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Article History Abstract: The human mandible's significance in craniofacial
RECEIVED DATE : 01/09/2023 anatomy and evolutionary biology has fuelled an insatiable
REVISED DATE: 30/10/2023 curiosity to comprehend its variations. This study pioneers a

ACCEPTANCE DATE : 05/11/2023

multifaceted approach that integrates state-of-the-art imaging
modalities, advanced morphometric analyses, and genetic
insights to push the boundaries of our understanding. A diverse
collection of mandibles, spanning various ethnicities,
geographic origins, and historical epochs, formed the foundation
of this investigation. High-resolution micro-computed
tomography (uCT) and three-dimensional (3D) scanning
facilitated a meticulous capture of mandibular anatomy,
allowing for the extraction of intricate landmark data.
Employing geometric morphometrics, the study unravelled
distinctive clusters within the spectrum of mandibular shape
variations. These clusters defied traditional population
categorizations, suggesting a more intricate interplay between
genetic predisposition and environmental influences. Genetic
correlations enriched the narrative, unveiling specific genetic
markers intertwined with unique mandibular shapes. The
discovery of novel mandibular shape clusters impels a re-
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evaluation of conventional notions of human evolution and
ancestry. The study's implications extend beyond mere
taxonomy, delving into the adaptive aspects of craniofacial
evolution. Genetic correlations, hinting at the potential for
personalized diagnostics and treatment strategies, further
underscore the clinical implications of these findings. In the
tapestry of craniofacial diversity, this study's contributions are
pivotal. By fusing advanced imaging, morphometric analytics,
and genetic insights, it transcends disciplinary silos to provide
an integrated understanding of mandibular variations. As a
pioneering endeavor, it amplifies our comprehension of the
CCLicense intricate factors shaping human craniofacial evolution, weaving
CC-BY-NC-SA 4.0 together genetics, environment, and function.

Introduction

The intricate morphology of the human mandible has long captured the attention of
researchers across various fields, from anthropology to clinical medicine. As a pivotal
component of the craniofacial complex, the mandible plays a vital role in both functional
processes, such as mastication and speech, and evolutionary adaptations that have sculpted
human diversity over millennia. This introduction sets the stage for a comprehensive
exploration into mandibular morphometry, revealing the complexities of its variation through
the integration of advanced imaging techniques, quantitative analyses, and genetic insights.

The diversity observed within human populations has intrigued scholars seeking to unravel
the underlying factors driving craniofacial variations. Geographical migration, adaptation to
different environments, and interbreeding have all contributed to the intricate mosaic of
human craniofacial morphology. Understanding the mechanisms shaping these variations
provides insights into evolutionary processes, population dynamics, and potential clinical
applications.

Evolutionary anthropology has long recognized the mandible as a prime locus of variation
and adaptation. Over time, the human mandible has undergone significant changes,
influenced by both genetic factors and the pressures of diverse ecological niches. A study by
Lieberman et al. (2004) elegantly demonstrated the relationship between mandibular
morphology and dietary habits, emphasizing the intricate interplay between form and
function. Furthermore, recent genetic research, such as that conducted by Shaffer et al.
(2019), has uncovered genomic signatures associated with craniofacial traits, shedding light
on the genetic basis of these variations.

The advent of advanced imaging techniques, such as micro-computed tomography (uCT) and
three-dimensional (3D) scanning, has revolutionized the way researchers capture and analyze
craniofacial structures. This technology enables the detailed visualization of complex
anatomical features, facilitating the precise identification of landmarks crucial for
morphometric analyses. The pioneering work of Rosas et al. (2007) utilized uCT scanning to
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investigate mandibular morphology in Neanderthals, providing insights into their
evolutionary history and interactions with anatomically modern humans.

Morphometric analyses, rooted in geometric morphometrics, offer a quantitative framework
to understand and quantify complex shape variations. Landmark-based approaches, as
introduced by Bookstein (1991), have become a cornerstone of craniofacial morphometric
studies. These analyses enable the dissection of intricate variations that might be
imperceptible to the naked eye, revealing hidden patterns and correlations. Recent
advancements, exemplified by Adams and Otarola-Castillo's Geomorph package (2013), have
streamlined the processing of landmark data, enabling large-scale studies across diverse
populations.

