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ABSTRACT

Purpose: This study was performed to develop a linear regression model using the pulp-to-tooth volume ratio
(PTVR) ratio of the maxillary canine, assessed through cone-beam computed tomography (CBCT) images, to predict
chronological age (CA) in Indonesian adults.

Materials and Methods: A sample of 99 maxillary canines was collected from patients between 20 and 49.99 years
old. These samples were obtained from CBCT scans taken at the Universitas Padjadjaran Dental Hospital in Indonesia
between 2018 and 2022. Pulp volume (PV) and tooth volume (TV) were measured using ITK-SNAP, while PTVR
was calculated from the PV/TV ratio. Using RStudio, a linear regression was performed to predict CA using PTVR.
Additionally, correlation and observer agreement were assessed.

Results: The PTVR method demonstrated excellent reproducibility, and a significant correlation was found between
the PTVR of the maxillary canine and CA (r= —0.74, P<0.01). The linear regression analysis showed an R* of 0.58,
aroot mean square error of 5.85, and a mean absolute error of 4.31.

Conclusion: Linear regression using the PTVR can be effectively applied to predict CA in Indonesian adults between
20 and 49.99 years of age. As models of this type can be population-specific, recalibration for each population is
encouraged. Additionally, future research should explore the use of other teeth, such as molars. (Imaging Sci Dent
2023; 53: 221-7)
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Introduction

The pioneering work of Gustafson, which correlated
regressive dental morphological changes to chronological
age (CA) in adults, initiated the development of adult den-
tal age estimation methods.' Since that ground-breaking
study, extensive research has been conducted to explore less
invasive methods of evaluating regressive dental changes
through the use of radiographs.z'4 Early research in this
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field utilised periapicall5 and panoramicé’8 radiographs, both
of which produce 2-dimensional (2D) images of the dental
structure. However, 2D radiographs have limitations, in-
cluding superimposition and unequal magnification, which
can introduce potential inaccuracies. This is particularly
problematic in adults, for whom a thorough examination
of the secondary dentine is required?’11 Numerous studies
have demonstrated that cone-beam computed tomography
(CBCT) can provide a detailed examination of secondary
dentine.'? As a result, the use of CBCT, which offers 3-
dimensional (3D) multiplanar views, has become increas-
ingly common in adult dental age estimation.

Secondary dentine deposition is one of the most important
age-related physiological changes in teeth."” As the volume
of the pulp cavity gradually decreases with age, the forma-
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tion of secondary dentine begins and continues throughout
the lifetime."*"® This process establishes an inverse correla-
tion that can serve as a technique for estimating the dental
age of adults.'® A commonly employed method is the pulp-
to-tooth volume ratio (PTVR)."” The PTVR method is
performed by calculating the total volume of the pulp and
dividing it by the total volume of the tooth to normalise the
value."®

Several studies have employed PTVR analysis with CBCT
images for the purpose of estimating dental age. In 2011,
Star et al."” examined incisors, canines, and premolars from
a Belgian population, while Biuki et al.** (2017) focused on
the incisors and canines of an Iranian population. Similarly,
Asif et al.*! (2019) studied incisors and canines from a Mal-
aysian population. All of these investigations yielded satis-
factory outcomes. Notably different regression models and
variabilities have been reported in predicting CA using the
progression of secondary dentine across populations 2

In many studies, permanent canines have been used due
to their larger pulp dimensions, reduced dietary wear, and
high survival rate. However, research involving canines has
yielded varying R* values across different populations. For
instance, Kazmi et al.'” (2021) reported an R? value of 0.46
in a Pakistani population, while De Angelis et al.” (2015)
found R* values ranging from 0.263 to 0.389 in an Italian
population. The goal of the present study was to develop a
linear regression model using the PTVR of the maxillary
canine, as assessed through CBCT images, to predict CA
in Indonesian adults. To the authors’ knowledge, this is
among the first studies to apply the PTVR method to this
population.

Material and Methods

The Research Ethics Committee of Universitas Padjad-
jaran provided ethical clearance (899/UN6.KEP/EC/2021)
for this analytical research design. Retrospective data were
collected from CBCT scans of 158 patients, ranging in CA
from 20 to 49.99 years. CA was determined by calculating
the difference between the date of exposure and the patient’s
date of birth. The required data were gathered from the data-
base of the dental hospital, and the collected dates were
verified using the patient’s national identity card.

