II, III and IV), concurrent to providing ethical and medicolegal considerations, suggestions for directions for future research and a series of short
final concluding statements.
16.2.

General Summary

The following section elaborates the significant conclusions and major points that
emerged in the respective studies. The standards provided are representative and suitable
for age assessment and estimation in Malaysian individuals. An overview of the
contribution of this thesis in formulating and validating Malaysian standards for forensic
age estimation is provided in Table 16.1; major findings are further explained in the
following sections for each part.
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Morphometric

Table 16.1. Malaysian standards for forensic age estimation formulated in this thesis.
Indicator
Secondary
dentin
formation

Morphoscopic

Sphenooccipital
synchondrosis
fusion

Age
Group
5-25
years

16-80
years

Reference Standards*

Method

Observer Agreement

Length and width
measurements of tooth and
pulp using 3D Curved MPR
in OsiriX and ImageJ

Intra-observer:
TEM<1; rTEM>0.75;
R<5%

Age Estimation Models:
Age (years) = a + β1 (M) + β2 (W-L) ± SEE

Four-phase scoring using
3D Curved MPR in OsiriX

Intra-observer:
κ = 0.785.
Inter-observer:
κ = 0.812.

Descriptive Statistics:
Mean age, 95% CI, SD
Transition Analysis:
Maximum Likelihood ± SD
Posterior Mean and 68%-95% prediction intervals
Age Estimation Models:
Age (years) = a + β (Phase) ± SEE

Pubic
symphysis
metamorphosis

15-83
years

Six-phase scoring using 3D
VR in RadiAnt

Intra-observer:
κ = 0.832.
Inter-observer:
κ = 0.763.

Descriptive Statistics:
Mean age, 95% CI, SD
Transition Analysis:
Maximum Likelihood ± SD
Posterior Mean and 68%-95% prediction intervals
Age Estimation Models:
Age (years) = a + β (Phase) ± SEE

*

Refer to the relevant Chapters for detailed descriptions (also see subsequent sections below).
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Part I - Introduction and Background to the Study
In Part I, an overview of forensic age estimation was presented to provide a general
information on common issues and methods available in forensic practice. Reliability and
accuracy of each method were highlighted, along with evidence of population variation
from literature. Previous research advocates the development of population-specific
standards to derive age estimates that are directly applicable to the target population;
however, standards for Malaysians are lacking due to a paucity of documented skeletal
repositories. Three methods (i.e., secondary dentin formation, spheno-occipital
synchondrosis fusion, and pubic symphyseal face morphological changes) were selected
to be transposed onto MDCT images and dental OPGs of Malaysian individuals in the
present thesis. Literature relevant to the selected age estimation methods was reviewed,
including validation studies of Kvaal et al. (1995), Franklin and Flavel (2014), and Brooks
and Suchey (1990) in other populations.
Part II - Age Estimation Standards for a Malaysian Population based on
Quantification of Secondary Dentin Formation
1.

The aim of Part II was to quantify the accuracy and applicability of the Kvaal
method for a Malaysian population. The original method was based on
stereomicroscopic measurements acquired from periapical radiographs of
Norwegian individuals aged 20 to 87 years. Malaysian formulae for Kvaal method
are developed using MDCT scans and dental OPGs collectively.

2.

Individual intra-observer precision analyses were performed based on repeated
measurements of each imaging modality (i.e., MDCT scans and dental OPGs). The
technical error of measurement (TEM) values for all variables were less than 1.0,
The coefficient of reliability (R) values were greater than 0.75; the relative technical
error of measurement (rTEM) values were all less than 5%.

3.

Age estimation models were developed for individual and combined teeth by
regressing the Kvaal dental ratios against known chronological age. The most
accurate model was for the maxillary central incisor (male: SEE ±11.53 years;
female: SEE ±13.92 years; pooled sex: SEE ±14.35 years).
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Although the Kvaal method is not ancestry specific, models for each ancestral group
in Malaysia were also developed. The accuracy rates for Malay, Chinese and Indian
specific formulae are ±12.37-14.94 years, ±15.72-17.67 years, and ±10.66-12.08
years, respectively. These findings highlight the genetic and environmental effects
on secondary dentin formation, and more importantly, on the Kvaal method.

5.

Multiple factors, such as different methodological approach, sample size, age group
and odontometric variation, are potentially contributing to global population
variations in the correlation between chronological age and the Kvaal dental ratios,
and the prediction accuracy of the regression models.

6.

The study established the reliability and applicability of the Kvaal et al. (1995)
technique to dental OPGs and MDCT scans acquired from Malaysian individuals.
This non-invasive method has a significant forensic potential and is suitable for
application in both deceased and extant individuals.

Part III - Age Estimation Standards for a Malaysian Population based on
Quantification of Spheno-Occipital Synchondrosis Fusion
1.

The four-phase spheno-occipital synchondrosis fusion system proposed by Franklin
and Flavel (2014) is a modification from Bassed et al (2010) and Shirley and Jantz
(2011) based on assessment of MDCT images of Western Australian individuals
aged 5 to 25 years. The aim of Part III was to apply the Franklin and Flavel (2014)
method to post-mortem and clinical cranial 3D multiplanar reformatted MDCT
images of a contemporary Malaysian population.

2.

Intra- and inter-observer agreement was found to be excellent, with κ = 0.785 and
0.812, respectively. This indicates that assignation of the developmental phases
using the Franklin and Flavel (2014) spheno-occipital synchondrosis fusion system
is reproducible between observers.

3.

A significant positive relationship between age and phase of spheno-occipital
synchondrosis fusion in both sexes (male: r = 0.804; female: r = 0.753). The mean
(SD) age for complete fusion is 20.84 (2.84) years in males and 19.78 (3.35) years
in females. These ages are higher than mean ages for complete fusion in other
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populations that employed the same methodology and imaging modality,
suggesting population variation in skeletal growth and maturation rates.
4.

Transition ages between Phases 0 and 1, 1 and 2, and 2 and 3 in males are 12.52
years, 13.98 years, and 15.52 years, respectively (SD 1.37). In females, the
corresponding data are 10.47 years, 12.26 years, and 13.80 years (SD 1.72). These
findings are in accordance with the literature that females exhibit fusion earlier than
males by two years (estimates for transition 0-1).

5.

Complete fusion of the spheno-occipital synchondrosis was observed in all
individuals aged 18 years and above (n = 334). This information can be used as a
preliminary finding to estimate age in Malaysian individuals (Malaysia Age of
Majority Act 1971).

6.

Malaysian age prediction models based on Franklin and Flavel (2014) are
developed with accuracy rates of ±2.741-3.219 years, where Phase = 0, 1, 2, or 3:
Pooled-sex; Age = 9.374 + 3.659 (Phase) ±2.952 years (R2 = 0.608)
Male; Age = 9.857 + 3.618 (Phase) ±2.741 years (R2 = 0.646)
Female; Age = 8.241 + 3.796 (Phase) ±3.219 years (R2 = 0.568)

Part IV - Age Estimation Standards for a Malaysian Population based on
Quantification of Pubic Symphysis Metamorphosis
1.

The six-phase pubic symphyseal scoring system developed by Brooks and Suchey
(1990) was based on assessment of physical bones of American individuals aged
14-99 years. The aim of the present study was to apply the Brooks and Suchey
(1990) method to post-mortem and clinical pelvic 3D volumetric reconstructed
MDCT images of a contemporary Malaysian population.

2.

Intra-and inter-observer agreement for clinical scans (resolution range of 0.625-1.5
mm) was excellent (κ = 0.832 and 0.763, respectively), comparable to previous
research. However, intra-observer agreement for the post-mortem scans (2.0 mm
resolution) was poor (κ = 0.367), thus those scans were excluded from further
analysis. This suggests that the Suchey-Brooks system could not be assessed
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consistently from scans with 2.0 mm resolution (and above), consistent with
previous research.
3.

A significant positive relationship between age and phase of morphological changes
of the symphyseal face for both sexes is demonstrated (male: r = 0.90; female: r =
0.884). Age estimation using the Suchey-Brooks system correctly incorporated true
age of 97.18% of the sample (96.36% males and 97.89% females).

4.

The mean (SD) ages for Phases I-VI are 17.07 (1.08) years, 20.76 (1.73) years,
27.05 (1.73) years, 36.57 (4.48) years, 50 (5.07) years, and 70.15 (7.61) years in
males and 17.75 (1.12) years, 20.5 (1.37) years, 30.27 (2.83) years, 38.13 (2.23)
years, 47.62 (4.47) years, and 67.25 (7.92) years in females. Those values are
different (up to 8.95 years in males and 7.25 years in females, respectively) from
the published ages (Brooks & Suchey 1990), suggesting once again population
variation in pubic symphyseal face metamorphosis.

5.

Transition ages (SD) between Phases I-II, II-III, III-IV, IV-V and V-VI in males
are 18.79 (1.63) years, 23.29 (2.57) years, 28.85 (4.02) years, 43.64 (6.29) years,
and 61.15 (4.88) years, respectively. In females, the corresponding data are 19.77
(3.08) years, 22.53 (2.96) years, 32.62 (7.45) years, 41.85 (7.89) years, and 57.39
(6.23) years.

6.

Malaysian age prediction models based on Brooks and Suchey (1990) are
developed with accuracy rates of 7.745-8.571 years, where Phase = 0, 1, 2, 3, 4, 5,
or 6:
Pooled-sex; Age = 2.060 + 9.861 (Phase) ±8.181 years (R2 = 0.797)
Male; Age = 1.802 + 9.839 (Phase) ±7.745 years (R2 = 0.809)
Female; Age = 2.468 + 9.832 (Phase) ±8.571 years (R2 = 0.781)

16.3.

Ethical and Medico-Legal Considerations

Forensic anthropology is the application of physical anthropological theory and methods
in medico-legal investigations with the ultimate goal of human identification (Holobinko
2012). It is imperative to uphold the professional ethics within forensic anthropology in order
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to maintain scientific integrity and avoid personal misconduct (Passalacqua & Pilloud 2018).
In Malaysia, forensic anthropology is an activity clearly linked to legal and forensic medicine,
practised inside the organisational system of forensic medicine. Malaysian law requires a
police request in order for human skeletal remains to be examined. The applicable law is
found in Part VIII, Chapter XXXII, of the Criminal Procedure Code (CPC) of Malaysia.

For forensic casework, the application of the age (and other key parameters) estimation
process should satisfy medico-legal purposes (i.e., transparent, reproducible and have
proven accuracy rates), be based on non-invasive examination techniques (if practicable),
and comply with medical ethics (issues of confidentiality and informed consent) (RitzTimme et al. 2000; Steadman et al. 2006, Franklin 2010; Purves et al. 2011; Holobinko
2012; Steadman 2012; Franklin et al. 2015). Decisions regarding which methods to utilise
in age at death estimation rely on the relative accuracy and precision of the methods, the
experience of the investigator, available equipment, and the state of preservation of the
remains (Algee-Hewitt 2017; Ubelaker 2019). In addition, human variability, reliable
demographic models, and the importance appreciation regional and temporal variation in
the aging process should also be taken into consideration (Ubelaker 2019).
The reference standards produced in the present thesis are directly applicable to a
Malaysian population. Age estimation predictive models were developed based on
multiple dental and skeletal traits (i.e., secondary dentin formation, spheno-occipital
synchondrosis fusion and pubic symphysis metamorphosis) of contemporary Malaysian
individuals with associated accuracy rates that are comparable to existing standards for
global populations.
Validation of anthropological standards, both internally (e.g. precision test) and
externally (e.g., peer-review) ensure that the unknown remains can be compared to
relevant and representative samples (Davy-Jow & Decker 2014). Precision studies are
thus an integral aspect of any identification technique developed for potential forensic
application, particularly in relation to the presentation of a highly technical or specialised
scientific methods (e.g., burned remains, fragmentary, non-human material, remains of
archaeological origin) (Mallet 2014; Ubelaker 2019). Method precision has accordingly
been statistically quantified in the different studies undertaken in the present thesis. Peerreview is a routine part of quality assurance to evaluate the competency, significance and
originality (Passalacqua & Pilloud 2018); data in the present thesis have been published
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in peer-reviewed journals (see Appendix II) and presented in international conferences
(see Appendix III).
Current legal guidelines have recommended that 3D images and virtual remains be treated
no different from other case information (e.g., case photos and notes); anonymised
information can be used and shared for research and teaching purposes (Davy-Jow &
Decker 2014). The present thesis further validates the utility of CT and dental OPGs as a
credible modality for age estimation, and adds to the existing body of literature that
establishes the applicability of virtual methods in forensic practice. However, the issue of
thick-slice CT scans in clinical practice, which is not suitable for transposition of certain
forensic methods (including forensic scanning protocols of 2.0 mm for the pelvis in Part
IV in the present thesis) is unavoidable due to the need to prevent exposing individuals
to excessive levels of radiation in accordance to the ALARA principle (As Low as is
Reasonably Achievable) and requirements imposed by medical ethics (Milenkovic et al
2014).
16.4.

Future Research

The lack of documented human skeletal repositories is recognised as the major limitation
in development of forensic anthropology in Malaysia. The utilisation of imaging
modalities provides an alternative to this constraint. Future work will in due course aim
to collect data and formulate standards from virtual skeletons of Malaysian individuals,
to facilitate the development of population-specific models for age (also sex, ancestry,
and stature) estimation to develop a more accurate biological profile for forensic
application.
New methods could be developed and validated that take advantage of the detailed
visualisation that is possible when virtual skeleton is employed. However, there are lack
of standardised protocols to assist in establishing a biological profile from imaging
modalities. Further, practical issues, such as the specific settings needed for the scanning
protocol to yield suitable images and the type of scanning technology needed for specific
types of specimens to be digitised have been largely left unaddressed in the literature.
Thus, standardisation of 3D scanning and visualising parameters relative to ‘virtual
anthropology’ is suggested for future research.
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In addition to population variation, the magnitude of error in age estimates is also
associated (to some degree) with the number of traits used and the size and distribution
of the reference sample. Robust statistical models (i.e., multivariate) is recommended to
be explored since those methods are able to provide higher accuracy rates and ranges in
the attempt to explain broader patterns of skeletal variability (Nawrocki et al. 2018).
16.5.

