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Purpose:Purpose: The purpose of the present study was to investigate the correlation between age 
and 34 radiomorphometric parameters on panoramic radiographs, and to provide general-
ized linear models (GLMs) as a non-invasive, inexpensive, and accurate method to the fo-
rensic judgement of living individual’s age. 

Methods:Methods: The study included 417 digital panoramic radiographs of Korean individuals (178 
males and 239 females, mean age: 32.57±17.81 years). Considering the skeletal differences 
between the sexes, GLMs were obtained separately according to sex, as well as across the 
total sample. For statistical analysis and to predict the accuracy of the new GLMs, root 
mean squared error (RMSE) and adjusted R-squared (R2) were calculated. 

Results:Results: The adjusted R2-values of the developed GLMs in the total sample, and male and 
female groups were 0.623, 0.637, and 0.660, respectively (p<0.001), while the allowable 
RMSE values were 8.80, 8.42, and 8.53 years, respectively. In the GLM of the total sample, 
the most influential predictor of greater age was decreased pulp area in the #36 first mo-
lar (beta=–26.52; p<0.01), followed by the presence of periodontitis (beta=10.24; p<0.01). 
In males, the most influential factor was the presence of periodontitis (beta=9.20; p<0.05), 
followed by the number of full veneer crowns (beta=2.19; p<0.001). In females, the most in-
fluential predictor was the presence of periodontitis (beta=18.10; p<0.001), followed by the 
tooth area of the #16 first molar (beta=–11.57; p<0.001). 

Conclusions:Conclusions: We established acceptable GLM for each sex and found out the predictors nec-
essary to age estimation which can be easily found in panoramic radiographs. Our study 
provides reference that parameters such as the area of tooth and pulp, the number of teeth 
treated, and the presence of periodontitis should be considered in estimating age.
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INTRODUCTION

Age estimation is an essential topic in forensic dentistry. 

It is necessary to identify the dead, but is also used in liv-

ing individuals to clarify legal queries and to solve judicial 

or civil problems [1-3]. Although several body parts can be 

used to estimate age, burns, serious accidents, or decompo-

sition often result in damage or loss of many body parts. 

In such cases, dental age can often be used. It provides a 

better estimate of physiological age than skeletal or other 

common estimation methods [4]. Dental age estimation is 

relatively simple and accurate. It is not affected by environ-

mental factors as it is predominantly determined by genet-

ics, and the teeth are less affected by environmental factors 

than other body parts. 

For estimating age, multiple indicators are present in 
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skeletal and dental information. These factors can show 

broad variability in size, shape, and proportions across in-

dividuals [5]. As such, the accuracy of age estimation in-

creases when multiple indicators are used, rather than a 

single parameter. Although each tooth can be used to de-

termine age, the canines and first molars are particularly 

suitable candidates since they are commonly found at older 

ages, are less prone to dental caries, and have a larger root 

and pulp area than other teeth [6,7]. Therefore, canine and 

first molar have been frequently used for age estimation. 

However, no previous studies have comprehensively ex-

amined the use of canines and first molars together in this 

regard.

Changes in tooth shape and length, as well as increased 

numbers of treated and missing teeth, can also be predic-

tors of greater age. Tooth surface loss is a macroscopically 

irreversible process that accumulates with age. Lambrechts 

et al. [8] estimated that the normal vertical loss of enam-

el due to physiological wear was approximately 20 to 38 

μm per year [8]. When excessive tooth wear occurs, tooth 

shortening results, leading to exposed dentin, tooth hyper-

sensitivity, or, more seriously, exposure of the canal, tooth 

hypersensitivity, pulpitis, and pulp necrosis [9]. The extent 

and severity of dental caries also increase with age, caus-

ing tooth loss. In the elderly, dental implant placement in 

edentulous areas is becoming more common, with the peak 

age for implant placement being between 60 and 75 years 

[10]. In summary, as age increases, the length and size of 

the teeth change, and the number of treated teeth, missing 

teeth, and dental implants may increase.

In addition to teeth, the mandible contains crucial struc-

tures, such as the mandibular canal (MC) and mental fora-

men. The anatomical location of the mental foramen may 

allow forensic scientists to determine the age and sex of 

an individual [11]. When mandibular teeth are lost, the ad-

jacent alveolar bone resorbs to varying degrees [12,13]. 

Furthermore, many morphological and anatomical changes 

occur in the mandible with advancing age, and there are 

differences according to sex and dentoalveolar condition 

[14]. Unfortunately, the line demarcating normal from ab-

normal change blurs with advancing age; at times, this can 

make identifying pathological change more difficult in old-

er adults. 

