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LIST OF ABBREVIATIONS

BHP — Bottom horizontal plane

CI - Confidence interval

CP — Central point

DNA — Deoxyribonucleic acid

DVI - Disaster victim identification
ESA — Emerald S ,,A” software version
ESB — Emerald S ,,B” software version
GYPS — Dental stone cast (gypsum model)
IOS — Intraoral scanner

IP — Incisive papilla

LAB — Laboratory scanner

LM - Left molar

LDA — Linear discriminant analysis
MAD — Mean absolute distance

MZ — Monozygotic

PS — Primescan intraoral scanner

RM — Right molar

SD — Standard deviation

SEM - Standard error of mean

STL — Standard triangulation language
THP — Top horizontal plane

2D — Two-dimensional

3D — Three-dimensional



1 INTRODUCTION

In the event of a natural disaster, forensic experts encounter significant challenges in
identifying the victims (1). For example, following the 2004 Asian earthquake and
tsunami, identifying more than 200,000 victims proved to be an extremely demanding
task. This project required careful effort and resources, highlighting the significant scale
and complexity of the operation (2-5). A more recent mass disaster in Turkey in 2023
resulted in the death of more than 56,000 people, which also posed significant challenges
in terms of identifying the victims (6).

It is important to acknowledge the potential for an increase in natural disasters
worldwide, including floods, earthquakes, and tsunamis, as a result of extreme weather
conditions caused by climate change (7).

According to the Interpol standard for Disaster Victim Identification (DVI), methods
employed for human identification in disaster situations must be scientifically validated,
dependable, practical for field conditions, and feasible to execute within a reasonable
timeframe (8). The primary and most dependable techniques are friction ridge
(fingerprint) analysis, deoxyribonucleic acid (DNA) testing and comparative dental
analysis (8).

Recording fingerprints can present certain challenges in the context of disaster victim
identification. In many cases, fingerprints may be damaged, which can limit their use for
forensic purposes (9, 10). Often, fingers are the first body parts to be harmed in an
accident, which prevents them from being used for identification (11).

Analyzing DNA can be costly (9), time-consuming (12) and cross-contamination of
DNA fragments is possible during examination, which may mislead forensic experts (13).
In forensic science, dental records are one of the most used methods for identifying
individuals after death (3, 14-16). Nevertheless, identifying individuals through their
dental records has its limitations since teeth undergo continual changes throughout a

person's lifetime (17, 18).



1.1 Palatal rugae

The palatal rugae, which are the ridges on the roof of the mouth, are thought to create
a unique pattern, much like a fingerprint (19). Palatal rugae initiate their development
during the third month of intrauterine life, originating from connective tissue that covers
the palatine process of the maxillary bone (20). The formation and growth of these
structures are subject to regulation by interactions between epithelial and mesenchymal
cells. These cells express specific molecules within the extracellular matrix during the
developmental process (21-23).

The functions of the palatal rugae include aiding in the movement of food through the
oral cavity, preventing food loss from the mouth, and assisting with the chewing process.
Thanks to the presence of gustatory and tactile receptors, they also play a role in
perceiving taste, assessing the texture of food, and determining tongue position (1, 24,
25).

According to reports, the number of rugae remains unchanged during early
preadolescence and adolescence (26, 27). Throughout an individual's life, they may
undergo changes in size; however, their shape remains relatively constant (21, 28-30).
Because the hard palate is protected by the alveolar arch, teeth, cheeks, and lips, the risk
of damage from trauma is significantly lower than that for DNA or fingerprints (31).
Furthermore, the rugae are capable of enduring heat and chemicals thanks to the effective
protection provided by the skull (27, 32, 33). Even in the case of a burnt body, the palatal
rugae remain relatively intact (34).

It is worth mentioning that palatal rugae are often used as reference points in measuring
tooth migration in orthodontic therapy (35, 36), although this method is not universally
accepted (28). In addition, they might have an influence on therapy planning in
prosthodontic dentistry (36). They can also aid in diagnosing and identifying submucosal
clefts in the palate, as specific morphometric patterns of palatal rugae may indicate the
existence of such clefts (36, 37).

Several morphological differences have been reported between the two sexes. In men,
palatal rugae more often extend into the posterior third and show more distinctive features
than in women (38). Women have more consistent but fewer discriminatory coordinates
compared to men (39). In humans, palatal rugae are asymmetrical, which is unique to

human beings (1, 40). The number and distribution of primary rugae do not exhibit



bilateral symmetry from the midline. Studies have shown that males tend to have a
slightly higher number of rugae, and in both sexes, there is a tendency for more rugae to
be present on the left side (1, 28).

There are, however, several factors that may influence the morphology of the rugae.
Regarding the effect of orthodontic treatment, the literature is rather controversial (41-
44). Peavy and Kendrick observed that the rugae located closer to the teeth are more
inclined to stretch in the same direction as the movement of the associated teeth (1, 45).
The question arises whether changes to the rugae after orthodontic treatment are
significant enough to prevent their use for human identification.

Extractions may also affect the direction of rugae near the extraction site (46).
Nevertheless, it has been shown in several studies that in extraction cases, the rugae in
general are stable and it has also been observed that medial points are more stable than

lateral points (35, 47, 48).

1.2 Palatal rugae as a basis for human identification

In 1888, Allen was the first to suggest using the palatal rugae patterns for identification
(49). Since then, several investigations have indicated that palatal rugae imprints may
have a significant role in human identification (1, 19, 21, 32, 38, 50-55). Although this
hypothesis has not been universally accepted, numerous studies suggest that rugae
patterns show uniqueness between individuals (1, 21, 38, 56, 57).

It is important to note that in situations where the victim is completely edentulous, the
only dental feature for identification may be the palatal rugae (52, 58).

In the scientific literature, studying the palatal rugae for identification is often referred
to as rugoscopy or palatoscopy (59-63).

An important finding is that palatal rugae remain resistant to decomposition changes
for up to seven days postmortem (after death) under optimal storage conditions (34).

Acquiring antemortem (before death) data in a forensic investigation can be
particularly difficult, especially when it comes to identifying disaster victims. Unlike
fingerprints and DNA, there is a higher likelihood of finding a dental record that includes
the rugae pattern. Reference data can be dental casts, intraoral photographs (64),

removable dentures (32, 58), or even intraoral scans (65, 66).



It is interesting to note that there have been previous attempts to use the palatal rugae

for paternity testing. However, this did not prove to be a reliable method (67).

1.3 Intraoral scanners and human identification

Intraoral scanners (IOSs) can be extensively used to capture the shape of teeth and the
palatal rugae in digital form (18, 68). Taneva et al. (69) were pioneers in employing a
three-dimensional (3D) assessment technique to analyze rugae patterns for individual
differentiation. They examined the differences between two-dimensional (2D)
measurements (taken from sections) and the 3D variations of the medial and lateral
endpoints of the rugae using digitized alginate impressions, plaster models, and direct
intraoral scans. Their findings indicate that the 3D method is more dependable for human
identification compared to the 2D approach. In a case study (70), a pair of twins was
effectively differentiated by utilizing the 3D rugae landmark method along with an iTero
intraoral scanner (Align Technology, Inc., San Jose, CA, USA).

IOSs have become a rapid and portable option for data collection during large-scale
disasters, though their application in investigative settings is still limited.

A previous cohort study that was conducted by our research team with 104 twins (65)
established that a palatal intraoral scan serves as an effective tool for distinguishing
individuals through whole-surface comparisons or geometric measurements. We
proposed that if identical twins, who share the same genotype and phenotype, can be
objectively differentiated, this method could potentially be utilized on a larger scale—
possibly even across the general population—to distinguish between all humans,
including relatives and strangers (11, 65). From a statistical perspective, we hypothesized
that the reproducibility of the IOS should exceed the differences observed between
monozygotic (MZ) twin siblings. This hypothesis was confirmed by successfully
replicating the palate using the same IOS (65). However, the accuracy of palatal
scanning—both trueness and precision—might differ between direct digitization using
either the same or different IOSs and indirect digitization from conventional impressions

(via a laboratory scanner) (69, 71-73).



1.4 Palatal geometry

The anatomical geometry of the human palate is influenced by genetic, environmental,
and developmental factors (74, 75), showing considerable differences among various
populations (76-78).

In a study (11) carried out by our research team, we made a significant discovery
showcasing the effectiveness of using an 10S for accurately identifying individuals based
on palatal geometry. A supervised machine learning algorithm was effectively created
and evaluated using height, width, and depth as variables, specifically in a Caucasian
population from Hungary. However, training the machine learning model on a
homogeneous population may lead to overfitting, lowering its accuracy on other
populations (e.g., the test set). Therefore, a critical question remains: Can this algorithm
produce equally reliable results when applied to a larger, more diverse test population?
The consequences for forensic practice can only be realized if it demonstrates
applicability without any restrictions.

The superimposition of intraoral scans is extremely precise and reliable, and is
commonly used in digital dentistry to assess accuracy (79, 80). Research has indicated
(56, 65, 69, 81, 82) that palatal-scan superimposition can be used for identification. IOSs
show great potential for advancing forensic dentistry and 3D comparisons in the future
(83-85).

