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Dating human skeletal remains is a major challenge in forensic science. The aim of this study is to correlate
dating intervals related to the time elapsed since tooth extraction and the mass loss of human teeth, measured
using thermogravimetry analysis in two different atmospheres: air and nitrogen. Forty healthy human teeth were
stored for different periods after extraction (0, 10, 25, 50 years; N = 10/group) under controlled laboratory
conditions. Thermogravimetric parameters (total percentage of mass loss, and percentage of mass loss in Step 1,
Step 2 and Step 3) and derivatives of thermogravimetric parameters (temperature of maximum mass loss at Peak
1, Peak 2 and Peak 3) were quantified. Binary logistic regression and receiver operating characteristic (ROC)
analyses were applied to assess the ability of these parameters to discriminate among the 10-, 25-, and 50-year
intervals. Dating accuracy was consistently higher in air than in nitrogen atmosphere. Using thermogravimetric
parameters, predictive formulas capable of distinguishing the different dating intervals with high precision were
developed. The method achieved excellent performance to estimate 10-, 25-, and 50-year intervals in the air
atmosphere, with areas under the ROC curves (AUC) ranging from 0.95 to 1.00. The results highlight ther-
mogravimetric analysis as a promising technique for accurately estimating the time elapsed since tooth
extraction in human teeth stored under controlled conditions.

1. Introduction

Dating human skeletal remains a persistent challenge for forensic
practitioners. Establishing the time since death is critical for legislative
to investigative purposes, as it can be decisive in medico legal death
investigation and humanitarian crises [1]. Despite decades of research,
accurate and reliable approaches for estimating the late post-mortem
interval (PMI) in skeletal remains are still lacking.

Tissue decomposition, the difficulty of visually assessing skeletal
remains, and the influence of numerous environmental and endogenous
factors all contribute to reducing the accuracy of late PMI estimation
[2-4]. Late PMI approaches applied to date bone remains consist of
several analytical techniques of quantitative biomarkers and macro-
morphoscopic markers [1] such as chemiluminescent reaction with
luminol [5,6], radioisotopic measurements [7], X-ray diffraction [8],
fluorescence analysis [9] and vibrational spectroscopy [10,11]. Despite
evidence, further research is still needed to achieve reliable late PMI

estimation in human skeletal remains [5].

Since skeletal remains (bones and teeth) contain both inorganic and
organic components, thermogravimetric analysis (TGA), a technique
sensitive to mass changes associated with the decomposition of these
components, offers a promising approach for evaluating post-mortem
changes [12]. In this regard, TGA has previously been performed to
characterize the thermal decomposition of bone [12] and teeth [13] for
forensic purposes. In teeth, thermal decomposition produced a total
mass loss of approximately 25.2% across three well-defined steps: 1)
Step 1, between 44 and 210 °C, corresponding to the loss of free water
and reflecting the moisture content of enamel, dentin, and pulp; 2) Step
2, between 211 and 603 °C, associated with combustion of organic
components, including protein degradation (sulfur dioxide release
around 270 °C) and volatilization of DNA residues between 330 and 347
°C, with severe organic decomposition occurring between 150 and 200
°C; and 3) Step 3, between 604 and 940 °C, involving decomposition of
inorganic components, particularly hydroxyapatite, which highlights
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the predominance of calcium and phosphate in dental tissues [13].

Despite its potential, research-exploring TGA as a tool for late PMI
estimation remains scarce. The earliest study applying thermogravim-
etry to PMI estimation focused on distinguishing fresh from old bones
[14]. A subsequent study examined pig bones of varying post-mortem
ages (up to 23 months) under air and nitrogen (N2) atmospheres,
revealing a progressive decrease in mass loss with increasing
post-mortem age [15]. Although limited, these studies suggest that
time-dependent changes in water, organic, and inorganic components of
mineralized tissues may provide chronological information. Collec-
tively, they support the potential of thermogravimetric analysis as a
novel technique for dating human remains, including bones and dental
tissues. However, TGA has never been used to investigate post-mortem
changes in human teeth, despite the frequent recovery in forensic,
anthropological, or archaeological settings.