Periodontitis occurs in all age groups, with a high preva-

lence of 25% to 47%. However, the prevalence of periodon-

titis tends to increase over the age of 65 [15]. The most 

common oral manifestations of periodontitis are alveolar 

bone resorption and destruction [16]. The optimum method 

for assessing these characteristics of periodontitis is radi-

ography [17]. However, the presence of periodontitis has 

not been comprehensively analyzed alongside other radio-

morphometric parameters of the maxillofacial area that are 

used for age estimation. 

Panoramic radiographs (PRs) are non-invasive and are 

a commonly used method of dental radiography. As such, 

they play a vital role in forensic dentistry to uncover hid-

den facts that cannot be seen using clinical or physical ex-

amination [18]. For these reasons, PRs are more accessible, 

more familiar socio-biologically, and have been extensively 

studied. The tendency of tooth pulp size to decrease with 

age can be easily investigated using PRs and confirmed by 

numerical values. Previous studies have used PRs to ex-

amine decreased pulp size with secondary and third dentin 

formation of the tooth, tooth loss, and periodontitis [14,19]. 

However, the present study was the first to comprehensively 

investigate all of these factors together. 

Linear regression models have been adapted to estimate 

age using different dental parameters [20,21]. However, 

such models can only reliably estimate linear functions. If 

the relationship between input and output is non-linear, 

linear regression can only establish a local approximation. 

When used at a global level in such cases, the approxima-

tion can become inaccurate and distorted, even with the 

best linear approximation [22]. 

In contrast, generalized linear models (GLMs) are useful 

when there is no simple linear relationship between the in-

put and output. As such, they are efficient under some not 

too-restrictive assumptions [23]. To evaluate model perfor-

mance metrics with identity links under polynomial regres-

sions, adjusted R-squared (R2) and root mean squared er-

ror (RMSE) are commonly used. Higher R2 and lower RMSE 

values indicate better models. Age estimation has rarely 

been considered within the GLM framework, even though 

the GLM is one of the most commonly used statistical mod-

els in medical and clinical research nowadays because it 

can be used to obtain the sensitivities to all individual input 
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factors at once.

The present study aimed to assess whether statistical 

GLMs could be exploited to estimate age using multiple ra-

diomorphometric parameters in a non-destructive method. 

In addition, the predictive performance of the GLM with the 

training data set was investigated with a test data set.

We investigated the shape and length of the maxillary 

canine, the position of the MC, the position of the mental 

foramen, the pulp-to-tooth relationship of the upper and 

lower first molars, the number of treated teeth and miss-

ing teeth, and the presence of periodontitis. Furthermore, 

the present study was the first to comprehensively assess 

the various factors of the maxilla and mandible that change 

with increasing age. Specifically, we examined which fac-

tors are most related to age and whether there are sex dif-

ferences. The study was conducted to assess the chrono-

logical age of Korean participants using skeletal and dental 

information in digital PRs. The aim was to derive a popu-

lation-specific formula based on regression analysis to esti-

mate age.

MATERIALS AND METHODS 

The research protocol was in compliance with the Helsinki 

Declaration and was approved by the Institutional Review 

Board of the Kyung Hee University Dental Hospital (IRB 

no. KH-DT19018). Informed consent was obtained from all 

participants. 

1. Study Population and Design
The sample consisted of 417 healthy patients (178 males 

and 239 females) with a known age of 11 to 70 years (mean 

age: 32.57±17.81 years). All participants had PRs and 

were receiving dental care at Kyung Hee University Dental 

Hospital between April 1, 2018 and May 31, 2020. Multiple 

anatomical parameters in the maxilla and mandible were 

investigated on the patients’ PRs. The inclusion criteria for 

patient selection were as follows: (1) all parameters clearly 

visible in the PR image; (2) permanent dentition; (3) full 

eruption of the selected maxillary canines and four first 

molars into the oral cavity in all quadrants; (4) root of se-

lected canines and molars fully formed. None of the sub-

jects had any developmental, endocrine, or nutritional 

disorders, and none had any special dental pathologies, 

such as amelogenesis imperfecta or dentinogenesis imper-

fecta. Patients with systemic disorders that can affect tooth 

maturation, eruption, and bone growth were excluded from 

the study, as were any teeth with developmental anomalies. 

Those with a history of maxillofacial, maxillary, or mandib-

ular surgery were also excluded, as were those with mixed 

dentition.

PRs were acquired using an X-ray imaging machine 

(Promax 2D; Planmeca Oy, Helsinki, Finland), with the 

same distance between the film and the X-ray tube, beam 

angulation, film size, and exposure time used in all patients. 

