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Abstract

Background/Objectives: Nonmetric dental traits assessed using the Arizona State Univer-
sity Dental Anthropology System (ASUDAS) are valuable in forensic identification due
to their population-specific variation. However, intranational variability within Indian
populations remains underexplored. To evaluate variation in ASUDAS dental morpho-
logical traits among individuals with different early-life geographic backgrounds and
assess their forensic applicability. Methods: A cross-sectional observational pilot study
was conducted on 55 dental casts of individuals aged 18–22 years. Subjects were grouped
into Maharashtra (n = 37) and non-Maharashtra (n = 18) based on residence from birth
to 10 years. A total of 42 crown traits were assessed using ASUDAS criteria. Statistical
analysis included chi-square or Fisher’s exact test (p < 0.05), and intraobserver reliability
was evaluated using Cohen’s kappa. Results: Significant differences were observed in
maxillary traits such as shoveling (p = 0.004), interruption grooves (p = 0.01), canine ac-
cessory distal ridge (p = 0.022), hypocone (p = 0.029), premolar accessory ridge (p = 0.007),
tuberculum dentale (p = 0.021), and double shoveling (p = 0.001), and mandibular traits
including premolar accessory cusp/protoconule (p < 0.001), anterior fovea (p = 0.005), and
deflecting wrinkle (p < 0.001). Conclusions: The observed variations reflected popula-
tion heterogeneity, supporting the forensic relevance of ASUDAS traits and the need for
region-specific databases.

Keywords: dental morphology; dental anthropology; ASUDAS traits; population
groups; Maharashtra

1. Introduction
Forensic odontology is a branch of dentistry that has a crucial role in the identification

of deceased individuals [1,2]. Personal identification relies on multiple modalities, includ-
ing fingerprints, DNA analysis, lip prints, bite marks, and facial reconstruction. Among
these, dental structures are of particular importance due to their long-term preservation and

Forensic Sci. 2026, 6, 57 https://doi.org/10.3390/forensicsci6030057

https://crossmark.crossref.org/dialog?doi=10.3390/forensicsci6030057&domain=pdf&date_stamp=2026-06-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forensicsci
https://www.mdpi.com
https://orcid.org/0000-0002-2436-4736
https://orcid.org/0000-0003-4021-0953
https://orcid.org/0000-0001-9419-0754
https://orcid.org/0000-0002-2686-0397
https://orcid.org/0000-0002-4585-1357
https://orcid.org/0000-0003-1040-0908
https://orcid.org/0000-0001-7374-5562
https://doi.org/10.3390/forensicsci6030057


Forensic Sci. 2026, 6, 57 2 of 17

resistance to environmental degradation [2]. Teeth and orofacial structures help determine
fundamental biological characteristics such as age, sex, stature, and ancestry, which are
essential in investigations.

Dental morphology exhibits considerable biological variability, primarily influenced
by genetic inheritance and evolutionary processes. These morphological traits are highly
heritable, population-specific, and remain stable even after development, making them
reliable markers for assessing population affinity as well as the identification of the deceased
individual [1–3].

From an anthropological perspective, the distribution of dental morphological traits is
expressed through principles of population genetics and evolutionary biology, including
natural selection, genetic drift, gene flow, and population isolation. These processes take
place over long periods of time, thus creating variation in trait frequencies across popula-
tions. Additionally, genetic structures in these populations may indirectly influence dental
morphology patterns at the population level without altering the trait’s expression at the
individual level due to naturally occurring differences within populations (ecogeographic
variation) and genetic adaptation to various environments (ecological adaptation) [1,3–5].

The Arizona State University Dental Anthropology System (ASUDAS) is a widely
accepted and standardized method for recording nonmetric dental morphological traits
across human populations. It includes a comprehensive set of crown, root, and skeletal
characteristics that are scored using an ordinal system with reference plaques. This stan-
dardization ensures objectivity and reproducibility in trait assessment. ASUDAS traits are
largely genetically determined and develop early in odontogenesis, with minimal environ-
mental influence after formation. Owing to their stability, these traits are extensively used
to study biological diversity, population relationships, and evolutionary patterns [6–10].

Previous studies on Indian populations have demonstrated regional and population-
specific variation in ASUDAS traits. For instance, studies have reported distinct dental trait
patterns among tribal populations of Maharashtra and comparative data obtained from the
National Capital Region, highlighting intranational variability in dental morphology [4,11].
These findings emphasized the importance of developing population-specific databases to
improve the accuracy of forensic identification [9,12].

Research on dental anthropology reveals a variation in the global expression pattern
of tooth and orofacial morphologies across both East and Southeast Asia, because of
a long-term population history and migration patterns. Such findings highlight that
dental morphological variation often corresponds to biogeographic regions, suggesting
that geographic and ecological factors, acting through evolutionary mechanisms, may
contribute to observed differences in trait distribution [1,5,6,13].

Climatic influences on human morphology have been widely documented, with
ecogeographic principles such as Allen’s rule demonstrating that temperature can shape
phenotypic traits through both long-term genetic adaptation and developmental plasticity,
often manifesting from early life stages, whereas Carabelli’s cusp and reduced shoveling
frequencies are more typical of European and many South Asian populations [1,2,9,14].

Despite the established utility of ASUDAS, there is a lack of comprehensive data
representing the diversity of Indian populations. In a highly heterogeneous country such as
India, marked by extensive migration and genetic diversity, dental morphological variation
within regions is difficult to characterize.