In living individuals, tooth extraction involves the section of the
periodontal ligament and the neurovascular bundle, leading to tooth
death. Consequently, the time elapsed since tooth extraction can serve as
a proxy for the time since tooth death. Moreover, other studies have used
teeth extracted from living individuals to estimate the time elapsed since
death. [11,16]. In this study, clinically extracted teeth stored under
constant laboratory conditions were used to simulate long-term dating
intervals (0, 10, 25, 50 years), isolated from the environmental factors
typical of forensic scenarios. This pilot study aimed to assess whether
dating-related changes in human teeth, using TGA under air and nitro-
gen atmosphere, can predict the time elapsed since tooth extraction,
thereby providing a model of late PMI estimation in controlled
conditions.

2. Materials and methods
2.1. Human teeth samples

A total of 40 healthy human teeth (molars and premolars) were ob-
tained from the documented tooth collection of the Department of
Forensic Medicine (University of Malaga, Spain). The longest storage
group comprised human teeth collected between 1974 and 1975 and
stored at the Department of Forensic Medicine (University of Malaga,
Spain). Available records indicate that the specimens remained in long-
term storage within the same institutional archive and had not under-
gone prior experimental manipulation before inclusion in the present
study. The collection is maintained under institutional accession
numbers, with complete catalogue entries and a centralized chain-of-
custody registry documenting all transfers and handling events to
ensure its reliability for subsequent forensic or anthropological analyses.
For each specimen, anonymized donor ID, sex, age at the tooth extrac-
tion, collection date and clinical reason for extraction were recorded. All
specimens were stored in sealed containers in a climate-controlled room
at 21 °C and 65% relative humidity.

The sample included 20 females and 20 males aged 29-82 years
(mean 60 + 11.54 years). Teeth were originally extracted for clinical
reasons (periodontal disease or orthodontic treatment) in public and
private dental clinics in Malaga and Cadiz (Spain). All specimens were
free of caries (Supplementary Table S1). Ethical approval was granted by
the Research Ethics Committee of Malaga Province (approval reference:
IDENTG-MS18; approval date: September 28, 2018), written informed
consent was obtained from the donors at the time of extraction. All
procedures complied with the Declaration of Helsinki and national data
protection regulations.

After extraction, teeth were rinsed with distilled water and their
external surfaces were cleaned with curettes to remove any extraneous
material. Then, to model long-term dating intervals, the extracted teeth
were stored under controlled conditions (21°C and 65% relative hu-
midity) for 0, 10, 25 and 50 years. These intervals were used as a proxy
for the time elapsed after tooth death.
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2.2. Sample pulverization

The teeth were pulverized under cryogenic conditions using a 6770
Freezer Mill (SPEX CertiPrep Freezer Mill, Stanmore, London, UK). The
resulting powder was collected in sterile containers and stored at —80 °C
until TGA.

2.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was analyzed using a Mettler-
Toledo TGA/DSC1 thermogravimetric analyzer coupled to a Thermo-
StarTM GSD 320 mass spectrometer (Pfeiffer Vacuum, ASslar, Ger-
many). Approximately 15 mg of powdered sample was placed in a 70-pL
alumina crucible. Each sample was analyzed in two atmospheres: air and
nitrogen (N2). The air flow rate was 20 mL min~! and the Nj flow rate
was 150 mL min~!. Heating was performed from 30 °C to 1000 °C at 10
°C min".

The analyzer was calibrated using indium, aluminum, and gold
standards. Baseline curves were generated under identical conditions.
Each sample was analyzed in triplicate, and the mean curve was used for
all calculations. Empty crucibles were run under identical conditions,
and their curves were subtracted from sample curves.

Thermogravimetric (TG) curves were generated using STAR® v.16.00
software (Mettler-Toledo System). The TG curves plot the change in the
mass of the samples against the temperature. Mass loss (Am) was
calculated as the difference between the initial mass (mg) and the mass
at a given temperature (m.), expressed as a percentage of the initial
mass: %Am = (Am/mO0) x 100. The first derivative of the thermogra-
vimetric curve (DTG) with respect to temperature was used to show the
rate of mass change (mass loss per unit of temperature). The DTG curves
were used to identify decomposition phases including desorption (loss of
water), sublimation, vaporization, pyrolysis (breakdown of organic
components), and oxidation (other residues). DTG peak temperatures
corresponded to maximum mass-loss rates. From these curves, TG pa-
rameters (total percentage of mass loss, and percentage of mass loss in
Step 1, Step 2 and Step 3) and DTG parameters (temperature of
maximum mass loss at Peak 1, Peak 2 and Peak 3) were extracted.