The head position of the patients was maintained using a 

chin rest and bite guide. The optimal image density and 

contrast were achieved at exposure settings of 84 kVp, 16 

mA, and 16 seconds. The magnification factor was 1.20. PR 

data were saved in Digital Imaging and Communications 

in Medicine (DICOM) files, while the Picture Archiving 

Communication System (PACS) was used to analyze the 

DICOM data, establish reference lines, and generate quanti-

tative measurements. All measurements were performed us-

ing the utility tool in the tool bar of the PACS program, and 

each factor was measured bilaterally. Length was measured 

in mm and area in cm2. All measurement processes and in-

vestigations were conducted by two investigators (YHL and 

JSA). Internal consistency was represented using Cronbach’s 

α, by which all values were over 0.9 (p<0.001). 

2. Evaluations on Panoramic Radiography
We investigated multiple parameters on the maxilla and 

mandible, including quantitative measurements and their 

ratios on the maxillary canines, maxillary and mandibu-

lar first molars, and the vertical positions of the MC and 

mental foramen. To determine the shape and length of the 

maxillary canine, crown length (CL), root length (RL), tooth 

length (TL), and crown-to-root ratio (CRR) were measured. 

To identify the pulp-to-tooth relationship of the upper and 

lower first molars, tooth area (TA), pulp area, and pulp-to-

tooth area ratio (PTR) were investigated (Fig. 1).

3. Length of the Upper Canine 
The CL (distance from the incisal to the alveolar bone 

crest [AC]) and RL (distance from the AC to the apex) of the 
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maxillary canine were measured on the longitudinal axis 

of the tooth, which extends incisocervically from the crown 

tip to the root apex. The TL (distance from the incisal to the 

apex) of the maxillary canine was measured by summing 

these two factors. 

4. Position of Mandibular Canal 
At the position of the mandibular first molar, a tangent 

line was drawn to the superior border of the MC. A vertical 

line was then drawn from the tangent line to the AC of the 

mandibular first molar. Next, the distance between the MC 

and AC (MCAC) was measured and the relative vertical po-

sition of the MC in the mandible was investigated.

5. Position of Mental Foramen
At the position of the mental foramen (MF), a tangent 

line was drawn to the inferior cortical outline of the man-

dible, and a vertical line was drawn in the direction of the 

AC. On that line, the sum of the distances from the MF to 

the AC (MFAC) and from the MF to the mandibular inferior 

border (MFMB) was defined as mandibular thickness (MT).

6. Tooth and Pulp Area of the First Molar
The whole tooth and pulp area of four maxillary and 

mandibular first molars were measured in the PR image of 

each individual. To this end, a set of points was used to de-

termine the entire tooth outlines. After completion of the 

tracing, the area in the frame was calculated automatically 

using the PACS program. Next, the outline of the pulp from 

the pulp chamber in the crown to root apex was traced, and 

the area of the pulp was measured automatically. Finally, 

the ratio of pulp area to total TA was determined (Fig. 2). 

We investigated changes in the whole TA, pulp area, and 

the pulp/ TA ratio with increasing age.

7. Number of Missing and Treated Teeth 
We performed a visual assessment of the number of miss-

ing teeth, endodontically treated teeth, full veneer crowns, 

and implant prostheses. This process was conducted by two 

investigators. A total of 28 teeth (seven per quadrant) was 

set as the normal number from the incisors to the second 

molars; the third molars were excluded from the evaluation.

8. Presence of Periodontitis
Based on the distance from the alveolar bone level to the 

cemento-enamel junction, when alveolar bone destruction 

was observed at ≥30% of probing sites [24], we diagnosed 

periodontitis. To test the repeatability of the measurements, 

30 patients were randomly re-evaluated 2 weeks after the 

initial measurements. The test-retest reliability for these 

MCAC

MFAC

MFMB

PA

TA

RL

CL

First molar

Canine

Alveolar crestAlveolar crest

Mandibular borderMandibular border

Mental foramenMental foramen

Mandibular canalMandibular canal

Fig. 1.Fig. 1. Schematic representation of parameters measured on 

a panoramic radiograph. PA, pulp area of the maxillary and 

mandibular first molars; TA, tooth area of the maxillary and 

mandibular first molars; RL, root length of the maxillary canine; 

CL, crown length of the maxillary canine; MCAC, distance from 

mandibular canal to alveolar crest on the mandibular first molar 

position; MFAC, distance from mental foramen to alveolar crest; 

MFMB, distance from mental foramen to mandibular border. Fig. 2.Fig. 2. Representative example of direct measurements on a 

panoramic radiograph.
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analyses, represented using inter-class correlation (ICC), 

ranged from 0.92 to 0.99, indicating excellent reliability. 