Although ASUDAS traits are predominantly genetically determined, their distribution
at the population level reflects underlying genetic structure shaped by ancestry, migra-
tion, and demographic history. Anthropological studies have demonstrated that while
nonmetric dental traits are largely genetically controlled, their population-level variation
reflects long-term evolutionary processes and biogeographic patterns [5,7,15]. Variations
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in trait frequencies across geographic regions have been widely documented, suggesting
that dental morphology can serve as an indirect marker of population history. Similar
population-level variation in dental morphological traits has been widely documented in
different ethnic groups, further supporting their utility in reflecting underlying population
history and biological affinity [5].

Environmental and climatic conditions do not directly affect the manifestation of
nonmetric dental traits post-development, as these characteristics are mainly genetically es-
tablished during odontogenesis. However, climate could potentially have an indirect effect
on population-level variation during long periods of evolution. Climatic circumstances can
influence patterns of human migration, population dispersion, and degrees of isolation,
which, in turn, affect gene flow and genetic drift. Over generations, these processes may
contribute to disparities in the frequency and distribution of dental features across popula-
tions. Therefore, the present study does not presume a direct causal relationship between
climate and dental morphology but employs an exploratory strategy to evaluate variation
in ASUDAS features among people with diverse early-life geographic backgrounds [16].

1.1. Aim

To evaluate variation in dental morphological characteristics using the Arizona State
University Dental Anthropology System (ASUDAS) among individuals with different
early-life geographic backgrounds, and to assess their potential forensic applicability in
population differentiation.

1.2. Objectives

(i) To assess the extent and nature of the manifestation of dental morphological char-
acteristics on dental casts using the Arizona State University Dental Anthropology
System (ASUDAS).

(ii) To compare the manifestation of selected dental characteristics among individuals
with different early-life geographic backgrounds.

(iii) To evaluate the potential of dental morphological characteristics for population differ-
entiation and forensic identification.

2. Materials and Methods
(i) Study Design and Reporting Framework:

The study was a cross-sectional observational study performed on dental casts re-
trieved from the department archives and adhered to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement. The study was planned as a
pilot investigation to explore variation in ASUDAS characteristics among individuals with
differing early-life geographic backgrounds.

(ii) Ethical Considerations:

The study received ethical exemption from the Institutional Ethics Committee as it was
performed on anonymized and existing dental casts without any human-identifiable data.

(iii) Study Population & Sample Size:

Considering the retrospective nature of the study, the sample size was finalized mainly
on the availability of appropriate dental casts in the departmental archives. Only those
casts that satisfied the inclusion criteria and showed complete dentition with minimal
wear, distortion, or damage were selected. As this study included archival data, the
sample size was therefore limited by the number of usable casts rather than by prospec-
tive recruitment. Accordingly, a total of 55 dental casts were included for analysis. The
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study sample consisted of 55 individuals, divided into two groups based on early-life
geographic residence:

• Maharashtra group (n = 37): individuals residing in Maharashtra from birth to age 10
• Non-Maharashtra group (n = 18): individuals raised outside Maharashtra during

childhood but residing in Maharashtra after the age of 18.

(iv) Age and Sex Distribution:

The age of individuals represented by the casts was 18–22 years, selected to ensure
complete permanent dentition, excluding third molars, and to minimize the influence of
causes like carious lesions or non-carious alterations on trait observation.

(v) Inclusion and exclusion criteria:

• Inclusion criteria: Intact maxillary and mandibular casts without casting defects
or distortion and presence of dental crown traits amenable to ASUDAS analysis.

• Exclusion criteria: Casts with defects occurring during impression or casting
procedures, such as air bubbles, fractures, distortions, or surface irregularities
affecting crown anatomy, were excluded. Additionally, skeletal traits and root
traits described in ASUDAS were not considered, as the dental casts consist only
of crowns of maxillary and mandibular teeth.

(vi) Rationale for Cast-Based Study:

Dental casts were selected because they preserve most teeth, including anterior and
posterior dentition, and provide a reliable record of crown morphology with minimal
defects. They also enable comprehensive analysis of both maxillary and mandibular arches.

(vii) Trait Selection and Assessment:

The traits representing the maximum expression were included in maxillary and
mandibular arches from the Maharashtra and Non-Maharashtra populations, as illustrated
in Figures 1 and 2 and Table 1. The identification and scoring were performed using Arizona
State University Dental Anthropology System (ASUDAS) reference plaques and guidelines
(Scott & Irish, 2017) [6]. A total of 42 nonmetric dental traits described in the ASUDAS were
considered; however, only crown traits that were clearly observable on dental casts were
included for analysis. The traits assessed included features of the anterior and posterior
dentition involving crown morphology, such as shovel-shaped incisors, tuberculum dentale,
cusp number and pattern variations, and other nonmetric crown characteristics as defined
in the ASUDAS (Table 1).

(viii)Data Collection and Analysis:

All traits were scored by a single examiner trained in ASUDAS methodology. The
examiner was blinded to the age, sex, and ancestry of the subjects during scoring to
reduce observer bias. Calibration was performed using ASUDAS plaques before data
collection. Intra-observer agreement was assessed after 2 weeks using Cohen’s kappa,
with a value of ≥0.80 considered acceptable. A pre-validated ASUDAS data collection
form, with all crown traits and their respective scoring ranges, was used. The scores were
entered manually into a structured Excel sheet and later exported to IBM Statistical Package
for Social Sciences (Statistics for Windows, Version 21.0. IBM, Armonk, NY, USA) for
statistical analysis.