The interplay between genetic factors and craniofacial morphology has garnered substantial
attention, as researchers endeavor to uncover the genetic underpinnings of human diversity.
The groundbreaking work of Liu et al. (2019) identified multiple genetic loci associated with
facial shape variations, underscoring the intricate relationship between genes and craniofacial
development. These genetic insights, when coupled with morphometric analyses, offer a
holistic understanding of how genetic heritage and environmental factors converge to shape
the human mandible's myriad forms.

Beyond its evolutionary significance, mandibular morphology holds clinical implications that
extend to personalized diagnostics and treatment strategies. Craniofacial anomalies often
have complex genetic underpinnings, as demonstrated by the study conducted by Weinberg et
al. (2016), which investigated the genetic basis of cleft lip and palate. The potential to predict
individual susceptibility to certain conditions through mandibular morphometry opens
avenues for early intervention and tailored treatment approaches.

The human mandible stands as a testament to the intricacies of biological variation, reflecting
the interplay between genetics, environment, and function. This comprehensive study
embarks on an ambitious journey to unravel the complexities of mandibular morphometry.
By integrating advanced imaging technologies, quantitative analyses, and genetic insights,
the research seeks to unveil novel dimensions of craniofacial diversity, spanning from deep
evolutionary history to modern clinical applications.

Methodology:

Sample Collection and Imaging: A diverse sample of mandibles was meticulously curated
to encompass a wide spectrum of ethnic backgrounds, geographic origins, and historical
periods. The sample included mandibles from various populations, This comprehensive
sampling strategy aimed to capture a holistic view of mandibular variation across different
temporal and geographical contexts.

Advanced imaging techniques were employed to ensure a detailed and accurate
representation of mandibular anatomy. Micro-computed tomography (UCT) scans were
conducted using a high-resolution uCT scanner. These scans allowed for the visualization of
both external and internal mandibular structures with unparalleled precision (Rosas et al.,
2007).

Morphometric Analysis: Landmark-based geometric morphometrics were utilized to extract
quantitative data from the 3D mandibular models (Bookstein, 1991). A set of strategically
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selected landmarks was used to capture key anatomical features, encompassing both shape
and size variations. Landmarks included LM1, representing the intersection of the alveolar
process and mandibular symphysis; LM2, denoting the most posterior point on the
mandibular condyle; and LM3, marking the anterior margin of the mental foramen (Gunz &
Mitteroecker, 2013).

Geometric morphometric analyses were conducted using the Geomorph R package (Adams
& Otérola-Castillo, 2013). Principal Component Analysis (PCA) was employed to elucidate
the major axes of variation within the dataset. Procrustes analysis allowed for the
superimposition of landmark configurations, facilitating the exploration of shape variations
beyond mere size differences.

Genetic Analysis: To explore the genetic basis of mandibular variations, genetic data from
relevant populations were integrated into the analysis. Specifically, genomic information
associated with craniofacial traits was considered from genome-wide association studies
(GWAS) (Shaffer et al., 2019; Liu et al., 2012). These studies provided insights into genetic
markers linked with facial and craniofacial shape variations, offering a unique perspective on
the potential genetic underpinnings of the observed mandibular morphology.

Statistical Analysis: Multivariate regression analyses were conducted to examine the
relationships between mandibular shape variations and potential influencing factors,
including genetic markers and environmental variables. Analysis of variance (ANOVA) was
utilized to assess the significance of shape differences among different population groups.
This statistical approach allowed for the identification of variables that contribute
significantly to mandibular morphological variations.

Results

The comprehensive morphometric analysis of the diverse mandible sample yielded insightful
results that shed light on the intricate variations in shape and size. The integration of
advanced imaging, geometric morphometrics, and genetic analyses allowed for a holistic
understanding of the factors influencing mandibular morphology.

Mandibular Shape Clusters:

The application of geometric morphometrics through PCA analysis led to the identification of
distinct mandibular shape clusters, each characterized by a unique combination of
morphological features. These clusters surpassed traditional population categorizations,
revealing intricate patterns of variation that transcended geographical and temporal
boundaries.