The CBCT scans used in this research were initially
conducted for various diagnostic purposes. For this study,
no new scans were taken, nor was any additional radia-
tion exposure imposed on the patients. The CBCT images
were captured using an OP300 device (Instrumentarium
Dental, Tuusula, Finland) at the Universitas Padjadjaran

Dental Hospital. The exposure settings were tailored to
each patient’s clinical needs, with an 85kV, a tube current
ranging from 3 to 8§ mA, and an exposure time of 1.7 to
8.7 s. The field of view varied between 250 X 250 X 250
to 400 X 400 X 400 based on the patient’s clinical require-
ments, and the mean voxel size was 0.2 mm’.

The minimum sample size for this study was determined
a priori using a power analysis in G*Power (University of
Diisseldorf, Diisseldorf, Germany) factoring in 3 predic-
tors, an effect size of 0.15, and a power of 0.95. This cal-
culation yielded a minimum total sample size of 89, indi-
cating that the minimum sample size for each sex should
be 45. Regarding inclusion criteria, the sample consisted
of Indonesian male and female patients, aged 20 to 49.99
years, who had intact maxillary canines with fully erupted
and closed apices. Measurements of the maxillary canines
did not distinguish between left and right, with preference
given to the right maxillary canine. The exclusion criteria
included maxillary canines with restorations, impactions,
periapical or periodontal lesions, and accessory canals. The
final sample comprised 99 maxillary canines (Table 1).

First, the relevant Digital Imaging and Communications in
Medicine file was imported into ITK-SNAP (www.itksnap.
org, version 3.8; ITK-SNAP, UPenn and UNC, USA). This
software was used to calculate the ratio of pulp to tooth
volume by employing the labelling function and the region
of interest (ROI) tool.*' The volumetric measurements of
the pulp and tooth structure were provided in the labelled
voxels within ITK-SNAP, given in cubic millimetres (mm?).

The initial step in the segmentation method involved
calculating the pulp volume (PV) and tooth volume (TV)
simultaneously. This was achieved by positioning the ROI
to cover the entire tooth. The ROI was strategically placed
to encompass the pulp area within the tooth, using the sagit-
tal image with the largest pulp dimension as a reference.
The process of labelling the PV area began by selecting a

Table 1. Distribution of samples by patient age and sex

Minimum sample Final sample

Age
range (y) Male Female Male Female
20-24.99 7 7 10 8
25-29.99 7 7 10 8
30-34.99 7 7 7 10
35-39.99 7 7 9 7
40-44.99 7 7 7 7
45-49.99 7 7 9 7

Total 42 42 52 47
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Fig. 1. Volume labelling process in ITK-SNAP. A. Labelling for pulp volume. B. Labelling for tooth volume, divided into the crown. C.

Continuation of labelling to the root.

Fig. 2. Difference in labelling results between labelling the tooth volume in divisions (A) and as a whole unit (B). The label leakage appears
more severe in B (white arrows), resulting in a more time-intensive cleaning process for the observer.

“label” to overlay the “clear label.” The so-called pre-seg-
mentation mode was then utilised for contrast thresholding
to identify the pulp area. Here, the lower threshold was set to
the minimum value, while the upper threshold was adjusted
by the observer to ensure an accurate PV measurement.
During the process of TV measurement, label leakage to
the adjacent structure was observed, which slowed down
the process. To address this, for TV measurement, labelling
of the crown and root regions was performed separately.
The tooth was divided into 2 parts: the crown and the root.
The crown division extended from the incisal region to the
cementoenamel junction, while the root division spanned
from the cementoenamel junction to the apex. The same la-
belling procedure used for the initial PV measurement was
applied to both divisions, using the same label (Fig. 1). The

ROI was positioned to overlap with the previous segmen-
tation, ensuring labelling continuity. Contrary to the pulp
area contrast thresholding, the upper threshold was adjusted
to the minimum value, and the lower threshold was deter-
mined by the observer to accurately measure the TV.

This division-based labelling approach significantly redu-
ced the time required for segmentation, saving approxi-
mately 5 minutes considering the whole tooth labelling
process (total time: 20 minutes, Fig. 2). Notably, only 1
maxillary canine per CBCT scan was processed, meaning
that if the right maxillary canine was chosen, the left maxil-
lary canine was not included in the measurement. The seg-
mentation process for each tooth took approximately 15
minutes.