Data validation was performed by double-checking entries and identifying missing
or inconsistent scores. Any discrepancies were resolved by re-evaluating the dental cast.
The frequencies of traits were analyzed using the Chi-square test or Fisher’s exact test,
depending on expected cell counts. For statistical analysis, the graded scores were recoded
into “present” and “absent” categories based on standard ASUDAS criteria. A p-value of
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<0.05 was considered statistically significant. Given the limited sample size and the number
of traits analyzed, the statistical analysis was considered exploratory in nature.

 

Figure 1. ASUDAS Traits observed in the Maharashtra-residing populace.

 

Figure 2. ASUDAS Traits observed in non-Maharashtra populace.
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Table 1. Dental Morphological Traits Selected for Analysis Using ASUDAS.

Arch Trait Tooth/Region (ASUDAS
Notation Where Applicable) Scoring Criteria

Maxillary Winging UI1 ASU 0–3

Shoveling UI1 + = ASU 2–6

Double Shoveling UI1 + = ASU 2–6

Labial Convexity UI1 + = ASU 2–4

Interruption Grooves UI2 + = ASU 1–2

Peg Lateral Incisor UI2 Presence/Absence

Tuberculum Dentale UI2 + = ASU 2–6

Canine Accessory Distal Ridge UC + = ASU 2–5

Premolar Accessory Cusp UP1 + = ASU 1–3

Premolar Accessory Ridge UP2 + = ASU 2–4

Hypocone UM2 + = ASU 2–5

Metaconule UM1 + = ASU 1–4

Carabelli’s Trait UM1 + = ASU 2–7

Parastyle UM1 + = ASU 1–6

Upper Molar Accessory Cusp
(Protoconule) UM1 + = ASU 1–5

Midline Diastema * Anterior region Presence/Absence

Distosagittal Ridge * UP1 Presence/Absence

Peg-Shaped Molars * UM3 Presence/Absence

Premolar Odontome * UP1/UP2 Presence/Absence

Palatal Torus * Palatal region Presence/Absence

Mandibular Canine Accessory Distal Ridge LC + = ASU 2–5

Premolar Lingual Cusp Number LP2 1/2/3 cusps

Premolar Accessory Cusp
(Protoconulid) LP2 + = ASU 1–5

Anterior Fovea LM2 + = ASU 2–5

Lower Molar Groove Pattern LM1 Y/+ pattern

Lower Molar Cusp Number
(Hypoconulid) LM1 4/5 cusps

Deflecting Wrinkle LM1 + = ASU 2–3

Protostylid LM1 + = ASU 2–7

Metaconulid LM1 + = ASU 1–4

Mandibular Winging * LI1 Recorded (non-ASUDAS)

Mandibular Shoveling * LI Recorded (non-ASUDAS)

Peg-Shaped Molars * LM3 Presence/Absence

Premolar Odontome * LP1/LP2 Presence/Absence

Torus Mandibularis * Lingual mandible Presence/Absence

Torsomolar Angle * LM3 Presence/Absence
Traits marked with an asterisk * were supplementary traits included for analysis.
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(ix) Data Sources and Measurement:

The nonmetric characteristics of the dental crowns were scored using the conven-
tional ordinal scoring system of ASUDAS with the aid of reference plaques [2,6]. Grade
0 represented absence of the trait, while higher grades indicated increasing expression.
Lower grades represented minimal expression, intermediate grades represented moderate
development, and higher grades represented well-developed morphology.

Scoring was performed by visually comparing each dental cast with ASUDAS plaques,
and the closest matching grade was selected. In cases where the expression appeared
between two grades, the lower grade was recorded to prevent overestimation.

For statistical purposes, scores equal to or above the defined cut-off were categorized
as “present”, and those below were categorized as “absent”, allowing for standardized
comparison between groups.

3. Results
The comparison of morphological traits between Maharashtra and non-Maharashtra

subjects showed statistically significant differences in a few maxillary and mandibular
traits, while most traits did not show any significant difference.

Among the mandibular traits (Table 2), the premolar accessory cusp/protoconule
showed a highly significant difference (p < 0.001), with Grade 0 being present in 72.2%
of non-Maharashtra subjects compared to 2.7% in Maharashtra subjects. The anterior
fovea also showed a significant difference (p = 0.005), being more pronounced in the
non-Maharashtra group, where Grade 0 was seen in 38.9% compared to 5.4% in the Ma-
harashtra group. Another highly significant difference was observed in the deflecting
wrinkle (p < 0.001), which was absent in 72.2% of non-Maharashtra individuals compared
to only 16.2% in Maharashtra, where higher grades (Grade 2 and Grade 3) were more
frequently expressed.

The remaining mandibular features, including winging (p = 0.714), shoveling
(p = 0.081), canine accessory distal ridge (p = 0.459), premolar lingual cusp (p = 0.094),
lower molar groove pattern (p = 0.973), lower molar cusp number/hypoconulid (p = 0.2),
protostylid (p = 0.065), and metaconulid (p = 0.161), did not show statistically significant
variation between the two groups. Additionally, traits such as pegged lateral incisors,
peg-shaped molars, odontome, torus mandibularis, and torsomolar angle were uniformly
absent across all participants.