Concluding Statement

The estimation of age in adult remains continues to be “… an evolving and interesting
field of study, not simply the application of standard methods” (Jackes 2000:418). In
forensic anthropology, formulation and validation of population-specific reference
standards is pivotal to achieve an accurate biological profile (Cunha et al. 2009; Franklin
2010; Garvin et al. 2012; Christensen et al. 2014; Kruger et al. 2018; Adserias-Garriga &
Wilson-Taylor 2019). Further, population specific standards are also warranted to
improve prediction accuracy because dental and skeletal age estimation indicators
(including secondary dentin formation, spheno-occipital synchondrosis fusion and pubic
symphysis) present distinct variations between global populations (Verhoff et al. 2008;
Cunha et al. 2009; Franklin 2010; Hartnett-Cann et al. 2018; Schaefer et al. 2018). To
address the lack of standards for forensic practice in the Malaysian context, the ultimate
aim of the present thesis was to develop forensic standards for the estimation of age, based
on secondary dentin formation, spheno-occipital synchondrosis fusion and pubic
symphysis, specific to a contemporary Malaysian population.
This thesis represents one among the first investigations of the accuracy and reliability of
three forensic age estimation methods (i.e., secondary dentin formation, spheno-occipital
synchondrosis fusion and pubic symphysis metamorphosis) using MDCT images and
dental OPGs in a Malaysian population. Those studies each established Malaysian
standards for age estimation in a forensic context. This is an important contribution to the
literature seeking to identify the validity and reliability of applying traditional age
reference standards to digital bone data of (in this instance) Malaysian individuals.
Finally, this present work offers new evidence that significant skeletal differences do exist
in the Malaysian population relative to those reflected in traditional commonly applied
methods (e.g., secondary dentin formation, fusion of spheno-occipital synchondrosis, and
pubic symphysis metamorphosis) and that they must be duly acknowledged in the
development of forensic standards.
302

References

303

THIS PAGE INTENTIONALLY LEFT BLANK
304

References

References

Acsádi, G., and Nemeskéri, J. 1970. History of Human Life Span and Mortality. Budapest:
Academia Kiado.
Adserias-Garriga, J., and Wilson-Taylor, R. 2019. Skeletal Age Estimation in Adults. In
J. Adserias-Garriga (ed) Age estimation: a multidisciplinary approach. Elsevier Science
& Technology. pp. 55-73.
Age of Majority Act 21 of Malaysia. 1971. Retrieved from The Official Portal of Attorney
General’s Chambers of Malaysia.
http://www.agc.gov.my/agcportal/uploads/files/Publications/LOM/MY/Akta%2021.pdf
Akay, G., Gungor, K., and Gurcan, S. 2017. The Applicability of Kvaal Methods and
Pulp/Tooth Volume Ratio for Age Estimation of the Turkish Adult Population on Cone
Beam Computed Tomography Images. Australian Journal of Forensic Sciences,
DOI: 10.1080/00450618.2017.1356872
Akhlaghi, M., Taghaddosinejad, F., Sheikhazadi, A., Valizadeh, B., and Rezazadeh
Shojaei, S.M. 2010. Age-at-Death Estimation based on the Macroscopic Examination of
Spheno-Occipital Sutures. Journal of Forensic and Legal Medicine, 17(16): 304-308.
DOI:10.1016/j.jflm.2010.04.009.
Algee-Hewitt, B.F.B. 2013. Age Estimation in Modern Forensic Anthropology. In M.A.
Tersigni-Tarrant, and N.R. Shirley (eds) Forensic Anthropology: An Introduction. Boca
Raton: CRC Press. pp. 181-230.
Algee-Hewitt, B.F.B. 2017. Age Estimation in Modern Forensic Anthropology. In N.R.
Langley, and M.T. Tersigni-Tarrant (eds) Forensic anthropology: a comprehensive
introduction. 2nd ed. Boca Raton: CRC Press. pp. 381-400.

305

References

Alhazmi, A., Vargas, E., Palomo, J.M., Hans, M., Latimer, B., and Simpson, S. 2017.
Timing and Rate of Spheno-occipital Synchondrosis Closure and Its Relationship to
Puberty. PLoS One, 12: 1-16. DOI: 10.1371/journal.pone.0183305
American Board of Forensic Odontology. 2016. Dental Age Assessment Procedures
Chart.

Retrieved

from

http://abfo.org/wp-content/uploads/2016/06/Dental-Age-

Assessment-Procedures-Chart-2016.pdf
American Board of Forensic Odontology. 2018. ABFO Diplomates Reference Manual
Section

IV

Standards

and

Guidelines.

Retrieved

from

http://abfo.org/wp-

content/uploads/2012/08/ABFO-DRM-Section-4-Standards-Guidelines-Feb-2018-3.pdf
American National Standards Institute / Academy Standard Board (ANSI/ASB). 2018.
Best Practice Recommendation 010. 1st ed. Forensic Anthropology in Disaster Victim
Identification: Best Practice Recommendations for the Medicolegal Authority. Retrieved
from https://www.asbstandardsboard.org/
Apps, J., Vesely, L., Alys, L., and Blythe, T. 2014. Two Sides of the Same Coin. In
Mallet, X., Blythe, T., Berry, R. (eds) Advances in Forensic Human Identification. Boca
Raton: CRC Press. pp. 3-20.
Arking, R. 2006. The Biology of Aging: Observations and Principles. 3rd ed. Oxford:
Oxford University Press.
Asif, M.K., Nambiar, P., Mani, S.A., Ibrahim, N.B., Khan, I.M., and Lokman, N.B. 2019.
Dental Age Estimation in Malaysian Adults Based on Volumetric Analysis of Pulp/Tooth
Ratio using CBCT Data. Legal Medicine, 36: 50-58.
DOI: 10.1016/j.legalmed.2018.10.005
Baccino, E., Ubelaker, D.H., Hayek, L.C., and Zerilli, A. 1999. Evaluation of Seven
Methods of Estimating Age at Death from Mature Human Skeletal Remains. Journal of
Forensic Sciences; 44(5): 931-936.

306

References

Baccino, E., and Schmitt, A. 2006. Determination of Adult Age at Death in the Forensic
Context. In A. Schmitt, E. Cunha, and J. Pinheiro (eds) Forensic Anthropology and
Medicine: Complementary Sciences from Recovery to Cause of Death. Totowa: Humana
Press. pp. 259–280.
Baglivo, M., Winklhofer, S. Hatch, G.M., Ampanovi, G. Thali, M.J., and Ruder, T.D.
2013. The Rise of Forensic and Post-Mortem Radiology – Analysis of the Literature
Between the Year 2000 and 2011. Journal of Forensic Radiology and Imaging, 1(1): 39.
Balasuriya, P., and Doyle, E. 2019. The Use of Dental CT for Age Profiling. Journal of
Forensic Radiology and Imaging, 17: 5-11. DOI: 10.1016/j.jofri.2019.03.003
Bang, G., and Ramm, E. 1970. Determination of Age in Humans from Root Dentin
Transparency. Acta Odontologica Scandinavica, 28(1): 3-35.
DOI: 10.3109/00016357009033130
Barker, C., Cox, M., Flavel, A., Laver, J., and Loe, L. 2008. Mortuary Procedure II –
Skeletal Analysis I: Basic Procedure and Demographic Assessment. In M. Cox, A. Flavel,
I. Hanson, J. Laver, R. The Scientific Investigation of Mass Graves: Towards Protocols
and Standard Operating Procedures. Cambridge: Cambridge University Press. pp. 295382.
Barrany, U.M.I.E., Ismail, M.M.E., Mohamed, M.A., and Alhrani, M.A. 2015. Estimation
of Age from Spheno-Occipital Synchondrosis Closure Using Computed Tomography in
Yemen. Forensic Research & Criminology International Journal, 1(1): 00005.
DOI:10.15406/frcij.2015.01.00005.
Bassed, R.B., Briggs, C., and Drummer, O.H. 2010. Analysis of Time of Closure of the
Spheno-Occipital Synchondrosis Using Computed Tomography. Forensic Science
International, 200: 161-164.
Bassed, R., and Hill, A. 2011. The Use of Computed Tomography (CT) to Estimate Age
in the 2009 Victorian Bushfire Victims: A Case Report. Forensic Science International,
205: 48-51. DOI: 10.1016/j.forsciint.2010.08.024
307

References

Bassed, R., Briggs, C., and Drummer, O. 2011. Age Estimation and the Developing Third
Molar Tooth: An Analysis of an Australian Population using Computed Tomography.
Journal of Forensic Sciences, 56(5): 1185-1191.
DOI: 10.1111/j.1556-4029.2011.01769.x
Beck, J.J.W. 2011. What is the Future of Imaging in Forensic Practice? Radiography, 17:
212-217. DOI: 10.1016/j.radi.2011.03.002
Bedford, M.E., Russell, K.F., Lovejoy, C.O., Meindl, R.S., Simpson, S.W., and StuartMacadam, P.L. 1993. Test of the Multifactorial Aging Method Using Skeletons with
Known Ages-at-Death from the Grant Collection. American Journal of Physical
Anthropology, 91: 287–297.
Belkin, V., Livshits, G., Otremski, I., and Kobyliansky, E. 1998. Aging Bone Score and
Climatic Factors. American Journal of Physical Anthropology, 106(3): 349–59.
DOI: 10.1002/(SICI)1096-8644(199807)106:3<349::AID-AJPA7>3.0.CO;2-H
Berg G.E. 2008. Pubic Bone Age Estimation in Adult Women. Journal of Forensic
Sciences, 53(3): 569-577.
Bergfelder T, Hermann B. 1980. Estimating Fertility on the Basis of Birth-Traumatic
Changes in the Pubic Bone. Journal of Human Evolution, 9: 611-613.
Berkowitz, B.K.B., Holland, G.R., and Moxham, B.J. 2009. Oral Anatomy, Histology and
Embryology. 4th ed. Edinburgh: Mosby Elsevier.
Biau, D.J. 2011. Standard Deviation and Standard Error. Clinical Orthopaedics and
Related Research, 469(9): 2661-2664. DOI: 10.1007/s11999-011-1908-9
Bjørk, M.B., and Kvaal, S,I. 2018. CT and MR Imaging Used in Age Estimation : A
Systematic review. Journal of Forensic Odonto-Stomatology, 36(35): 14–25.
Black, S. 2009. Disaster Anthropology: The 2004 Asian Tsunami. In S. Blau and D.H.
Ubelaker (eds) Handbook of Forensic Anthropology and Archaeology. California: Left
Coast Press. pp. 397-406.
308

References

Black, S., and Ferguson, E. 2011. Forensic Anthropology 2000 to 2010. Boca Raton:
CRC Press.
Blaszkowska MK, Flavel A, and Franklin D. 2019. Validation of the İşcan Method in
Clinical MSCT Scans Specific to an Australian Population. International Journal of
Legal Medicine; DOI: 10.1007/s00414-018-01992-0
Blau, S., and Briggs, C.A. 2011. The Role of Forensic Anthropology in Disaster Victim
Identification (DVI). Forensic Science International, 205: 29-35.
DOI: 10.1016/j.forsciint.2010.07.038.
Blenkin, M. 2009. Forensic Odontology and Age Estimation: An introduction to concepts
and methods. Saarbrücken, Germany: VDM Verlag Dr. Müller.
Bocquet-Appel, J.P., and Masset, C. 1982. Farewell to Paleodemography. Journal of
Human Evolution, 11: 321-333.
Bogin, B. 1997. Evolutionary Hypotheses for Human Childhood. Yearbook of Physical
Anthropology, 40: 63-89.
Bogin, B. 1999. Pattern of human growth. New York: Cambridge University Press.
Bogin, B., Varea, C., Hermanussen, M., and Scheffler, C. 2018. Human Life Course
Biology: A Centennial Perspective of Scholarship on the Human Pattern Physical Growth
and Its Place in Human Biocultural Evolution. American Journal of Physical
Anthropology, 165: 834-854. DOI: 10.1002/ajpa.23357
Boldsen, J.L., Milner, G.R., Konigsberg, L.W., and Wood, J.W. 2002. Transition
Analysis: A New Method for Estimating Age from Skeletons. In R.D. Hoppa, and J.W.
Vaupel (eds) Paleodemography: Age Distribution from Skeletonised Samples.
Cambridge: Cambridge University Press. pp. 73–106.
Bongiovanni, R. 2016. Effects of Parturition on Pelvic Age Indicators. Journal of
Forensic Sciences; 61(4): 1034-1040.

309

References

Bosmans, N., Ann, P., Aly, M., and Willems, G. 2005. The Application of Kvaal’s Dental
Age Calculation Technique on Panoramic Dental Radiographs. Forensic Science
International, 153: 208–212. DOI: 10.1016/j.forsciint.2004.08.017
Bowden, D.E.J. 1971. Post-Permanent Dentition in the Premolar Region. British Dental
Journal, 131: 113-116.
Bowers C.M. 2004. Forensic Dental Evidence: An Investigator’s Handbook. London:
Academic Press.
Brickley, M., and McKinley, J. 2004. Guidelines to the Standard for Recording Human
Remains. Institute of Field Archaeologists Paper No. 7, British Association for Biological
Anthropology and Osteoarchaeology.
Briggs, C.A. 1998. Anthropological Assessment. In J.G. Clement, and D.L. Ranson (eds)
Craniofacial Identification in Forensic Medicine. London: Arnold. pp. 49-61.
Brogdon, B.G. 2011. Radiological Identification of Individual Remains. In M.J. Thali,
M.D. Viner, and B.G. Brogdon (eds) Brogdon’s Forensic Radiology. 2nd ed. Boca Raton:
CRC Press. pp. 53–176
Brooks, S.T. 1955. Skeletal Age At Death: The Reliability of Cranial and Pubic Age
Indicators. American Journal of Physical Anthropology, 13: 567-597.
Brooks, S.T., and Suchey, J.M. 1990. Skeletal Age Determination Based on the Male Os
Pubis: A Comparison of the Acsádi-Nemeskéri, and Suchey-Brooks Methods. Human
Evolution, 5: 227-238.
Brough, A., Rutty, G., Black, S., and Morgan, B. 2012. Post-Mortem Computed
Tomography and 3D Imaging: Anthropological Applications for Juvenile Remains.
Forensic Science, Medicine and Pathology, 8: 270-279.
DOI: 10.1007/s12024-012-9344-z