The intraclass correlation coefficient was utilised to assess
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Table 2. Mean and standard deviation values of measured volumetric variables across groups

Age(y) Sex Tooth volume Pulp volume Pulp-to-tooth volume ratio
20-24.99 M 7962+57.2 411657 0.054+0.009
F 716 +64.1 383+84 0.052+0.011
25-29.99 M 7884+t41.2 38.861+4.3 0.049+0.010
F 686+43.2 3334+5.6 0.049+0.004
30-34.99 M 76231673 30.56 £3.87 0.0400.006
F 6512+51.2 25.07+3.48 0.039+0.009
35-39.99 M 7314£475 22.6+243 0.031+0.009
F 631.6+62.1 2141+231 0.034+0.010
40-44.99 M 741.21£499 27.86+3.92 0.038+0.012
F 61231543 15.73+£1.34 0.026+0.008
45-49.99 M 7123+34.6 18.51+1.96 0.026+0.007
F 598.2+£28.1 13.69+3.35 0.023+0.006
intra- and inter-observer agreement. This value was mea- Table 3. Mean error across groups
. 24
sured by 2 'opservers using 20% of the sample.” To ensure Age (y) Mean error (y)
reproducibility, 20 teeth were randomly selected and ob-
served at 2-week intervals between the first and second ob- 20-24.99 =543
servation. The first observer (KA) was an oral and maxil- 25-29.99 -1.08
lofacial radiologist with 3 years of experience. The second 30-34.99 —248
observer (RMB) was a forensic odontologist with 6 years 35-39.99 —0414
of experience in dental age estimation. 40-44.99 478
45-49.99 6.18

The quantified volumetric measurements were subse-
quently recorded in Excel 365 (Microsoft Corp., Redmond,
WA, USA) and converted to a ratio (PTVR) by dividing PV
by TV (PTVR=PV/TV). Data analysis and visualisation
were conducted using R (version 4.2.1; R Foundation for
Statistical Computing, Vienna, Austria). Normality testing
was done with the Shapiro-Wilk test, and the relationship
between age and PTVR was determined using the Pearson
correlation coefficient (r). A regression model was devel-
oped to predict age from PTVR, utilising the caret exten-
sion to execute a k-fold cross-validation linear model with
5 folds and 2 repetitions. The model was evaluated using
the coefficient of determination (Rz), root mean square error
(RMSE), and mean absolute error (MAE). The level of stati-
stical significance was set at 0.05. Additionally, the pseudo-
random number generator within R was set at a fixed value
of 30 (set.seed = 30).

Results

The calculated reproducibility of the method was excel-
lent, with intra-observer and inter-observer agreements of
0.826 and 0.942 for TV and 0.795 and 0.893 for PV, res-

—: underestimation, + : overestimation

pectively. The mean and standard deviation distributions
for PV, TV, and PTVR for each age group and sex are dis-
played in Table 2, all following a normal distribution. The
relationship between PTVR and CA was found to be rel-
atively strong (r= —0.75), which supports the regressive
nature of the morphological changes via the decrease in
PTVR corresponding to an increase in CA.

A significant difference in PTVR was observed between
the sexes. However, the inclusion of sex as a predictive vari-
able was determined to be insignificant. The linear model
can be expressed as follows:

Age=53.8—4923xPTVR

Here, 53.8 represents the regression intercept, while —492.3
is the slope of the PTVR ratio value. The current regres-
sion yielded an R? of 0.58, an RMSE of 5.85 years, and an
MAE of 431 years. R signifies the proportion of CA that
is explained by the PTVR, and RMSE and MAE represent
the error rate of the model. Figure 3 illustrates the reported
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Fig. 3. Linear regression model predicting the chronological age (years) based on the pulp-to-tooth volume ratio (x-axis). The blue line
represents the linear regression y=53.8 —492.3 X PTVR. PTVR: pulp-to-tooth volume ratio, RMSE: root mean square error, MAE: mean

absolute error.

linear regression. The regression tends to produce an under-
estimation for most individuals under the age of 30 years
and an overestimation for those above that age (Table 3).

Discussion

In the current study, 3D imaging was shown to produce
reliable results for the prediction of CA in an Indonesian
population through the PTVR method. This method quanti-
fies the size of the pulp and tooth structure through volumet-
ric approximation. Previous methods employing 2D ima-
ging have also used this approach, measuring the length,
width, or area of a tooth or pulp.&m’25 Regarding measure-
ment accuracy in 3D imaging, micro-computed tomo-
graphy (micro-CT) is considered the gold standard due to
its superior spatial resolution, which allows for the exact
volumetric quantification of dental structures.”® However,
micro-CT has certain drawbacks, such as the limitation of
its use to post-mortem specimens and its higher operational
costs.”’” In contrast, CBCT is more accessible and can be
used on living individuals. However, the radiation aspects
of CBCT are a concern, as the volumetric quantification
process is directly related to the voxel size. A reduction
in voxel size results in increased radiation exposure.” In
this study, CBCT, which has smaller voxels for the field
of view of the teeth and jaws, was chosen over CT. This is
because CT has a larger voxel size and cannot display den-

tal features such as the pulp chamber. Therefore, the dental
age estimation model established using CBCT must be re-
calibrated for each population to achieve higher reliability.
This is necessary because the risk of radiation exposure and
method complexity must be balanced by increased method
reliability and reproducibility.