Among the maxillary traits (Table 3), a significantly higher occurrence of shoveling
was noted among non-Maharashtra individuals (p = 0.004), where Grade 1 shoveling
was observed in 61.1% of non-Maharashtra participants compared to 18.9% in Maha-
rashtra participants. Interruption grooves were more frequent in the non-Maharashtra
group (22.2%) than in the Maharashtra group (p = 0.01). The canine accessory distal ridge
showed significant variation (p = 0.022), with Grade 1 expression seen exclusively among
non-Maharashtra individuals (22.2%), while Maharashtra individuals predominantly ex-
hibited Grade 0 (51.4%). A significant difference was also observed in the expression of
the hypocone (p = 0.029), where Grade 5 was seen more commonly in non-Maharashtra
individuals (72.2%) compared to 40.5% in the Maharashtra group. Premolar accessory
ridge expression was significantly higher among non-Maharashtra individuals (p = 0.007),
with Grade 2 expression in 66.7% compared to 21.6% among Maharashtra individuals.
The tuberculum dentale showed a significant difference (p = 0.021), being more frequent
in non-Maharashtra individuals (44.4%) with Grade 0, compared to 5.4% in Maharashtra
individuals. The largest difference was observed in double shoveling, which was found to
be significantly higher in non-Maharashtrians (p = 0.001), where Grade 1 was found in 50%
and Grade 2 in 38.9%, whereas in the Maharashtra group, Grade 0 was found in 64.9%.
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Table 2. Maharashtra vs. Non-Maharashtra for the traits being present and grades in the mandibular region.

Categories N

Group
Chi Square p ValueMaharashtra

(N (%))
Non-Maharashtra

(N (%))

Mandibular WINGING Grade 0 34 24 (64.9) 10 (55.6) 1.364 0.714
Grade 1 16 10 (27) 6 (33.3)
Grade 2 4 2 (5.4) 2 (11.1)
Grade 3 1 1 (2.7) 0 (0)

Mandibular SHOVELING Grade 0 31 17 (45.9) 14 (77.8) 5.021 0.081
Grade 1 19 16 (43.2) 3 (16.7)
Grade 2 5 4 (10.8) 1 (5.6)

Mandibular CANINE ACCESSORY DISTAL
RIDGE Grade 0 37 24 (64.9) 13 (72.2) 1.559 0.459

Grade 1 15 10 (27) 5 (27.8)
Grade 2 3 3 (8.1) 0 (0)

Mandibular PEGGED LATERAL INCISOR Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)

Mandibular PREMOLAR ACCESSORY
CUSP/PROTOCONULE Grade 0 14 1 (2.7) 13 (72.2) 32.095 <0.001

Grade 1 14 12 (32.4) 2 (11.1)
Grade 2 15 12 (32.4) 3 (16.7)
Grade 3 8 8 (21.6) 0 (0)
Grade 4 3 3 (8.1) 0 (0)
Grade 5 1 1 (2.7) 0 (0)

Mandibular PEG SHAPED MOLARS Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)

Mandibular PREMOLAR ODONTOME Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)

Mandibular PREMOLAR LINGUAL CUSP Grade 0 9 9 (24.3) 0 (0) 6.4 0.094
Grade 1 30 19 (51.4) 11 (61.1)
Grade 2 15 8 (21.6) 7 (38.9)
Grade 3 1 1 (2.7) 0 (0)

Mandibular ANTERIOR FOVEA Grade 0 9 2 (5.4) 7 (38.9) 12.975 0.005
Grade 1 12 7 (18.9) 5 (27.8)
Grade 2 22 17 (45.9) 5 (27.8)

Grade 3 12 11 (29.7) 1 (5.6)
Grade 4 0 0 (0) 0 (0)

Mandibular LOWER MOLAR GROOVE PATTERN + 49 33 (89.2) 16 (88.9) 0.001 0.973
Y 6 4 (10.8) 2 (11.1)

Mandibular LOWER MOLAR CUSP
NUMBER/HYPOCONULID Grade 0 51 36 (97.3) 15 (83.3) 4.637 0.2

Grade 1 1 0 (0) 1 (5.6)
Grade 2 0 0 (0) 0 (0)
Grade 3 0 0 (0) 0 (0)
Grade 4 2 1 (2.7) 1 (5.6)
Grade 5 1 0 (0) 1 (5.6)

Mandibular DEFLECTING WRINKLE Grade 0 19 6 (16.2) 13 (72.2) 19.433 <0.001
Grade 1 8 5 (13.5) 3 (16.7)
Grade 2 17 16 (43.2) 1 (5.6)
Grade 3 11 10 (27) 1 (5.6)

Mandibular PROTOSTYLID Grade 0 15 11 (29.7) 4 (22.2) 5.461 0.065
Grade 1 25 13 (35.1) 12 (66.7)
Grade 2 15 13 (35.1) 2 (11.1)

Mandibular METACONULID Grade 0 30 18 (48.6) 12 (66.7) 3.651 0.161
Grade 1 19 13 (35.1) 6 (33.3)
Grade 2 6 6 (16.2) 0 (0)

Mandibular TORUS MANDIBULARIS Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)
Grade 2 0 0 (0) 0 (0)

Mandibular TORSOMOLAR ANGLE Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)
Grade 2 0 0 (0) 0 (0)
Grade 3 0 0 (0) 0 (0)

Bold values indicate statistically significant results (p < 0.05).
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Table 3. Maharashtra vs. Non-Maharashtra for the traits being present and grades in the maxillary region.