310

References

Brough, A., Morgan, B., and Black, S. 2014. Postmortem Computed Tomography Age
Assessment of Juvenile Dentition: Comparison Against Traditional OPT Assessment.
International Journal of Legal Medicine, 128: 653-658.
Brown, C. 2010. Revisiting McKern and Stewart (1957): A Comparison of Pubic
Symphysis Methods. In K.E. Latham, and M. Finnegan (eds) Age estimation of the human
skeleton. Springfield: Charles C. Thomas. pp. 161-176.
Burns, K.R., and Maples, W.R. 1976. Estimation of Age from Individual Adult Teeth.
Journal of Forensic Sciences, 21: 18-21.
Cabo, L.L., Brewster, C.P., and Azpiazu, J.L. 2012. Sexual Dimorphism: Interpreting Sex
Markers. In Dirkmaat, D.C. (ed) A Companion to Forensic Anthropology. West Sussex:
Wiley-Blackwell. pp. 248-286.
Cameriere, R., Ferrante, L., Math, D., and Cingolani, M. 2004. Variations in Pulp/Tooth
Area Ratio as an Indicator of Age: A preliminary Study. Journal of Forensic
Sciences, 49(2): 2-4.
Cameriere, R., Brogi, G., Ferrante, L., Mirtella, D., Vultaggio, C., Cingolani, M.,
Fornaciari, G. 2006. Reliability in Age Determination by Pulp⁄Tooth Ratio in Upper
Canines in Skeletal Remains. Journal of Forensic Sciences, 51(4): 861-864.
Cameriere, R., Ferrante, L., Belcastro, M.G., Bonfiglioli, B., Rastelli, E., and Cingolani,
M. 2007. Age Estimation by Pulp⁄Tooth Ratio in Canines by Mesial and Vestibular PeriApical X-rays. Journal Forensic Sciences, 52(5): 1151-1155.
Cameriere, R., Ferrante, L., Belcastro, M.G., Bonfiglioli, B., Rastelli, E., and Cingolani,
M. 2007. Age Estimation by Pulp/Tooth Ratio in Canines by Peri-Apical XRays. Journal of Forensic Sciences, 52(1): 166-70.
DOI: 10.1111/j.1556-4029.2006.00336.x
Cameriere, R., Cunha, E., Sassaroli, E., Nuzzolese, E., and Ferrante, L. 2009. Age
Estimation by Pulp/Tooth Area Ratio in Canines: Study of Portuguese Sample to Test
Cameriere's Method. Forensic Science International, 193: 128e1e6.
311

References

Can, I., Ekizoglu, O., Hocaoglu, E., Inci, E., Sayin, I., and Kaya, K. 2014. Forensic Age
Estimation by Spheno-Occipital Synchondrosis Fusion Degree: Computed Tomography
Analysis. Journal of Craniofacial Surgery, 25: 1212–1216.
Cappella, A., Cummaudo, M., Arrigoni, E., Collini, F., and Cattaneo, C. 2017. The Issue
of Age Estimation in A Modern Skeletal Population: Are Even the More Modern Current
Aging Methods Satisfactory for the Elderly? Journal of Forensic Sciences, 62(1): 12–7.
DOI: 10.1111/1556-4029.13220
Cardoso, H.F.V. 2007. Environmental Effects on Skeletal Versus Dental Development:
Using A Documented Subadult Skeletal Sample to Test A Basic Assumption in Human
Osteological Research. American Journal of Physical Anthropology, 132: 223-233.
Cardoso, H.F.V. 2008. Age Estimation of Adolescent and Young Adult Male and Female
Skeletons II, Epiphyseal Union at the Upper Limb and Scapular Girdle in A Modern
Portuguese Skeletal Sample. American Journal of Physical Anthropology, 137(1): 97105. DOI: 10.1002/ajpa.20850
Cardoso, H.F.V., Pereira, V., and Rios, L. 2013. Chronology of Fusion of the Primary
and Secondary Ossification Centers in the Human Sacrum and Age Estimation in Child
and Adolescent Skeletons. American Journal of Physical Anthropology, 153: 214-225.
DOI: 10.1002/ajpa.22422
Carew, R.M., and Errickson, D. 2019. Imaging in Forensic Science: Five Years On.
Journal of Forensic Radiology and Imaging, 16:24–33. DOI: 10.1016/j.jofri.2019.01.002
Cattaneo, C. 2007. Forensic Anthropology: Developments of A Classical Discipline in
the New Millennium. Forensic Science International, 165: 185-193.
Chin, K.Y., Kamaruddin, A.A.A., Low, N.Y., and Ima-Nirwana, S. 2016. Effects of Age,
Sex, and Ethnicity on Bone Health Status of the Elderly in Kuala Lumpur, Malaysia.
Clinical Interventions in Aging, 11: 767-773. DOI: 10.2147/CIA.S108772.
Christensen, A.M., Passalacqua, N.V., and Bartelink, E.J. 2014. Forensic Anthropology:
Current Methods and Practice. Amsterdam: Academic Press.
312

References
nd

Cohen, J. 1988. Statistical Power Analysis for the Behavioral Sciences, 2 ed. Hillsdale,
NJ: Erlbaum.
Cohen, M.M. 1993. Sutural Biology and the Correlates of Craniosynostosis. American
Journal of Medical Genetics, 47(5): 581–616. DOI: 10.1002/ajmg.1320470507
Conceição, E.L.N., and Cardoso, H.F.V. 2011. Environmental Effects on Skeletal Versus
Dental Development II: Further Testing of a Basic Assumption in Human Osteological
Research. American Journal of Physical Anthropology, 144(3): 463-470.
DOI: 10.1002/ajpa.21433
Coqueugnoit, H., and Weaver, T. 2007. Brief Communication: Infracranial Maturation in
the Skeletal Collection from Coimbra, Portugal: New Aging Standards for Epiphyseal
Union. American Journal of Physical Anthropology, 134: 424-437.
Coqueugniot, H., Weaver, T.D., and Houët, F. 2010. Brief Communication: A
Probabilistic Approach to Age Estimation from Infracranial Sequences of Maturation.
American Journal of Physical Anthropology, 142: 655-664.
Cox, M. 2000. Ageing Adults from the Skeleton. In M. Cox and S. Mays. Human
Osteology in Archaeology and Forensic Science. London: Greenwich Medical Media. pp.
61-81.
Criminal Procedure Code Act 593 of Malaysia. 2012. Retrieved from The Official Portal
of Attorney General’s Chambers of Malaysia.
http://www.agc.gov.my/agcportal/uploads/files/Publications/LOM/EN/Act%20593%20
-%20Criminal%20Procedure%20Code.pdf
Crowder, C.M. 2009. Histological Age Estimation. In S. Blau and D.H. Ubelaker (eds)
Handbook of Forensic Anthropology and Archaeology. California: Left Coast Press. pp.
222-235.
Cunha, E., Baccino, E., Martrille, L., Ramsthaler, F., Prieto, J., Schuliar, Y., Lynnerup,
N., and Cattaneo, C. 2009. The Problem of Aging Human Remains and Living
Individuals: A Review. Forensic Science International, 193: 1-13.
313

References

Cunningham, P.M., Brennan, D., O'Connell, M., MacMahon, P., O'Neill, P., and Eustace,
S. 2007. Patterns of Bone and Soft-Tissue Injury at the Symphysis Pubis in Soccer
Players: Observations at MRI. American Journal of Roentgenology, 188(3): W291W296.
Dalitz, G.D. 1962. Age Determination of Adult Human Remains by Teeth Examination,
Journal of Forensic Science Society, 3: 11-21.
Danforth, R.A., Herschaft, E.E., Weems, R.A. 2013. Dental, Oral, and Maxillofacial
Radiographic Features of Forensic Interest. In D.R. Senn, and R.A. Weems (eds) Manual
of Forensic Odontology, 5th ed. Boca Raton: CRC Press. pp. 129-157.
Davy-Jow, S.L., and Decker, S.J. 2014. Virtual Anthropology and Virtopsy in Human
Identification. In X. Mallet, T. Blythe, and R. Berry (eds) Advances in forensic human
identification. Boca Raton: CRC Press. pp. 271-288.
de Boer, H.H., Blau, S., Delabarde, T., and Hackman, L. 2018. The Role of Forensic
Anthropology in Disaster Victim Identification (DVI): Recent Developments and Future
Prospects. Forensic Sciences Research, DOI: 10.1080/20961790.2018.1480460
de Vries, L., Kauschansky, A., Shohat, M., and Phillip, M. 2004. Familial Central
Precocious Puberty Suggests Autosomal Dominant Inheritance. Journal of Clinical
Endocrinology & Metabolism, 89(4): 794-1800.
Dedouit, F., Telmon, N., Costagliola, R., Otal, P., Florence, L.L., Joffre, F., and Rougé,
D. 2007. New Identification Possibilities with Postmortem Multislice Computed
Tomography. International Journal of Legal Medicine, 121: 507-510.
DOI: 10.1007/s00414-007-0200-8
Dedouit, F., Bindel, S., Gainza. D., Blanc, A., Joffre, F., Rouge, D., and Telmon, N. 2008.
Application of the İşcan Method to Two- and Three-Dimensional Imaging of the Sternal
End of the Right Fourth Rib. Journal of Forensic Sciences, 53(2): 288-295.

314

References

Dedouit, F., Savall, F., Mokrane, F.Z., Rosseau, H., Crubezy, E., Rouge, D., and Telmon,
N. 2014. Virtual anthropology and forensic identification using multidetector CT. British
Journal of Radiology, 87: 20130468.
Department of Statistic Malaysia. 2011. Population Distribution and Basic Demographic
Characteristics Report 2010. Department of Statistics Malaysia.
DiGangi, E.A., Bethard, J.D., Kimmerle, E.H., and Konigsberg, L.W. 2009. A New
Method for Estimating Age-At-Death from the First Rib. American Journal of Physical
Anthropology, 138(2): 164–76. DOI: 10.1002/ajpa.20916
DiGiovanna, A.G. 1994. Human Aging: Biological Perspectives. New York: McGrawHill.
Djurić, M., Djonić, D., Nikolić, S., Popović, D., and Marinković, J. 2007. Evaluation of
the Suchey-Brooks Method for Aging Skeletons in the Balkans. Journal of Forensic
Sciences, 52(1): 21-23. DOI: 10.1111/j.1556-4029.2006.00333.x
Doyle, E., Márquez-Grant, N., Field, L., Holmes, T., Arthurs, O.J., van Rijn, R.R.,
Hackman, L., Kasper, K., Lewis, J., Loomis, P., Elliot, D., Kroll, J., Viner, M., Blau, S.,
Brough, A., de las Heras, S.M., and Garamendi, P.M. 2019. Guidelines for Best Practice:
Imaging for Age Estimation in the Living. Journal of Forensic Radiology and Imaging,
16:38–49. DOI: 10.1016/j.jofri.2019.02.001
Drusini, A.G., Toso, O., and Ranzato, C. 1997. The Coronal Pulp Cavity Index: A
Biomarker for Age Determination in Human Adults. American Journal of Physical
Anthropology, 103: 353–363.
DOI: 10.1002/(SICI)1096-8644(199707)103:3<353::AID-AJPA5>3.0.CO;2-R
Dudzik, B, and Langley, N.R. 2015. Estimating Age from the Pubic Symphysis: A New
Component-Based System. Forensic Science International, 257: 98-105.
DOI: 10.1016/j.forsciint.2015.07.047

315

References

Dvorak, J., George, J., Junge, A., and Hodler, J. 2007. Age Determination by Magnetic
Resonance Imaging of the Wrist in Adolescent Male Football Players. British Journal of
Sports Medicine, 41: 45-52.
Ekizoglu, O., Hocaoglu, E., Can, I.O., Inci, E., Aksoy, S., and Sayin, I. 2016. SphenoOccipital Synchondrosis Fusion Degree as A Method to Estimate Age: A preliminary,
Magnetic Resonance Imaging Study. Australian Journal of Forensic Sciences, 48(2):
159-170.
El-Sheikh, M.E., and Ramadan, S. 2006. ‘Age of closure of the spheno-occipital
synchondrosis in the Arabian Gulf region’, in Forensic Physical Anthropology
Proceedings of American Academy of Forensic Sciences 2002-2011.
Erbudak, H., Özbek, M., Uysal, S., and Karabulut, E. 2012. Application of Kvaal et al.’s
Age Estimation Method to Panoramic Radiographs from Turkish Individuals. Forensic
Science International, 219: 141–146. DOI: 10.1016/j.forsciint.2011.12.012
Evers, H. 2014. Changing Ethnic Diversity in Peninsular Malaysia. Kajian Malaysia, 32:
37–53.
Falys, C.G., Schutkowski, H., and Weston, D.A. 2006. Auricular Surface Aging: Worse
Than Expected? A Test of the Revised Method on A Documented Historic Skeletal
Assemblage. American Journal of Physical Anthropology, 130(4): 508–13.
DOI: 10.1002/ajpa.20382
Falys, C., and Lewis, M. 2011. Proposing A Way Forward: A Review of Standardisation
in the Use of Age Categories and Ageing Techniques in Osteological Analysis (20042009). International Journal of Osteoarchaeology, 21: 704-716.
Ferrante, L., Skrami, E., Gesuita, R., and Cameriere, R. 2015. Bayesian Calibration for
Forensic Age Estimation. Statistics in Medicine, 34: 1779-1790. DOI: 10.1002/sim.6448.
Field, A. 2012. Discovering Statistics Using IBM SPSS Statistics. 4th ed. Los Angeles:
SAGE Publications.

316

References

Figura, B.J. 2018. Advances in Disaster Victim Identification. In K.E. Latham, E.J.
Barterlink, and M. Finnegan (eds) New Perspectives in Forensic Human Skeletal
Identification. London: Academic Press. pp. 333-340.
Fleischman, J.M. 2013. A Comparative Assessment of the Chen et al. and Suchey-Brooks
Pubic Ageing Methods on A North American Sample. Journal of Forensic Sciences;
58(2): 311-323.
Fleiss, J.L. 1971. Measuring Nominal Scale Agreement Among Many Raters. Psychology
Bulletin, 76: 378-382. DOI:10.15406/frcij.2015.01.00005.
Fleiss, J.L. 1981. Statistical Methods for Rates and Proportions. 2nd ed. New York: John
Wiley & Sons.
Fleiss, J.L., Levin, B., and Paik, M.C. 2004. Statistical Methods for Rates and
Proportions. 3rd ed. New York: John Wiley & Sons.
Ford, E.H. 1958. Growth of the Human Cranial Base. American Journal of Orthodontics,
44: 498–506. DOI:10.1016/0002-9416(58)90082-4.
Franklin, D. 2010. Forensic Age Estimation in Human Skeletal Remains: Current
Concepts and Future Directions. Legal Medicine, 12: 1-7.
Franklin, D., and Flavel, A. 2014. Brief Communication: Timing of Spheno-Occipital
Closure in Modern Western Australians. American Journal of Physical Anthropology,
138: 132-138. DOI:10.1002/ajpa.22399.
Franklin, D., and Flavel, A. 2015. CT Evaluation of Timing for Ossification of the Medial
Clavicular Epiphysis in A Contemporary Western Australian Population. International
Journal of Legal Medicine;129(3): 583-594.
Franklin, D., Flavel, A., Noble, J., Swift, L., and Karkhanis, S. 2015. Forensic Age
Estimation in Living Individuals: Methodological Considerations in the Context of
Medico-Legal Practice. Research and Reports in Forensic Medical Science, 5: 53-66.
DOI: 10.2147/RRFMS.S75140.
317

References

Franklin, D., Swift, L., and Flavel, A. 2016. ‘Virtual Anthropology’ and Radiographic
Imaging in the Forensic Medical Sciences. Egyptian Journal of Forensic Science, 6: 3143. DOI: 10.1016/j.ejfs.2016.05.011
Franklin, D., and Flavel, A. 2019. Population Specificity in the Estimation of Skeletal
Age and Sex: Case Studies Using A Western Australian Population. Australian Journal
of Forensic Sciences; DOI:10.1080/00450618.2019.1569722
Frazer, J.E. 1933. The Anatomy of Human Skeleton. 3rd ed. London: J.&A. Churchill.
Frazer, J.E. 1948. The Anatomy of the Human Skeleton. 4th ed. London: J.&A. Churchill.
Gabriel, S.P. 2014. ‘After the Break’: Re-Conceptualizing Ethnicity, National Identity
and ‘Malaysian-Chinese’ Identities. Ethnic and Racial Studies, 37(7): 1211-1224.
Galera, V., Ubelaker, D.H., and Hayek, L.A. 1998. Comparison of Macroscopic Cranial
Methods of Age Estimation Applied to Skeletons from the Terry Collection. Journal of
Forensic Sciences, 43(5): 14337J. DOI: 10.1520/JFS14337J
Garvin, H.M., and Passalaqua, N.V. 2012. Current Practices by Forensic Anthropologists
in Adult Skeletal Age Estimation. Journal of Forensic Sciences, 57(2): 427-433.
Garvin, H.M., Passalacqua, N.V., Uhl, N.M., Gipson, D.R., Overbury, R.S., and Cabo,
L.L. 2012. Developments in Forensic Anthropology: Age-At-Death Estimation. In D.C.
Dirkmaat (ed) A Companion to Forensic Anthropology. West Sussex: Wiley-Blackwell.
pp. 202-223.
Ghasemi, A., and Zahediasl, S. 2012. Normality Tests for Statistical Analysis: A Guide
for Non-Statisticians. International Journal of Endocrinology and Metabolism, 10(2):
486-489. DOI: 10.5812/ijem.3505
Gilbert, B.M., and McKern, T.W. 1973. A Method for Aging the Female Os Pubis.
American Journal of Physical Anthropology, 38: 31-38.