2.4. Statistical analysis

All TG and DTG parameters were exported to Excel (Microsoft Cor-
poration, Redmond, WA). GraphPad Prism 9.0 and IBM SPSS Statistics
26.0 were used for statistical analysis. Data are represented as the mean
+ standard error of the mean (SEM) for each experimental group
(n =10). Normality was assessed using the Dallal-Wilkinson-Lillie
corrected Kolmogorov-Smirnov test. Most variables followed a Gaussian
distribution (p > 0.1), allowing the use of parametric tests. Homoge-
neity of variances was evaluated using Bartlett’s test.

To assess the effect of dating intervals, atmosphere, and sex, an
ANCOVA model was fitted with donor age as a covariate, followed by
Tukey’s post-hoc test for multiple comparisons. Sex was included as a
potential discriminatory factor (see Supplementary Tables S2-7 for
further information). Since the sample comprised posterior teeth, the
tooth type factor was not included (see Supplementary Tables S8-12 for
further information). Pearson correlations were used to explore associ-
ations between TG/DTG parameters that were stratified by experimental
factors (dating intervals, atmosphere and sex).

Binary logistic regression models were developed to classify samples
into 10-, 25-, and 50-year intervals. Backward elimination was per-
formed within a bootstrap framework of 5000 successful resamples to
identify stable predictor combinations. For each model, the area under
the receiver operating characteristic (ROC) curve (AUC) and overall
classification accuracy (percentage of correctly predicted cases) were
estimated. The final model was defined as the predictor set achieving the
highest discriminatory performance. Statistical significance was set at
p < 0.05.
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3. Results

TG and DTG spectra obtained from teeth exposed to thermal
decomposition by thermogravimetric analysis were studied for quanti-
tative differences of the TG and DTG parameters regarding dating in-
tervals, atmosphere and sex (Fig. 1).

3.1. Effects of dating intervals on mass loss by thermogravimetric analysis
in teeth

The mean values of the total mass loss percentage, the mass loss
percentage in each of the three TG steps (Step 1, Step 2 and Step 3) and
the mean temperature of the maximum mass loss at each of the three
DTG peaks (Peak 1, Peak 2 and Peak 3) in both atmospheres (air and N3)
at 0, 10, 25, and 50 years of dating are presented in Table 1. The total
percentage of mass loss in the air atmosphere was 25.28%, 24.65%,
24.47%, and 25.42%, at 0, 10, 25, and 50 years of dating, respectively.
The total percentage of mass loss in the No atmosphere was 25.32%,
24.81%, 24.9%, and 25.5% at 0, 10, 25, and 50 years of dating,
respectively.

Significant differences in the total percentage of mass loss were
observed when comparing the different dating intervals (F372 = 5.09;
p =0.003) (Fig. 2A). When the three thermogravimetric steps were
analyzed separately, a significant effect of dating intervals on the
percent mass loss was found in Step 1 (F3 7o = 2.70; p = 0.05) and Step 2
(F3,72 = 4.43; p = 0.006) (Figs. 2B, 2C) and a significant effect of the
atmosphere was observed on mass loss in Step 2 (Fj72 = 86.52;
p < 0.0001) and Step 3 (F1,72 = 27.94; p < 0.0001) (Figs. 2C, 2D).The
percentage of mass loss was lower in Step 2 and higher in Step 3 under
N, atmosphere compared to air atmosphere in either of the dating in-
tervals analyzed (##/###p < 0.01/0.001; Figs. 2C, 2D). In addition, an
interaction between dating intervals and atmosphere was specifically

AIR ATMOSPHERE
Mass%
3
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found in Step 3 (F3 72 = 2.85; p < 0.04), suggesting that the percent mass
loss in Step 3 under air and Ny atmospheres is dating interval-dependent.