Categories N

Group
Chi Square p ValueMaharashtra

(N (%))
Non-Maharashtra

(N (%))

Maxillary WINGING Grade 0 34 21 (56.8) 13 (72.2) 1.56 0.669
Grade 1 13 10 (27) 3 (16.7)
Grade 2 7 5 (13.5) 2 (11.1)
Grade 3 1 1 (2.7) 0 (0)

Maxillary SHOVELING Grade 0 4 4 (10.8) 0 (0) 13.163 0.004
Grade 1 18 7 (18.9) 11 (61.1)
Grade 2 18 12 (32.4) 6 (33.3)
Grade 3 15 14 (37.8) 1 (5.6)

Maxillary INTERRUPTION GROOVES Grade 0 50 36 (97.3) 14 (77.8) 9.216 0.01
Grade 1 4 0 (0) 4 (22.2)
Grade 2 1 1 (2.7) 0 (0)

Maxillary CANINE MESIAL RIDGE Grade 0 48 34 (91.9) 14 (77.8) 3.524 0.172
Grade 1 4 1 (2.7) 3 (16.7)
Grade 2 3 2 (5.4) 1 (5.6)

Maxillary CANINE ACCESSORY DISTAL RIDGE Grade 0 25 19 (51.4) 6 (33.3) 13.2 0.022
Grade 1 4 0 (0) 4 (22.2)
Grade 2 14 9 (24.3) 5 (27.8)
Grade 3 7 5 (13.5) 2 (11.1)
Grade 4 4 4 (10.8) 0 (0)
Grade 5 1 0 (0) 1 (5.6)

Maxillary UPPER PREMOLAR ACCESSORY
CUSPS Grade 0 54 36 (97.3) 18 (100) 0.495 0.481

Grade 1 0 0 (0) 0 (0)
Grade 2 1 1 (2.7) 0 (0)

Maxillary MIDLINE DIASTEMA Grade 0 52 35 (94.6) 17 (94.4) 0.001 0.982
Grade 1 3 2 (5.4) 1 (5.6)

Maxillary DISTOSAGGITAL RIDGE Grade 0 54 36 (97.3) 18 (100) 0.495 0.481
Grade 1 1 1 (2.7) 0 (0)

Maxillary HYPOCONE Grade 0 13 13 (35.1) 0 (0) 10.802 0.029
Grade 1 10 7 (18.9) 3 (16.7)
Grade 2 3 1 (2.7) 2 (11.1)
Grade 3 0 0 (0) 0 (0)
Grade 4 1 1 (2.7) 0 (0)
Grade 5 28 15 (40.5) 13 (72.2)

Maxillary METACONE Grade 0 0 0 (0) 0 (0) 2.094 0.148
Grade 1 0 0 (0) 0 (0)
Grade 2 0 0 (0) 0 (0)
Grade 3 1 0 (0) 1 (5.6)
Grade 4 0 0 (0) 0 (0)
Grade 5 54 37 (100) 17 (94.4)

Maxillary METACONULE Grade 0 49 33 (89.2) 16 (88.9) 0.758 0.859
Grade 1 2 1 (2.7) 1 (5.6)
Grade 2 3 2 (5.4) 1 (5.6)
Grade 3 1 1 (2.7) 0 (0)

Maxillary CARABELLI’S TRAIT Grade 0 29 20 (54.1) 9 (50) 3.891 0.691
Grade 1 8 4 (10.8) 4 (22.2)
Grade 2 11 7 (18.9) 4 (22.2)
Grade 3 3 3 (8.1) 0 (0)
Grade 4 2 1 (2.7) 1 (5.6)
Grade 5 1 1 (2.7) 0 (0)
Grade 6 0 0 (0) 0 (0)
Grade 7 1 1 (2.7) 0 (0)

Maxillary PEGGED LATERAL INCISORS Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)

Maxillary PREMOLAR ACCESSORY RIDGE Grade 0 15 12 (32.4) 3 (16.7) 14.122 0.007
Grade 1 4 2 (5.4) 2 (11.1)
Grade 2 20 8 (21.6) 12 (66.7)
Grade 3 5 4 (10.8) 1 (5.6)
Grade 4 11 11 (29.7) 0 (0)

Maxillary UPPER MOLAR ACCESSORY
CUSP/PROTOCONULE Grade 0 29 18 (48.6) 11 (61.1) 0.755 0.385

Grade 1 26 19 (51.4) 7 (38.9)
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Table 3. Cont.

Categories N

Group
Chi Square p ValueMaharashtra

(N (%))
Non-Maharashtra

(N (%))

Maxillary PEG SHAPED MOLARS Grade 0 54 36 (97.3) 18 (100) 0.495 0.481
Grade 1 1 1 (2.7) 0 (0)

Maxillary PREMOLAR ODONTOME Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)

Maxillary PALATINE TORUS Grade 0 55 37 (100) 18 (100)
Grade 1 0 0 (0) 0 (0)

Maxillary DOUBLE SHOVELING Grade 0 26 24 (64.9) 2 (11.1) 16.118 0.001
Grade 1 14 5 (13.5) 9 (50)
Grade 2 14 7 (18.9) 7 (38.9)
Grade 3 1 1 (2.7) 0 (0)

Maxillary LABIAL CONVEXITY Grade 0 22 18 (48.6) 4 (22.2) 6.428 0.169
Grade 1 12 6 (16.2) 6 (33.3)
Grade 2 19 12 (32.4) 7 (38.9)
Grade 3 1 1 (2.7) 0 (0)
Grade 4 1 0 (0) 1 (5.6)