318

References

Gocha, T.P., Ingvoldstad, M.E., Kolatorowicz, A., Cosgriff-Hernandez, M.J., and Sciulli,
PW. 2015. Testing the Applicability of Six Macroscopic Skeletal Aging Techniques on
A Modern Southeast Asian Sample. Forensic Science International, 249: 318.e1-318.e7.
DOI: 10.1016/j.forsciint.2014.12.015
Godde, K. and Hens, S.M. 2012. Age-At-Death Estimation in an Italian Historical
Sample: A Test on the Suchey-Brooks and Transition Analysis Methods. American
Journal of Physical Anthropology, 149(2): 259-265.
Godde, K., and Hens, S.M. 2015. Modelling Senescence Changes of the Pubic Symphysis
in Historic Italian Populations: A Comparison of the Rostock and Forensic Approaches
to Aging Using Transition Analysis. American Journal of Physical Anthropology, 156(3):
466-473.
Gosman, J., Stout, S, and Larsen, C. 2011. Skeletal Biology Over Life Span: A View
from the Surfaces. American Journal of Physical Anthropology, 146(54): 86-98.
DOI: 10.1002/ajpa.21612
Grant, J.C.B. 1948. A Method of Anatomy. 4th ed. London: Balliere, Tindall and Cox.
Grant, J.C.B., and Basmajian, J.V. 1965. Grant’s Method of Anatomy: Descriptive and
Deductive. 7th ed. Baltimore: The Williams & Wilkins Company.
Gustafson, G. 1950. Age Determination on Teeth. Journal of American Dental
Association, 41: 45-54.
Gustafson, G., and Koch, G. 1974. Age Estimation Upto 16 Years Based on Dental
Development. Odontology Revy, 25: 297-296.
Guyomarc’h, P., Santos, F., Dutailly, B., Desbarats, P., Bou, C., and Coqueugniot, H.
2012. Three-Dimensional Computer-Assisted Craniometrics: A Comparison of the
Uncertainty in Measurement Induced by Surface Reconstruction Performed by Two
Computer Programs. Forensic Science International, 219(1-3): 221-227.
DOI: 10.1016/j.forsciint.2012.01.008.

319

References

Guyomarc’h, P., and Congram, D. 2019. Mass Fatalities, Mass Graves, and the Forensic
Investigation of International Crimes. In N.R. Langley, and M.T. Tersigni-Tarrant (eds)
Forensic Anthropology: A Comprehensive Introduction. 2nd ed. CRC Press: Boca Raton.
pp. 335-345.
Habets, L.L.M.H., Bezuur, J.N., Naeiji, M., and Hansson, T.L. 1988. The
Orthopantomogram®, An Aid in Diagnosis of Temporomandibular Joint Problems.
Journal of Oral Rehabilitation, 15( 5): 465-471.
Hanihara, K., and Suzuki, T. 1978. Estimation of Age from the Pubic Symphysis by
Means of Multiple Regression Analysis. American Journal of Physical Anthropology,
48(2): 233-239. DOI: 10.1002/ajpa.1330480218
Harris, E.F., Mincer, H.H., Anderson, K.M., Senn, D.R. 2010. Age Estimation from Oral
and Dental Structures. In D.R. Senn, and P.G. Stimson (eds) Forensic Dentistry. 2nd ed.
Boca Raton: CRC Press. pp. 263-303.
Hartnett, K.M. 2010. Analysis of Age-At-Death Estimation Using Data from A New,
Modern Autopsy Sample – Part I: Pubic Bone. Journal of Forensic Sciences; 55(5): 11451151.
Hartnett-McCann, K., Fulginiti, L.C., and Siedel, A.C. 2018. Adult Age-At-Death
Estimation in Unknown Decedents: New Perspectives on An Old Problem. In K.E.
Latham, E.J. Barterlink, and M. Finnegan (eds) New Perspectives in Forensic Human
Skeletal Identification. London: Academic Press. pp. 313-321.
Hatin, W.I., Nur-shafawati, A.R., Zahri, M., Xu, S., Jin, L., Tan, S., Rizman-idid, M.,
Zilfalil, B.A., and Hugo, T. 2011. Population Genetic Structure of Peninsular Malaysia
Malay Sub-Ethnic Groups. PLoS One, 6:e18312. DOI: 10.1371/journal.pone.0018312
Hauspie, R., and Roelants, M. 2012. Adolescent growth. In N. Cameron, and B. Bogin
(eds) Human growth and development. 2nd ed. London: Elsevier. pp.57-79.

320

References

Hefner, J.T., and Ousley, S.D. 2014. Statistical Classification Methods for Estimating
Ancestry Using Morphoscopic Traits. Journal of Forensic Sciences, 59(4): 883-890.
DOI: 10.1111/1556-4029.12421
Hens, S.M., Rastelli, E., and Belcastro, G. 2008. Age estimation from the human os coxa:
a test on a documented Italian collection. Journal of Forensic Sciences; 53(5): 1040-1043.
Herschaft, E.E. 2006. Manual of Forensic Odontology. 4th ed. Lubbock: American
Society of Forensic Odontology.
Hirschman, C. 1987. The Meaning and Measurement of Ethnicity in Malaysia: An
Analysis of Census Classifications. Journal of Asian Studies, 46: 555–582.
Hoh, B., Deng, L., Julia-ashazila, M.J., Zuraihan, Z., Nur-hasnah, M., Rajab, A.,
Shafawati, N., Hatin, W.I., Endom, I., Zilfalil, B.A., Khalid, Y., and Xu, S. 2015. FineScale Population Structure of Malays in Peninsular Malaysia and Singapore and
Implications for Association Atudies. Human Genomics, 9: 1-9. DOI: 10.1186/s40246015-0039-x
Holobinko, A. 2012. Forensic Human Identification in the United States and Canada: A
Review of the Law, Admissible Techniques, and the Legal Implications of Their
Application in Forensic Cases. Forensic Science International, 222(1-3): 394.e1-13.
DOI: 10.1016/j.forsciint.2012.06.001
Hoppa, R.D. 2000. Population Variation in Osteological Aging Criteria: An Example
from the Pubic Symphysis. American Journal of Physical Anthropology; 111: 185-191.
Hoppa, R.D., and Vaupel J.W. (eds) 2002. Paleodemography: Age Distributions from
Skeletal Samples. Cambridge: Cambridge University Press.
Hossain, M.G., Wee, A.S., Ashaie, M., and Kamarul, T. 2013. Adult Anthropometric
Measures and Socio-Demographic Factors Influencing Age At Menarche of University
Students

in

Malaysia.

Journal

of

717. DOI:10.1017/S0021932013000060

321

Biosocial

Science,

45:

705-

References

Houpert, T., Rérolle, C., Savall, F., Telmon, N., and Saint-Martin, P. 2016. Is A CT-scan
of the Medial Clavicle Epiphysis A Good Exam to Attest to the 18-Year Threshold in
Forensic Age Estimation? Forensic Science International, 260: 103.e1-103.e3.
Hurst, C.V. 2010. A Test of The Forensic Application of Transition Analysis with the
Pubic Symphysis. In K.E. Latham, and M. Finnegan (eds) Age Estimation of the Human
Skeleton. Illinois: Charles C. Thomas. pp. 243-261.
Hussin, A.S., Mokhtar, N., Naing, L., Taylor, J.A., and Mahmood, Z. 2007. The Timing
and Sequence of Emergence of Permanent Teeth in Malay Schoolchildren in Kota Bharu,
Malaysia. Archives of Orofacial Sciences, 2: 36-40.
Ingervall, B., and Thilander, B. 1972. The Human Spheno-Occipital Synchondrosis 1.
The Time of Closure Observed Macroscopically. Acta Odontologica Scandinavica, 30:
349-356.
Irwin, G.L. 1960. Roentgen Determination of the Time of Closure of the SphenoOccipital Synchondrosis. Radiology, 75: 450-453.
İşcan, M.Y., Loth, S.R., and Wright, R.K. 1984a. Age Estimation from the Rib by Phase
Analysis; White Males. Journal of Forensic Sciences, 29: 1094-1104.
Işcan, M.Y., Loth, S.R., and Wright, R.K. 1984b. Metamorphosis at the Sternal Rib End:
A New Method to Estimate Age At Death in White Males. American Journal of Physical
Anthropology, 65(2): 147-156. DOI: 10.1002/ajpa.1330650206
İşcan, M.Y., Loth, S.R., and Wright, R.K. 1985. Age Assessment of the Rib by Phase
Analysis: White Females. Journal of Forensic Sciences, 30: 617-623.
İşcan, M.Y., and Loth, S.R. 1986. Determination of Age from the Sternal Rib in White
Males: A Test of the Phase Method. Journal of Forensic Sciences, 31(1): 122-132
Işcan, M.Y., Loth, S.R., and Wright, R.K. 1987. Racial Variation in the Sternal Extremity
of the Rib and Its Effect on Age Determination. Journal of Forensic Sciences, 32: 452466.
322

References

İşcan, M.Y. 1989. Assessment of Age At Death in the Human Skeleton. In M.Y. İşcan
(ed.) Age Markers in the Human Skeleton. Springfield: Charles C. Thomas. pp. 5-17.
İşcan, M.Y., and Loth S.R. 1989. Osteological Manifestations of Age in the Adult. In
M.Y. İşcan, and K.A.R. Kennedy (eds) Reconstruction of Life from the Skeleton. New
York: Alan R. Liss. pp. 23-40.
İşcan, M.Y., and Steyn, M. 2013. The Human Skeleton in Forensic Medicine. 3rd ed.
Springfield: Charles C. Thomas.
Ito, S. 1975. Age Estimation Based on Tooth Crowns. International Journal of Forensic
Dentistry, 7: 9-14.
Jackes, M. 2000. Building the Bases for Paleodemographic Analysis: Adult Age
Estimation. In M.A. Katzenberg, and S.R. Saunders (eds) Biological Anthropology of the
Human Skeleton. Hoboken: Wiley-Liss. pp. 415-466.
Jaubert, L.C., Briers, N., and Meyer, A. 2019. Evaluation of the Suchey-Brooks Age
Estimation Method in A White South African Population. Forensic Science International,
301: e14-e19.
Jit, I., and Kulkarni, M. 1976. Times of Appearance and Fusion of Epiphysis at the Medial
End of the Clavicle. Indian Journal of Medical Research, 64: 773-782.
Johansson, G. 1971. Age Determination from Human Teeth. Odontological Review, 22:
1-126.
Jurmain, R. 2013. Stories from the Skeleton: Behavioral Reconstruction in Human
Osteology. London: Routledge.
Jurmain, R., Kilgore, L., Trevathan, W., and Ciochon, R.L. 2014. Introduction to Physical
Anthropology: 2013-2014 Edition. Australia: Wadsworth CENGAGE Learning.
Kahana, T., Birkby, W.H., Goldin, L., and Hiss, J. 2003. Estimation of Age in
Adolescents – the Basilar Synchondrosis. Journal of Forensic Sciences, 48: 504–508.
323

References

Kaiser, S.A. 2014. Legal Considerations About the Loss of Malaysia Airlines Flight
MH17 in Eastern Ukraine. Air & Space Law, 40(2): 107-122.
Kanchan-Talreja, P., Acharya, A.B., and Naikmasur, V.G. 2012. An Assessment of the
Versatility of Kvaal’s Method of Adult Dental Age Estimation in Indians. Archives of
Oral Biology, 57: 277-284. DOI: 10.1016/j.archoralbio.2011.08.020
Kanchan, T., and Krishan, K. 2013. Personal Identification in Forensic Examinations.
Anthropology, 2: 114. DOI: 10.4172/2332-0915.1000114.
Karkhanis, S., Mack, P., and Franklin, D. 2014. Age Estimation Standards for A Western
Australian Population Using the Dental Age Estimation Technique Developed by Kvaal
et al. Forensic Science International, 235: 104.e1-104.e6.
DOI: 10.1016/j.forsciint.2013.12.008
Katz, D., and Suchey, J.M. 1986. Age Determination of the Male Os Pubis. American
Journal of Physical Anthropology, 69: 427-435. DOI: 10.1002/ajpa.1330690402
Katz, D., and Suchey, J.M. 1989. Race Differences in Pubic Symphyseal Aging Patterns
in the Male. American Journal of Physical Anthropology, 80: 167-172.
Kemkes-Grottenthaler, A. 2001. The Reliability of Forensic Osteology - A Case in Point:
Case Study. Forensic Science International, 117: 65-72.
Kemkes-Grottenthaler, A. 2002. Aging Through the Ages: Historical Perspectives on Age
Indicator Methods. In R. Hoppa, and J. Vaupel (eds) Paleodemography: Age
Distributions from Skeletal Samples. Cambridge: Cambridge University Press. pp. 48-72.
Kellinghaus, M., Schulz, R., Vieth, V., Schmidt, S., Pfeiffer, H., and Schmeling. A. 2010.
Enhanced Possibilities to Make Statement on the Ossification Status of the Medial
Clavicular Epiphysis Using An Amplified Staging Scheme in Evaluating Thin-Slice CT
Scans. International Journal of Legal Medicine, 124: 321-325.
DOI: 10.1016/S0379-0738(00)00450-3

324

References

Key, C.A., Aiello, L.C., and Molleson, T. 1994. Cranial Suture Closure and Its
Implications for Age Estimation. International Journal of Osteoarchaeology, 4(3): 193207.
Khoo, L.S., Hasmi, A.H., Abdul Ghani Aziz, S.A., Ibrahim, M.A., and Mahmood, M.S.
2016. MH17: The Malaysian Experience. Malaysian Journal of Pathology, 38(1): 1-10.
Kimmerle, E.H., Konigsberg, L.W., Jantz, R.L., and Baraybar J.P. 2008b. Analysis of
Age-At-Death Estimation Through the Use of Pubic Symphyseal Data. Journal of
Forensic Sciences, 53(3): 558–68. DOI: 10.1111/j.1556-4029.2008.00711.x
Klepinger, L.L., Katz, D., Micozzi, M.S., and Carroll, L. 1992. Evaluation of Cast
Methods for Estimating Age from the Os Pubis. Journal of Forensic Sciences, 37(3): 763770.
Klepinger, L.L. 2006. Fundamentals of Forensic Anthropology. Hoboken: John Wiley &
Sons.
Knapp, T.R. 1992. Technical Error of Measurement: A Methodological Critique.
American Journal of Physical Anthropology, 87: 235–236.
DOI: 10.1002/ajpa.1330870211
Kocasarac, H.D., Sinanoglu, A., Noujeim, M., Yigit, D.H., and Baydemir, C. 2015.
Radiologic Assessment of Third Molar Tooth and Spheno-Occipital Synchondrosis for
Age Estimation: A Multiple Regression Analysis Study. International Journal of Legal
Medicine, 130: 799-808. DOI:10.1007/s00414-015-1298-8.
Komar, D.A., and Buikstra, J.E. 2008. Forensic Anthropology: Contemporary Theory
and Practice. New York: Oxford University Press.
Konie, J.C. 1964. Comparative Value of X-Rays of the Spheno-Occipital Synchondrosis
and of the Wrist for Skeletal Age Assessment. Angle Orthodontist, 34: 303-313.

