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Abstract

Background: Age determination plays an important role in forensic medicine. This study aimed
to evaluate the precision of age estimation based on pulp chamber dimensions using cone-beam
computed tomography (CBCT) scans in an Iranian population.

Methods: In this diagnostic study, CBCT scans of 85 males and 95 females, all over 12 years of
age, were retrieved from the archives of a radiology clinic in Ardabil, Iran. The study included
a total of 180 teeth. All CBCT scans were obtained using the ProMax 3D scanner. The Kvaal's
parameters were measured on CBCT scans for maxillary central and lateral incisors, second
premolars, and mandibular lateral incisors, canines, and first premolars. The Kvaal’s regression
formula was then applied for age estimation. Next, a new regression model was developed for
the study population, and its accuracy in estimating age underwent evaluation.

Results: No significant correlation was found between the estimated age for males using Kvaal’s
method and their chronological age (P>0.05). Multiple regression analysis revealed that tooth
length, radicular pulp length, and root width at the mid-root were good predictors for age
estimation in males. In females, tooth length, root width at the cementoenamel junction (CEJ),
and root width at the mid-root were good predictors for age estimation.

Conclusion: The regression formula proposed by Kvaal was found to be unsuitable for estimating
age in males within our study population. The dimensions of the mean pulp chamber, except
for tooth length, on CBCT scans were only suitable for age estimation in females; thus, a new
regression model was developed for the study population.
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Background

was the first to report that aging causes significant changes

Age estimation has an essential role in orthodontic
treatment, orthognathic surgery, pediatric endocrinology,
and clinical dentistry (1-3), where it informs diagnosis
and treatment planning. Crucially, age estimation has
long been a cornerstone of forensic medicine, providing
vital information for identification purposes in the cases
of unknown individuals or mass disasters (1, 4). Thus,
ongoing attempts are being made to find accurate non-
invasive methods for age estimation. In 1925, Bodeckar

in the tooth structure, which can be utilized for age
estimation. Gustafson (1950) was the first to suggest an
efficient method for estimating the age of a corpse using
teeth (5). The determination of dental age by radiography
has gained increasing popularity since it appears to be
more reliable than other methods (2,6-9). Radiographic
methods for dental age estimation are generally considered
to have high reliability and low variability and are less
influenced by environmental factors compared to some
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other biological indicators (6,8,10).

There are two main approaches for dental age
estimation, including (I) the age of tooth eruption and
(II) the pattern of tooth calcification. Age of tooth
eruption is no longer considered an accurate method for
age estimation because tooth eruption can be influenced
by various local factors, such as early loss of primary
teeth or crowding of permanent teeth (2,3,9,11). Tooth
formation and calcification follow a lengthy process
with specific criteria for each stage (2,11-14). Several
methods have been proposed for dental age estimation
based on the developmental stage of permanent teeth on
radiographs. The Demirjian method is most commonly
used worldwide for age estimation and is based on tooth
calcification. In this method, the level of calcification of
seven mandibular left teeth is assessed on panoramic
radiographs (15,16). Cameriere et al (17) developed a
method based on measuring the ratio of pulp volume to
tooth volume (reflecting secondary dentin deposition)
in canine teeth using digital panoramic and periapical
radiographs. However, this method has shortcomings,
such as the inherent distortion of panoramic radiographs
(18).

In 1995, Kvaal et al (19) proposed a method for
estimating dental age based on the presence of secondary
dentin visible on radiographs and the radiolucency of the
pulp (19). Since then, radiographic age estimation and its
accuracy have been the subject of numerous investigations
(20).

The use of radiography for this purpose is simple and
practical in living individuals; however, it has some
limitations as well (21,22). Of the various dimensions of
the pulp, tooth crown, and tooth root, the only parameter
that was found to have a significant correlation with age
was the ratio of pulp space to the entire tooth. Thus, the
correlation between this ratio in different teeth and age, as
well as the effectiveness of this method for age estimation
in different populations, has undergone investigation
(20). Evidence shows that the volume of pulp decreases
with age due to the deposition of secondary dentin.
Therefore, it has a high potential for age estimation,
especially because it is protected by primary dentin
and is not easily affected by environmental factors
(23). Thus, measuring the reduction in the size of the
pulp chamber can serve as an important criterion for
age estimation (10,19,24). The majority of the relevant
studies used the pulp/tooth area ratio for age estimation
in different populations (20,25-27). Nonetheless, the
direct application of generalized formulae across diverse
populations is a significant challenge. Population-specific
variations in dental maturation rates and secondary dentin
deposition patterns imply that a single formula may not
be applicable universally, potentially limiting accuracy in
both clinical decision-making (e.g., tailoring orthodontic
treatment or assessing developmental milestones in
diverse patient groups) and in forensic contexts where
precise age-at-death profiles are critical for identification,