The alignment algorithm, however, is time-consuming and not suitable for searching
through a large database. It has recently been suggested that the alignment of two palatal
scans is mainly influenced by the geometry of the palatal vault instead of the surface
features, such as the palatal rugae (11). Geometric data, which encompasses the height,
width, and depth of the palatal vault, occupies less storage space and enables faster
searches and matching within databases. As a result, using geometric-based identification
may serve as a viable alternative to the superimposition method, particularly in cases
where the rugae pattern degrades postmortem. To validate this concept, a linear
discriminant function was created by our research team using height, width, and depth as
parameters to differentiate individuals and ascertain sex (11). The coefficients for the
three variables were established within a Caucasian population from the same country
(i.e. Hungary). The discriminant function demonstrated a high success rate in identifying

an individual's scan, achieving 91.2% sensitivity and 97.8% specificity. However, using
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the same training set for a new classification function can lead to biased results and an
overestimation of accuracy (i.e., it may be overfitting) when relying on internal validation
(86). Consequently, it is crucial to conduct external validation of a machine learning

model prior to its application in real-world situations (87, 88).

1.5 Further aspects of the palate-based identification

In a forensic investigation, particularly in the context of disaster victim identification,
the victims may originate from various countries, representing different populations (3,
5). Furthermore, research has shown that there are variations in the anatomy of the rugae
among individuals from different countries (26, 76-78, 89-94). As a result, the previously
established discriminant function designed for a homogeneous population may not
perform well in a mixed population due to differences in dimensional characteristics
between the training and test sets.

There has been some confusion in the scientific field regarding the correct use of terms
such as ethnicity, race, and ancestry. Often, these expressions are used synonymously;
however, they should be used appropriately (95, 96).

Ethnicity is a multi-factorial concept rooted in shared cultural characteristics such as
language, nationality, history, and religion. In general, ethnicity should be determined by
self-identification (95, 97, 98).

Race should be considered as a social construct based on physical characteristics like
skin tone and hair texture (95, 99).

Ancestry refers to the biological roots of a person, encompassing genetic, genealogical,

and geographical factors (95, 100).

Determining the sex of an individual is essential for identifying victims (101, 102). In
the above-mentioned machine learning-based study, it was found that using palatal
geometry for sex determination yielded moderate accuracy, with a sensitivity of 82.2%
and specificity of 89,3% (11). The effectiveness of this method may decrease even more

in mixed populations because of variations in palatal size across different groups.
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1.6 Methods for evaluating the palatal-based discriminative potential of intraoral

scans.

Different methods for comparing intraoral palatal scans for forensic purposes have been

previously described:

1. The superimposition-based method calculates the deviation values between two
scans by overlaying them using the iterative closest point algorithm (18, 27, 65,
103).

2. The palatal rugae pattern recognition method uses an automated algorithm or
manual selection to extract the palatal ridges for further comparison (19, 104).

3. Geometry-based method: In this case, the different dimensions of the palatal vault
(height, depth, and width) are compared and used to match the scans (11, 103,
105).

Some important phrases in this thesis require explanation. Repeatability refers to the
comparison of scans made by the same scanner in the same session (27). We introduced
two terms that were previously not present in the forensic science literature in order to
describe different types of reproducibility: 'technical reproducibility' and 'forensic
reproducibility' (27).

Technical reproducibility refers to the comparison of scans taken by different scanners
during the same session.

Forensic reproducibility, on the other hand, refers to the comparison of scans taken at
different times using different scanners. This simulates a real-life scenario in which ante-

mortem and postmortem scans are taken at different times using different devices.
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2 OBJECTIVES

The morphology of the human palate, particularly the anterior region (palatal rugae),
differs from person to person and may be useful for identifying individuals using digital
methods, such as intraoral scanners. However, relatively little scientific data exists on this
identification method. Many questions need to be addressed: Can different types of
intraoral scanners be used for this purpose? Does orthodontic treatment significantly
affect palatal morphology? Does time influence the results? To answer these questions,

we conducted two studies.

Study 1: Reproducibility of the digital palate in forensic investigations: a two-year
retrospective cohort study on twins

The aims of this study were:

1. to assess the effects of orthodontic treatment on forensic reproducibility
Null hypothesis #1: Orthodontic treatment has no effect on forensic
reproducibility.

2. to assess the effect of comparison area selection (complete or anterior palate) on
forensic reproducibility
Null hypothesis #2: The selection of the comparison area has no effect on forensic
reproducibility.

3. to investigate the effect of the digitization method on forensic reproducibility
(different scanners at different times)
Null hypothesis #3: The digitization method has no effect on forensic
reproducibility.

4. to investigate the effect of the digitization method on technical reproducibility
(different scanners at the same time)
Null hypothesis #4: The digitization method has no effect on technical
reproducibility.

5. to evaluate palatal stability by comparing differences between monozygotic twin

siblings measured at the baseline and two years later.
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Null hypothesis #5: There is no change in the differences between MZ twins over
two years.

to assess the discriminative potential of the palatal scans by comparing the
forensic reproducibility of the individual subjects to the between-sibling
difference

Null hypothesis #6: The forensic reproducibility and the between-sibling
difference do not vary.

Study 2: Human identification via digital palatal scans: a machine learning validation

pilot study

The aims of this study were:

7.

to perform an external validation of a previously developed and published palatal
geometry-based discrimination algorithm on a different population

Null hypothesis #7: The accuracy of the palatal geometry-based discrimination
algorithm does not change in the test population.

to perform an external validation of a previously developed and published
superimposition-based discrimination algorithm on a different population

Null hypothesis #8: The accuracy of the superimposition-based discrimination
algorithm does not change in the test population.

to perform an external validation of a previously developed and published sex
determination algorithm on a different population.

Null hypothesis #9: The accuracy of the sex determination does not change in the

test population.

14



3 METHODS

3.1 Study 1: ,, Reproducibility of the digital palate in forensic investigations: a two-

year retrospective cohort study on twins”
3.1.1 Subject selection

A total of 20 sets of monozygotic twins (40 individuals) were initially scanned in 2019
(65) and were rescanned in 2021 using five different methods. The scans conducted in
2019 represented simulated antemortem (before death) data, while those in 2021 provided
simulated postmortem (after death) data. Some papers suggest that orthodontic treatment
could alter palatal morphology (41, 106). Given that younger individuals are more likely
to undergo orthodontic treatment and experience physical growth, 20 young monozygotic
twins (40 individuals) were selected for the 2021 session from the original group of 64
monozygotic twins scanned in 2019. The inclusion criteria specified that participants had
to have three error-free intraoral scans from 2019, be aged between 18 and 32 years, and
attend the session together with their sibling. Additionally, individuals with missing
maxillary teeth (other than the second and third molars), those having orthodontic devices
on the palate, or a history of forced maxillary expansion between sessions were excluded.
All procedures adhered to the Declaration of Helsinki. Informed consent was obtained
from all subjects. Ethical approval was obtained from the National Health Registration

and Training Center on July 26, 2018 (approval number: 36699-2/2018/EKU).

3.1.2 Palatal scanning

In 2019, every participant underwent three scans using an Emerald 10S (software
version 5.2.1, Planmeca, Helsinki, Finland), referred to as E. In 2021, the participants
were scanned using Emerald S intraoral scanners (Planmeca, Helsinki, Finland) with two
different software versions (6.3.2.12 and 6.3.1.6), as well as Primescan (software version
5.1.3.7, Dentsply Sirona, Charlotte, North Carolina, USA), indicated as ESA, ESB, and
PS, respectively. Two indirect digitization techniques were utilized. The first involved

creating a traditional vinyl polysiloxane impression (Virtual 380, Ivoclar, Schaan,
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Lichtenstein) using a stock plastic impression tray. This impression was then digitized
with a laboratory scanner (Planscanlab, 5.0, Planmeca, Helsinki, Finland), referred to as
LAB. Following this, the impression was cast in Type IV dental plaster (Lean Rock,
Whipmix, Louisville, USA). Finally, the plaster model was scanned with Planscanlab to

produce gypsum scanning (GYPS) data sets.
3.1.3 Data analysis

The comparison between any two scans was conducted by superimposing them.
Initially, both scans were loaded into the GOM Inspect® engineering analysis software
(Suite 2020, GOM GmbH, Braunschweig, Germany), where best-fit alignment was
applied using the iterative closest point algorithm. This algorithm aimed to minimize the
total distance by positioning the surface points of the scans as closely as possible. The
minimized distance is represented as the mean absolute distance (MAD). The design of

the study was as follows: (Fig. 1):

Planmeca Emerald S Planmeca Emerald S

Planmeca Emerald Dentsply Sirona Conventional Gypsum model

(3} (software version A) (software version B) Primescan (PS) impression (LAB) (GYPS)

(ESA) ()]

Repeated scans
(3x)

Repeatability Forensic reproducibility Technical reproducibility

Fig. 1. Study design. Repeatability was assessed by aligning the three Emerald scans
for each individual taken in 2019. Following that, forensic reproducibility was
determined by aligning the 2021 scans obtained with five different scanning devices to
one of the three Emerald scans from 2019. Lastly, technical reproducibility was
evaluated by aligning the Emerald S (ESA) scans with the other scans conducted in
2021. (E: Emerald scanner, ESA: Emerald S scanner with software version A’, ESB:
Emerald scanner with software version ’B’, PS: Primescan, GYPS: gypsum model,

LAB: laboratory scanner) (27)
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. Forensic reproducibility was determined by aligning the scans taken in 2021 from
three different intraoral scanners (ESA, ESB, PS) and two indirect techniques (LAB,
GYPS) with one of the three Emerald scans from 2019 (E). This approach led to five
combinations: E ESA, E ESB, E PS, E LAB, and E GYPS. An
antemortem/postmortem simulation involving 200 samples was conducted,

incorporating all variables such as aging, orthodontic treatment, and scanner types.