Maxillary PARASTYLE Grade 0 54 36 (97.3) 18 (100) 0.495 0.481
Grade 1 0 0 (0) 0 (0)
Grade 2 0 0 (0) 0 (0)
Grade 3 0 0 (0) 0 (0)
Grade 4 0 0 (0) 0 (0)
Grade 5 0 0 (0) 0 (0)
Grade 6 1 1 (2.7) 0 (0)

Maxillary TUBERCULUM DENTALE Grade 0 10 2 (5.4) 8 (44.4) 13.251 0.021
Grade 1 23 18 (48.6) 5 (27.8)
Grade 2 12 9 (24.3) 3 (16.7)
Grade 3 7 5 (13.5) 2 (11.1)
Grade 4 1 1 (2.7) 0 (0)
Grade 5 2 2 (5.4) 0 (0)

Mandibular WINGING Grade 0 34 24 (64.9) 10 (55.6) 1.364 0.714
Grade 1 16 10 (27) 6 (33.3)
Grade 2 4 2 (5.4) 2 (11.1)
Grade 3 1 1 (2.7) 0 (0)

Bold values indicate statistically significant results (p < 0.05).

In contrast, other maxillary features such as winging (p = 0.669), canine mesial ridge
(p = 0.172), upper premolar accessory cusp (p = 0.481), midline diastema (p = 0.982),
distosagittal ridge (p = 0.481), metacone (p = 0.148), metaconule (p = 0.859), Carabelli’s trait
(p = 0.691), labial convexity (p = 0.169), and parastyle (p = 0.481) did not show statistically
significant differences between the two groups.

To summarize, there were marked regional differences in the presence of maxillary
shoveling, interruption grooves, canine accessory distal ridge, hypocone, premolar acces-
sory ridge, tuberculum dentale, double shoveling, and mandibular premolar accessory
cusp/protoconule, anterior fovea, and deflecting wrinkle. These differences reflect the
morphological differences among individuals of Maharashtra and non-Maharashtra ori-
gins. Despite statistically significant differences in certain traits, substantial overlap in
trait expression between groups was observed, indicating that these traits cannot be used
deterministically for group classification.

Statistical Analysis

Statistical analysis was conducted using SPSS 29.0. The frequency of traits was com-
pared using Chi-square tests or Fisher’s Exact Test when expected cell values were less
than 5. A p-value of less than 0.05 was considered statistically significant.
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4. Discussion
This cross-sectional study assessed the expression of crown features of the Arizona

State University Dental Anthropology System (ASUDAS) in two groups of young adults
who differed according to their residence in Maharashtra or outside Maharashtra during
their early life, through maxillary and mandibular dental casts. Individuals who had
resided in a particular geographical region from birth up to 10 years of age were included
in the respective groups, as this period aligns with the formative stages of permanent
tooth crown development [1–3,5,15]. Individuals in the non-Maharashtra group were those
who had spent their childhood outside Maharashtra and migrated to Maharashtra only
after the age of 18 years. The age of 18 years was considered the cut-off to ensure that the
early developmental period, which is critical for the expression of dental morphological
traits, was completed in a different geographical setting. This ensured that the influence
of early environmental and population background was consistent within each group
and minimized overlap between childhood and adult residence [1–3,7,14]. The current
study demonstrated variation in the frequency and expression of various ASUDAS traits
between the two groups, without attributing a definitive underlying causal factor for
such differences.

Due to the study’s retrospective design, particular geographic origin, ethnicity, and
ancestry information for members of the non-Maharashtra group were not accessible. As
a result, rather than representing distinct biological populations, the groups may contain
people from a variety of genetic and ethnic backgrounds, reflecting underlying population
variability. Although environmental and ecological factors have been examined concerning
long-term population variation, their direct impact on the expression of dental morpho-
logical traits is relatively limited compared to genetic determinants [15,16]. Recent studies
indicate that dental morphological variation predominantly represents neutral evolutionary
processes, including genetic drift and population history, thereby enhancing their applica-
bility in the examination of population structure and biological affinity. Distinct patterns in
trait expression were observed between the Maharashtra-residing group (Group 1) and the
non-Maharashtra-residing group (Group 2), suggesting that the observed differences may
reflect variation in underlying population structure and demographic background.

(i) Population-based variation in ASUDAS traits

Dental morphological traits are highly heritable, selectively neutral, and relatively
stable over evolutionary timescales, which makes them excellent proxies for reconstructing
population history and affinity when skeletal DNA is absent or degraded [1–3,17]. The her-
itability and neutrality of many ASUDAS traits have been supported in large-scale global
datasets and genetic correlation studies [6,7,14]. Traits such as shoveling, Carabelli’s cusp,
cusp number variation, and accessory ridges often show population-specific frequencies
and can differentiate major geographic groups [1–3]. Recent global analyses of ASUDAS
traits have revealed considerable inter- and intra-population heterogeneity, underscoring
the necessity of multi-trait methodologies in interpreting dental morphological variation
among diverse populations [13]. Genetic research has identified particular variants, includ-
ing those in the EDAR gene, that exhibit a strong correlation with traits such as incisor
shoveling, thereby supporting the genetic foundation and population-specific nature of
dental morphological variation [15]. In the present study, Group 1 (Maharashtra residents)
demonstrated higher frequencies of shoveling, Carabelli’s cusp, accessory distal ridges,
upper premolar accessory cusps and ridges, metacone, metaconule, and protoconule, along
with features such as tuberculum dentale and midline diastema. In contrast, Group 2 (non-
Maharashtra residents) showed a greater prevalence of interruption grooves, hypocone
expression/reduction patterns, double shoveling, labial convexity, and distosagittal ridge
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in the maxillary dentition, as well as differences in lingual cusp number, lower molar cusp
number, and groove pattern in the mandibular dentition.