particularly within specific regional or ethnic populations
(28). Therefore, this study, by focusing on an Iranian
population, aims to assess the accuracy of age estimation
by applying Kvaal’s morphometric parameters to cone-
beam computed tomography (CBCT) scans and to
develop new, population-specific regression formulae.
This will address the need for more accurate and relevant
tools for both forensic and clinical applications within
this demographic.

Methods

This diagnostic study utilized CBCT scans from 180
individuals (85 males and 95 females) retrieved from
the archives of an oral and maxillofacial radiology clinic
in Ardabil, Iran. Informed consent was obtained from
patients prior to acquiring the CBCT images, specifying
that their images could be used for research purposes.

All CBCT scans were obtained using the ProMax 3D
MID CBCT scanner (Planmeca, Helsinki, Finland; FOV:
5 x 5.8 cm, 5.6 mA, 96 kVp, and voxel size: 0.2 mm)
for diagnostic purposes unrelated to this study. The
inclusion criteria were CBCT scans of patients over 12
years of age, with the visualization of fully erupted teeth
and completely formed roots. Impacted teeth, rotated
teeth, endodontically treated teeth, restored teeth, and
those with prosthodontic treatment, as well as teeth with
pathological lesions, such as dental caries, periodontitis,
and periapical lesions, were excluded from the study.

The age of patients at the time of radiography was
recorded, followed by measuring the dimensions of the
pulp chamber of maxillary central and lateral incisors,
second premolars, and mandibular lateral incisors,
canines, and first premolars on CBCT scans using
Romexis Viewer software, version 3.1.1 (Planmeca,
Helsinki, Finland) and inputting them into Kvaal’s
formula for age estimation by a board certified oral
and maxillofacial radiologist. To assess intra-examiner
reliability, all CBCT scans were evaluated by the same
oral and maxillofacial radiologist three months after
their primary assessment, and the agreement between
the findings in the first and second observations was
calculated using Cohen’s Kappa, yielding almost perfect
agreement (Kappa=0.85). Following Kvaal and Solheim
(29), the following parameters were measured to account
for magnification and/or angulation of teeth: radicular
pulp length (R), pulp length (P), tooth length (T), root
width at the cementoenamel junction (CEJ) (A), root
width at the mid-root (C), and root width at the midpoint
between A and C (B) (Figures 1-3). Finally, the mean of
all values except for T (indicated as M in the formula),
the mean of B and C (indicated as W in the formula), and
the mean of P and R (indicated as L in the formula) were
calculated:

AGE=129.8-316.4 (M) - 66.8 (W-L)M=(P+R+A+B+C)/5
W=B+C)/2
L=(P+R)/2
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Figure 1. Measuring the Maximum Tooth Length
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Figure 2. Measuring the Maximum Pulp Length

Age was estimated using Kvaal’s regression formula
and compared to the patients’ chronological age. The role
of gender in age estimation was also analyzed.

The Kolmogorov-Smirnov test was used to analyze the
normality of the data distribution. Statistical analyses were
conducted using simple and multiple linear regression
tests. Pearson’s correlation test was applied to analyze
the correlation between estimated age and chronological
age. All statistical analyses were conducted using SPSS
(version 24) at a significance level of P>0.05.

Results

The CBCT scans of 85 males (47.2%) and 95 females
(52.8%) were evaluated in this study. The mean
chronological age was 30.84+12.5 years (range: 14-62
years) in males and 30.55+ 9.83 years (range: 13-51 years)
in females. The intra-examiner reliability was found to be
Kappa=0.85, indicating almost perfect agreement.

Table 1 presents descriptive statistics (measures of
central tendency and dispersion) for tooth length (T),
pulp length (P), radicular pulp length (R), root width at
the CEJ (A), root width at the mid-root (C), root width
at the midpoint between A and C (B), and mean pulp
chamber dimensions except T (M) in males and females.
All variables had a normal distribution (P> 0.05).