. Repeatability was assessed by aligning the three Emerald scans of each individual

from 2019. (E_E, n=120).

. Within the GOM Inspect® software, the scans were cropped to exclude the palatal
gingiva, incisal papilla, and the posterior region of the palate. The cropping was
limited to the most distally positioned rugae. As a result, the following analyses were

conducted using only the anterior section of the palate.

The comparisons for forensic reproducibility (point 1) and repeatability (point 2) were

redone after only the anterior section of the palate was retained.

Technical reproducibility was assessed by aligning the ESA scans with the scans from
the other intraoral scanners used in 2021 (ESA-ESB, ESA-PS, ESA-LAB, ESA-
GYPS, n=160).

The impact of time on the discriminatory capability of the palate scan was assessed
by analyzing the differences between twin siblings measured in 2019 and 2021. This
was achieved by superimposing the intraoral scans of 20 pairs of twins from 2019

(E_E) and 2021 (ESA ESA, PS PS), leading to a total of 60 comparisons.

17



3.1.4 Statistics

The sample size was determined based on findings from our previous study (65) and
some estimations. In that study, the Emerald scanner demonstrated a precision of 35.3 um
with a standard deviation of 14 pm for palatal scans. However, we lacked data on the
deviations between palatal scans produced by different scanners. To provide a
comparative estimate for scans from various scanners, we used a precision value of 73
um and a standard deviation of 26 um, both measured in 2019 (65), effectively doubling
the original values.

To differentiate between individuals, it was important that the lower tolerance interval
of the deviation between siblings and the upper tolerance interval of reproducibility did
not overlap. The previous study reported a between-siblings difference of 411+£90 pm
(65). With a 95% confidence level and a 95% tolerance (population coverage), we
required 11 pairs of twins. For a 99% tolerance level, we would need 47 pairs, which was
unfeasible due to the inclusion and exclusion criteria, as well as the need to recall all 64
monozygotic twins from 2019. Thus, we opted for 95% tolerance and invited as many
pairs as possible.

The impacts of orthodontic treatment, the comparison area (complete palate vs.
anterior), and the scanning technique on the mean absolute distance (MAD) were
analyzed using a generalized linear mixed model with a gamma distribution and a log-
link function. Additionally, the MAD values between siblings obtained from different
scanners were compared using a Kruskal-Wallis nonparametric test. Significance levels
for multiple comparisons were adjusted using the Bonferroni correction. All analyses

were conducted using SPSS version 28 (IBM).

3.2 Study 2: ,,Human identification via digital palatal scans: a machine learning

validation pilot study”

The second study we conducted was a cross-sectional observational study. It was
retrospectively registered on ClinicalTrials.gov, with the registration number
NCT05349942 (dated 27/04/2022). Participants were recruited from postgraduate
students attending a one-week methodological research training course at Semmelweis
University, who provided their scanned data anonymously. The investigators did not

influence the selection of participants, their countries of origin, or the distribution of sex.
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Upon arrival, no specific inclusion or exclusion criteria were applied other than obtaining
consent to participate, to prevent any deliberate enhancement of the accuracy of the
discrimination algorithms. The participants represented a unique cohort that simulated a
real forensic scenario, such as a disaster situation. The study included twenty-three
participants (16 females and 7 males) aged between 23 and 35, hailing from 11 different

countries in Asia and Europe. (Table 1).

Table 1. Countries of origin with sample numbers (103)

(N: north, E: east, W: west)

Longitude and latitude | Female | Male Sum
(capital city)

Belgium 50.85° N, 4.35°E 1 0 1
Bulgaria 42,69° N, 23,32°E 1 0 1
China 39.9°N, 116,391° E 0 2 2
Croatia 45.8°N, 15,99° E 0 2 2
Germany 52.52°N, 13.41°E 1 1 2
Greece 37.59°N, 23.43°E 2 0 2
Hungary 47.49° N, 19.04° E 1 0 1
Iran 35.68°N, 51.38°E 1 0 1
Italy 41.9°N, 12.5°E 0 1 1
Portugal 38.72° N, -9,15° W 2 0 2
Turkey 39.9°N, 32.81°E 7 1 8
Sum 16 7 23
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Written informed consent was obtained from the participants, and the study was
carried out according to the Declaration of Helsinki. Ethical approval was granted from
the national committee (36699-2/2018/EKU). The method protocol is summarized in a
flowchart (Fig. 2).

Palatal height
Palatal width * Identification
) . Sex
* Ethnicity
g Palataldepth

Surface

s realignment = .
comparison

mm) [dentification

Fig. 2. The study protocol summarized in a flowchart. All 23 participants underwent
three scans, after which both geometry- and superimposition-based comparisons were
applied. For the geometry-based method, palatal dimensions were evaluated for
identification purposes and to determine sex and ethnicity. The superimposition-based

method was only used for identification. (103)

Each participant underwent three scanning sessions. A key aspect of the scanning
procedure was following a specific zigzag pattern using the Planmeca Emerald 10S
(software version 6.2.1.19, Planmeca, Helsinki, Finland), beginning at the incisive
papilla. The geographic coordinates (longitude and latitude) of each participant's country
were documented, and the differences in coordinates between the two subjects were used

to evaluate population diversity.
3.2.1 Measurement of the palatal vault geometry

The height, depth, and width measurements were conducted following the guidelines
set by Simon et al. (11) using GOM Inspect software (GOM GmbH, Braunschweig,
Germany). Palatal width was defined as the distance between the palatal grooves of the
right first molar (RM) and the left first molar (LM) at the gingival margin level (see Fig.
3A). Depth was assessed by projecting a line perpendicular to the width from the most
anterior point of the incisive papilla (IP). The IP, RM, and LM points established the
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bottom horizontal plane (BHP). The top horizontal plane (THP), which runs parallel to
the BHP and is tangent to the highest point of the palate, was determined using
Chebyshev's best-fit algorithm (see Fig. 3B). The palatal height was derived from the
distance between the top and bottom horizontal planes (THP and BHP).

A B

.
S o i o
€]

o
o> cr|
©

Fig. 3. Palatal vault geometry measurements. In picture A, the distance between the
molars indicates the width of the palate, while the distance from the incisive papilla to
the CP (central point) reflects the depth of the palate. In picture B, the measurement
between the top horizontal plane (THP) and the bottom horizontal plane (BHP)
illustrates the height of the palate. (RM: right first molar, LM: left first molar) (103)
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3.2.2 Identification based on geometry

The differences in geometric parameters (i.e. height, depth and width) between the two
scans were utilized to classify them as either 'identity' or 'stranger.' One participant was
missing a first molar on both sides, while another had one missing on the left and one on
the right, which affected a total of nine scans. Out of the 60 scans obtained from the
remaining 20 participants, two scans were identified as defective. All scans were
organized in MS EXCEL using a custom combination algorithm, with the order of items
in the subset being irrelevant. This process resulted in 57 identity pairs and 1,596 stranger
pairs. Initially, the absolute differences between the geometric parameters in the current
validation dataset were computed and square-rooted to normalize the distribution
(sqrd_height, sqrd depth, and sqrd width). These three square-rooted parameter
differences were then incorporated into the two Fisher's linear discriminant functions that
had been previously developed and published using the training set. (11). The

mathematical formula that was used for the linear discriminant function is as follows:

Yidentity = 1.01 % sqrd_height + 1.00 x sqrd_width + 1.73 x sqrd_depth — 2.46.
Y stranger = 3.59 x sqrd_height + 3.27 x sqrd_width + 3.65 x sqrd_depth — 9.23.

In the above formula, 'sqrd' represents the square root of the difference between the values
measured for the two subjects being compared.

A higher Y score signifies the predicted category, distinguishing between 'identity' and
'stranger’.