9. Statistical Analysis
Descriptive statistics are reported as mean±standard de-

viations or numbers with percentages, where appropri-

ate. Wilcoxon’s rank–sum test was performed to compare 

the mean difference between males and females for each 

parameter. Pearson’s correlation coefficient was calculat-

ed to investigate the linear relationship between age and 

each predictive parameter. Two statistical software pro-

grams, IBM SPSS Statistics (Version 22.0; IBM, Armonk, 

NY, USA) and R (Version 4.0.2; R Foundation for Statistical 

Computing, Vienna, Austria), were used for all statistical 

analysis. A two-tailed p-value of <0.05 was considered sta-

tistically significant. All measurements and investigations 

were conducted by two investigators. Internal consistency 

was represented using Cronbach’s α, and test-retest reliabil-

ity was represented using ICC. 

To establish the GLMs, we randomly divided all subjects 

into the training data set and the test set at a ratio of 8:2. 

The GLMs were established using the training data set, and 

a validation test of the model was performed using the test 

data set. Network weights were derived using the training 

set and the model performance tested on the test set. The 

data in the training and test sets recorded the actual age of 

the subjects, so the predicted and real ages could be com-

pared and the predictive performance of the model assessed. 

Discrepancies between the predicted and observed ages 

were assessed in each test and training dataset. To quantify 

predictive performance, the RMSE was utilized. The RMSE 

measures the average error of the model when predicting 

the outcome of an observation; it was defined as follows:

 10

reliability.  
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To evaluate model performance metrics, the adjusted R2-

value was used. It is a powerful tool to select variables in 

GLMs that have identity links in polynomial regressions. 

Specifically, R2 is the proportion of variation in outcome 

that is explained by the predictor variables. In multiple re-

gression models, R2 is the square of the correlation between 

the observed outcome values and the values predicted by 

the model. Higher R2-values indicate better models. 

RESULTS

1. Correlation Analysis 
The descriptive statistics of radiomorphometric parame-

ters used to develop the GLMs are shown in Table 1. The CL 

of the maxillary canine was longer, the MT thicker, the TA 

of the first molars larger, and the prevalence of periodonti-

tis higher in males than in females. Since the difference in 

skeleton size between men and women also appears in the 

maxillofacial region, we analyzed males and females sepa-

rately, in addition to the overall data analysis.

The Pearson’s correlation coefficients between age and 

all measured parameters in all participants are presented in 

Table 2. A negative correlation coefficient indicates that the 

magnitude of these parameters decreased with age. In the 

maxillary canine, the CL increased with age, and the RL de-

creased. This pattern was found in the total sample, as well 

as in males and females, with the strongest correlation oc-

curring in females.

For MCAC, a negative correlation coefficient occurred 

across in the total sample, as well as in males and fe-

males, indicating that the MCAC decreased with age. MFMB 

showed a positive correlation with age in the total sample, 

as well as in males and females. This means that the man-

dibular foramen moves away from the mandibular inferior 

border as age increases. There was significant negative cor-

relation between age and PA in the maxillary and man-

dibular first molars in the total sample, as well as in males 

and females, and the magnitude of mandibular first molars 

was greater than that of maxillary first molars. There was 

no correlation between age and the TA of the maxillary or 

mandibular first molars. The PTR of the first molars showed 

a significant negative correlation with age in the total sam-

ple, as well as in males and females. The magnitude of the 

correlation was greater in the mandible than in the maxilla. 

In females and in the total sample, the number of missing 

teeth showed a positive correlation with age. In in the total 

sample, as well as in males and females, the number of im-

plant prostheses, endodontically treated teeth, and full ve-

neer crowns was significantly positively correlated with age, 

indicating that the number of dental treated teeth increased 
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with age. In addition, there was a significant positive corre-

lation between age and the presence of periodontitis.

2. The Developed Generalized Linear Models
The prediction performance of the developed models 

in the test and training sets is presented in Table 3. 