Age Estimation According to Pulp Chamber Dimensions
on CBCT Scans
Simple linear regression showed that age estimation

Figure 3. Measurement of the Root Length From the CEJ to the Apex (Blue):
(A) Root Width at the CEJ, (C) Root Width at the Mid-Root, and (B) Root
Width at the Midpoint Between A and C. Note. CE: Cementoenamel
junction

was impossible according to pulp chamber dimensions
measured on CBCT scans (Table 2).

Age Estimation According to Pulp Chamber Dimensions
on CBCT Scans in Males

Based on simple linear regression, age estimation was not
possible according to pulp chamber dimensions measured
on CBCT scans in males (Table 2).

Age Estimation According to Pulp Chamber Dimensions
on CBCT Scans in Females

Simple linear regression demonstrated that age
estimation was possible according to pulp chamber
dimensions measured on CBCT scans in females
(Table 2). Accordingly, the following regression formula
was designed for age estimation according to pulp
chamber dimensions in females:

Estimated age in females =(55.826 - 225.527) x (M)

Correlation of Estimated Age With Chronological Age

Pearson’s correlation test revealed no significant
correlation between the estimated age of males by Kvaal’s
method and their chronological age (r=-0.089, P=0.420).
However, the correlation between the estimated age
of females according to Kvaal's method and their
chronological age was statistically significant (r=0.296,
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Table 1. Measures of Central Dispersion for Tooth Length (T), Pulp Length (P), Radicular Pulp Length (R), Root Width at the CEJ (A), Root Width at the Mid-Root
(C), Root Width at the Midpoint Between A and C (B), and Mean Pulp Chamber Dimensions Except T (M) in Males and Females

Variable Gender Number Mean  Std. Deviation  Skewness Kurtosis Minimum Maximum
Males 85 26.27 2.92 0.301 0.747- 21 33
Tooth length (T)
Females 95 26.79 3.23 0.164- 0.918- 19.60 33
Males 85 21.36 2.65 0.192 0.885- 16.4 26.8
Pulp length (P)
Females 95 21.94 3.12 0.167- 1.072- 14.3 26.9
Males 85 16.20 241 0.570 0.422- 12 22
Radicular pulp length (R)
Females 95 16.84 2.66 0.186 0.810- 11.1 22.1
Males 85 7.41 0.608 0.089- 0.122- 5.7 8.9
Root width at the CEJ (A)
Females 95 7.60 0.640 1.303- 1.885 5.2 8.5
Males 85 5.77 0.73 0.282 1.211 4 8
Root width at the mid-root (C)
Females 95 5.99 0.59 0.810- 0.861 4.10 7
Males 85 6.98 625 0.218- 0.466- 5.40 8.4
Root width at the midpoint between A and C (B)
Females 95 7.09 616 1.310- 2.203 4.90 7.9
Males 85 11.54 1.15 0.206 0.814- 9.10 13.96
Mean pulp chamber dimensions except T (M)
Females 95 11.89 1.35 0.428- 0.324- 8 14.08
Note. CEJ: Cementoenamel junction; Std. deviation: Standard deviation.
Table 2. Results of Simple Regression Analysis for Age Estimation
Non-Standard Coefficients Standard Coefficients
Age Estimation Model T P Value
B Standard Error B
Constant 36.571 7.703 4.474 0.000
Total (M) 50.108- 65.297 -0.057 -0.767 0.444
Correlation coefficient: 0.057, determination coefficient: 0.003, and adjusted determination coefficient: 0.002
Constant 7.452 16.210 0.460 0.647
Males (M) 189.968 131.171 0.157 1.448 0.151
Correlation coefficient: 0.157, determination coefficient: 0.025, and adjusted determination coefficient: 0.013
Constant 55.826 8.815 6.333 0.000
Females (M) 225.527- 78.202 -0.287 -2.884 0.005

Correlation coefficient: 0.287, determination coefficient: 0.082, and adjusted determination coefficient: 0.072

P=0.004).