The coefficients for Fisher's linear discriminant functions were established earlier (11)
through the Linear Discriminant Analysis (LDA) method within the SPSS statistical
software (V28, IBM, USA). The training set consisted of a single Caucasian population
comprising 118 subjects, resulting in three scan repetitions and a total of 62,481

combinations of scan pairs (11).
3.2.3 Identification based on scan superimposition

Initially, both scans were loaded into the GOM Inspect® engineering analysis software
(Suite 2020, GOM GmbH, Braunschweig, Germany). The scans were cropped to focus

solely on the incisive papilla and the palatal rugae region. Afterwards, the comparison
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between the two scans was conducted by superimposing them, where best-fit alignment
was applied using the iterative closest point algorithm. This algorithm aimed to minimize
the total distance by positioning the surface points of the scans as closely as possible.
Similarly, as it is defined in the study 1, the minimized distance is represented by the
MAD.
For the within-subject comparison (e.g., repeatability), two replicate scans of the same
individual were aligned. For each participant, three comparisons were made:
1. scanl-scan2
2. scanl-scan3
3. scan2-scan3
For the between-subjects comparison, one scan from each participant was matched
with the scans of the other 22 participants. Of the 69 scans, one of the three subjects was
not of acceptable quality. As a result, 66 aligned pairs were considered for the
repeatability assessment. Additionally, one alignment between two subjects was
unsuccessful, despite being manually enforced. Consequently, 253 pairs were utilized for
the between-subjects analysis. The alignment algorithm in the GOM Inspect® software
provides three options to choose from: short, normal, and long, with a preference for the
fastest outcomes. In the repeatability tests, the alignment was generally completed in the
shortest time, while in the between-subjects group, the software required more time to
align the two distinct scans with different anatomical features.
The variation between the aligned scans was evaluated by determining the MAD, the
ratio of the integrated absolute distance between the aligned surfaces, and the area of the

measured surfaces.
3.2.4 Sex determination based on geometry

Fisher's linear discriminant functions for determining sex were previously established
using a population of Caucasian twins (11). The next two functions calculate the
discrimination scores for females and males. The mathematical formula that was used for

the linear discriminant function is as follows:

Y female = 6.45 x height + 5.56 x width + 4.23 x depth — 204
Ymate = 7.35 % height + 5.91 x width + 4.33 x depth — 233
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The higher score indicates the predicted sex. These functions were implemented as

they are on the current population to assess their reliability and applicability.
3.2.5 Statistical analysis

In the geometric-based identification method, sensitivity, specificity, and accuracy
were determined by tallying the correct and incorrect matches from a total of n = 1653
pairs. Logistic regression analysis was conducted to examine the connection between
successful matches (the dependent outcome), the longitude and latitude of the country of
origin (the independent covariate), and sex differences (the categorical independent
variable).

In the superimposition-based identification method, a multiple linear regression
analysis was performed using the between-subjects mean absolute distance (MAD) for
n=253 as the dependent variable, with longitude, latitude, and sex serving as independent
variables.

In the determination of sex, the sensitivity, specificity, and accuracy were assessed by
evaluating the correct and incorrect matches among n=58 pairs.

A multiple linear regression analysis was conducted to examine the relationships
between height, width, and depth as dependent variables and longitude, latitude, and sex
as independent variables.

The sensitivity, specificity, and accuracy were reported along with their 95%
confidence intervals (95% CI). The test set's results for sensitivity and specificity were
compared to those of the training set using chi-square statistics. A p-value of less than
0.05 was considered statistically significant. All statistical analyses were performed using

SPSS (Version 28, IBM, USA).
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4 RESULTS

4.1 Study 1: ,,Reproducibility of the digital palate in forensic investigations: a two-

year retrospective cohort study on twins”

4.1.1 The effect of orthodontic treatment and the comparison area on forensic

reproducibility

In three instances, the physical impression was imperfect, leading to the exclusion of
their indirect digitization data from the analysis. Of the participants, seventeen were
involved in non-surgical orthodontic treatment that began either before 2019 or between
2019 and 2021. However, no significant difference (p=0.777) was found between the
groups that received orthodontic treatment and those that did not (see Table 2 and Fig. 4).

Additionally, there were no significant interactions between orthodontic treatment and
comparison area (p=0.805), between orthodontic treatment and scanning method
(p=0.158), or among orthodontic treatment, comparison area, and scanning method
(p=0.856). Conversely, measurements of the anterior palatal region exhibited
significantly better repeatability (p<0.001) and technical reproducibility across all
combinations (E_ EA, E ESB, E PS, E LAB, E GYPS). As a result, the anterior area
was utilized without differentiation regarding orthodontic treatment for subsequent

analyses.
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Table 2. Comparison of the Mean Absolute Distance (MAD) (in mm) between groups

with orthodontic treatment and those without, as well as across aligned areas and

scanning methods. (27)

E: Emerald scanner, ESA: Emerald S scanner with software version A’, ESB: Emerald

scanner with software version ’B’, PS: Primescan, GYPS: gypsum model, LAB:

laboratory scanner (27)

Orthodontic treatment Non-treated Treated
Scan pairs Aligned area Anterior Complete  Anterior Complete

Valid N 23 23 17 17
EE Mean 0.023 0.040 0.021 0.034
- Standard Deviation 0.008 0.016 0.005 0.012
Standard Error of Mean 0.002 0.003 0.001 0.003
Valid N 23 23 17 17
E ESA Mean 0.081 0.107 0.071 0.102
- Standard Deviation 0.039 0.034 0.024 0.039
Standard Error of Mean 0.008 0.007 0.006 0.009
Valid N 23 23 17 17
E ESB Mean 0.081 0.110 0.067 0.098
- Standard Deviation 0.039 0.034 0.019 0.031
Standard Error of Mean 0.008 0.007 0.005 0.007
Valid N 21 21 16 16
Mean 0.116 0.135 0.116 0.136
E_GYPS Standard Deviation 0.045 0.051 0.043 0.048
Standard Error of Mean 0.010 0.011 0.011 0.012
Valid N 21 21 16 16
E LAB Mean 0.112 0.132 0.112 0.129
- Standard Deviation 0.045 0.054 0.042 0.046
Standard Error of Mean 0.010 0.012 0.010 0.011
Valid N 23 23 17 17
E PS Mean 0.080 0.095 0.072 0.096
- Standard Deviation 0.043 0.032 0.016 0.024
Standard Error of Mean 0.009 0.007 0.004 0.006
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Fig. 4. The impact of orthodontic treatment and the aligned palatal region on forensic
reproducibility, employing different scanning methods. E_E signifies repeatability, as
all three replicate scans were conducted simultaneously using an Emerald intraoral
scanner. In the designations E E, E ESA, E ESB, E PS,E LAB, and E GYPS (which
relate to forensic reproducibility), the initial letter represents the first scan made by the
Emerald scanner. Two years later, a second scan was performed using the Emerald S
with various software versions, Primescan, or scanning of a physical impression or
gypsum model. The bars illustrate the mean of the mean absolute distance (MAD)
between the two scans following alignment, while the whiskers represent the 95%

confidence intervals. (27)
4.1.2 The effect of the digitization method on forensic and technical reproducibility

The MAD values are presented in Table 3 and Figure 5. The technical reproducibility
of the Emerald S across various software versions (ESB_ESA) did not show a significant
difference when compared to the repeatability of the Emerald (E_E). In contrast, a
comparison between the Emerald S and Primescan (ESA_PS) revealed lower technical
reproducibility, although it was still higher than that of indirect digitization methods
(ESA_LAB, ESA GYPS). Overall, the results for technical reproducibility and
repeatability were markedly better than those for forensic reproducibility. Given the
inferior reproducibility of indirect digitization methods, only the IOS-based techniques

were selected for further analysis.
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Table 3. The mean absolute distance (MAD) (in mm) comparison of the repeatability, technical, and forensic reproducibility.
E: Emerald scanner, ESA: Emerald S scanner with software version A’, ESB: Emerald scanner with software version ’B’, PS: Primescan,

GYPS: gypsum model, LAB: laboratory scanner, SD: Standard Deviation, SEM: Standard Error of Mean (27)

. Valid ESA  ESA ESA  ESA_

scan pairs N Mean SD SEM E E ESB PS LAB GYPS E ESA E ESB E PS E LAB E GYPS
E E 40 0.022 0.007  0.001 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ESA—ES 40 0.022  0.009  0.001 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ESA PS 40 0.037 0.012  0.002  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ESA LA

BS - 37 0.089 0.050 0.008  0.000 0.000 0.000 1.000  0.829  0.499 0.780 0.029 0.006
ESA—GY 37 0.091 0.052  0.009 0.000 0.000 0.000 1.000 0.478  0.238 0.419 0.094 0.023
E ESA 40 0.077 0.034  0.005 0.000 0.000 0.000 0.829 0.478 1.000 1.000 0.000 0.000
E ESB 40 0.075 0.032  0.005 0.000 0.000 0.000 0.499 0.238 1.000 1.000  0.000 0.000
E PS 40 0.076  0.034  0.005 0.000 0.000 0.000 0.780 0.419 1.000 1.000 0.000 0.000
E LAB 37 0.112 0.043  0.007  0.000 0.000 0.000 0.029 0.094 0.000  0.000 0.000 1.000

E GYPS 37 0.116 0.043  0.007 0.000 0.000 0.000 0.006 0.023 0.000  0.000 0.000 1.000
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Fig. 5. Comparison of repeatability, technical, and forensic reproducibility.