These findings are consistent with the general principle that ASUDAS traits exhibit
marked inter-population variation and can reflect underlying genetic heterogeneity. The
traits are thus highly heritable, population-specific, and primarily reflect genetic struc-
ture [1–3,6,7,14].

(ii) Comparison with Indian ASUDAS-based studies

Within India, several ASUDAS-based studies have highlighted considerable intra-
national variation in nonmetric crown traits [4,8,18,19]. Recent studies on South Indian
populations have similarly shown that nonmetric dental traits show different frequencies
in different populations. This further demonstrates the need for regionally stratified dental
morphology databases for accurate anthropological and forensic interpretation [9,12]. Re-
search conducted in the National Capital Region (NCR) indicates a moderate prevalence of
incisor shoveling, low-to-moderate double shoveling, and variable expression of Carabelli’s
cusp and premolar accessory traits [4,18]. These NCR datasets highlight that even within
a relatively confined geographic region, trait frequencies may vary by sex, malocclusion
type, and ethnic background [4,18]. Similarly, work on tribal and regional populations
in Maharashtra using dental morphology has shown population-specific expressions of
Carabelli’s cusp, accessory cusp patterns, and other nonmetric traits, reinforcing the need
for localized dental morphology databases [11,19]. When compared with these reports, the
higher expression of Carabelli’s cusp and complex cusp patterns in the Maharashtra-born
group in the present study appears to be consistent with previously documented trends
for Western Indian and Indo-Aryan populations, which often exhibit relatively robust
molar morphology and frequent Carabelli’s expression [1,11,19]. Meanwhile, the relatively
greater expression of hypocone variation, double shoveling, and simplified cusp patterns
in the non-Maharashtra group underscores that migrants into Maharashtra likely represent
heterogeneous ancestries and regional backgrounds, in line with the demographic diversity
of the Indian subcontinent [4,8,18,19].

Overall, the trait distributions reported in this study align with the broader Indian
literature in suggesting that ASUDAS traits are sensitive to regional and ethnic composition
and that no single “Indian” dental pattern can represent the entire country [4,8,9,12,18,19].

(iii) Global context and climatic considerations

Globally, shoveling of upper incisors, double shoveling, and certain accessory cusp
configurations are classically associated with East Asian and Native American populations.
The intermediate to moderate expression of shoveling and the appreciable expression of
Carabelli’s cusp observed in Group 1 fit within the expected range for South Asian denti-
tions, which are often described as morphologically intermediate between Western Eurasian
and Eastern Eurasian extremes [1,2,6,7,9,19]. Evidence suggests that dental morphological
traits such as shoveling are mostly determined by genes and not by the environment.
This is because certain gene variants influence the trait expression. Studies conducted in
different regions of India have found similar results, with traits such as shoveling being
very common in maxillary incisors, thereby demonstrating population-specific variations
within a particular region [20]. It is important to note that no direct climatic variables such
as temperature, humidity, or rainfall were measured in the present study, and no formal
climate classification was applied. Thus, the observed differences cannot be attributed to
climate in the absence of genetic or ancestry-related data.

Ecological and climatic influences on dental traits have also been reported. Bernal et al.
demonstrated that ecological factors, including climate, can significantly influence dental
size and, to a lesser extent, shape among South American populations, with environmental
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variables explaining a substantial proportion of morphological diversification [16]. In addi-
tion, developmental studies suggest that environmental and epigenetic factors—including
nutrition, prenatal conditions, and early-life exposures—can modulate the expression of
dental traits, even when underlying genetic control is strong [15,16]. Supporting this,
evidence from dental research indicates that environmental exposures, particularly during
early developmental periods, can play a dominant role in shaping oral characteristics,
emphasizing the importance of early-life context in dental variation [15,16]. While dental
morphology is fundamentally under genetic control, such findings suggest that long-term
residence in distinct climatic and dietary environments may modulate trait distributions at
the population level [16]. In the present study, Maharashtra represents a climatic mosaic
with a coastal region, semiarid plateau, and hot-dry inland zones. The comparatively
robust and complex crown morphology seen in the Maharashtra-born group may, at least
in part, reflect long-term adaptation to local ecological and dietary regimes, whereas the
trait profile of the non-Maharashtra group likely reflects mixed ancestry and differing
climatic histories. However, given the cross-sectional design and small sample, these cli-
matic interpretations must be considered with caution and treated as hypothesis-generating
rather than definitive. Additionally, population structure could not be controlled because
the study population lacked genetic, ancestry, or ethnic background data. Because of this,
any environmental or climatic interpretation is still theoretical and cannot be separated
from underlying genetic influences.

(iv) Genetic structure, migration, and trait combinations

A study performed by Rathmann and Reyes-Centeno demonstrated that particular
combinations of dental traits can maintain neutral genetic signals and can be utilized to
estimate the underlying genomic structure in various human populations [7]. Their study
supports the view that carefully selected ASUDAS trait combinations are informative
for reconstructing neutral genetic variation when genetic data are limited or unavail-
able [7,14]. Dental morphological traits, owing to their high heritability and resistance to
post-developmental remodeling, have also been widely used to trace population admix-
ture and microevolutionary changes across generations [1–3,5]. The clear differentiation
in trait combinations between Group 1 and Group 2 in the present study—particularly
involving shoveling, Carabelli’s cusp, hypocone expression, groove patterns, and accessory
ridges—suggests that even at a small scale, ASUDAS traits may be useful in distinguishing
regional or demographic backgrounds within India. Future work incorporating genomic
markers alongside ASUDAS scoring would be valuable to confirm how closely these trait
combinations track neutral genetic variation in South Asian populations.