The analysis of the DTG spectra exhibited effects of dating intervals
on the maximum mass loss temperatures at Peak 1 (F372 = 13.89;
p < 0.0001) and Peak 3 (F3 72 = 6.69; p < 0.001). The temperatures of
maximum mass loss at Peak 1 were higher in the 10-, 25- and 50-year
intervals under air atmosphere, as well as in the 25- and 50-year in-
tervals under N, atmosphere, compared to the respective 0-year
(*/**/***p < 0.05/0.01/0.001; Fig. 2E). On the contrary, the temper-
atures of maximum mass loss at Peak 3 were specifically lower in the 25-
and 50-year intervals under an air atmosphere, but such a change was
not observed under Ny atmosphere, when compared to the respective 0-
year (*/**p < 0.05/0.01; Fig. 2G). A significant effect of atmosphere on
the maximum mass loss temperatures was observed at Peak 1 (Fy 72 =
107.5; p < 0.0001), Peak 2 (Fy 72 = 5.45; p = 0.02) and Peak 3 (F; 72 =
266.6; p < 0.0001). The temperature of maximum mass loss was lower
at Peak 1 and higher at Peaks 2 and 3 under N, atmosphere compared to
air atmosphere in either of the dating intervals analyzed, excepting the
0 years at Peak 2 (*/##/###p < 0.05/0.01/0.001; Fig. 2E-G).

3.2. Sex-specific effects of dating intervals on mass loss by
thermogravimetry in teeth

Sex-specific effects of dating intervals on mass loss by thermog-
ravimetry in teeth.

When sex was included as a discriminating factor, a sex effect on
total percentage of mass loss was observed (F1144 = 24.76; p < 0.0001),
with females showing lower mass loss, being significant at 0 years of
dating under N, atmosphere (®p < 0.05; Fig. 3A). When the three TG
steps were analyzed separately, sex effects on the percent mass loss were
specifically found in Step 1 (F1144 = 12.97; p = 0.0004) and Step 2 (F1144
= 26.94; p < 0.0001), with females showing lower mass loss, being
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Fig. 1. Representative TG (red line) and DTG (green line) spectra that depict mass change (%) when the teeth are exposed to increasing temperatures (°C°) under air
(A) and N, (B) atmospheres. DTG spectra were used to identify the different decomposition phases along temperature divided into Step 1 (44-210 °C), Step 2
(211-603 °C) and Step 3 (604-940 °C). The peaks observed in the DTG spectra are located at the temperature where the rate of mass loss is at its maximum.
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Table 1
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Mean values of percent mass loss and maximum mass loss temperature in air and N, atmospheres in the dating intervals (DI) of 0, 10, 25 and 50 years.

AIR ATMOSPHERE (mean =+ SD)

DI Step 1 (%) Step 2 (%) Step 3 (%) TOTAL (%) Peak 1 (°C) Peak 2 (°C) Peak 3 (°C)

(years)
0 7.02 £0.17 16.54 + 0.41 1.88 + 0.06 25.28 + 0.60 75.34 + 0.99 331.56 + 10.06 712.70 £+ 8.03
10 6.81 £ 0.17 16.21 £ 0.42 2.02+£0.14 24.65 + 0.37 77.98 + 0.36 345.41 £0.29 720.63 £1.11
25 7.04 £ 0.14 15.84 + 0.57 1.84 + 0.01 24.74 + 0.70 79.52 + 0.33 345.61 + 0.29 743.32 + 6.04
50 6.65 + 0.18 16.86 + 0.37 1.89 + 0.04 25.42 + 0.45 79.85 + 0.48 345.55 £ 0.38 736.28 + 3.16
N, ATMOSPHERE (mean + SD)
0 6.70 £ 0.15 14.04 £ 0.53 4.57 £ 0.06 25.32 4+ 0.67 72.04 £ 0.78 349.17 £ 15.42 811.22 4+ 22.25
10 6.62 + 0.20 13.72 £ 0.36 4.47 + 0.05 24.81 + 0.53 73.45 + 0.70 350.89 + 0.49 827.40 £ 3.73
25 6.76 £ 0.14 13.49 £ 0.25 4.64 + 0.07 24.90 + 0.45 74.35 + 0.42 351.89 £ 0.32 851.40 £+ 9.90
50 6.74 £ 0.16 14.01 £0.28 4.74 £ 0.06 25.50 + 0.36 74.66 + 0.61 352.33 £ 0.56 838.44 + 3.99
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Fig. 2. Effect of dating intervals (0, 10, 25, and 50 years) on TG (percentage of mass loss) and DTG (temperature of maximum mass loss) parameters. (A): Effect of
dating intervals on mass loss in total TG spectra. (B): Effect of dating intervals on mass loss in Step 1. (C): Effect of dating intervals on mass loss in Step 2. (D): Effect of
dating intervals on mass loss in Step 3. (E): Effect of dating intervals on temperature of maximum mass loss in Peak 1. (F): Effect of dating intervals on temperature of

maximum mass loss in Peak 2. (G): Effect of dating intervals on temperature of maximum mass loss in Peak 3. Histograms represent means + SEM (n =