325

References

Konigsberg, L.W., and Holman, D.J. 1999. Estimation of Age at Death from Dental
Emergence and Implications for Studies of Prehistoric Somatic Growth. In R.D. Hoppa,
and C.M. FitzGerald (eds) Human Growth in the Past: Studies from Bone and Teeth.
Cambridge: Cambridge University Press. pp. 264-289.
Konigsberg, L.W., Herrmann, N.P., Wescott, D.J., and Kimmerle, E.H. 2008. Estimation
and Evidence in Forensic Anthropology: Age-At-Death. Journal of Forensic Sciences,
53: 541-557.
Konigsberg, L.W., and Frankenberg, S.R. 2013. Bayes in Biological Anthropology.
American Journal of Physical Anthropology, 57: 153-184. DOI: 10.1002/ajpa.22397.
Konigsberg, L.W. 2015. Multivariate Cumulative Probit for Age Estimation Using
Ordinal Categorical Data. Annals of Human Biology, 42(4): 368-378.
DOI: 10.3109/03014460.2015.1045430
Kotěrová, A., Velemínská, J., Cunha, E., and Brůžek, J. 2018. A Validation Study of the
Stoyanova et al. Method (2017) for Age-At-Death Estimation Quantifying the 3D Pubic
Symphyseal Surface of Adult Males of European Populations. International Journal of
Legal Medicine, DOI: 10.1007/s00414-018-1934-1
Krejcie, R.V., and Morgan, D.W. 1970. Determining Sample Size for Research
Activities. Educational and Psychological Measurement, 30: 607-610.
Krishan, K., and Kanchan, T. 2013. Evaluation of Spheno-Occipital Synchondrosis: A
Review of Literature and Considerations from Forensic Anthropologic Point of View.
Journal of Forensic Dental Sciences, 5: 72-76. DOI:10.4103/0975-1475.119764.
Kruger, G.C., Libenberg, L., Myburgh, J., Meyer, A., Oettlé, A.C., Botha, D., Brits, D.M.,
Kenyhercz, M.W., Stull, K.E., Sutherland, C., and L’Abbé, E.N. 2018. Forensic
Anthropology and the Biological Profile in South Africa. In K.E. Latham, E.J. Barterlink,
and M. Finnegan (eds) New Perspectives in Forensic Human Skeletal Identification.
London: Academic Press. pp. 313-321.

326

References

Kuttler, Y. 1959. Classification of Dentine into Primary, Secondary and Tertiary. Oral
Surgery, Oral Medicine, Oral Pathology, 12(8): 996-999.
Kvaal, S.I., and Solheim, T. 1994. A Non-Destructive Method for Age Estimation.
Journal of Forensic Odontostomatology, 12: 6-11.
Kvaal, S.I., Kolltveit, K.M., Thomsen, I.O., and Solheim, T. 1995. Age Estimation of
Adults from Dental Radiographs. Forensic Science International, 74: 175-185.
DOI: 10.1016/0379-0738(95)01760-G.
Lamendin, H., Baccino, E., Humbert, J.F., Tavernier, J.C., Nossintchouk, R.M., and
Zerilli, A. 1992. A Simple Technique for Age Estimation in Adult Corpses: The Two
Criteria Dental Method. Journal of Forensic Sciences, 37(5): 1373-1379.
Landa, M.I., Garamendi, P.M., Botella, M.C., and Aleman, I. 2009. Application of the
Method of Kvaal et al. to Digital Orthopantomograms. International Journal of Legal
Medicine, 123: 123-128. DOI: 10.1007/s00414-008-0268-9
Langley, N.R., and Dudzik, B. 2017. The Application of Theory in Skeletal Age
Estimation. In C.C. Boyd, and D.C. Boyd (eds) Forensic Anthropology: Theoretical
Framework and Scientific Basis. 1st ed. Hoboken: John Wiley & Sons. pp. 99-112.
Langley, N.R., Gooding, A.F., and Tersigni-Tarrant, M.T. 2017. Age Estimation
Methods. In N.R. Langley, and M.T. Tersigni-Tarrant (eds) Forensic Anthropology: A
Comprehensive Introduction. 2nd ed. CRC Press: Boca Raton. pp. 176-194.
Langley-Shirley, N., and Jantz, R.L. 2010. A Bayesian Approach to Age Estimation in
Modern Americans from the Clavicle. Journal of Forensic Sciences; 55(3): 571-583.
Latham, K.E., and Finnegan, M. 2010. Age Estimation of the Human Skeleton.
Springfield: Charles C. Thomas.
Larsen, C.S. 1997. Bioarchaeology: Interpreting Behaviour from the Human Skeleton.
Cambridge: Cambridge University Press.

327

References

Leete, R. 1996. Malaysia’s Demographic Transition: Rapid Development, Culture and
Politics. Kuala Lumpur: Oxford University Press.
Leo, C., O’Connor, J.E., and McNulty, J.P. 2013. Combined Radiographic and
Anthropological Approaches to Victim Identification of Partially Decomposed or
Skeletal Remains. Radiography, 19: 353-362.
Lewis, M.E. 2009. The Bioarchaeology of Children: Perspectives from Biological and
Forensic Anthropology. Cambridge: Cambridge University Press.
Lewis, J.M., and Senn, D.R. 2010. Dental Age Estimation Utilizing Third Molar
Development: A Review of Principles, Methods, and Population Studies Used in the
United States. Forensic Science International, 201: 79-83.
DOI: 10.1016/j.forsciint.2010.04.042
Lewis, J.M., and Senn, D.R. 2013. Dental Age Estimation. In D.R. Senn, and R.A. Weems
(eds) Manual of Forensic Odontology. 5th ed. CRC Press: Boca Raton. pp. 211-255.
Li, M., Chu, G., Han, M., Chen, T., Zhou, H., and Guo, Y. 2019. Application of the Kvaal
Method for Age Estimation Using Digital Panoramic Radiography of Chinese
Individuals. Forensic Science International, 301: 76-81.
Liang, X., Jacobs, R., Hassan, B., Li, L., Pauwels, R., Corpas, L., Souza, P.C., Martens,
W., Shahbazian, M., Alonso, A., and Lambrichts, I. 2010a. A Comparative Evaluation of
Cone Beam Computed Tomography (CBCT) and Multi-Slice CT (MSCT). Part I: On
Subjective Image Quality. European Journal of Radiology, 75: 265-269.
DOI: 10.1016/j.ejrad.2009.03.042
Liang, X., Lambrichts, I., Sun, Y., Denis, K., Hassan, B., Li, L., Pauwels, R., and Jacobs,
R. 2010b. A Comparative Evaluation of Cone beam computed tomography (CBCT) and
Multi-Slice CT (MSCT) Part II: On 3D Model Accuracy. European Journal of Radiology,
75: 270-274. DOI: 10.1016/j.ejrad.2009.04.016
Liebgott, B. 2011. The Anatomical Basis of Dentistry. 3rd ed. Missouri: Mosby Elsevier.

328

References

Lim, T.O., Ding, L.M., Zaki, M., Suleiman, A.B., Fatimah, S., Siti, S., Tahir, A.,
Maimunah, A.H. 2000. Distribution of Body Weight, Height and Body Mass Index in A
National Sample of Malaysian Adults. Medical Journal Malaysia, 55: 108-128.
Lim, K.B., Jeevan, N.H., Jaya, P., Othman, M.I., and Lee, Y.H. 2001. STR Data for the
AmpFlSTR Profiler Loci from the Three Main Ethnic Population Groups (Malay,
Chinese and Indian) in Malaysia. Forensic Science International, 119: 109-112.
Lopez-Alcaraz, M., Gonzalez, P.M.G., Aguilera, I.A., and Lopez, M.B. 2015. Image
Analysis of Pubic Bone for Age Estimation in A Computed Tomography Sample.
International Journal of Legal Medicine, 129: 335-346.
Loth, S.R., and İşcan, M.Y. 1994. Morphological Indicators of Skeletal Aging:
Implications for Paleodemography and Paleogerontology. In D.E. Crews, and R.M.
Garruto (eds) Biological Anthropology and Aging: Perspectives on Human Variation
Over the Life Span. Oxford: Oxford University Press. pp. 394-425.
Lottering, N., Macgregor, D.M., Meredith, M., Alston, C.L., and Gregory, L.S. 2013.
Evaluation of the Suchey-Brooks Method of Age Estimation in An Australian
Subpopulation Using Computed Tomography of the Pubic Symphyseal Surface.
American Journal of Physical Anthropology, 399: 386-399. DOI: 10.1002/ajpa.22213
Lottering, N., Reynolds, M.S., MacGregor, D.M., Meredith, M., and Gregory, L.S. 2014.
Morphometric Modelling of Ageing in the Human Pubic Symphysis: Sexual Dimorphism
in An Australian Population. Forensic Science International, 236: 195.e1-195.e11.
Lottering, N., Macgregor, D.M., Alston, C.L., and Gregory, L.S. 2015. Ontogeny of the
Spheno-Occipital Synchondrosis in A Modern Queensland, Australian Population Using
Computed Tomography. American Journal of Physical Anthropology, 157: 42-57.
DOI:10.1002/ajpa.22687.
Lovejoy, C.O., Meindl, R.S., Mensforth, R.P., and Barton, T.J. 1985. Multifactorial
Determination of Skeletal Age at Death: A Method and Blind Tests of Its Accuracy.
American Journal of Physical Anthropology, 68: 1-14.

329

References

Lovejoy, C.O., Meindl, R.S., Pryzbeck, T.R., and Mensforth, R.P. 1985. Chronological
Metamorphosis of the Auricular Surface of the Ilium: A New Method for the
Determination of Adult Skeletal Age at Death. American Journal of Physical
Anthropology, 68: 15-28.
Lucas, P.W. 2004. Dental Functional Morphology: How Teeth Work. Cambridge:
Cambridge University Press.
Lumley, T., Diehr, P., Emerson, S., and Chen, L. 2002. The Importance of the Normality
Assumption in Large Public Health Data Sets. Annual Reviews of Public Health, 23: 15169. DOI: 10.1146/annurev.publheath.23.100901.140546
Lynnerup, N., and Jacobsen, J.C.B. 2003. Brief Communication: Age and Fractal
Dimensions of Human Sagittal and Coronal Sutures. American Journal of Physical
Anthropology, 121: 332-336.
Machin, D., Campbell, M.J., Tan, S., and Tan, S. 2008. Sample Size Tables for Clinical
Studies. 3rd ed. West Sussex: Wiley-Blackwell.
Mahon, T.J., Friedling, L.J., and Gordon, G.M. 2017. Spheno-Occipital Synchondrosis:
Examining the Degree of Fusion in A South African Black Skeletal Sample. Forensic
Science International, 278: 408.e1-408.e5.
Mallett, X. 2014. Admissibility of Expert Evidence. In X. Mallet, T. Blythe, and R. Berry
R. (eds) Advances in Forensic Human Identification. Boca Raton: CRC Press. pp. 337350.
Maples, W.R. 1978. An Improved Technique Using Dental Histology for Estimation of
Adult Age. Journal of Forensic Sciences, 23(4): 764-70.
Maples, W.R., and Rice, P.M. 1979. Some Difficulties in the Gustafson Dental Age
Estimations. Journal of Forensic Sciences, 24: 168-172.

330

References

Maples, W.R. 1989. The Practical Application of Age Estimation Techniques. In M.Y.
İşcan (Ed) Age Markers of the Human Skeleton. Springfield: Charles C. Thomas. pp. 319324.
Marquez-Grant, N. 2015. An Overview of Age Estimation in Forensic Anthropology:
Perspectives and Practical Considerations. Annals of Human Biology, 42(4): 308-322.
Marroquin, T.Y., Karkhanis, S., Kvaal, S.I., Vasudavan, S., Castelblanco, E., Kruger, E.,
and Tennant, M. 2017. Determining the Effectiveness of Adult Measures of Standardised
Age Estimation on Juveniles in A Western Australian Population. Australian Journal of
Forensic Sciences, 49: 459-467. DOI: 10.1080/00450618.2016.1177593
Marroquin, T.Y., Karkhanis, S., Kvaal, S.I., Vasudavan, S., Kruger, E., and Tennant, M.
2017. Age Estimation in Adults by Dental Imaging Assessment Systematic Review.
Forensic Science International, 275: 203-211. DOI: 10.1016/j.forsciint.2017.03.007
Martrille, L., Ubelaker, D.H., Cattaneo, C., Seguret, F., Tremblay, M., and Baccino, E.
2007. Comparison of Four Skeletal Methods for the Estimation of Age at Death on White
and Black Adults. Journal of Forensic Sciences, 52(2): 302-307.
Matsuoka, H., Sato, K., Sugihara, S, and Murata, M. 1999. Bone Maturation Reflects the
Secular Trend in Growth. Hormone Research, 52: 125-130.
Mays, S. 2015. The Effect of Factors Other Than Age Upon Skeletal Age Indicators in
the Adult. Annals of Human Biology; 42(4): 332-341.
Mazzilli, L.E.N., Melani, R.F.H., Lascala, C.A., Mariano, G.G., Sakaguti, N.M., and
Cameriere, R. 2019. Radiological Image Processing Advantages Applied to Human Age
Estimation Based on Dental Parameters. Journal of Forensic Radiology and Imaging, 17:
12-7. DOI: 10.1016/j.jofri.2019.05.001
McKee, J, and Molnar, S. 1988. Measurements of Tooth Wear Among Australian
Aboriginals

II:

Interpopulational

Variation

in

Patterns

Anthropology. American Journal of Physical Anthropology, 76: 125-36.