Age Estimation According to Tooth Length (T), Pulp
Length (P), Radicular Pulp Length (R), Root Width at
the Cementoenamel Junction (A), Root Width at the
Mid-Root (C), and Root Width at the Midpoint Between
A and C (B)

Multiple regression analysis (Table 3) confirmed that
tooth length, radicular pulp length, root width at the CEJ,
and root width at the mid-root were good predictors for
age estimation (P<0.05). Conversely, pulp length and
root width at the midpoint between A and C could not
estimate age. Thus, the following regression formula was
developed for age estimation:

Age=24829 - 436.572 (T)+163.293 (R)+540.981
(A)+680.224 (C)

In males, radicular pulp length and root width at the
mid-root were acceptable predictors for age estimation
(P<0.05, Table 4). Hence, the following regression
formula was established for age estimation in males:

Age=-13.293+322.966 (R) +868.303 (C)

In females, tooth length, root width at the CEJ, root
width at the midpoint between A and C, and root width
at the mid-root were found to be good predictors for age
estimation (P<0.05, Table 5). As a result, the following
regression formula was developed for age estimation in
females:

Age=45.441 - 365852 (T)+551.965 (A) - 758.6
(B) +557.201 (C)

Discussion

This study assessed the accuracy of age estimation based
on pulp chamber dimensions on CBCT scans in an
Iranian population. Cameriere et al (17) reported that
both maxillary and mandibular teeth can be reliably used
for age estimation. Consistent with this, both maxillary
and mandibular teeth were included in our analysis. In
addition, the maxillary central and lateral incisors and
second premolars, as well as the mandibular lateral incisors,
canines, and first premolars, are considered among the
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Table 3. Multiple Regression Analysis for Age Estimation According to Tooth Length (T), Pulp Length (P), Radicular Pulp Length (R), Root Width at the CEJ (A), Root

Width at the Mid-Root (C), and Root Width at the Midpoint Between A and C (B)

CBCT tooth morphometry for iranian age estimation

Non-Standard Coefficients

Standard Coefficient

Model t P Value
B Standard Error Beta
Constant 24.829 10.112 2.455 0.015
Tooth length -436.572 113.801 -1.211 3.836- 0.000
Pulp length 193.328 116.873 0.506 1.654 0.100
Radicular pulp length 163.293 79.439 0.376 2.056 0.041
Root width at the CEJ 540.981 214.201 0.306 2.526 0.012
Root width at the midpoint between A and C -395.725 231.600 -0.225 -1.709 0.089
Root width at the mid-root 680.224 180.482 0.408 3.769 0.000

Note. CEJ: Cementoenamel junction. Multiple correlation coefficient: 0.439, determination coefficient: 0.193, adjusted determination coefficient: 0.165, and

Durbin-Watson statistic: 1.60.

Table 4. Multiple Regression Analysis for Age Estimation in Males

Non-Standard Coefficients

Standard Coefficient

Model t P Value
B Standard error B
Constant -13.293 20.211 -0.654 0.515
Tooth length -221.955 215.593 -0.412 -1.030 0.306
Pulp length -216.096 230.154 -0.386 -0.939 0.351
Radicular pulp length 322.966 133.098 0.550 2.427 0.018
Root width at the CEJ 509.351 463.781 0.224 1.098 0.275
Root width at the midpoint between A and C 102.239 474.777 0.049 0.215 0.830
Root width at the mid-root 868.303 376.770 0.411 2.305 0.024

Note. CEJ: Cementoenamel junction. Multiple correlation coefficient: 0.534, determination coefficient: 0.286, adjusted determination coefficient: 0.231, and

Durbin-Watson statistic: 1.67.

Table 5. Multiple Regression Analysis for Age Estimation in Females

Non-Standard Coefficients

Standard Coefficient

Model t P Value
B Standard Error B
Constant 54.441 12.477 3.642 0.000
Tooth length -365.852 129.162 -1.164 -2.833 0.006
Pulp length 255.452 135.904 0.764 1.880 0.063
Radicular pulp length 36.905 102.475 0.101 0.360 0.720
Root width at the CEJ 551.965 233.908 0.332 2.360 0.020
Root width at the midpoint between A and C -758.600 265.537 -0.484 -2.857 0.005
Root width at the mid-root 557.201 195.430 0.384 2.851 0.005

Note. CEJ: Cementoenamel junction. Multiple correlation coefficient: 0.503, determination coefficient: 0.253, adjusted determination coefficient: 0.202, and

Durbin-Watson statistic: 1.53.

most suitable teeth for measuring pulp dimensions. This
is because they have large pulp chambers and a high
likelihood of having a single canal (30). Therefore, the
aforementioned teeth were selected for the measurements
in the present study. CBCT was used in the current study
due to its high accuracy and absence of magnification error
caused by geometric distortion (31,32). Moreover, CBCT
is ideal for volumetric measurements (7). The calculation
of pulp chamber dimensions on CBCT scans is more
reliable than that of the surface area on two-dimensional
radiographs because the formation of secondary dentin
occurs three-dimensionally and does not often take place
homogeneously on the pulp chamber walls (33).