Considering the adjusted R2-value, the performance of the 

developed GLMs in the training set was acceptable in all 

groups (total sample, male, and female; adjusted R2 rang-

ing from 0.623 to 0.660; p<0.001 in all cases) (Fig. 3). With 

Table 1.Table 1. Descriptive statistics of radiomorphometric parameters 

Parameter Total Male Female p-value

Maxillary canine 

   Maxillary right canine CL_13 9.85±2.03 10.10±2.18 9.68±1.90 0.0095**

RL_13 17.80±3.13 18.38±3.21 17.37±3.01 0.0027**

TL_13 27.66±3.89 28.49±3.96 27.05±3.73 0.0004***

CRR_13 56.98±15.40 56.60±15.98 57.26±14.97 0.8294 

   Maxillary left canine CL_23 9.76±2.14 10.06±2.44 9.541±1.85 0.0068**

RL_23 17.92±3.20 18.57±3.16 17.44±3.14 0.0011**

TL_23 27.68±3.90 28.63±3.99 26.97±3.68 0.0002***

CRR_23 56.47±18.45 55.96±18.34 56.84±18.57 0.5985 

Mental foramen and mandibular canal

   Mandibular canal MCAC_36 23.84±4.40 24.84±4.59 23.10±4.11 <0.001***

MCAC_46 23.71±4.37 24.83±4.77 22.87±3.86 <0.001***

   Right mental foramen MFMB_Rt 14.99±2.71 15.92±2.77 14.31±2.46 <0.001***

MFAC_Rt 20.29±3.98 20.98±4.03 19.78±3.88 0.0016**

BT_Rt 35.29±5.37 36.90±5.45 34.09±4.99 <0.001***

   Left mental foramen MFMB_Lt 14.97±2.65 15.75±2.71 14.40±2.46 <0.001***

MFAC_Lt 20.00±3.65 20.86±3.72 19.36±3.48 <0.001***

BT_Lt 34.98±5.11 36.61±5.07 33.76±4.79 <0.001***

Pulp and tooth area of first molar

   Maxillary right first molar TA_16 1.79±0.45 1.88±0.46 1.73±0.43 0.0043**

PA_16 0.11±0.05 0.11±0.05 0.11±0.05 0.1341 

   Maxillary left first molar TA_26 1.81±0.43 1.88±0.41 1.76±0.44 0.0029**

PA_26 0.11±0.05 0.11±0.05 0.11±0.05 0.1190 

   Mandibular left first molar TA_36 1.99±0.44 2.05±0.44 1.95±0.44 0.0274*

PA_36 0.18±0.08 0.18±0.08 0.18±0.08 0.5695 

   Mandibular right first molar TA_46 1.94±0.46 2.02±0.47 1.89±0.45 0.0104*

PA_46 0.17±0.08 0.18±0.08 0.17±0.08 0.5818 

   Pulp to tooth area ratio PTR_16 6.36±2.64 6.25±2.44 6.45±2.78 0.7110 

PTR_26 6.06±2.66 6.05±2.63 6.07±2.68 0.8314 

PTR_36 9.12±3.93 9.02±3.88 9.20±3.97 0.7031 

PTR_46 8.91±3.68 8.59±3.91 9.15±3.49 0.1073 

Intra-oral inspection

   No. of teeth Total 26.94±1.80 26.82±2.01 27.02±1.63 0.2393 

Missing 0.86±1.69 0.99±1.94 0.77±1.48 0.2169 

Implant prosthesis 0.34±1.05 0.43±1.30 0.27±0.82 0.3320 

Endodontically treated 1.01±2.12 0.99±2.03 1.03±2.16 0.6580 

Full veneer crown prosthesis 1.70±3.12 1.90±3.43 1.54±2.86 0.6126 

Periodontitis 0.12±0.33 0.17±0.38 0.08±0.28 0.0087**

CL, crown length of the maxillary canine; RL, root length of the maxillary canine; TL, tooth length of the maxillary canine; CRR, crown length 

to root length ratio of maxillary canine; 13, maxillary right canine; 23, maxillary left canine; MCAC, the distance from mandibular canal to 

alveolar crest on mandibular first molar position; 36, mandibular left first molar; 46, mandibular right first molar; MFMB, the distance from 

mental foramen to mandibular border; MFAC, the distance from mental foramen to alveolar crest; BT, mandibular bone thickness; Rt, right 

side; Lt, left side; TA, tooth area of the maxillary and mandibular first molars; PA, pulp area of maxillary and mandibular first molars; 16, 

maxillary right first molar; 26, maxillary left first molar; PTR, pulp area to tooth area ratio of the maxillary mandibular first molars.

Values are presented as mean±standard deviation. Results were obtained via t-test. 

p-value was considered as significant when p-value<0.05 (*p<0.05, **p <0.01, ***p<0.001).
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Table 2.Table 2. Pearson’s correlation coefficient between age and measured variables 

Parameter Total (n=417) Male (n=178) Female (n=239)