331

of

Dental

References

McKern, T.W. 1957. Estimation of Skeletal Age from Combined Maturational Activity.
American Journal of Physical Anthropology, 15: 399-408.
McKern, T.W., and Stewart, T.D. 1957. Skeletal Age Changes in Young American Males.
Massachusetts: Headquarters Quartermaster Research & Development Command,
Environmental Protection Research Division.
McKern, T.W. 1970. Personal Identification in Mass Disasters. Washington DC:
National Museum of Natural History.
Meindl, R.S., and Lovejoy, C.O. 1985. Ectocranial Suture Closure: A Revised Method
for the Determination of Skeletal Age at Death Based on Lateral-Anterior Sutures.
American Journal of Physical Anthropology, 68(1): 57-66.
Meinl, A., Tangl, S., Pernicka, E., Fenes, C., and Watzek, G. 2007. On the Applicability
of Secondary Dentin Formation to Radiological Age Estimation in Young Adults.
Journal of Forensic Sciences, 52: 438-441. DOI: 10.1111/j.1556-4029.2006.00377.x
Melsen, B. 1969. Time of Closure of the Spheno-Occipital Synchondrosis Determined on
Dried Skulls. Acta Odontologica Scandinavica, 27: 73-90.
Melsen, B. 1972. Time and Mode of Closure of the Spheno-Occipital Synchondrosis
Determined on Human Autopsy Material. Acta Anatomica, 83: 112-118.
Merritt, C.E. 2015. The Influence of Body Size on Adult Skeletal Age Estimation
Methods. American Journal of Physical Anthropology, 156: 35-57.
Merritt, C.E. 2017. Inaccuracy and Bias in Adult Skeletal Age Estimation: Assessing the
Reliability of Eight Methods on Individuals of Varying Body Sizes. Forensic Science
International, 275: 315.e1-315.e11.
Merritt, C.E. 2018. Part II – Adult Skeletal Age Estimation Using CT Scans of Cadavers:
Revision of the Pubic Symphysis Method. Journal of Forensic Radiology and Imaging;
14: 50-57.

332

References

Mielke, J.H., Konigsber, L.W., and Relethford, J. 2011. Human Biological Variation.
Oxford: Oxford University Press.
Milenkovic, P., Djuric, M., Milovanovic, P., Djukic, K., Zivkovic, V., and Nikolic, S.
2014. The Role of CT Analyses of the Sternal End of the Clavicle and the First Costal
Cartilage in Age Estimation. International Journal of Legal Medicine, 128: 825-839.
DOI: 10.1007/s00414-014-1026-9
Miles, A.E.W. 1963. The Dentition in the Assessment of Individual Age in Skeletal
Material. In D.R. Brothwell (ed) Dental Anthropology. Oxford: Pergamon Press. pp. 191209.
Miles, T.P., and Brody, J.A. 1994. Aging as A Worldwide Phenomenon. In D.E. Crews,
and R.M. Garruto (eds) Biological Anthropology and Aging: Perspectives on Human
Variation over the Life Span. Oxford: Oxford University Press. pp. 1-15.
Milner, G.R., Wood, J.W., and Boldsen, J.L. 2000. Paleodemography. In M.A.
Katzenberg, and S.R. Saunders (eds) Biological Anthropology of the Human Skeleton.
New York: Wiley-Liss. pp. 467-497.
Milner, G.R., Wood, J.W., and Boldsen, J.L. 2008. Advances in Paleodemography. In
M.A. Katzenberg, and S.R. Saunders (eds) Biological Anthropology of the Human
Skeleton. 2nd ed. Hoboken: Wiley-Liss. pp. 561-600.
Milner, G.R., and Boldsen, J.L. 2012. Transition Analysis: A Validation Study with
Known-Age Modern American Skeletons. American Journal of Physical Anthropology,
148: 98-110.
Milner, G.R., and Boldsen, J.L. 2012. Estimating Age and Sex from the Skeleton, A
Paleopathological Perspective. In A.L. Grauer (ed) A Companion to Paleopathology. 1st
ed. West Sussex: Blackwell Publishing. pp. 268-284.
Mincer, H.H., Harris, E.F., and Berryman, H.E. 1993. The A.B.F.O. Study of Third Molar
Development and Its Use as An Estimator of Chronological Age. Journal of Forensic
Sciences, 38(2): 379-390.
333

References

Misirlioglu, M., Nalcaci, R., Adisen, M.Z., Yilmaz, S., and Yorubulut, S. 2014. Age
Estimation Using Maxillary Canine Pulp/Tooth Area Ratio, With An Application of
Kvaal’s Methods on Digital Orthopantomographs in A Turkish Sample. Australian
Journal of Forensic Sciences, 46(1): 27-38.
Mittal, S., Nagendrareddy, S., Sharma, M., Agnihotri, P., Chaudhary, S., and Dhillon, M.
2016. Age Estimation Based on Kvaal’s Technique Using Digital Panoramic
Radiographs. Journal of Forensic Dental Sciences, 8: 115.
DOI: 10.4103/0975-1475.186378
Mjör, I.A. 1996. Changes in the Teeth with Age. In P. Holm-Pedersen, and H. Loe (eds)
Textbook of Geriatric Dentistry. Copenhagen: Munksgaard Texbook. pp. 94-102.
Mohd Noor, M.S., Khoo, L.S., Alias, W.Z.Z., Hasmi, A.H., Ibrahim, M.A., and
Mahmood, M.S. 2017. The Clandestine Multiple Graves in Malaysia: The First Mass
Identification Operation of Human Skeletal Remains. Forensic Science International,
278: 410.e1-410.e9. DOI: 10.1016/j.forsciint.2017.05.014.
Mohd Yusof, M.Y.P., Cauwels, R., Deschepper, E., Martens. L. 2015. Application of
Third Molar Development and Eruption Models in Estimating Dental Age in Malay Subadults. Journal of Forensic and Legal Medicine, 34: 40-44.
DOI: 10.1016/j.jflm.2015.05.004
Monzavi, B.F., Ghodoosi, A., Savabi, O., and Hasanzadeh, A. 2003. Model of Age
Estimation Based on Dental Factors of Unknown Cadavers Among Iranians. Journal of
Forensic Sciences, 48(2): 2002174. DOI: 10.1520/jfs2002174
Moore, G.E. 1970. Age Changes Occurring in the Teeth. Journal of Forensic Science
Society, 10: 179-180.
Moorrees, C.F.A., Fanning, E.A., and Hunt, E.E. 1963. Formation and Resorption of
Three Deciduous Teeth in Children. American Journal of Physical Anthropology, 21:205213. DOI: 10.1002/ajpa.1330210212

334

References

Morse, D.R., Esposito, J.V., Schoor, R.S., Williams, F.L., and Furst, M.L. 1991. A
Review of Aging of Dental Components and A Retrospective Radiographic Study of
Aging of the Dental Pulp and Dentin in Normal Teeth. Quintessence International, 22:
711-720.
Morse, D.R., Esposito, J.V., and Schoor, R.S. 1993. A Radiographic Study of Aging
Changes of the Dental Pulp and Dentin in Normal Teeth. Quintessence International,
24(5): 329-333.
Mühler, M., Schulz, R., Schmidt, S., Schmeling, A., and Reisinger, W. 2006. The
Influence of Slice Thickness on Assessment of Clavicle Ossification in Forensic Age
Diagnostics. International Journal of Legal Medicine, 20: 15-17.
Mulhern, D.M., and Jones, E.B. 2005. Test of Revised Method of Age Estimation from
the Auricular Surface of the Ilium. American Journal of Physical Anthropology, 126(1):
61-65. DOI: 10.1002/ajpa.10410
Murray, K.A., and Murray, T. 1991. A Test of the Auricular Surface Aging Technique.
Journal of Forensic Sciences, 6(4): 1162-1169.
Nagaraj, S., Tey, N.P., Ng, C.W, Lee K.H., and Pala, J. 2015. Counting Ethnicity in
Malaysia: The Complexity of Measuring Diversity. Social Statistics and Ethnic
Diversity, IMISCOE Research Series. pp. 143-173. DOI 10.1007/978-3-319-20095-8_8
Nawrocki, S.P. 1998. Regression Formulae for Estimating Age at Death from Cranial
Suture Closure. In K. Reisch (ed) Forensic Osteology: Advances in the Identification of
Human Remains. Springfield: Charles C. Thomas. pp. 276-292.
Nawrocki, S.P. 2010. The Nature and Sources of Error in the Estimation of Age-at-Death
from the Skeleton. In K.E. Latham, and M. Finnegan (eds) Age Estimation of the Human
Skeleton. Springfield: Charles C. Thomas. pp. 79-101.

335

References

Nawrocki, S.P., Latham, K.E., and Barterlink, E.J. 2018. Human Skeletal Variation and
Forensic Anthropology. In K.E. Latham, E.J. Barterlink, and M. Finnegan (eds) New
Perspectives in Forensic Human Skeletal Identification. London: Academic Press. pp. 510.
Nguyen, E., and Doyle, E. 2018. Dental Post-Mortem Computed Tomography for
Disaster Victim Identification: A Literature Review. Journal of Forensic Radiology and
Imaging, 13: 5-11. DOI: 10.1016/j.jofri.2018.03.002
O’Higgins, P.O., and Vidarsdottir, U.S. 1999. New Approaches to the Quantitative
Analysis of Craniofacial Growth and Variation. In R.D. Hoppa, and C.M. FitzGerald
(eds) Human Growth in the Past: Studies from Bone and Teeth. Cambridge: Cambridge
University Press. pp. 128-160.
Okamoto, K., Ito, J., Tokiguchi, S., and Furusawa, T. 1996. High-Resolution CT Findings
in the Development of the Sphenooccipital Synchondrosis. American Journal of
Neuroradiology, 17: 117-120.
Oettlé, A.C., and Steyn, M. 2000. Age Estimation from Sternal Ends of Ribs by Phase
Analysis in South African Blacks. Journal of Forensic Sciences, 45(5): 1071-1079.
Osborne, D., Simmons, T., and Nawrocki, S.P. 2004. Reconsidering the Auricular
Surface as An Indicator of Age at Death. Journal of Forensic Sciences, 49(5): 1-7.
Overbury, R.S., Cabo, L.L., Dirkmaat, D.C., and Symes, S.A. 2009. Asymmetry of the
Os Pubis: Implications for the Suchey-Brooks Method. American Journal of Physical
Anthropology, 139: 261-268. DOI: 10.1002/ajpa.20999
Paewinsky, E., Pfeiffer, H., and Brinkmann, B. 2005. Quantification of Secondary
Dentine Formation from Orthopantomograms - A Contribution to Forensic Age
Estimation Methods in Adults. International Journal of Legal Medicine, 119: 27-30.
DOI: 10.1007/s00414-004-0492-x
Pallant, J. 2013. SPSS Survival Manual. 5th ed. Sydney: Allen & Unwin.

336

References

Passalacqua, N.V., and Pilloud, M.A. 2018. Ethics and Professionalism in Forensic
Anthropology. London: Academic Press.
Pasquier, E., Pernot, L.D.S.M., Burdin, V., Mounayer, C., Le Rest, C., Colin, D., Mottier,
D., Roux, C., and Baccino, E. 1999. Determination of Age at Death: Assessment of an
Algorithm of Age Prediction Using Numerical Three-Dimensional CT Data from Pubic
Bones. American Journal of Physical Anthropology, 108: 261-268.
Pattamapaspong, N., Kanthawang, T., Singsuwan, P., Sansiri, W., Prasitwattaseree, S.,
and Mahakkanukrauh, M. 2019. Efficacy of Three-Dimensional Cinematic Rendering
Computed Tomography Images in Visualizing Features Related to Age Estimation in
Pelvic Bones. Forensic Science International, 294: 48-56.
Penaloza, T.Y.M., Karkhanis, S., Kvaal, S.I., Nurul, F., Kanagasingam, S., Franklin, D.,
Vasudavan, S., Kruger, E., and Tennant, M. 2016. Application of the Kvaal Method for
Adult Dental Age Estimation Using Cone Beam Computed Tomography (CBCT).
Journal of Forensic and Legal Medicine, 44: 178-182. DOI: 10.1016/j.jflm.2016.10.013
Penaloza, T.Y.M., Karkhanis, S., Kvaal, S.I., Vasudavan, S., Castelblanco, E., Kruger,
E., and Tennant, M. 2017. Orthodontic Treatment: Real Risk for Dental Age Estimation
in Adults? Journal of Forensic Sciences, 62(4): 907-910. DOI: 10.1111/1556-4029.13371
Phillipas, G.G., and Applebaum, E. 1966. Age Factor in Secondary Dentine Formation.
Journal of Dental Research, 45: 778–789. DOI: 10.1177/00220345660450034701
Pickering, R., and Bachman, D. 2009. The Use of Forensic Anthropology. 2nd ed. Boca
Raton: CRC Press.
Plato, C.C., Fox, K.M., and Tobin, J.D. 1994. Skeletal Changes in Human Aging. In D.E.
Crews, and R.M. Garruto (eds) Biological Anthropology and Human Aging: Perspectives
on Human Variation Over the Life Span. Oxford: Oxford University Press. pp.272-300.
Powell, T.V., and Brodie, A.G. 1963. Closure of the Spheno-Occipital Synchondrosis.
Anatomical Record, 147: 15-23. DOI:10.1002/ar.1091470104.