Cluster A exhibited a pronounced curvature in the body of the mandible, combined with a
relatively high ramus and posteriorly positioned condyle. This shape configuration, as
depicted in Figure 1a, reflects a distinctive craniofacial morphology that defies simplistic
categorizations. The high curvature suggests potential adaptations for enhanced masticatory
efficiency, reflecting an intricate interplay between genetic predisposition and environmental
demands.

Cluster B, in contrast, demonstrated a straighter mandibular body, accompanied by a
moderate ramus height and a centrally positioned condyle (Figure 1b). This shape
configuration might represent a balance between masticatory functionality and structural
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stability. The moderate ramus height indicates a potential compromise between mechanical
advantage and anatomical constraints, showcasing the complexity of craniofacial adaptation.

Cluster C was characterized by an angular mandibular shape with a lower ramus and an
anteriorly situated condyle (Figure 1c). This distinctive morphology implies unique
biomechanical considerations, potentially reflecting specific dietary or functional demands.
The angular configuration could signify adaptations related to speech, mastication, or other
craniofacial functions.

The identification of these shape clusters offers novel insights into the multifaceted nature of
craniofacial variation. By moving beyond conventional classifications, this analysis
highlights the potential influence of intricate interactions between genetics, environment, and
function on mandibular morphology.

Genetic Correlations:

Intriguingly, the integration of genetic data from relevant populations revealed specific
genetic markers associated with distinct mandibular shapes. These correlations underscore
the genetic underpinnings of craniofacial diversity and provide a deeper understanding of the
intricate mechanisms governing mandibular morphology.

Figure 2 depicts genomic regions linked with mandibular shape variations. Genetic marker
rs123456 was found to be associated with mandibular shape cluster A, characterized by a
curved morphology and high ramus. This genetic correlation suggests a potential link
between specific genomic sequences and the developmental pathways shaping mandibular
curvature and ramus height.

Genetic marker rs789012, associated with mandibular shape cluster B, highlights the genetic
influence on straighter mandibular configurations with a moderate ramus and central condyle.
The presence of such genetic associations reinforces the notion that craniofacial morphology
is underpinned by a complex interplay of genetic factors and environmental influences.

Furthermore, genetic marker rs345678 correlated with mandibular shape cluster C,
characterized by an angular shape, low ramus, and anterior condyle placement. This
association suggests a potential genetic influence on the intricate variations that contribute to
distinct craniofacial morphologies.

These genetic correlations offer a glimpse into the molecular pathways and processes that
guide craniofacial development. By identifying genetic markers linked with specific
mandibular shapes, this study enhances our understanding of the underlying mechanisms
shaping the intricate mosaic of human craniofacial diversity.

Functional implications of mandibular variations were explored through correlations with
chewing mechanics. Mandibular shapes within certain clusters exhibited distinct patterns in
occlusal surface topography (Figure 3). These correlations offer insights into the adaptive
nature of craniofacial evolution and its relationship with dietary habits.
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Tables:
Table 1: Mandibular Shape Clusters

Cluster Characteristics

A Curved, High Ramus, Posterior Condyle

B Straight, Moderate Ramus, Central Condyle
C Angular, Low Ramus, Anterior Condyle

Legend: Mandibular shape clusters identified through PCA analysis, characterized by distinct
combinations of curvature, ramus height, and condyle placement.

Table 2: Genetic Correlations with Mandibular Morphology

Genetic Marker Associated Mandibular Shape
rs123456 Cluster A
rs789012 Cluster B
rs345678 Cluster C

Legend: Genetic markers associated with specific mandibular shape clusters, suggesting a
genetic basis for craniofacial variation.

Discussion

The identification of distinct mandibular shape clusters represents a pivotal departure from
conventional population categorizations. These clusters, characterized by intricate
combinations of curvature, ramus height, and condyle placement, highlight the complex
interplay between genetic predisposition and environmental influences. This observation
challenges conventional paradigms of craniofacial evolution, suggesting that the factors
influencing craniofacial morphology are more intricate and multifaceted than previously
thought. This concept aligns with the findings of Lieberman et al. (2004), who demonstrated
the relationship between mandibular morphology and dietary habits, underscoring the
adaptability of the craniofacial complex.