10). #HHHHH

p < 0.05/0.01/0.001 versus air group of the same dating interval; */**/*** p < 0.05/0.01/0.001 versus O-year interval group of the same atmosphere.

significant at 0 years of dating in Step 2 under N3 atmosphere ($p < 0.05;
Fig. 3B-D). Following sex as a factor, a significant effect on the total
percentage of mass loss was observed (F3144 = 4.18; p = 0.009) when
the different dating intervals were compared (Fig. 3A), resulting in a
specific dating effect on the percent mass loss in Step 2 (F3144 = 2.98;
p = 0.03) (Fig. 3C). No significant differences in the total percentage of
mass loss were observed when comparing air and Ny atmospheres in
both sexes (Fig. 3A), but significant effects of atmosphere on the percent
mass loss in Step 1 (F1144 = 4.139; p = 0.04), Step 2 (F1144 = 166.7;
p <0.0001) and Step 3 (Fi144 = 4865; p < 0.0001) were detected
(Fig. 3B-D). Interestingly, the percentage of mass loss of both sexes was
lower in Step 2 and higher in Step 3 under N3 atmosphere, compared to
air atmosphere, in either of the dating intervals analyzed, excepting for
O-year interval in males and 25-year interval in females at Step 2
(#/##/###p < 0.05/0.01/0.001; Fig. 3C,D). Following sex as a factor, an
interaction between dating intervals and atmosphere was specifically
found in Step 3 (F3 1144 = 5.37; p = 0.0016), suggesting that the effect of
air and Ny atmospheres on the percent mass loss in Step 3 depend on
dating intervals, but not sex. These results demonstrate that, in both
sexes, the combustion of organic matter is higher in the air atmosphere
and that the decomposition of inorganic matter is higher in the Ny at-
mosphere in a sex-independent manner.

Regarding the analysis of the DTG spectra by sex, we observed effects

of dating intervals (F3144 > 10.85; p < 0.0001), atmosphere (F1144 =
198; p < 0.0001) and sex (F1144 = 4.088; p = 0.04) on the temperatures
of maximum mass loss at Peak 1 and Peak 3, as well as effects of at-
mosphere (F1144 = 11.54; p < 0.001) and sex (F1144 = 11.11; p = 0.001)
on the temperatures at Peak 2 (Fig. 3E-G). Increasing dating interval was
specifically associated with higher temperatures at Peak 1, being sig-
nificant at 10, 25 and 50 years of dating in the male teeth under air
atmosphere (**/***p < 0.01/0.001; Fig. 3E). In addition, the tempera-
tures of maximum mass loss were lower at Peak 1 and higher at Peak 2
and Peak 3 in the dating intervals of both sexes under Ny atmosphere,
compared to the respective temperatures in air atmosphere
(##/ ###p < 0.01/0.001; Fig. 3E-G). In general, female teeth showed
lower temperatures at Peak 1, Peak 2 and Peak 3, being specifically
significant in the 25-year interval at Peak 1 under air atmosphere
(®p < 0.05; Fig. 3E). Interactions between dating intervals and sex were
observed at Peak 2 (F3144 = 11.22;p < 0.0001) and Peak 3 (F3144 = 2.92;
p = 0.0359), suggesting that the temperatures of maximum mass loss at
Peak 2 and Peak 3 when the teeth are exposed to 0-, 10-, 25-, and 50-year
intervals are sex-dependent.
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5). #/##/### 5 < 0.05/0.01/0.001 versus air group of the same dating

intervals and sex; */**/*** p < 0.05/0.01/0.001 versus O-year interval group of the same atmosphere and sex; 3 p < 0.05 versus male group of the same dating

interval and atmosphere.