The first abbreviation (e.g. ESA) along the x-axis (alignment pair) represents the first
scanner, while the second abbreviation denotes the second scanner used during
alignment. E_E signifies repeatability (scans made by the Emerald scanner). The blue
bars illustrate direct digitization through intraoral scanning (E: Emerald scanner, ESA:
Emerald S scanner with software version A’, ESB: Emerald S scanner with software
version 'B’, PS: Primescan), whereas the red bars represent indirect digitization from a
physical impression (LAB) or a gypsum model (GYPS) by a laboratory scanner.
Distinct capital letters above the bars highlight significant differences, with p < 0.05.
(For example, A’ is significantly different from ’B”) The whiskers indicate the 95%

confidence intervals (27).

4.1.3 Stability of the anterior palatal area over a two-year period

The median MAD in the anterior palatal region among monozygotic siblings was
0.343 mm (ranging from 0.252 to 0.525 mm) for the Emerald (E_E), 0.342 mm (with a
range of 0.239 to 0.577 mm) for the Emerald S (ESA_ESA), and 0.377 mm (from 0.254

to 0.573 mm) for the Primescan (PS_PS). There were no significant differences in these

values (p=0.575) (Fig. 6).
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Fig. 6. The box and whisker plot illustrates the mean absolute distance (MAD) among
siblings for the years 2019 (blue) and 2021 (orange). The scans of the twin siblings
were conducted using identical scanners: Emerald in 2019 (E_E) and either Emerald S
(ESA_ESA) or Primescan (PS_PS) in 2021. The lines that extend parallel from the
boxes, known as whiskers, represent the minimum and maximum values. The box itself
indicates the first and third quartiles. There was no significant difference found among

the three medians. (27)

4.1.4 The discriminative potential of anterior palatal scans using an 10S

The scans from the 40 participants were matched with their duplicates obtained using
the same scanner (E E, repeatability), from different scanners at the same time
(ESA_ESB, ESA_PS, technical reproducibility), and from different scanners at different
times (E_ESA, E ESB, E PS, forensic reproducibility). A total of 240 alignment pairs
were generated using IOSs, with 6 pairs for each participant. Additionally, 60 alignment
pairs between siblings were created. The smallest mean absolute distance (MAD)
between siblings was 0.239 mm (see Fig. 5). Using this as a benchmark, 237 out of the
240 replicates (98.8%) were accurately identified as belonging to the same individual.

However, three forensic reproducibility values (E_ESA, E ESB, E PS) for one subject
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overlapped with those of the sibling comparisons, resulting in a reduced classification

rate. The maximum MAD recorded for reproducibility was 0.141 mm after removing

three measurements from the same individual (refer to Fig. 7).
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Fig. 7. The spreads in mean absolute distance (MAD) values observed within

individuals using intraoral scanners. The values for repeatability (magenta dots),

technical reproducibility (red dots), forensic reproducibility (green dots), and between-

siblings mean absolute distance (MAD) (blue dots) are organized in rows for each twin

pair. The data labels indicate the highest reproducibility value (0.141 mm, excluding the

outlier) and the lowest between-siblings value (0.239 mm). The three green dots in the

fourth row represent an outlier case where the forensic reproducibility values (E_ESA,

E ESB, E PS) fell into the range of between-siblings values. (27)

Figure 8 presents a color-coded surface comparison map for a representative case from

each group. Among the participants, one individual exhibited the highest forensic

reproducibility values, having received orthodontic treatment during both the first and

second sessions. On the left side, a palatally retained canine was moved to its place

between 2019 and 2021 using an orthodontic appliance. The color-coded surface

comparison map (Fig. 8D) highlighted a significant deviation between surfaces in the area

of the upper left canine, and there were also alterations in the palatal vault (27).
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Fig. 8. Color-coded maps representing cases chosen from each comparison. (A)
repeatability (E_E), (B) technical reproducibility (ESA_PS), (C) forensic
reproducibility (E_ESA), (D) the canine case excluded from the forensic reproducibility
comparison (E_ESA), and (E) comparisons between siblings (PS_PS). A cutoff value of
0.141 was established to distinguish between the identical range (green) and the
uncertain range (yellow). Additionally, a second cutoff value of 0.239 was set to

differentiate the uncertain range from the stranger range (red). (27)

4.2  Study 2: ,,Human identification via digital palatal scans: a machine learning

validation pilot study”
4.2.1 Identification based on palatal geometry

The previously described (11) linear discriminant function, utilizing the variables of
height, depth, and width measured within the currently used population, was able to
differentiate between known individuals and strangers with a sensitivity of 91.2% (95%
CI: 0.800-0.967%) and a specificity of 97.1% (95% CI: 0.961-0.978%). Chi-square
statistics indicated that these values were not significantly different from the sensitivity
of 91.2% (95% CI: 0.877-0.939%, p = 0.99) and specificity of 97.8% (95% CI: 0.976-
0.979%, p = 0.058) observed in the homogeneous Caucasian population (10). The overall
accuracy was recorded at 97.1% (95% CI: 96.12-97.82%).

Logistic regression showed that latitude (odds ratio = 1.010, p = 0.735) and longitude
(odds ratio = 1.000, p = 0.972) had no impact on the number of accurate matches.
However, when the palatal pairs being compared came from strangers of the opposite sex,

the prediction rate increased by a factor of 5.4 (odds ratio = 5.4, p <0.001).

32



4.2.2 Identification based on scan superimposition

Examples of intra- and between-subject superimposition are shown in Fig. 9.

The variability between subjects (1.068 - 0.214 mm) did not intersect with the
repeatability range (0.011 - 0.093 mm) as shown in Table 4 and Figure 10. The differences
in sex did not have a significant impact on the mean absolute distance (MAD) in the
multiple linear regression analysis (partial correlation = -0.06, p = 0.343). Longitude
difference exhibited a weak negative correlation with MAD (partial correlation = -0.16,
p < 0.01), while latitude difference displayed a weak correlation that approached
significance (partial correlation = -0.12, p = 0.058).

While neither ethnicity nor sex affected geometric discrimination or the precision of
superimposition identification, height showed a significant correlation with latitude
(partial correlation = 0.59, p < 0.001), longitude (partial correlation = -0.46, p < 0.001),
and sex (partial correlation =0.71, p <0.001). Depth was significantly related to longitude
(partial correlation = -0.32, p < 0.05) and sex (partial correlation = 0.31, p < 0.05), but
not to latitude (partial correlation = -0.13, p = 0.332). Additionally, width was
significantly affected by sex (r=0.38, p <0.01), while latitude (partial correlation = 0.18,
p = 0.174) and longitude (partial correlation = 0.21, p = 0.117) did not exhibit significant

influence.

A

Fig. 9. Heat maps displaying the superimposition of scans for selected cases. The color
coding illustrates the variation between the two scans within a range of —800 microns to
+800 microns, indicating both positive and negative directions. Green signifies values
that are approximately zero, while deeper shades of red or blue represent a larger

distance between the two scans in that specific area. Yellow falls within the
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intermediate range. The grey regions depict areas that were not captured in one of the

scans. (A) The color map presents the overlap of two repeated scans from a female of

Turkish descent. (B) The superimposed image features a Turkish female alongside a
male of Chinese ancestry. (C) This comparison highlights the overlay of scans from two

different Turkish females (103).

Table 4. The intra- (repeatability) and between-subjects mean absolute deviation (in
mm)
CI: 95% confidence interval, Q1: first quartile, Q3: third quartile, Min: the lowest values,
Max: the highest values (103)

CI . .
Mean lower Clupper Median QI Q3 Min  Max
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Fig. 10. Scatterplot of the mean absolute distance (MAD) among subjects. Green dots
represent the repeatability, while the blue color indicates the mean absolute deviation
(MAD) between subjects. A blue dot indicates alignment among subjects of the same
sex, whereas a blue cross indicates alignment between subjects of different sexes. The
label on the box highlights the highest repeatability and the lowest mean absolute

deviation between subjects. (103)

While ethnicity and sex did not impact geometric discrimination or the accuracy of
superimposition identification, height showed a substantial correlation with latitude
(partial correlation = 0.59, p < 0.001), longitude (partial correlation = -0.46, p < 0.001),
and sex (partial correlation = 0.71, p < 0.001). Conversely, depth was significantly
influenced by longitude (partial correlation = -0.32, p < 0.05) and sex (partial correlation
=0.31, p < 0.05), but not by latitude (partial correlation = -0.13, p = 0.332). Width was
notably affected by sex (r = 0.38, p < 0.01), but showed no significant correlation with
latitude (partial correlation = 0.18, p = 0.174) or longitude (partial correlation =0.21, p =
0.117).

4.2.3 Sex determination based on geometry

The above mentioned linear discriminative function, utilizing the variables measured
within the current population, identified females more accurately than males, achieving a
sensitivity of 69.0% (95% CI: 0.53-0.82%), which was not significantly lower (p = 0.089)
than the homogenous Caucasian group, which had a sensitivity of 82.2% (95% CI: 0.72-
0.89%) (10). In contrast, the specificity for the current population was 62.5% (95% CI:
0.36-0.84%)), significantly lower (p < 0.05) than that of the homogenous population,
which had a specificity of 89.3% (95% CI: 0.71-0.97%). The overall accuracy was
67.24% (95% CI: 53.66-78.99%).
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S DISCUSSION

Identifying the victims of a mass disaster is often challenging (1). Although there are
established methods for identification, such as DNA analysis and fingerprinting, these
techniques are not universally applicable due to the potential absence of reference
(antemortem) data (9, 10). However, it should be noted that most patients have some form
of dental records available. Consequently, dental identification is frequently the sole
means of distinguishing dead bodies or human remains (2, 107). The introduction of
digital technology in dentistry has led to the development of new tools, such as intraoral
scanners. A significant number of dentists are shifting from conventional impression
techniques to digital scanning methods (108), thereby facilitating greater accessibility to
digital antemortem data.