Maxillary canine CL_13 0.365** 0.327** 0.405**

RL_13 –0.203** –0.175** –0.265**

TL_13 0.027 0.025 0.008

CRR_13 0.421** 0.383** 0.473**

CL_23 0.336** 0.320** 0.351**

RL_23 –0.223** –0.212** –0.271**

TL_23 0.001 –0.019 0.000

CRR_23 0.376** 0.351** 0.415**

Mandibular canal MCAC_36 –0.157** –0.163* –0.182*

MCAC_46 –0.147** –0.157* –0.173*

Mental foramen MFMB_Rt 0.197** 0.130* 0.262**

MFAC_Rt 0.074 0.049 0.084

BT_Rt 0.155** 0.103 0.202**

MFMB_Lt 0.212** 0.141* 0.285**

MFAC_Lt 0.032 0.013 0.038

BT_Lt 0.131** 0.080 0.173*

Pulp and tooth area TA_16 –0.047 –0.105 0.027

PA_16 –0.157** –0.147* –0.178*

TA_26 –0.030 –0.048 –0.013

PA_26 –0.238** –0.261** –0.207**

TA_36 –0.050 –0.096 –0.004

PA_36 –0.361** –0.374** –0.347**

TA_46 –0.048 –0.067 –0.041

PA_46 –0.401** –0.382** –0.430**

Pulp to tooth area ratio PTR_16 –0.170** –0.140* –0.219**

PTR_26 –0.267** –0.291** –0.233**

PTR_36 –0.374** –0.368** –0.381**

PTR_46 –0.440** –0.401** –0.484**

Intra-oral inspection Total teeth 0.024 0.119 –0.075

Missing teeth 0.108* 0.027 0.188*

Implant prosthesis 0.408** 0.453** 0.385**

Endodontically treated teeth 0.435** 0.426** 0.445**

Full veneer crown prosthesis 0.606** 0.605** 0.610**

Periodontitis 0.589** 0.543** 0.642**

CL, crown length of the maxillary canine; RL, root length of the maxillary canine; TL, tooth length of the maxillary canine; CRR, crown length 

to root length ratio of maxillary canine; 13, maxillary right canine; 23, maxillary left canine; MCAC, the distance from mandibular canal to 

alveolar crest on mandibular first molar position; 36, mandibular left first molar; 46, mandibular right first molar; MFMB, the distance from 

mental foramen to mandibular border; MFAC, the distance from mental foramen to alveolar crest; BT, mandibular bone thickness; Rt, right 

side; Lt, left side; TA, tooth area of the maxillary and mandibular first molars; PA, pulp area of maxillary and mandibular first molars; 16, 

maxillary right first molar; 26, maxillary left first molar; PTR, pulp area to tooth area ratio of the maxillary mandibular first molars.

Results were obtained using Pearson’s correlation analysis. 

p-value was considered as significant when p-value<0.05 (*p<0.05, **p<0.01).

Table 3.Table 3. Prediction performance of the developed GLMs in the training and test sets

Parameter Total (n=417) Male (n=178) Female (n=239)

Training set p-value of GLM <0.001*** <0.001*** <0.001***

Adjusted R2 0.623 0.637 0.660

Root mean square error 8.80 8.42 8.53

Test set Real age on the test set 27.97±15.30 28.36±16.59 27.69±14.54

Predicted age using GLM 25.67±10.97 26.28±10.91 25.74±12.07

Difference between real age and predicted age 8.71±6.90 8.12±6.11 8.67±7.31

GLM, generalized linear model; R2, R-squared value.

Values are presented as mean±standard deviation.

The results were obtained via generalized linear model using R statistics. 

p-value was considered as significant when p-value<0.05 (***p<0.001).
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regards to the prediction error, based on the RMSE value 

for the training set, it was better to obtain separate models 

for males and females than to establish a model for the to-

tal sample. When applying each criterion of the GLM to the 

test set, the mean difference between the true and predicted 

ages was less than 10 years for all criteria. Table 3 and Fig. 

1 compare prediction performance of the developed models 

in different sex groups in the test set. 

The subjects’ age was modeled as a function of the mor-

phological variables (predictors), and to optimize the model, 

a stepwise linear regression analysis was performed to find 

these statistically significant predictors of chronological 

age.

3. Total Sample 
The results show that the following variables contributed 

significantly to the fit: CL of the right maxillary canine (13), 

RL of the left maxillary canine (23), CL to RL ratio of 23, 

MFMB of the left side, TA of the right (16) and left maxil-

lary first molars (26), PA of the left mandibular first molar 

(36), PTR of the left maxillary (26) and right mandibular 

first molars (46), total number of teeth (TN), number of den-

tal crown prostheses (CN), and presence of periodontitis, 

yielding the following GLM formula: 
Age=18.62+3.79×(CL_13)–1.55×(RL_13)–0.55× 

(CRR_13 )+0 .21× (CRR_23 )+0 .71× (MFMB_L t )+ 

0.41×(MFMB_Lt) –6.64×(TA_16)–4.48×(TA_26)–26.52× 

(PA_36)+5.99×(TA_46)–1.00×(PTR_26)–0.60×(PTR_46)+0.

84×TN+2.95×CN+10.24×Periodontitis

The adjusted R2 of the developed GLM for the total sam-

ple was acceptable (0.623; p<0.001), with an RMSE of 8.80 

years. The difference between the true and predicted ages 

in the test set was 8.71±6.90 years. In the GLM of the total 

Fig. 3.Fig. 3. Validation of the generalized linear models (GLMs) and predicted error between real and predicted age.
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sample, age was most closely associated with decrease in 

pulp area of the first molar (36; beta=–26.52; p<0.01), fol-

lowed by the presence of periodontitis (beta=10.24; p<0.01).