In brief, the present results revealed no significant
correlation between the estimated age for males by using

Kvaal’s method and their chronological age (P>0.05).
Multiple regression analysis showed that the radicular
pulp length and root width at the mid-root were acceptable
predictors for age estimation in males, while tooth length,
root width at the CEJ, root width at the midpoint between
A and C, and root width at the mid-root were good
predictors for age estimation in females.

Sakhdari et al (34) proposed a regression formula for
estimating age based on the pulp/tooth area ratio, which
was measured using digital panoramic radiographs of
120 patients older than 12 years. The correlation between
age and pulp/tooth area ratio was insignificant in males
but significant in females. They concluded that the pulp/
tooth area ratio cannot be used alone for age estimation;
instead, it can only be applied in conjunction with other
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methods for this purpose.

In the present study, the estimated age according to
Kvaal’s method was not correlated with the chronological
age in males. However, this correlation was significant in
females, which is consistent with the findings of Sakhdari
et al (34). Moshfeghi et al (35) evaluated the accuracy of
age estimation based on the pulp/tooth area ratio in an
Iranian population aged 20-70 years, using panoramic
radiographs. They found Kvaal’s parameters to be
applicable for age estimation in mandibular canine teeth.
Moreover, they reported that the measurement of pulp
width was more accurate than that of pulp length for this
purpose. They utilized measurements such as pulp/tooth
length and ratios of pulp/root width at the CEJ, mid-root,
and the midpoint between CEJ and mid-root to assess
pulp surface area in canine teeth for age estimation. In first
premolars, the width of the pulp/root at the CEJ, the width
of the pulp/root at the mid-root, and the width of the pulp/
root at the midpoint between the CE] and mid-root were
applicable for age estimation. In contrast to the findings
of Moshfeghi et al on specific parameter applicability, our
CBCT-based study revealed that radicular pulp length
and root width at the mid-root are good predictors for age
estimation in males. Consequently, a regression formula
is suggested for this purpose. In females, tooth length,
root width at the CEJ, root width at the midpoint between
A and C, and root width at the mid-root were reliable
indicators for age estimation. A regression formula was
developed based on these findings. The difference between
the results of the two studies may be attributed to the use
of CBCT in the present study, which has higher accuracy
compared to panoramic radiography. The present results
demonstrated that pulp chamber dimensions can only
be utilized for age estimation in females, considering the
appropriate formula.

Xu et al (5) assessed the accuracy of Kvaal’s method for
age estimation in an Indian population using periapical
radiographs (both parallel and bisecting angle methods).
They observed a significant difference between the actual
age and the estimated age using this method. They
explained that this difference may be due to different
patterns of deposition of secondary dentin as a result of
both genetic and environmental factors in the Indian
population.

In line with the present findings, Babshet et al
(26) demonstrated a weak correlation between pulp
dimensions in mandibular canine teeth and age in an
Indian population. The reason they explained is the
deposition of secondary dentin in canine teeth, which
does not continuously increase with age. In other words,
the deposition of secondary dentin could have been slow
and irregular in their study population.

Zaher et al (20) estimated the age based on the pulp/
tooth area ratio of maxillary incisors in an Egyptian
population. They used periapical radiographs of 144
patients aged between 12 years and 60 years. They found
a significant correlation between the estimated and

chronological age. Haghanifar et al (36) also reported
the same result in an Iranian population, indicating that
maxillary central incisors were more reliable for age
estimation compared with the other anterior teeth. Jeevan
et al (27) estimated age using the pulp/tooth area ratio of
456 maxillary and mandibular canine teeth in an Indian
population through digital radiography. They confirmed
the reliability of dental methods for estimating biological
age in forensic dentistry for both living and deceased
individuals. They also concluded that this method was
more accurate for estimating age in individuals younger
than 45 years. Gender had no significant effect on age
estimation in their study.