A large number of studies have characterized the anterior portion of the palate,
especially the palatal rugae, as exhibiting distinct and persistent patterns that change
minimally over time. Studies have shown that the palate and palatal rugae can be used for
human identification. Simon et al. conducted a study comparing the palatal morphology
of over 200 twins. They found that intraoral scanners could differentiate between
monozygotic twins (65). We aimed to reproduce these results using a subset of the same
subjects (used in the previous investigation) under more challenging conditions. The
subjects were two years older, some had undergone orthodontic treatment, and the palate
was scanned using different methods in the second session. We aimed to see if the
previously described identification method can still be applied. Furthermore, the objective
was to determine whether orthodontic treatment affects the procedure.

In addition, an investigation was conducted to determine the applicability of the
previously mentioned methodology to a cohort of individuals exhibiting diverse ethnic
characteristics. We aimed to evaluate whether the identification method based on palatal
morphology can be reliably used in a set of subjects coming from different ethnic
backgrounds. For this purpose, an external validation study of the previously developed
machine learning algorithm was conducted using 23 subjects from 11 different countries.
Both a geometric-based and a superimposition-based identification method were
completed. Both methods demonstrated reliability unaffected by the population
employed.
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The 1st null hypothesis was accepted, as orthodontic treatment did not
influence forensic reproducibility in our study.

The 2nd null hypothesis was rejected, as the selection of the anterior area
significantly increased forensic reproducibility.

The 3rd null hypothesis was rejected, as the indirect digitization methods
(both the impression and gypsum scanning) significantly decreased
forensic reproducibility.

The 4th null hypothesis of technical reproducibility was partially rejected,
as the software version had no effect, whereas different IOS hardware
resulted in significantly higher deviation.

The 5th null hypothesis was accepted, as there was no change in the
differences between MZ twins over two years in our study.

The 6th null hypothesis was rejected, as the forensic reproducibility and
the between-sibling difference were significantly different, and the spread
of the data does not overlap.

The 7th null hypothesis was accepted, as the accuracy of the palatal
geometry-based discrimination algorithm remained unchanged in the
ethnically heterogeneous population compared to the homogenous one.
The 8th null hypothesis was accepted, as the accuracy of the
superimposition-based discrimination algorithm remained unchanged in
the ethnically heterogeneous population compared to the homogenous
one.

The 9th null hypothesis was rejected, as the accuracy of the sex
determination significantly deteriorated in the ethnically heterogeneous

population.
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5.1 Different digitization methods and reproducibility

Our study indicates that the accuracy of palatal scans declines when an alternative
digitization method is employed, as well as when scans are conducted two years apart.
We refer to the alternative digitization method as technical reproducibility to differentiate
it from the combined effects of aging and a different digitization method, which we label
forensic reproducibility. Our study introduced these two new terms to the field of forensic
literature.

The technical reproducibility and standard deviation of physical impressions and stone
casts were 3-4 times worse than those of the intraoral scanners used in this study. Some
impressions were discarded due to defects, such as bubbles or distortions. Moreover,
physical impressions can compress soft tissues, whereas I0OS does not (109). Consistent
with this, previous research indicated that the reproducibility of segmented rugae on scans
taken from a stone model exhibited a significant deviation of 178 um (82). Another study
has demonstrated that the accuracy of a palatal intraoral scan can match or even surpass
that of a physical impression. (72). However, in that study, the impression was taken using
a custom tray, whereas we utilized a plastic stock tray. Due to the shape of the palatal
vault, the custom tray is the better choice. Nevertheless, it necessitates creating a stone
model from an initial impression, which is impractical in postmortem scenarios. In
cadaver studies, the time for investigation is restricted, and taking multiple physical
impressions could harm the deteriorated tissue. Taneva et al. (69) evaluated the 3D
variations in the medial and lateral endpoints of the rugae using two different indirect
digitization techniques. They either digitized alginate impressions of the palate with the
OrthoCAD™ system (Align Technology, Inc., San Jose, CA, USA) or scanned a plaster
model using the Ortho Insight 3D™ desktop scanner (Motion View Software, LLC,
Chattanooga, TN, USA). Their findings indicated that the only significant difference
between the two methods was observed at the most posterior point of the incisive papilla,
measuring 64 um. The 12 endpoints of the first three rugae, however, did not show any
significant discrepancies. Notably, when analyzing the digitized plaster model, there were
no significant differences among individuals for the landmarks of the first and second
rugae, but there were differences found in the third rugae. (69). The variability of
individual values is more significant for discrimination purposes compared to the mean

or median. In this analysis, the maximum reproducibility MAD values for the impression
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and gypsum scans were recorded at 242 um and 246 pum, respectively. Out of the 80
comparisons, 16 MAD values (20%) exceeded the minimum reproducibility threshold for
forensic analysis of IOSs, which is set at 141 pm. In a similar study (81), the digitization
of gypsum models demonstrated low reproducibility among individuals, with an average
of 260 um. Additionally, a comparison between digitized gypsum and intraoral scans
during dentition analysis revealed lower reproducibility for indirect digitization, yielding
a maximum value of 270 um (66). In a dentate typodont model, the trueness of the
complete arch scan was measured at 42 pm for Emerald, 22 pm for Emerald S, and 19 um
for Primescan (110). These trueness values are comparable to the trueness observed in
the Planscanlab desktop scanner, which was reported at 28 um in a recent study (79).

The indirect method is prone to extra errors stemming from the physical impression
and gypsum modeling, which makes it inherently less reliable than direct techniques. As
aresult, indirect digitization may not be a dependable approach for superimposition-based
identification.

Unlike indirect digitization, the IOS retains its ability to distinguish features in a
forensic context. Even the highest mean absolute distance (MAD) of 141 um achieved
with various IOSs is significantly lower than the lowest MAD of 239 pm found among
siblings using the same scanners. Taneva et al. (69) reported no significant difference in
the 3D endpoint deviation of rugae among 15 individuals evaluated with an intraoral
scanner. It is important to highlight, however, that not all pairs of individuals were directly
compared; instead, a scan of one randomly chosen individual was compared to the others.
Additionally, the differences in landmark coordinates varied from -248 pm to 151 pm,
suggesting that signed values were utilized, which is an important distinction from
measurements based on absolute values. The variations in landmark coordinates between
individuals could potentially offset each other in three-dimensional space.

Bjelopavlovic et al. (56) acquired scans of the palates of 105 unrelated individuals
using an Omnicam (Dentsply-Sirona, U.S.) intraoral scanner, repeating the process three
months later. Following a 3D alignment of the two scans from the same person, the mean
squared distance was calculated. Additionally, 105 comparisons between different
subjects were randomly chosen from all possible pairings. The authors established a cut-
off point of 300 um to distinguish between individuals and strangers, which is greater

than the minimum value observed between twin siblings (239 pum). This difference is
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expected since monozygotic twins tend to resemble each other more closely than two
unrelated individuals. While two randomly chosen subjects may appear similar by
chance, it's unclear how many individuals would need to be selected to identify the
smallest difference. Consequently, measurements from monozygotic twins are more
appropriate for determining the cut-off point. Furthermore, the variation between twin
siblings could be attributed to the fact that the morphology of palatal rugae is only
partially influenced by genetic factors (57).

As a result, it is feasible to differentiate between identical twins through palatal
assessment, rather than relying on the more demanding DNA analysis (111).

The forensic reproducibility of the intraoral scanners (E _ESA, E ESB, E PS)
exceeded their technical reproducibility by 38-40 pm. In contrast, the technical
reproducibility (ESA_PS) was only 15 pm greater than the repeatability observed with
Emerald (E_E) or Emerald S (ESA_ESB). These findings could indicate a notable
biological change in the palate over two years or suggest that the trueness of the various
scanners varied. If we assume that the difference in reproducibility is exclusively due to
a biological change, then a biological alteration should be of 38-40 pm over two years.
However, a cross-sectional study indicated that the variation between siblings increased
by only 3 um annually (65). In addition, the current retrospective study indicates that the
between-siblings deviation was comparable in 2019, as measured by Emerald, and in
2021, as assessed by Emerald S and Primescan. This implies that there was no change in
the palate over the two years. While it is possible that both siblings experienced a change
in the same direction, this scenario is unlikely. Consequently, a more reasonable
explanation is that the greater deviation in forensic reproducibility, as opposed to
technical reproducibility and repeatability, can be attributed to variations in the scanning
devices used.