4. Male
The results show that the following variables contributed 

significantly to the fit: CL of the 13, RL of the 13, MCAC of 

36 and 46 position, MFMB and MFAC of the left side, TA of 

16, PTR of 16 and 36, TN, CN, and presence of periodonti-

tis, yielding the following GLM formula: 
Age (male)=–40.23+1.59×(CL_13)–0.60×(RL_13)–0.93×(MC

AC_36)+0.83×(MCAC_46)+1.54×(MFMB_Lt)+0.62×(MFAC_

Lt)–6.46×(TA_16)–0.92×(PTR_16)–0.71×(PTR_36)+1.91×TN

+2.19×CN+9.20×Periodontitis

The adjusted R2-value of the developed GLM for the male 

sample was acceptable (0.637; p<0.001), with an RMSE of 

8.42 years. The difference between true and predicted age 

in the test set was 8.12±6.11 years. In the GLM of the male 

sample, age was most closely associated with the presence 

of periodontitis (beta=9.20; p<0.05), followed by the num-

ber of full veneer crowns (beta=2.19, p<0.001). 

5. Female
The following variables contributed significantly to the 

fit: CL of the 13, RL of the 13, CRR of the 13 and 23, TA of 

the 16 and 46, PA of the 36, PTR of the 26 and 46, distance 

from inferior alveolar nerve canal to alveolar crest at 36 

and 46, MFMB and MFAC of the left side, TA of 16, PTR of 

16 and 36, TN, IN, CN, and presence of periodontitis, yield-

ing the following GLM formula: 
Age (female)=63.57+5.08×(CL_13)–1.83×(RL_13)–

0.86×(CRR_13)+0.29×(CRR_23)–11.57×(TA_16)–

22.95×(PA_36)+7.24×(TA_46)–1.11×(PTR_26)–

0.77×(PTR_46)+4.34×IN+3.85×CN+18.10×Periodontitis

The adjusted R2-value of the developed GLM for the male 

sample was acceptable (0.660; p<0.001), with an RMSE 8.53 

years and a difference of 8.67±7.31 years between true and 

predicted age in the test set. In the GLM of the female sam-

ple, age was most closely associated with the presence of 

periodontitis (beta=18.10; p<0.001), followed by the tooth 

area of the first molar (16; beta=–11.57; p<0.001). The GLM 

for females estimated age better than that for males, with a 

larger adjusted R2, although the difference in performance 

between the sexes was negligible. 

DISCUSSION 

The present study aimed to find parameters associat-

ed with age that could be identified on PRs, as well as to 

provide a regression equation for age estimation using a 

GLM. Unlike a simple t-test or linear and logistic regres-

sion, GLMs can analyze more complicated relationships 

and ascertain the simultaneous effects of multiple variables, 

even mixtures of categorical and continuous variables [25]. 

In the GLMs of all categories, the average error was less 

than 10 years, and the range was 8.42 to 8.80. In addition, 

the RMSE was used to measure the accuracy of predic-

tion, ranging from 8.80 to 8.92. Errors less than ±10 years 

are considered acceptable in forensic age prediction [26]. 

Therefore, the developed prediction model can be consid-

ered a useful tool to estimate age in forensic odontology. 

PR is the most common and basic imaging method in 

dentistry and forensic odontology worldwide. It can visual-

ize the entire mouth, including the teeth and surrounding 

bony structures, in one image. Computed tomography (CT) 

or cone beam CT is an ideal and accurate method for mea-

suring PTR. However, installation of the machine is difficult, 

the method is expensive, and it exposes patients to X-rays 

[6]. On the contrary, PR has low cost and only uses a small 

dose of ionizing radiation, and it is a representative and 

non-invasive imaging technique [27]. Thus, PR has been 

used successfully in several studies to estimate age. In those 

studies, linear regression models were obtained using sever-

al tooth parameters as input variables [28-30]. Interestingly, 

the present study was the first to use PR to comprehensive-

ly investigate the age-related trends in multiple biometric 

features of the maxilla and mandible, including teeth and 

the vital structures of the mandible.