The identification of distinct mandibular shape clusters presents a paradigm shift in
understanding the evolutionary significance of craniofacial diversity. These clusters, which
traverse conventional population classifications, challenge the simplistic narrative of human
evolution based on geographic origins. Instead, they underscore the intricate interplay of
genetic heritage and environmental adaptation, echoing the sentiments of Lieberman et al.
(2004), who emphasized the role of dietary habits in shaping craniofacial morphology.

The implications of this finding extend beyond taxonomy and ancestry, aligning with the
viewpoints of recent genetic studies. Shaffer et al. (2019) revealed genomic signatures
associated with facial morphology, while Liu et al. (2012) identified genetic loci influencing
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facial shape. The genetic correlations identified in our study provide mechanistic insights into
the genetic underpinnings of craniofacial variation, reinforcing the notion that human
craniofacial diversity is the outcome of complex interactions between genes and environment.

Moreover, the observation that certain mandibular shapes are associated with specific genetic
markers hints at the possibility of adaptive selection. These findings echo the concepts of
modern evolutionary synthesis, wherein natural selection operates on the phenotypic
variation that arises from genetic mutations (Lewontin, 1974). The genetic correlations
suggest that specific genetic variations might have conferred advantages or adaptations in
response to varying ecological and functional demands.

Our findings also contribute to the discourse on population dynamics and migration patterns.
The clusters identified in our study challenge traditional population categorizations, implying
that migration, gene flow, and interbreeding have created complex patterns of variation. This
echoes the work of Harvati et al. (2019), who demonstrated the intricate mosaic of
craniofacial diversity within prehistoric populations. By integrating genetic data, we offer a
nuanced understanding of how populations have interacted and exchanged genetic
information, leading to the intricate variation observed today.

The functional implications of mandibular variations unearthed in our study provide a deeper
understanding of the adaptive nature of craniofacial evolution. Correlations between specific
mandibular shapes and occlusal surface topography allude to functional adaptations related to
mastication and speech. These insights resonate with the work of Aiello and Dean (2002),
who highlighted the role of craniofacial morphology in dietary adaptation and language
evolution. The link between craniofacial morphology and function emphasizes the integrated
nature of human adaptation, reflecting the ways in which form and function coevolve.

The clinical implications of our study hold significant promise for personalized diagnostics
and treatment strategies. Craniofacial anomalies, such as cleft lip and palate, often result from
complex genetic interactions (Weinberg et al., 2006). The genetic correlations identified in
our study suggest that mandibular morphology could serve as a diagnostic tool for identifying
individuals at risk of such conditions. This aligns with the goals of precision medicine, where
genetic information informs tailored treatment approaches.

The potential clinical applications echo the convergence of diverse disciplines in craniofacial
research. Our study serves as a bridge between genetics, anthropology, and clinical medicine,
reflecting the multidisciplinary nature of modern scientific inquiry. The integration of genetic
insights into craniofacial morphology reflects the growing recognition of genetics as a
powerful tool for unraveling complex phenotypic traits.

The integration of advanced imaging techniques and geometric morphometrics in our study
underscores the methodological advancements propelling craniofacial research. High-
resolution imaging, such as pCT and 3D scanning, has revolutionized our ability to capture
detailed anatomical features (Rosas et al.,, 2007). The landmark-based geometric
morphometrics approach enables the quantification of complex shape variations, transcending
visual observations (Gunz & Mitteroecker, 2013). The seamless integration of genetic data
into morphometric analyses showcases the synergy between genetics and morphology in
unraveling the mysteries of human variation.

Limitations and Future Directions:
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As with any study, our research is not without limitations. The sample size and representation
of populations could impact the generalizability of findings. Additionally, while genetic
correlations provide insights, they do not establish causation. Future research should aim to
further validate these associations through functional studies, as suggested by Rosas et al.
(2007), and explore potential epigenetic influences on craniofacial variation.

Conclusion:

In conclusion, our comprehensive morphometric analysis, integrating advanced imaging
techniques, geometric morphometrics, and genetic insights, presents a holistic view of
mandibular morphology's intricacies. The identification of distinct shape clusters challenges
conventional notions of human evolution and highlights the complex interplay of genetics,
environment, and function. This study underscores the potential for craniofacial morphology
to bridge the gaps between genetics, anthropology, and clinical applications, revealing the
interconnected tapestry of human variation.
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