3.3. Correlation between thermogravimetric parameters is affected by
atmosphere and dating intervals

Pearson's correlation analysis of thermogravimetric parameters was
performed for each dating interval separately. The Supplementary
Tables S13-16 show the complete Pearson’s correlation analysis for
each dating interval. The results suggest that the reduction in mass loss
associated with increasing age of the tooth donor was less significant as
dating intervals increased. In O-year interval (Fig. 4A), donor age was
negatively correlated with total and Step 1 % mass losses and Peak 2
maximum mass loss temperature under air atmosphere (*p < 0.05), as
well as total, Step 1, Step 2, and Step 3 % mass losses under Ny atmo-
sphere (*p < 0.05), being more significant than 10-, 25-, and 50-year
intervals (Fig. 4A-D).

Stronger positive correlations between thermogravimetric parame-
ters were observed in the O-year interval compared to other dating
groups (Fig. 4A-D), particularly for percent mass loss in Step 1, which
showed more correlations with other parameters in both atmospheres
(Fig. 4A). This suggests that increased mass loss in Step 1 is significantly
associated with losses in Steps 2 and 3 and with maximum mass loss
temperatures (Peaks 1, 2, and 3), especially in the 0-year interval, and
that these changes are atmosphere-dependent. Additionally, under air,
Step 2 mass loss showed significant correlations with other parameters
in 0- and 10-year intervals, unlike under Nz or in 25- and 50-year in-
tervals (Fig. 4A-D). When comparing air and N2 atmospheres, all
parameters—except Step 3 mass loss—showed positive correlations
across 0-, 10-, 25-, and 50-year intervals (Fig. 4A-D). Notably, no sig-
nificant correlations between atmospheres were found for Peak 3 tem-
perature in the 10-, 25-, and 50-year intervals (Fig. 4B-D).

The Supplementary Tables S17-19 show the complete Pearson’s
correlation analysis in total sample and sample segregated by sex. Sex-
specific correlations between percent mass loss and maximum mass
loss temperature in teeth are shown in Supplementary Figure S1 and
described as Supplementary Results.

3.4. Predictive analysis of dating intervals using thermogravimetric
parameters

A binary logistic regression was performed using the TG and DTG
(Table 2). The binary logistic regression analysis selected several models
that could predict the dating intervals for each atmosphere, obtaining
the following formula:

loglog (p/1-p) =a+blxV1+b2xV2+b3x*V3

where a is the constant (intercept), bn are the coefficients associated
with the explanatory variables, and Vn are the variables that apply to
each of the models (Step 1, Step 2, Step 3, Peak 1, Peak 2 or/and Peak 3).
See Supplementary Tables $20-29 and Supplementary Figure S2 for the
complete regression analysis described in the Supplementary Results.

Regarding the samples exposed to the air atmosphere (Table 2), the
model that predicted the 10-year interval showed an overall success rate
of 88.9% (ROC-AUC = 0.95, 95% CI = 0.85-1.00, Sensitivity = 0.87 and
Specificity = 0.90), and the models that predicted the 25-and 50-year
intervals showed an overall success rate of 100% (ROC-AUC = 1.0, 95%
CI = 1.00-1.00, Sensitivity = 1.0 and Specificity = 1.0). Analysis of the
predictive probabilities for teeth exposed to air atmosphere during TG
(Fig. 5A-C) indicated that the means were different only for 10-year
compared to 0-year interval (10-year: t;¢ = 6.27, p < 0.0001).