Based on studies, the trueness of Emerald S and Primescan has been enhanced
compared to earlier-generation intraoral scanners like Emerald (73, 112, 113). This might
explain the differences observed in the 2019 and 2021 data. In the case of a maxillary
cadaver, the trueness and the precision of the palatal scan were recorded at 72 um and
12 um for Primescan (73) and 87 um and 151 pum for Emerald, respectively (112). In
another cadaver study two years later, the trueness was found to be 57 pm for both the

Emerald S and Primescan (113).
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Another study (114) demonstrated that both Emerald S (with a trueness of 83 um and
precision of 11 um) and Primescan (with a trueness of 50 um and precision of 21 pm) are
roughly twice as accurate in complete arch scans compared to Emerald (which has a
trueness of 175 pm and a precision of 50 pm). These disparities may account for the
significantly higher mean absolute distances (MAD) observed when aligning the Emerald
scan with the Primescan scan (E_PS, 76 um) or the Emerald S scan (E_ESA, 77 um;
E ESB, 75 um), in comparison to aligning the Emerald S scan with the Primescan scan
(ESA_PS, 37 um).

The 37 um technical reproducibility underscores the precision achieved when
capturing palates in vivo using various novel intraoral scanners. Furthermore, the forensic
reproducibility of Emerald S across different software versions (6.3.2.12 compared to
6.3.1.6) was comparable. While software updates often enhance accuracy (110), it seems
that the latest generation of intraoral scanners may have already achieved a level of
hardware accuracy where minor software updates yield little impact. However, a
limitation of this study was that it compared the most recent complete-arch intraoral
scanners with an older model. Therefore, it is likely that future comparisons between
antemortem and postmortem data obtained using new intraoral scanners will show
improvement.

Our new discovery indicates that focusing on the anterior part of the palate —
specifically the rugae —for feature comparison greatly improves precision compared to
analyzing the entire hard palate. This is because there is limited detail on the posterior
soft tissues, resulting in lower scanning precision in that area (115). Additionally,
elevated deviation values were observed in some cases for the lateral area around the
molars (data not included in this thesis). This could be attributed to variations in the
mucosal surface caused by the pulsing of the greater palatal artery. Moreover, a key
benefit of concentrating on the anterior region is that it is often part of complete arch

scans, even when making fixed dental prostheses.

5.2 The potential impact of orthodontic treatment

Our study found that orthodontic treatment did not influence the average forensic

reproducibility. In another study (69), researchers observed no significant differences in
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3D rugae landmarks 20 months post-orthodontic treatment, regardless of whether indirect
or direct (iTero) digitization methods were employed, as long as the same method was
consistently used before and after treatment. It is important to note that among the 15
subjects, five had undergone tooth extractions. Similarly, our findings indicated that
orthodontic treatment did not impact the median values of 3D comparisons. However, we
did experience a failure to identify an individual after orthodontic traction of a palatally
retained canine. A prior study (11) demonstrated that the geometry of the palate is the
primary factor influencing the alignment of two scans. A thorough examination of that
specific case hinted at an alteration in palatal geometry.

In a prospective study, both extraction and non-extraction orthodontic treatments
increased the average deviation between palatal scans; however, this did not hinder the
ability to identify individuals (82). Additionally, it is proposed that orthodontic treatments
involving tooth extraction or rapid maxillary expansion may alter the morphology of the
rugae (41, 42, 82, 106). The accuracy of identifying individuals based on rugae patterns
attenuated following orthodontic treatment that did not involve extractions (116, 117).
However, the method was still suitable for identification purposes (116, 117). Another
study revealed that while orthodontic treatment might influence the rugae patterns, the
uniqueness of those patterns remains unchanged (36). As a result, in certain instances,

extraction could affect the ability to distinguish between patterns.

5.3 Identification based on palatal geometry and by superimposition of digital

scans

Our findings indicate that digital forensic analysis of the palatal vault is a practical,
quick, and precise method for human identification, unaffected by population constraints.
The palatal geometry-based approach exhibited a sensitivity of 91.2% and a specificity
of 97.1% in the validation population from various countries. Interestingly, these results
displayed a striking resemblance (with no overlap in confidence intervals) to the figures
(91.2% and 97.8%) derived from the training set using a homogeneous Caucasian group
(11). In summary, the previously suggested discriminant function remained similarly
effective when applied to a varied mixed population.

In a similar vein, the superimposition method showed only minor variations, with the

smallest between-subjects deviation of 214 pm and the highest repeatability of 93 um in
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the current mixed population. These data were strikingly similar to those found in the
earlier study of the Caucasian population, which recorded 208 pm and 106 pm,
respectively (65). Interestingly, the earlier study established the lower threshold for
between-subject differences based on the variations observed between monozygotic twin
siblings, which is anticipated to be less than the differences found between two unrelated
individuals.

Therefore, the methods of superimposition and geometric identification showed
reliable results across various populations, regardless of race or sex, suggesting that they
can be applied broadly.

Taneva et al. (69) reported that both the indirect method (gypsum model scan) and the
direct method (intraoral scan) are effective in differentiating individuals according to the
superimposition technique within the U.S. population. They assessed the deviation of the
rugae's endpoints and established threshold values ranging from 23 to 97 pm for identical
subjects and from 15 to 248 um for unrelated individuals.

Gibelli et al. (81) employed scanned gypsum models for superimposing palates. They
established a threshold value of 500 pm to differentiate between individuals and strangers.
This elevated threshold may be attributed to the indirect digitization technique used. In
accordance with this, a recent study (27) suggested that the limitations of indirect
digitization could hinder accurate identification. Initially, obtaining a flawless palatal
impression without any bubbles proves to be difficult. Additionally, the additional
procedures involved, such as producing a gypsum cast and performing laboratory
digitization, contribute to overall errors. Moreover, the IOS is faster and more efficient
when used at a disaster site and does not damage compromised tissue.

In another study (56), the IOS was employed to differentiate between unfamiliar
subjects and identical scans. The threshold set for this discrimination was lower (300 pm)
compared to that utilized in the study involving indirect digitization (81). However, this
figure was still higher than what was observed in the current study (218 pm).
Additionally, in certain instances, the difference between identical twin siblings reached
as low as 208 um (65). The 300 um measurement could be associated with the previous
version of the IOS, the Omnicam (Dentsply Sirona)(56). Nevertheless, the graphical
representation in that paper showed that the intra-subject repeat was under 100 um. As a

result, their choice of an overly high cut-off value was likely too cautious.
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5.4 Sex determination based on palatal geometry and superimposition of digital

scans

The differences in sex among subjects did not enhance the effectiveness of the
superimposition technique, and the participants' country of origin had only a slight
impact. As a result, the superimposition method appears ineffective for determining sex.
However, the geometric-based sex discrimination function demonstrated lower
sensitivity and specificity (69.0% and 62.5%, respectively) in a diverse population
compared to a more homogeneous one, which showed sensitivity at 82.2% and specificity
at 89.3% (11). This is most likely attributable to genetic variations among different
populations.

Interestingly, the data from the current study revealed that males exhibited a lower
match (specificity) compared to females (sensitivity). In contrast, the training set
indicated the reverse, with males showing a higher match (specificity) than females.
Additionally, height demonstrated the greatest potential for discrimination within Fisher's
Linear Discriminant function (11) and was strongly correlated with sex. In this mixed
ethnic population, the standard deviations for height, depth, and width were recorded as
1.1, 2.6, and 2.5 mm for females, while males had values of 3.1, 3.6, and 2.4 mm,
respectively. The significant reduction in height variability (standard deviation) for
females—being three times less than that of males—might contribute to a heightened
sensitivity in identifying them. However, it's worth noting that in the previous training
set, the height standard deviations between sexes were somewhat different. The function
derived from the training set was subsequently applied to the test set without any
adjustments. As a result, the differences in height standard deviations across the
populations could explain the attenuated sensitivity observed in the current findings.

Additionally, males exhibited a larger palate than females in the Hungarian population
(11), in the Lebanese population (118), and in India (119). The height in our study was
notably affected by latitude and longitude, indicating an interactive influence of sex and
population on height. As a result, the differences among populations may hinder precise

sex determination.
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5.5 An implication for ethnic differentiation based on palatal geometry

In cases where the antemortem scan database is not available during mass disaster
scenarios, variations in palatal morphology due to ethnic differences can be crucial to
advancing forensic investigation by pointing to the country of origin, where antemortem
data should be sought.

Although the morphological distinctions between distant populations, like Chinese and
Caucasians, are apparent, the differences among closer groups, such as Germans and
Greeks or Persians and Iraqis, are less noticeable. We proposed that the geographic
distance between countries of origin offers a more reliable measure (quantified on a
continuous scale) compared to subjective categories like Black, Caucasian, Arabic,
Indian, or Asian.

Our findings showed that identification using either approach is not influenced by the
individual's country of origin, indicating that the specific individual is the main factor in
determining the palatal vault. In contrast, sex, latitude, and longitude had a moderate
impact on both height and depth measurements. As a result, individuals from northern
and western regions tend to have a higher palate compared to those from southern and
eastern regions, with western individuals also displaying a somewhat deeper palate than
their eastern counterparts.