In this study, modifications were made when measuring
the TV by separating the crown and root labelling. This
approach reduces the time required to assess the PTVR of
the tooth, as it provides cleaner labelling results, thereby in-
creasing observer agreement. However, the overall observer
agreement of a volumetric measurement method using
CBCT can also be influenced by observer expertise. As
observed by Merdietio Boedi et al. in 20227 an observer’s
expertise may be compromised when faced with a complex
method. In the context of this research, the PTVR method
can be considered an intermediate method compared to
other volumetric approaches, as demonstrated in previous
studies by Kazmi et al.'” (2021) and Asif et al.>' (2019),
which reported high to excellent observer agreement. Sim-
ilarly, the observer agreement results in this study were
high to excellent, due to the inherent nature of the PTVR
method and the additional modification used in TV mea-
surement. However, it is crucial that a skilled observer con-
ducts the volumetric tooth evaluation using CBCT to ensure
consistent results.

This volumetric approach in this study revealed a high
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correlation coefficient of determination (R>=0.58) between
the PTVR output and CA for canines. Yang et al.** (2006)
were the first to use CBCT images to establish a correlation
between the pulp-tooth ratio and CA, finding an R” value
of 0.29. Moreover, Adisen et al.’ (2018) estimated age us-
ing the pulp-tooth ratio of maxillary canines, yielding an R*
of 0.486. Further analysis by Merdietio Boedi et al.> (2022)
reported an R? value of 0.6 for canines. However, varia-
tions may exist between populations, necessitating popula-
tion-specific recalibration of the regression model to best
align with the age estimation method used worldwide.

The regression modelling approach selected for this
study was a linear regression model. This model was cho-
sen over other approaches, such as polynomial30 or log14
normalisation, due to its better performance values. Addi-
tionally, the authors employed the k-fold cross-validation
method to safeguard the model against overfitting.31 Over-
fitting is a phenomenon in which a model performs well in
the training phase but exhibits diminished overall perfor-
mance when applied to real-world data. Therefore, these
authors recommend: 1) conducting a model check when
dealing with an adult’s dental regression dataset to evaluate
the performance of each modelling approach and 2) utilis-
ing a cross-validation method to report the model error to
prevent overfitting.

The use of regressive dental changes in age estimation is
influenced by a variety of factors, leading to a higher error
rate compared to methods used for estimating the dental
age of children or juveniles. For instance, a hard, fibrous
diet requiring prolonged mastication, particularly in older
individuals, can contribute to tooth wear. These factors high-
light the impact of genetic and environmental influences
on tooth size both within and between populations.’*” For
this study, permanent maxillary canines were selected due
to their distinctive shape, which makes them less prone to
decay than other teeth. Tardivo et al.**(2013) indicated that
simultaneous maxillary canines are better and stronger for
age estimation, which aligns with the findings of the cur-
rent study. In contrast, incisors are more susceptible to peri-
odontal disease and often sustain mechanical or physical
injury, leading to frequent loss of the dental crown. Simi-
larly, molar teeth are highly susceptible to decay and sub-
sequent repair.”” While canines are often preferred for the
reasons mentioned, research should be conducted on other
teeth as well. This ensures that if canines are not available,
dental age estimation can still be carried out using alterna-
tives, such as molar teeth.

In conclusion, the findings of this study indicate that the
linear regression derived from the PTVR method can be

effectively used to predict CA in Indonesian adults aged
between 20 and 49.99 years. The results demonstrated a
strong correlation between PTVR and CA, and the method
was found to be reliable in predicting dental age using max-
illary canines from CBCT images. Importantly, every den-
tal age estimation model based on regressive dental changes
is population-specific, and recalibration for each popula-
tion is encouraged. Consequently, it is crucial to recalibrate
the PTVR method for each population to ensure accurate
and reliable results. Future research should explore the use
of other teeth, such as molars, for age estimation to provide
alternative options when maxillary canines are unavailable
or unsuitable for use.
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