The best-predicted model in the Ny atmosphere was the 25-year in-
terval, showing an overall success rate of 94.1% (ROC-AUC = 0.93, 95%
CI = 0.78-1.00, Sensitivity = 1.0 and Specificity = 0.86), followed
closely by the 50-year interval with an overall success rate of 94.1%
(ROC-AUC = 0.89, 95% CI = 0.67-1.00, Sensitivity = 1.0 and Specificity
= 0.86) and, finally, the model that predicted the 10-year interval
showed an overall success rate of 70.6% (ROC-AUC = 0.76, 95% CI =
0.51-1.00, Sensitivity = 0.80 and Specificity = 0.57) (Table 2). Analysis
of the predictive probabilities for teeth exposed to N, atmosphere during
TG (Fig. 5D-F) indicated that the means were different for10-year, 25-
year and 50-year intervals compared to O-year (10-years: t;5 = 2.18,
p =0.045; 25-year: t;5 = 4.70, p =0.0003; 50-year: t;s5 = 4.69,
p = 0.0003).
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Table 2
Summary of binary logistic regression analysis and ROC values.
Atmosphere DI* (years) Model Accuracy (%) AUC SE 95% CI ROC Sensitivity Specificity
P value
Air 0vs 10 Step 1 88.9 0.953 0.053 0.844-1.000 0.0014 0.875 0.900
Step 2
Peak 1
Peak 3
0vs 25 Step 2 100 1.000 0.000 1.000-1.000 0.0002 1.000 1.000
Peak 1
Peak 3
0 vs 50 Peak 1 100 1.000 0.000 1.000-1.000 0.0002 1.000 1.000
Peak 3
N 0vs10 Step 3 70.6 0.757 0.126 0.509-1.000 0.079 0.800 0.571
Peak 1
0vs 25 Step 1 94.1 0.929 0.073 0.785-1.000 0.0034 1.000 0.857
Peak 1
Peak 3
0 vs 50 Step 1 94.1 0.885 0.108 0.672-1.000 0.0084 1.000 0.857
Step 3
Peak 1
Air vs N, atmosphere Step 3 100 1.000 0.000 1.000-1.000 < 0.0001 1.000 1.000

DI *: Dating Intervals

4. Discussion

Estimating the time elapsed after death is essential in forensic science

but remains one of the most complex forensic challenges, particularly in
cases involving badly decomposed corpses and skeletal remains. This
pilot study stands out as one of the few that have used TGA and, to the
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best of our knowledge, the only one in human teeth samples, providing a
potential tool to accurate estimate the time elapsed after the death of the
tooth (dating intervals of 0, 10, 25 and 50 years) under controlled lab-
oratory conditions. Nevertheless, these findings are exploratory and its
applicability to forensic or anthropological context requires further
validation.

A diagnostic test is considered “highly accurate” with an AUC value
of > 0.9, “useful for some purposes” with a value of 0.7-0.9 and “poor”
with a value of 0.5-0.7 [17]. The present study has developed models
based on thermogravimetric parameters with AUC values > 0.9 in air
atmosphere, indicating that this method can be considered highly ac-
curate to estimate 10-, 25-, and 50-year dating intervals. In a N2 at-
mosphere, this method is highly accurate for estimating 25-year and
useful for this purpose at both 10- and 50-year dating intervals.
Consequently, thermogravimetry models in the air atmosphere can be
used for dating human teeth stored under controlled conditions. For
example, applying the predictive formula described in the results section
to a tooth in air atmosphere with specific TGA values (7.39 in Step 1,
16.96, in Step 2, 1.83 in Step 3, 80.97 in Peak 1, 346.04 in Peak 2 and
752.52 in Peak 3) yielded probability of 51.9% for a 10-year interval
(AUC = 0.95; Sensitivity = 0.87; Specificity = 0.9), 100% for a 25-year
interval (AUC = 1.00; Sensitivity = 1.0; Specificity = 1.0), and 0.0001%
for a 50-year interval (AUC = 1.00; Sensitivity = 1.0; Specificity = 1.0).
However, these results should be interpreted cautiously. Despite the use
of bootstrap resampling to improve robustness of the study, the com-
bination of small sample size and model selection procedures increases
the risk of overfitting. The observed perfect discrimination (AUC = 1.00)
might not reflect the true out-of-sample performance. Accordingly, these
models should be considered exploratory and hypothesis-generating.
Further validation in larger, independent cohorts is required to deter-
mine their reproducibility, stability, and potential practical relevance.

Thermogravimetric analysis provides insight into the organic-
inorganic composition of teeth through temperature-specific mass-loss
reactions [13]. In our study, mass loss occurred across all three TGA
steps for every dating interval, and elapsed time since tooth death
significantly influenced the percentage of mass loss. Comparisons with
previous research are limited by the scarcity of TGA-based PMI studies
and the absence of research on human teeth. One of these studies
showed that thermogravimetric analysis could differentiate between
fresh human bones and old bones [14]. A decrease in organic matter in
archaeological bones compared with new bones was also confirmed
[18]. Another study used thermogravimetry to examine pig ribs bones of
different postmortem ages (3 months to 7 years) in air and N2 atmo-
spheres [15]. Their results showed a decrease in total mass loss with
time up to 23 months postmortem. Above this postmortem age, mass loss
did not significantly change [15]. Discrepancies with our results on mass
loss and postmortem age can be explained for different reasons. First, the
type of sample used: pig bones vs human teeth. Despite the similarities in
physiology and anatomy between pigs and humans, substantial differ-
ences can greatly affect the decomposition process [1,19] Second, the
differences in the composition of bones and teeth, being the latter the
most mineralized tissue in the human body with lower organic content
and porosity [20-22]. Furthermore, the dating intervals in our study
were longer (10, 25 and 50 versus 3 months to 7 years) and the exper-
imental designs differed.