337

References

Prince, D.A., and Ubelaker, D.H. 2002. Application of Lamendin’s Adult Dental Aging
Technique to a Diverse Skeletal Sample. Journal of Forensic Science, 47(1): 107-116.
DOI: 10.1520/JFS15209J
Purves, S., Woodley, L., and Hackmann, L. 2011. Age Determination in the Adult. In S.
Black, and E. Ferguson (eds) Forensic Anthropology 2000 to 2010. Boca Raton: CRC
Press. pp. 29-59.
Putschar, W.G.J. 1976. The Structure of the Human Symphysis Pubis with Special
Consideration of Parturition and Its Sequelae. American Journal of Physical
Anthropology, 45(3): 589-594.
Ranjani, S., Ashok, L., and Sujatha, G.P. 2010. Age Estimation in Adults Using Intra Oral
Periapical Radiographs in Indian Population Using Kvaal’s Method. Medico-Legal
Update, 10: 73-78.
Ranson, D. The Loss of Malaysia Airlines Flight MH17: A Forensic and Humanitarian
Task. Journal of Legal Medicine, 22: 745-750.
Ravindra, S., Mamatha, G., Sunita, J., Balappanavar, A., and Sardana, V. 2015.
Morphometric Analysis of Pulp Size in Maxillary Permanent Central Incisors Correlated
With Age: An Indirect Digital Study. Journal of Forensic Dental Sciences, 7(3): 208214. DOI: 10.4103/0975-1475.172438
Recheis, W., Weber, G.W., Schäfer, K., Knapp, R., Seidler, H., and zur Nedden, D. 1999.
Virtual Reality and Anthropology. European Journal of Radiology, 31: 88-96.
Rissech, C., Wilson, J., Winburn, A.P., Turbon, D., and Steadman, D. 2012. A
Comparison of Three Established Age Estimation Methods on An Adult Spanish Sample.
International Journal of Legal Medicine, 126: 145-155.
Ritz-Timme, S., Cattaneo, C., Collins, M.J., Waite, E.R., Schütz, H.W., Kaatsch, H.J.,
and Borrman H.I.M. 2000. Age Estimation: The State of the Art in Relation to the
Specific Demands of Forensic Practise. International Journal of Legal Medicine, 113:
129-136.
338

References

Rogers, T.L. 2009. Skeletal Age Estimation. In S. Blau and D.H. Ubelaker (eds)
Handbook of Forensic Anthropology and Archaeology. California: Left Coast Press. pp.
208-221.
Roh, B., Lee, W., Ryu, J., Ahn, J., Yoon, C., and Lee, S. The Application of the Kvaal
Method to Estimate the Age of Live Korean Subjects Using Digital Panoramic
Radiographs. International Journal of Legal Medicine, 132: 1161-1166.
DOI: 10.1007/s00414-017-1762-8
Rosnah, M.Y., Mohd Rizal, H., and Sharifah_Norazizan, S.A.R. 2009. Anthropometry
Dimensions of Older Malaysians: Comparison of Age, Gender and Ethnicity. Asian
Social Sciences, 5(6): 133-140.
Ross, A.H., and Kimmerle, E.H. 2009. Contribution of Quantitative Methods in Forensic
Anthropology: A New Era. In S. Blau, and D.H. Ubelaker (eds) Handbook of Forensic
Anthropology and Archaeology. California: Left Coast Press. pp. 479-489.
Rosset, A., Spadola, L., and Ratib, O. 2004. OsiriX: An Open-Source Software for
Navigating in Multidimensional DICOM Images. Journal of Digital Imaging, 17(3): 205216. DOI: 10.1007/s10278-004-1014-6
Ruengdit, S., Prasitwattanaseree, S., Mekjaidee, K., Sinthubua, A., and Mahakkanukrauh,
P. 2018. Age Estimation Approaches Using Cranial Suture Closure: A Validation Study
on A Thai Population. Journal of Forensic and Legal Medicine, 53: 79-86.
DOI: 10.1016/j.jflm.2017.11.009
Sahni, D., Jit, I., Neelam, I., and Suri, S. 1998. Time of Fusion of the Basisphenoid With
the Basilar Part of the Occipital Bone in Northwest Indian Subjects. Forensic Science
International, 98: 41-45. DOI:10.1016/S0379-0738(98)00135-2.
Sakaue, K. 2006. Application of the Suchey-Brooks system of pubic age estimation to
recent Japanese skeletal material. Anthropological Science, 114: 59-64.
Saladin, K.S. 2013. Human Anatomy. 4th ed. New York: McGraw-Hill.

339

References

San Millan, M., Rissech, C., and Turbón, D. 2013. A Test of Suchey-Brooks (Pubic
Symphysis) and Buckberry-Chamberlain (Auricular Surface) Methods on An Identified
Spanish Sample: Paleodemographic Implications. Journal of Archaeological Science; 40:
1743-1751.
Saunders, S.R., Fitzgerald, C., Rogers, T., Dudar, C., and McKillop, H. 1992. A Test of
Several Methods of Skeletal Age Estimation Using A Documented Archaeological
Sample. Canadian Society of Forensic Science Journal, 25(2): 97-118.
Savall, F., Rérolle, C., Hérin, F., Dédouit, F., Rougé, D., Telmon, N., and Saint-Martin,
P. 2016. Reliability of the Suchey-Brooks Method for A French Contemporary
Population. Forensic Science International, 266: 586.e1-586.e5.
Savall, F., Hérin, F., Peyron, P.A., Rougé, D., Baccino, E., Saint-Martin, P., and Telmon,
N. 2018. Age Estimation at Death Using Pubic Bone Analysis of A Virtual Reference
Sample. International Journal of Legal Medicine, 132: 609-615.
Saw, S.H. 2007. The Population of Malaysia. Singapore: Institute of South East Asian
Studies-Yusof Ishak Institute.
Sawa, J., and Morikawa, T. 2007. Interrater Reliability for Multiple Raters in Clinical
Trials of Ordinal Scale. Drug Information Journal, 41(5): 595-605.
Schaefer, M., Black, S., and Scheuer, L. 2009. Juvenile Osteology: A Laboratory and
Field Manual. London: Academic Press.
Schaefer, M., Geske, N., and Cunningham, C. 2018. A Decade of Development in
Juvenile Aging. In K.E. Latham, E.J. Barterlink, and M. Finnegan (eds) New Perspectives
in Forensic Human Skeletal Identification. London: Academic Press. pp. 45-60.
Scheuer, L. 2002. Application of Osteology to Forensic Medicine. Clinical Anatomy, 15:
297-312. DOI: 10.1002/ca.10028
Scheueur, L., and Black, S. 2000. Developmental Juvenile Osteology. Academic Press,
New York.
340

References

Scheuer, L., and Black, S. 2004. The Juvenile Skeleton. London: Elsevier Academic
Press.
Scheuer, L., and Black, S. 2007. Osteology. In T. Thompson, and S. Black (eds) Forensic
Human Identification: An Introduction. Boca Raton: CRC Press. pp. 199-219.
Schmeling, A., Reisinger, W., Loreck, D., Vendura, K., Markus, W., and Geserick, G.
2000. Effects of Ethnicity on Skeletal Maturation: Consequences for Forensic Age
Estimations. International Journal of Legal Medicine, 113: 253-258.
Schmeling, A., Olze, A., Reisinger, W., and Geserick, G. 2004. Forensic Age Diagnostics
of Living People Undergoing Criminal Proceedings. Forensic Science International, 144:
243-245. DOI: 10.1016/j.forsciint.2004.04.059
Schmeling, A., Schulz, R., Danner, B., and Rosing, F.W. 2006. The Impact of
Socioeconomic Progress and Modernization in Medicine on the Ossification of Hand and
Wrist. International Journal of Legal Medicine,120: 121-126.
Schmeling, A., Geserick, G., Reisinger, W., and Olze, A. 2007. Age Estimation. Forensic
Science International, 165: 178-181. DOI: 10.1016/j.forsciint.2006.05.016
Schmitt, A., Murail, P., Cunha, E., and Rougé, D. 2002. Variability of the Pattern of
Aging on the Human Skeleton: Evidence from Bone Indicators and Implications on Age
at Death Estimation. Journal of Forensic Sciences, 47(6): 1-7.
Schmitt, A. 2004. Age-At-Death Assessment Using the Os Pubis and the Auricular
Surface of the Ilium: A Test on An Identified Asian Sample. International Journal of
Osteoarchaeology, 14: 1-6.
Schour, I., and Massler, M. 1941. The Development of the Human Dentition. Journal of
the American Dental Association, 28: 1153-1160.
Schultze, D., Rother, U., Fuhrmann, A., Richel, S., Faulman, G., and Heiland, M. 2006.
Correlation of Age and Ossification of the Medial Clavicular Epiphysis Using Computed
Tomography. Forensic Science International, 158: 184-189.
341

References

Scott, J.H. 1958. The Cranial Base. American Journal of Physical Anthropology, 16: 319348.
Seah, S.H., Jeevan, N.H., Othman, M.I., Jaya, P., Ooi, Y.S., Wong, P.C., and Kee, S.S.
2003.STR Data for the AmpFlSTR Identifiler Loci in Three Ethnic Groups (Malay,
Chinese, Indian) of the Malaysian Population. Forensic Science International, 138: 134137. DOI: 10.1016/j.forsciint.2003.09.005
Sedlmeyer, I.L., Hirschhorn, J.N., and Palmert, M.R. 2002. Pedigree Analysis of
Constitutional Delay of Growth and Maturation: Determination of Familial Aggregation
and Inheritance Patterns. Journal of Clinical Endocrinology & Metabolism, 87(12): 55815586.
Shahin, K.A., Chatra, L., and Shenai, P. 2013. Dental and Craniofacial Imaging in
Forensics. Journal of Forensic Radiology and Imaging, 1: 56-62.
Shirley, N.R., and Jantz, R.L. 2011. Spheno-Occipital Synchondrosis Fusion in Modern
Americans. Journal of Forensic Sciences, 56: 580-585.
DOI:10.1111/j.1556-4029.2011.01705.x.
Shirley, N.R., and Ramirez-Montes, P.A. 2015. Age Estimation in Forensic
Anthropology: Quantification of Observer Error in Phase Versus Component-Based
Method. Journal of Forensic Sciences, 60(1): 107-111.
Silver, W.E., and Souviron, R.R. 2009. Dental Autopsy. Boca Raton: CRC Press.
Sim, J., and Wright, C.C. 2005. The Kappa Statistic in Reliability Studies: Use,
Interpretation, and Sample Size Requirements. Physical Theraphy, 85(3): 257–68.
Simmons, T., and Haglund, W.D. 2005. Anthropology in A Forensic Context. In J.
Hunter, and M. Cox (eds) Forensic Archaeology: Advances in Theory and Practice.
London: Routledge Taylor & Francis. pp. 159-176.

342

References

Simpson, E.K., and Byard, R.W. 2008. Unique Characteristics At Autopsy That May Be
Useful in Identifying Human Remains. In M. Tsokos (ed) Forensic Pathology Reviews
(Vol. 5). Totowa: Humana Press. pp. 175-195.
Sinanoglu, S., Kocasarac, H.D., and Noujeim, M. 2016. Age Estimation by An Analysis
of Spheno-Occipital Synchondrosis Using Cone-Beam Computed Tomography. Legal
Medicine, 18: 13-19. DOI:10.1016/j.legalmed.2015.11.004.
Sinha, A., and Gupta, V. 1995. A Study on Estimation of Age from Pubic Symphysis.
Forensic Science International, 75: 73-78.
Slice, D.E., and Algee-Hewitt, B.F.B. 2015. Modeling Bone Surface Morphology: A
Fully Quantitative Method for Age-At-Death Estimation Using the Pubic Symphysis.
Journal of Forensic Sciences, 60(4): 835-43. DOI: 10.1111/1556-4029.12778
Slootweg, P.J. 2007. Dental Pathology: A Practical Introduction. 2nd ed. Heidelberg:
Springer.
Smith, B.H. 1991. Standards of Human Tooth Formation and Dental Age Assessment. In
M.A. Kelley, and C.S. Larsen (eds) Advances in Dental Anthropology. New York: WileyLiss. pp. 143-168.
Solheim, T., and Kvaal, S. 2000. Age Estimation in Adults. In G. Willems (ed) Forensic
Odontology: Proceedings of the European IOFOS Millennium Meeting, Leuven,
Belgium. Leuven: Leuven University Press. pp. 59-65.
Soomer, H., Ranta, H., Lincoln, M.J., Penttilä, A., and Leibur, E. 2003. Reliability and
Validity of Eight Dental Age Estimation Methods for Adults. Journal of Forensic
Sciences, 48(1): 1-4.
Stanley, H.R., White, C.L., and McCray, L. 1966. The Rate of Tertiary (Reparative)
Dentine Formation in the Human Tooth. Oral Surgery, Oral Medicine and Oral
Pathology, 21: 180-189.

343

References

Star, H., Thevissen, P., Jacobs, R., Fieuws, S., Solheim, T., and Willems, G. 2011. Human
Dental Age Estimation by Calculation of Pulp-Tooth Volume Ratios Yielded on
Clinically Acquired Cone Beam Computed Tomography Images of Monoradicular Teeth.
Journal of Forensic Sciences, 56: S77e82.
Steadman, D.W., Adams, B.J., and Konigsberg, L.W. 2006. Statistical Basis for Positive
Identification in Forensic Anthropology. American Journal of Forensic Anthropology,
26: 15–26. DOI: 10.1002/ajpa.20393
Steadman, D.W. 2012. The Places We Will Go: Path Forward in Forensic Anthropology.
In D.H. Ubelaker (ed) Forensic Science: Current Issues, Future Directions. Somerset:
Wiley. pp. 131-159.
Stevenson, P.H. 1924. Age Order of Epiphyseal Union in Man. American Journal of
Physical Anthropology, 7: 53-93.
Stewart, T.D. 1957. Distortion of the Pubic Symphyseal Surface in Females and Its Effect
on Age Determination. American Journal of Physical Anthropology, 15: 9-18.
Stewart, T.D. 1979. Essentials of Forensic Anthropology: Especially as Developed in the
United States. Springfield: Charles C. Thomas.
Stinson, S., Bogin, B., and O’Rourke, D. 2012. Human Biology: An Evolutionary and
Biocultural Perspective. 2nd ed. New Jersey: Wiley-Blackwell.
Stout, S.D. 1989. Histomorphometric Analysis of Human Skeletal Remains. In M.Y.
İşcan, and K.A.R. Kennedy (eds) Reconstruction of Life from the Skeleton. New York:
Alan R. Liss. pp. 41-52.
Stoyanova, D., Algee-Hewitt, B.F.B., and Slice, D.E. 2015. An Enhanced Computational
Method for Age-At-Death Estimation Based on the Pubic Symphysis Using 3D laser
Scans and Thin Plate Splines. American Journal of Physical Anthropology, 158(3): 431–
40. DOI: 10.1002/ajpa.22797

344

References

Stoyanova, D.K., Algee-Hewitt, B.F.B., Kim, J., and Slice, D.E. 2017. A Computational
Framework for Age-At-Death Estimation from the Skeleton: Surface and Outline
Analysis of 3D Laser Scans of the Adult pubic symphysis. Journal of Forensic Sciences,
62(6): 1434-1444.
Stull, K.E., Tise, M.L., Ali, Z., and Fowler, D.R. 2014. Accuracy and Reliability of
Measurements Obtained from Computed Tomography 3D Volume Rendered Images.
Forensic Science International, 238: 133-140.
Suchey, J.M. 1979. Problems in the Aging of Females Using Os Pubis. American Journal
of Physical Anthropology, 51: 467-470.
Suchey, J.M. 1986. Evaluation of the Todd and McKern-Stewart Methods for Aging the
Male Os Pubis. In Reichs, K.J. (Ed) Forensic Osteology: Advances in the Identification
of Human Remains. Springfield: Charles C. Thomas. pp. 33-67.
Suchey, J., and Katz, D. 1998. Applications of pubic age determination in a forensic
setting. In: K.J. Reichs (ed) Forensic osteology: advances in the identification of human
remains. Springfield: Charles C. Thomas. pp. 204-236.
Szilvássy, J. 1980. Age Determination on the Sternal Articular Faces of the Clavicula.
Journal of Human Evolution, 9: 609-610.
Tabachnick, B.G., and Fidell, L.S. 2013. Using Multivariate Statistics. 6th ed. Boston:
Pearson Education.
Tangmose, S., Jensen, K.E., Villa, C., and Lynnerup, N. 2014. Forensic Age Estimation
from the Clavicle Using 1.0 T MRI: Preliminary Results. Forensic Science International,
234: 7–12.
Taylor, J., and Blenkin, M. 2010. Age Evaluation and Odontology in the Living. In S.
Black, A. Aggrawal, and J. Payne-James (eds) Age Estimation in the Living. West Sussex:
Wiley-Blackwell. pp. 176-201.