The more significant relationship between sex and geometric measurements, in
comparison to latitude and longitude, indicates that ethnicity cannot be accurately inferred
without first establishing the individual's sex. Consequently, it is essential to conduct a
large-scale study that ensures a well-balanced ratio of males and females across different
countries. Given our current findings, this type of research could lead to the creation of a
generalized discriminant function for predicting ethnicity. Our pilot study could help

initiate international collaboration toward this goal.
5.6 Strengths and limitations

The strength lies in the fact that the validation of the geometric and superimposition-
based identification and sex determination method was conducted in an unexpected
context, without any intention to influence participant inclusion or exclusion. As a result,
the countries of origin and the distribution of sexes were coincidental. This random

distribution may explain why the accuracy of sex determination was notably lower than
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what has been observed in larger subsets in the past. Therefore, it's essential to develop
new classification functions for sex determination using a comprehensive training dataset
that deliberately includes participants from various geographic regions, ensuring a
balanced representation of both males and females.

In terms of forensic purposes, a limitation might be the possible absence of digital
technology. Although fewer and fewer dental practices still rely on traditional physical
impressions, issues such as the inconsistent reproduction of the palate on gypsum models,
along with insufficient storage for physical models, could hinder access to antemortem
data. However, this will probably change in the near future. Surveys conducted in 2020
(68) indicated that 50% of dental practices in the U.S. already possess an intraoral
scanner. A more recent study from 2023 found that in the examined countries, more than
75% of dental professionals use an intraoral scanner on a daily basis (108).

Another limitation is that, in restorations involving one or three teeth, only one
quadrant is often examined. As a result, the antemortem scan might capture only half of
the dental arch, and the postmortem scan could be impaired on the same side,
complicating the matching process. Recent findings indicate that the palate exhibits
significant symmetry along the sagittal plane (105). Nonetheless, the shape of the rugae
and the general contour of the vault show marked differences between the two sides (120),
making it often impossible to use the opposite side for comparison.

The geometric identification method proved to be highly effective in unforeseen
forensic situations. However, analysis could only be conducted on 87% of the
participants, as three individuals were missing at least one maxillary first molar, which
rendered distance measurements unfeasible. In the earlier stages of developing the
identification algorithm, it should have been noted that a slightly higher percentage (16%)
would need to be excluded due to the absence of first molars (11). The presence of specific
older individuals could account for this. The proportion of missing molars in the
comprehensive forensic dental database Odontosearch aligns with our findings (15). In
contrast, the superimposition-based technique can be effectively used in situations where
the palatal geometry is indeterminate. However, this method does come with the
drawback of being slower and requiring more computational resources. In the absence of
automated software, the need for manual alignment restricts the evaluation of between-

subject comparisons in research, especially as the sample size increases; the potential
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number of pairs or combinations can escalate rapidly, following a quadratic pattern.
Consequently, researchers often create a subset by randomly choosing pairs from the total
possible combinations (56, 81).

Although dental records, fingerprints, and DNA are still the main methods of
identification (121, 122), intraoral scanners have started to be recognized as a promising
tool for human identification by analyzing dental morphology and the anterior palate (11,
56, 66, 69, 81, 83-85, 123). Digital records enable quicker searches within databases, and
a statistically driven comparison algorithm not only yields straightforward match or no-
match results but also assigns a probability to each outcome (86), thereby increasing the
reliability of identification. However, this approach should not be viewed as the main
method of identification. Rather, it serves to refine the antemortem data pool and supports
other methods of identification. Considering the evident benefits of intraoral scanners, we
recommend that they be regarded as a supplementary tool in forensic investigations, even
though they have not yet been integrated into standard practices.

One design limitation of the first study is the relatively short follow-up time. Over a
longer period, more changes to the rugae may occur. Further studies are needed to
examine potential long-term changes to the palate and rugae. Another important
limitation of the first study is that the 2019 scanner was an older version of the 2021
scanner. In real-life forensic scenarios, antemortem and postmortem scans are often
captured using different types of scanners. In our study, we aimed to simulate such a
scenario. The difference in measured data may raise questions as to whether the
differences in results are caused by the difference in scanners or by biological change. In
the first study, the deviation between siblings was similar in 2019 when measured by the
Emerald scanner, and in 2021 when measured by the Emerald S and Primescan. This
suggests that there was no biological change in the palate over the two years.

A limitation of the second study is its small sample size and imbalanced distribution of
sex and country of origin. However, the primary aim of the second study was to provide
an external validation of the previously published machine learning algorithm on a test
group. From the perspective of the secondary aim (i.e., evaluating the effect of the ethnic
background), it can be considered a pilot study. Further studies are needed to examine the

impact of palate dimensions, ethnic background and sex.
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5.7 Future advancements and considerations

Further investigation is necessary to determine how long after death the palatal rugae-
based identification method can be used. Currently, there is very little data on this topic
(34). In an animal study of lambs, subjects could be identified using intraoral scanners up
to five days after death; however, they could still provide valuable information up to 20
days postmortem (104).

Moreover, additional studies are needed to assess aging, particularly in patients with
complete dentures, as well as the impact of palatal tissue harvesting for regenerative
surgery.

The primary drawback of both superimposition and geometry-based techniques is the
absence of a centralized database for antemortem intraoral scans. Nevertheless, recent
efforts have been initiated to address this issue. For instance, Xiong et al. developed the
largest dataset available so far, which includes 16,000 intraoral scans (124).

An effective database suitable for human identification in a mass disaster scenario
would require a much larger database. While the likelihood of creating a database
containing scans of everyone on the planet is slim, an incomplete database could still help
identify matches between scans of the same individual.

In the future, by establishing a comprehensive global database of intraoral scans,

ideally encompassing all individuals, this method could enable rapid and highly accurate
identification without relying only on traditional biometric markers such as fingerprints
or DNA. An automated algorithm capable of efficiently matching intraoral scans would
streamline identification processes in various scenarios, from criminal investigations to
emergency response.
Attempts have been made to develop automatic algorithms to find matches between scans
of individuals (125, 126). Petersen et al. designed software using the Trimesh and
Open3D Python libraries that can significantly speed up the identification process by
automatically extracting palatal rugae from standard triangulation language (STL) files
of the entire palate (19). Bjelopavlovic et al. also developed an automated 3D alignment
algorithm with a 100% success rate in identifying matching palatal scans.(127)

Nonetheless, these methods bring up significant ethical concerns related to privacy,
data security, and obtaining consent (128, 129). As technology advances, careful

regulation and responsible data management will be essential to harness its benefits while
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safeguarding individual rights. Ultimately, intraoral scan-based identification could
revolutionize how we verify identity, offering a biometric solution that is both unique and

resilient against forgery.
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CONCLUSIONS

The reproducibility of palatal scans obtained with different intraoral scanners is
acceptable for human identification.

The reproducibility remains acceptable after a two-year interval, regardless of the
presence of non-surgical orthodontic treatment.

Digitization of physical impressions made with stock trays or casts is unreliable for
comparing palatal features.

Intraoral scanning of the anterior palatal area (i.e., palatal rugae) demonstrates

superior reproducibility, independent of the IOS brand.

The palatal vault geometry- and the superimposition-based identification methods are
good candidates for forensic feature comparison.

The accuracy of machine learning based on palatal geometry is consistent across
different populations.

Sex can be determined from palatal geometry with moderate accuracy.
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7 SUMMARY

Objectives: Previous studies suggest that the palate and palatal rugae can serve as
individual markers in human identification. This thesis aimed to confirm the feasibility
of a palate-based identification method, evaluate its applicability across different
digitization techniques, and assess the influence of ethnic background.

Methods: The palate was scanned three times and two years later in 20 pairs of
monozygotic twins (40 individuals) using intraoral scanners (IOS) to assess repeatability.
Additionally, elastic impressions and plaster models were created and digitized with a
laboratory scanner. The mean absolute distance (MAD) between scans was compared
after best-fit alignment to evaluate forensic reproducibility. Comparisons across sessions
assessed the effects of aging, orthodontic treatment, and digitization methods, while scans
from different digitization techniques in the second session examined technical
reproducibility. Sibling differences over time were analyzed to evaluate aging effects. In
a second study, 23 individuals from 11 countries were scanned, and superimposition
(MAD) and geometric dimensions (height, width, depth) were assessed.

Results: The anterior palatal area showed significantly better repeatability and forensic
reproducibility than the entire palate (p < 0.001), with orthodontic treatment having no
effect. Indirect digitization produced lower reproducibility than IOSs, with forensic MAD
values of 75—77 um and technical MAD of 37 pm. IOS scans demonstrated a repeatability
of 22 um, significantly better (p < 0.001). No significant differences emerged in sibling
comparisons over time; the closest sibling MAD (239 pm) exceeded the highest forensic
MAD (141 pm), indicating good discriminative capacity. The geometric evaluation
achieved 91.2% sensitivity and 97.1% specificity. Latitude and longitude did not
significantly affect geometric matches, and MAD ranges for superimposition (1.068—
0.214 mm) and repeatability (0.011-0.093 mm) did not overlap. For sex determination,
the method recognized females over males with 69.0% sensitivity and 62.5% specificity.

Conclusions: Reproducibility between different IOS devices remains acceptable over
two years, though poor between IOS and indirect digitization. The anterior palate appears
relatively stable in young adults. Geometric and superimposition methods demonstrated
robust reliability, unaffected by population differences, whereas sex prediction showed

only moderate accuracy.
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