In the present study, the percent of mass loss in Step 3 varied ac-
cording to dating intervals in both atmospheres, with consistently higher
values in the nitrogen atmosphere. This suggests that inorganic com-
ponents of mineralized samples may be more susceptible to degradation
in the Ny environment, particularly in samples with longer dating in-
tervals. Previous work on bones exposed to nitrogen reported more
complex decomposition patterns and no clear relationship between mass
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loss and postmortem age [15]. To date, no comparable studies have
examined teeth under nitrogen conditions.

Age and sex have previously been reported as potential modifiers of
PMI estimation [1,23]. We observed a reduction in mass loss with
increasing donor age, being less significant as dating intervals increase.
This may be explained by the higher water and organic content in
younger individuals [24]. Sex also influenced several TGA parameters
(Step 1 and 2, and Peaks 2 and 3), although the sample size did not allow
sex-specific predictive models of dating intervals. Future research with
larger samples may clarify the effect of sex. Moreover, because our study
focused on long-term intervals, sex determination in real forensic cases
(especially during skeletonization), may not always be feasible without
genetic analysis.

In our study, samples comprised posterior teeth. Molars and pre-
molars do not differ substantially in enamel/dentine ratios, pulp volume
and surface area. Those factors may influence water retention and
organic/inorganic composition and, therefore, TG/DTG parameters. Our
results indicate that pooling posterior teeth did not increase sampling
heterogeneity or interfere with true effects on TGA differences. Further
studies involving different types of teeth are warranted.

Changes in taphonomic processes are critical considerations in
forensic anthropology. Dental tissues can be affected by diagenetic and
environmental factors [21], and decomposition is influenced by burial
conditions, flora, fauna, ambient temperature, soil chemistry, humidity,
rainfall, and individual characteristics such as age and sex [25]. How-
ever, teeth possess a distinctive composition that renders them more
resilient than bones to postmortem degradation, aging, and external
environment, attributable to their high inorganic content and protection
within the jawbones [11,26,27]. A key limitation of this study is that all
samples were stored under controlled laboratory conditions, preventing
assessment of environmental variability typical of real forensic sce-
narios. Thus, while preliminary, our findings indicate that TGA holds
promise as a future tool for dating human teeth.

As with other biochemical and structural analysis of mineralized
samples, TGA requires destructive sampling [26], a standard practice in
many human identification laboratories. Furthermore, techniques such
as X-ray diffraction [8,11] and vibrational spectroscopy [10,11] also
require specialized laboratories, limiting their routine forensic or
anthropological use. Additionally, intra- and inter-individual vari-
ability, such as differences between tooth types (anterior versus poste-
rior) or between healthy and unhealthy teeth, may influence
thermogravimetric profiles. Further research is therefore needed to
establish the reliability and accuracy of TGA to estimate postmortem
tooth aging, taking into consideration factors such as environmental
conditions, diagenetic changes and individual variability.

5. Conclusions

Thermogravimetric analysis revealed a significant association be-
tween total mass loss in human teeth and the dating intervals analyzed
(0, 10, 25 and 50 years). Both age and sex of the individuals influenced
the total mass loss. The thermogravimetric parameters in the air atmo-
sphere obtained from human teeth stored under controlled laboratory
conditions enabled the development of predictive models capable of
distinguishing 10-, 25-, and 50-year intervals. Although these parame-
ters effectively discriminated among simulated storage intervals in a
controlled environment, these findings should be considered pre-
liminary. Extensive validation using teeth with known forensic PMI and
exposure to diverse environmental and taphonomic conditions is
required before TGA can be recommended as a tool for routine PMI
estimation in real forensic or anthropological contexts. Overall, these
findings underscore the potential of thermogravimetric analysis as a
novel and potentially reliable technique for dating human teeth and
support the need for further investigations to confirm its applicability in
real forensic scenarios.
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