345

References

Telmon, N., Gaston, A., Chemla, P., Blanc, A., Joffre, F., and Rouge, D. 2005.
Application of the Suchey-Brooks Method to Three-Dimensional Imaging of the Pubic
Symphysis. Journal of Forensic Sciences, 50(3): 1-5.
Todd, T.W. 1920. Age Changes in the Pubic Bone. American Journal of Physical
Anthropology, 3(3): 285–334. DOI: 10.1002/ajpa.1330030301
Todd, T.W. 1921. Age Changes in the Pubic Bone. American Journal of Physical
Anthropology, 4(1): 1-70.
Todd, T.W., and Lyon, D.W. 1924. Endocranial Suture Closure, Its Progress and Age
Relationship: Part I - Adult Males of White Stock. American Journal of Physical
Anthropology, 7: 325-384.
Todd, T.W., and Lyon, D.W. 1925a. Cranial Suture Closure, Its Progress and Age
Relationship: Part II - Ectocranial Closure in Adult Males of White Stock. American
Journal of Physical Anthropology, 8(1): 23-44.
Todd, T.W., and Lyon, D.W. 1925b. Cranial Suture Closure, Its Progress and Age
Relationship: Part III - Endocranial Closure in Adult Males of Negro Stock. American
Journal of Physical Anthropology, 8(1): 47-71.
Todd, T.W., and Lyon, D.W. 1925c. Suture Closure: Its Progress and Age Relationship:
Part IV - Ectocranial Closure in Adult Males of Negro Stock. American Journal of
Physical Anthropology, 8(2): 149-168.
Torneck, C.D. 1998. Dentin-Pulp Complex. In A.R. Tencate. Oral Histology:
Development, Structure and Function. 5th ed. Missouri: Mosby-Year Book. pp. 151-196.
Ubelaker, D.H. 1987. Estimating Age at Death from Immature Human Skeleton: An
Overview. Journal of Forensic Sciences, 32(5): 1254-1263.
Ubelaker, D.H. 1989. Human Skeletal Remains: Excavation, Analysis, Interpretation. 2nd
ed. Washington DC: Taraxacum.

346

References

Ubelaker, D.H. 2006. Evolution of the Relationship of Forensic Anthropology with
Physical Anthropology and Forensic Pathology: A North American Perspective. Studies
in Historical Anthropology, 4: 199-205.
Ubelaker, D.H. 2008a. Issues in the Global Applications of Methodology in Forensic
Anthropology. Journal of Forensic Sciences, 53: 606–607.
DOI: 10.1111/j.1556-4029.2008.00717.x
Ubelaker, D.H. 2008b. Forensic Anthropology: Methodology and Diversity of
Applications. In M.A. Katzenberg, and S.R. Saunders (eds) Biological Anthropology of
the Human Skeleton. 2nd ed. New Jersey: Wiley-Liss. pp. 41-69.
Ubelaker, D.H., and Parra, R.C. 2008. Application of Three Dental Methods of Adult Age
Estimation from Intact Single Rooted Teeth to A Peruvian Sample. Journal of Forensic
Sciences, 53(3):608-611.
Ubelaker, D.H. 2010. Recent Advances in the Estimation of Age at Death from the
Assessment of Immature Bone. In K.E. Latham, and M. Finnegan (eds) Age Estimation
of the Human Skeleton. Illinois: Charles C. Thomas. pp. 177-189.
Ubelaker, D.H., and DeGaglia, C.M. 2017. Population Variation in Skeletal Sexual
Dimorphism. Forensic Science International, 278: 407e1-407.e7.
DOI: 10.1016/j.forsciint.2017.06.012
Ubelaker, D.H. 2019. Forensic Anthropology: Methodology and Applications. In M.A.
Katzenberg, and A.L. Grauer (eds) Biological Anthropology of the Human Skeleton. 3nd
ed. New Jersey: John Wiley & Sons. pp. 43-71.
Ubelaker, D.H., and Khosrowshahi, H. 2019. Estimation of Age in Forensic
Anthropology: Historical Perspective and Recent Methodological Advances. Forensic
Science Research, 4(1): 1-9. DOI: 10.1080/20961790.2018.1549711
Ubelaker, D.H., Shamlou, A., and Kunkle, A. 2019. Contributions of Forensic
Anthropology to Positive Scientific Identification: A Critical Review. Forensic Science
Research, 4(1): 45-50. DOI: 10.1080/20961790.2018.1523704
347

References

Uhl, N.M. 2013. Age-at-Death Estimation. In E.A. DiGangi, and M.K. Moore (eds)
Research Methods in Human Skeletal Biology. Amsterdam: Academic Press. pp. 63-90.
Uhl, N.M., and Nawrocki, S. 2010. Multifactorial Estimation of Age at Death from the
Human Skeleton. In K.E. Latham, and M. Finnegan (eds) Age Estimation of the Human
Skeleton. Springfield: Charles C. Thomas. pp. 243-261.
Ulijaszek, S.J., and Lourie, J.A. 1994. Intra- and Inter-observer Error in Anthropometric
Measurement. In S.J. Ulijaszek and C.G.N. Mascie-Taylor (eds) Anthropometry.
Cambridge: Cambridge University Press. pp. 30-35.
Ulijaszek, S.J., and Kerr, D.A. 1999. Anthropometric Measurement Error and the
Assessment of Nutritional Status. British Journal of Nutrition, 82: 165-177.
Universal Declaration of Human Rights. 1948. United Nation General Assembly. Paris.
Retrieved from http://www.un.org/en/universal-declaration-human-rights/
Verhoff, M.A., Ramsthaler, F., Krähahn, J., Deml, U., Gille, R.J., Grabherr, S., Thali,
M.J., and Kreutz, K. 2008. Digital Forensic Osteology: Possibilities in Cooperation with
the Virtopsy project. Forensic Science International, 174: 152-156.
DOI:10.1016/j.forsciint.2007.03.017.
Villa, C., and Lynnerup, N. 2014. Age Estimation of Skeletal Remains: Principal
methods. Research and Reports in Forensic Medical Science, 4: 3-9.
Villa, C., Buckberry, J., Cattaneo, C., Frohlich, B., and Lynnerup N. 2015. Quantitative
Analysis of the Morphological Changes of the Pubic Symphyseal Face and the Auricular
Surface and Implications for Age at Death Estimation. Journal of Forensic Sciences;
60(3): 556-565.
Viner, M.D. 2008. The Use of Radiology in Mass Fatality Events. In B.J. Adams, and
J.E. Byrd (eds) Recovery, Analysis, and Identification of Commingled Remains. Totowa:
Humana Press. pp. 145-183.

348

References

Viner, M. 2018. Overview of Advances in Forensic Radiological Methods of Human
Identification. In K.E. Latham, E.J. Barterlink, and M. Finnegan (eds) New Perspectives
in Forensic Human Skeletal Identification. London: Academic Press. pp. 217-226.
Wagner, J.K., Yu, J.H., Ifekwunigwe, J.O., Harrell, T.M., Bamshad, M.J., and Royal,
C.D. 2017. Anthropologists’ Views on Race, Ancestry, and Genetics. American Journal
of Physical Anthropology, 162: 318-327. DOI: 10.1002/ajpa.23120
Walker, P.L., Dean, G., and Shapiro, P. 1991. Estimating Age from Tooth Wear in
Archaeological Populations. In M. A. Kelly, and C. S. Larsen (eds) Advances in Dental
Anthropology. New York: Wiley-Liss. pp. 169-178.
Walter, S.D., Eliasziw, M., and Donner, A. 1998. Sample Size and Optimal Designs for
Reliability Studies. Statistics in Medicine, 17(1): 101-110.
Warmlander, S.K.T.S., and Sholts, S.B. 2011. Sampling and Statistical Considerations
for the Suchey-Brooks Method for Pubic Bone Age Estimation: Implications for Regional
Comparisons. Science and Justice, 51: 131-134.
Webb, P.A.O, and Suchey, J.M. 1985. Epiphyseal Union of the Anterior Iliac Crest and
Medial Clavicle in A Modern Multiracial Sample of American Males and
Females. American Journal of Physical Anthropolology, 68(4): 457-466.
Weber, G.W., and Bookstein, F.L. 2011. Virtual Anthropology: A Guide to A New
Interdisciplinary Field. Vienna: Springer-Verlag Wien.
Weber, G.W. 2015. Virtual Anthropology. Yearbook of Physical Anthropology, 156: 2242. DOI: 10.1002/ajpa.22658
Weinberg, S.M., Scott, N.M., and Neiswanger, K. 2005. Intraobserver Error Associated
with Measurements of the Hand. American Journal of Human Biology, 17: 368-371.
DOI: 10.1002/ajhb.20129
Wescott, D.J., and Drew, J.L. 2015. Effect of Obesity on the Reliability of Age‐at‐Death
Indicators of the Pelvis. American Journal of Physical Anthropology, 156(4): 595-605.
349

References

Whaites, E. 2005. Radiography and Radiology for Dental Nurses. London: Elsevier
Churchill Livingstone.
White, T.D., and Folkens, P.A. 2005. The Human Bone Manual. Amsterdam: Elsevier
Academic Press.
Whittaker, W. 2000. Ageing from the Dentition. In M. Cox, and S. May (eds) Human
Osteology in Archaeology and Forensic Science. Cambridge: Cambridge University
Press. pp. 83-103.
Willems, G. 2000. Dental Age Estimation and Computer. In G. Willems (ed) Forensic
Odontology: Proceedings of the European IOFOS Millennium Meeting, Leuven,
Belgium. Leuven: Leuven University Press. pp. 161-175.
Willems, G., Moulin-Romsee, C., and Solheim, T. 2002. Non-Destructive Dental-Age
Calculation Methods in Adults: Intra- and Inter-Observer Effects. Forensic Science
International, 126: 221-226. DOI: 10.1016/S0379-0738(02)00081-6
Wink, A. 2014. Pubic Symphyseal Age Estimation from Three-Dimensional
Reconstructions of Pelvic CT scans of Live Individuals. Journal of Forensic Sciences,
59(3): 696-702.
Wolff, K., Vas, Z., Sotonyi, P., and Magyar, L.G. 2012. Skeletal Age Estimation in
Hungarian Population of Known Age and Sex. Forensic Science International, 223:
374.e1-374.e8.
Wood, J.W., Weeks, S.C., Bentley, G.R., and Weiss, K.M. 1994. Human Population
Biology and the Evolution of Aging. In D.E. Crews, and R.M. Garruto (eds) Biological
Anthropology and Aging: Perspectives on Human Variation Over the Life Span. Oxford:
Oxford University Press. pp. 19-75.
Wood, R. 2000. Digital Imaging: Uses and Potential Abuse. In G. Willems (ed) Forensic
Odontology: Proceedings of the European IOFOS Millennium Meeting, Leuven,
Belgium. Leuven: Leuven University Press. pp. 111-117.

350

References

Wood, K., and Cunningham, C.A. 2011. Age Determination in the Juvenile. In S. Black,
and E. Ferguson (eds) Forensic Anthropology 2000 to 2010. Boca Raton: CRC Press. pp.
1-27.
Xanthopoulou, P., Valakos, E., Youlatos, D., and Nikita, E. 2018. Assessing the Accuracy
of Cranial and Pelvic Ageing Methods on Human Skeletal Remains from A Modern
Greek Assemblage. Forensic Science International, 286: 266.e1-266.e8.
DOI: 10.1016/j.forsciint.2018.03.005
Yoder, C., Ubelaker, D.H., and Powell, J.F. 2001. Examination of Variation in Sternal
Rib End Morphology Relevant to Age Assessment. Journal of Forensic Sciences, 46(2):
223-227. DOI: 10.1520/JFS14953J
Zaher, J.F., Fawzy, I.A., Habib, S.R., and Ali, M.M. 2011. Age Estimation from
Pulp/Tooth Area Ratio in Maxillary Incisors Among Egyptians Using Dental
Radiographic Images. Journal of Forensic and Legal Medicine, 18: 62e5.
Zemel, B.S., Kawchak, D.A., Ohene-Frempong, K.O., Schall, J.I., and Stallings, V.A.
2007. Effects of Delayed Pubertal Development, Nutritional Status, and Disease Severity
on Longitudinal Patterns of Growth Failure in Children with Sickle Cell
Disease. Pediatric Research, 61(5): 607-613.
Zinni, D.P., and Crowley, K.M. 2013. Human Odontology and Dentition in Forensic
Anthropology. In M.A. Tersigni-Terrant, and N.R. Shirley (eds) Forensic Anthropology:
An Introduction. Boca Raton: CRC Press. pp. 70-98.
Zinni, D.P., and Crowley, K.M. 2017. Human Odontology and Dentition in Forensic
Anthropology. In N.R. Langley, and M.T. Tersigni-Tarrant (eds) Forensic Anthropology:
A Comprehensive Introduction. 2nd ed. CRC Press: Boca Raton. pp. 111-124.

351

References

THIS PAGE INTENTIONALLY LEFT BLANK
352

Appendix I

Ethics Approvals

353

THIS PAGE INTENTIONALLY LEFT BLANK
354

355

356

357

358

Appendix II

Publications in Peer-Reviewed Journals

359

THIS PAGE INTENTIONALLY LEFT BLANK
360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

Appendix III

Presentations at International Conferences

389

THIS PAGE INTENTIONALLY LEFT BLANK

390

391

392

393

394

395