Cameriere et al (23) estimated age according to the
pulp/tooth area ratio of canine teeth on periapical
radiographs in a Portuguese population between 20 years
and 84 years and observed that this method had an error of
approximately 2.5 years. Landa et al (37) utilized Kvaal’s
method to estimate age by examining three single-rooted
mandibular teeth on digital orthopantomography of 100
patients ranging in age from 14 years to 60 years. They
found that Kvaal’s regression formula was unsuitable for
their study population. In addition, the estimated age
by their developed regression formula was far from the
chronological age of patients. Their results corroborate
the present findings.

Kvaal et al (19) suggested that regression-specific
formulas should be designed for each population.
Considering that the Kvaal’s formula was not suitable for
our study population, further investigations are required
to identify the possible confounders that need to be
considered in the regression formula. Kvaal et al (19) used
periapical radiographs in their study, while we employed
CBCT scans to address the limitations of conventional
two-dimensional radiography. According to Cameriere et
al (7), certain external factors, such as mastication, type
of food, and chewing time, can influence the formation
of secondary dentin. Furthermore, gender and tooth type
may affect age estimation (38). Moreover, morphological
assessments based on dental and skeletal developments
observed on radiographs are often more accurate during
childhood and adolescence. However, their accuracy
tends to decrease in adulthood (39). Further studies are
required on other factors that may be involved in age
estimation.

This study, while providing valuable insights into age
estimation using CBCT-derived tooth morphometrics
in an Iranian population, had several limitations. Firstly,
the findings are specific to the population sample from
Ardabil, Iran. Due to ethnic and regional variations
in dental development and aging patterns, the derived
regression formulae may not be directly generalizable
to other Iranian populations or different ethnic groups
worldwide without further validation. Secondly, while
our sample size of 180 individuals provided sufficient data
for initial formula development, larger and more diverse
cohorts could enhance the statistical power and precision
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of the age estimation models.

Thirdly, this was a cross-sectional study, capturing
dental parameters at a single point in time. Longitudinal
studies, tracking changes within the same individuals
over several years, would offer more definitive insights
into the rate and pattern of secondary dentin deposition.
Fourthly, the study focused on specific maxillary and
mandibular teeth chosen for their suitability (e.g., single
canals and large pulp chambers). The applicability of
these findings or developed formulae to other tooth types
requires further investigation. Finally, while CBCT offers
high accuracy, variations in imaging parameters, scanner
types, and measurement software across different centers
could potentially influence the results, highlighting the
need for standardized protocols. Although intra-examiner
reliability was excellent, the assessment of inter-examiner
reliability for the primary measurement protocol could
further strengthen the methodology.

Building upon the findings and limitations of this
research, several avenues are recommended for future
investigation. There is a clear need to validate the newly
developed regression formulae in larger, more diverse
Iranian populations and to test their applicability across
different ethnic groups. Such studies would help establish
the robustness and broader utility of these CBCT-based
morphometric parameters.

Future research could also explore the inclusion of
other tooth types, particularly those more resistant to
post-mortem changes or commonly available in forensic
examinations.

Longitudinal studies, though challenging, would be
invaluable for understanding individual variations in the
rate of secondary dentin apposition and its correlation with
chronological age. Moreover, the integration of advanced
image analysis techniques, such as machine learning
or artificial intelligence algorithms, could potentially
identify more subtle or complex morphometric patterns
from CBCT data, possibly leading to even more accurate
age estimation models.

Finally, exploring the combined utility of these
dental parameters with other skeletal or biochemical
age indicators could lead to a multi-factorial approach,
improving the overall accuracy and reliability of age
estimation in living individuals and for identification
purposes.

Conclusion

The regression formula proposed by Kvaal was found to
be unsuitable for estimating age in males within our study
population. The dimensions of the mean pulp chamber,
except for tooth length, on CBCT scans were only suitable
for age estimation in females. Thus, new population-
specific regression formulae developed using individual
CBCT-derived  tooth  morphometric  parameters
demonstrated potential for age estimation in both males
and females, utilizing different sets of variables for each
gender.

CBCT tooth morphometry for iranian age estimation
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