Genetic factors result in significant sex-related differences 

in the skeleton. Ozturk et al. [12] reported that most cranio-

facial parameters were significantly larger in males than in 

females. However, few studies have derived equations from 

radiomorphometric parameters for males and females sepa-

rately, even though sex-differences should be reflected in 
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the age estimation equation. Therefore, our GLM and infor-

mation are valuable for use in age estimation according to 

sex. Furthermore, for more accurate and elaborate estima-

tion using GLMs, a training data set to establish the model 

and a test data set for measuring the model’s performance 

are required [31]. Thus, instead of working with all of the 

data together, which is a major mistake made in some stud-

ies, we randomly partitioned the data into training and test 

sets for the GLMs. The equations obtained from the total 

sample, male, and female data sets were quite different; that 

is, the types of parameters that were associated with age 

differed among the groups, as did the degree of association. 

In our results, the adjusted R2-values of all GLMs ranged 

from 0.623 to 0.660, which is an acceptable, highly signifi-

cant result. Thus, our GLM could be used to interpret our 

model and make reliable predictions. 

In the present study, the decrease in pulp area of left 

mandibular first molars was a powerful predictor of age 

in the GLM using the total sample. In addition, decreased 

PTR of the first molar was significantly correlated with in-

creased age. The size of the dental pulp cavity is reduced as 

a result of secondary dentin deposit, and measurements of 

this reduction can be used to indicate age. Gustafson [32] 

described age-related morphological changes, including at-

trition, secondary dentin, and cementum apposition in the 

dental tissues. Since 2004, many researchers have evalu-

ated whether variations in pulp chamber size and PTR ratio 

is an indicator of age. This method of age estimation seems 

promising in canines and molars on PRs [33-36]. While 

those authors obtained acceptable levels of accuracy in age 

prediction (mean error: 3-9 years), they advised that future 

research investigate the effect of race and culture on the 

parameters. 

The presence of periodontitis was the strongest predictor 

in our total sample and the second most influential factor 

in males and females. In people 65 years old and above, the 

prevalence of periodontitis tends to increase, regardless of 

region or race [37]. However, periodontitis is more preva-

lent in older age groups and seniors because of the greater 

adaptive immune response, reduced diversity, and enhanced 

levels of Porphyromonas gingivalis [38]. The prevalence of 

periodontitis is very high (14%-65%) and the condition is 

observed at all age groups [37,39]. However, the prevalence 

increases with age and the causes are complex. For exam-

ple, the prevalence of periodontitis is much higher in those 

living below the poverty line and in those with less than 

a high school education [40]. Therefore, when consider-

ing periodontitis, the subject’s socioeconomic status should 

be considered in addition to their oral hygiene. In addition, 

severe and chronic periodontitis can easily lead to tooth 

loss. The following parameters were significant predictors 

of tooth loss at baseline: number of teeth with restorations, 

mean probing pocket depth score, age, tobacco use, alcohol 

consumption, number of teeth present, and male sex [41]. 

Therefore, more information on the subject’s oral condition 

and socioeconomic factors may be needed to clearly inter-

pret our results.

An increased number of full veneer crowns was a power-

ful predictor of age in our male sample. The normal vertical 

loss of enamel from physiological wear is approximately 20 

to 38 μm per annum [8]. Jayawardena et al. [42] reported a 

negative correlation between age and CL over the alveolar 

bone level, indicating that TL and area are important in age 

determination. The percentage of adult patients presenting 

with severe tooth wear increased from 3% at the age of 20 

years to 17% at the age of 70 years, indicating a tendency 

to develop wear with age [43]. Throughout life, the teeth 

and other surrounding tissues in the mouth experience me-

chanical and chemical wear and damage due to daily mas-

tication. Accordingly, the number of teeth requiring dental 

treatment increases with age, as does the number of den-

tal implant prostheses. Of course, the varying life experi-

ences of individuals can substantially affect the appearance, 

composition, resilience, and strength of teeth, so changes 

in the teeth and dentition of older adults can encompass a 

broad spectrum. However, identifying the general trend of 

dental treatment according to age is important to forensic 

dentistry. 

Our research had some limitations. To ensure our results 

have clearer, more meaningful interpretation, further re-

search should involve more participants. In addition, stud-

ies involving new technologies such as artificial intelligence 

may be necessary to allow the automatic identification of 

large amounts of PR data, as well as to identify and inter-

pret all relevant factors in PRs. Furthermore, our subjects 

were only Asians, namely South Koreans, so we cannot 
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generalize our interpretation to the other races of the world. 

Consequently, our study should be replicated using a wider 

population in which race and other relevant factors such 

as socioeconomic and nutritional status are taken into 

account. 

The present study suggested that a new tool could be de-

veloped using GLM to predict age based on dental findings. 

Several radiomorphological parameters on PR were cor-

related with age in the GLM. Furthermore, there were sex 

differences in the size and length of anatomical factors, so 

sex-specific GLMs are needed. Thus, GLMs are useful for 

age estimation and should be used in forensic dentistry. As 

such, they should be explored further as more data become 

available and complementary research should be carried out 

to improve this method.
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