(v) Forensic and anthropological implications

From a forensic standpoint, nonmetric dental traits are advantageous because they
are preserved even when soft tissues and much of the skeleton are destroyed [1–3,21]. The
resilience of dental tissues to postmortem degradation further reinforces their value in
forensic identification, particularly in cases where other biological structures are compro-
mised [1–3,21]. Recent advancements such as rASUDAS2 demonstrate that combinations of
dental morphological traits can reliably estimate biogeographic ancestry, achieving substan-
tial classification accuracy across global populations [10,14]. ASUDAS-based approaches
in ancestry estimation software such as rASUDAS have shown that dental characteristics
can play an important role in the assessment of population affinity in both forensic and
archaeological studies [3,10,21,22]. In the Indian context, where large-scale region-specific
dental morphology databases are still not available, the current study provides preliminary
evidence that there is a difference in the distribution of trait frequencies between those
who have lived in Maharashtra in early life and those who have migrated from other
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states. These findings support the notion that, with larger and more systematically sampled
datasets, ASUDAS traits could enhance biogeographic profiling and narrow the search
field in unidentified human remains cases.

From an anthropological perspective, the variation that has been observed also has
implications for the migration and admixture of populations in India. The migration of
people into Maharashtra from other regions, including distant areas, particularly into the
urban areas, may have contributed to the morphological variation that has been observed
in Group 2. In addition to the existing literature on the dental morphology of various
tribes and regions of India [8,9,11,12,19], this information will eventually be used to inform
models of population history and migration in the subcontinent.

(vi) Strengths of the study

The present study explores an area that has received limited attention in forensic
odontology, particularly with respect to intranational variation in dental morphological
traits. The use of the Arizona State University Dental Anthropology System (ASUDAS)
adds methodological strength by providing a well-established and standardized approach
for recording nonmetric dental characteristics. As a pilot study, it offers preliminary
insights into regional variations in dental morphology and highlights the need for larger,
population-based studies in the future.

(vii) Methodological considerations, limitations, and future directions

Methodologically, the use of dental casts rather than skeletal material allowed for a
detailed scoring of crown characteristics with less ethical concern and good preservation
of anterior and posterior dentition. The use of standardized ASUDAS plaques and an
individual scoring approach (scoring the side with the maximum expression of the trait)
improves comparison with international data and minimizes the chance of underestimating
trait expression [1,2,6,10,19,21]. However, some limitations need to be considered. The
sample size was small (n = 55, limiting statistical power and precluding robust analysis
of sexual dimorphism or finer regional stratification within the non-Maharashtra group.
The grouping based on geographic residence is a pragmatic classification and does not
reflect true biological populations, as ancestry, ethnicity, and genetic background were
not controlled.

Additionally, information on the exact regional origin, ethnicity, and dietary habits of
Group 2 individuals was not stratified, which may mask more subtle substructures.

The cross-sectional nature of the work and reliance on a single generation also restrict
the ability to draw strong inferences regarding intergenerational changes in trait expression
in response to demographic or climatic shifts. While exploratory statistical approaches
(e.g., logistic regression) can suggest that certain trait combinations may have predictive
value for demographic background, larger, multicentric studies with well-defined popu-
lation strata are required to validate predictive models and to integrate ASUDAS traits
with genetic and environmental data [7,14,16,22]. Although dental morphological traits
are useful indicators of population affinity, they should not be used in isolation, and
their interpretation must be complemented with other biological and contextual data to
improve accuracy [23]. Additionally, the grouping of individuals was based solely on
early-life geographic residence and was not derived from a formal climate classification
system. It is important to note that the grouping does not represent well-defined climatic
zones; therefore, comparisons are based on geographic background rather than specific
environmental parameters.

Future studies in India may focus on the following: (i) larger samples from different
states and language groups, (ii) standardized ASUDAS scoring, and (iii) integration with
genomic data to assess the neutral versus adaptive part of the variation in traits. These
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studies will help to create a national database of dental morphology and will improve the
accuracy of forensic identification, as well as our understanding of human biological diver-
sity and adaptation in the Indian subcontinent. This research provides initial intranational
variation data for the ASUDAS trait in Western India, a region where comprehensive dental
morphology databases are scarce.

5. Conclusions
Within the limitations of this pilot study, variation in ASUDAS dental morphological

traits was observed between individuals with different early-life geographic backgrounds.
The study design and sample size do not permit inference of a direct relationship between
environmental or climatic factors and dental morphology. The observed variation is more
likely to reflect underlying population heterogeneity, genetic diversity, and patterns of
migration. Findings are limited to the present sample and cannot be generalized to wider
populations without larger, well-characterized datasets.

ASUDAS remains a robust and standardized tool for the assessment of dental mor-
phological variation and has significant applications in forensic and anthropological inves-
tigations. The establishment of population-specific databases may enhance the accuracy
of population affinity estimation and contribute to a better understanding of biological
diversity within the Indian subcontinent.

Further research involving larger, well-defined, and demographically characterized
populations is necessary to validate these findings and to better understand the relative
contributions of genetic and environmental factors to dental morphological variation.
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