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Variable growth patterns and multifactorial mechanisms cause variation in facial shape. These differences in
facial morphology pose challenges for craniofacial reconstruction. Three-dimensional (3D) imaging modalities
are a valuable resource for examining these variations. In this study, we used geometric morphometric methods
to evaluate the effects of population affinity, sex, age, and allometry on the variation and covariation of hard and
soft tissue facial morphology matrices in a sample of French and white South African individuals. Seventy-six and
108 cone-beam computed tomography scans of white South African and French nationals, respectively, were
retrospectively acquired. Three-dimensional anatomical structures (hard and soft tissue matrices) were extracted
using MeVisLab®© v. 2.7.1 software for dense landmarking of 43 craniometric, 50 capulometric, and 559 sliding
landmarks. Geometric morphometric analyses were used to quantify shape differences attributed to population
affinity, sex, age, and allometry and assess the covariation between hard tissue structures and soft facial tissues.
Hard and soft tissue facial matrices were influenced by population differences, sexual dimorphism, and aging.
Compared to sex and age, population affinity had the strongest influence on variation. In French individuals, all
hard and soft tissue matrices were sexually dimorphic, except for the eyes and left external auditory meatus
(EAM). In white South Africans, sexual dimorphism was observed for the mouth, midface, and left EAM. Sig-
nificant shape differences were also observed for specific age groups. The underlying skull and overlying soft
tissues were strongly associated with the nose and anterior nasal aperture (correlation, r%-PLS = 0.976), followed
by the right ear and right EAM (r%-PLS = 0.875) and the left ear and left EAM (r>-PLS = 0.871) in white South
Africans. For French individuals, relatively weak to moderate correlations were observed, and the covariation
between matrices was nonsignificant, except for the association between the right ear and right EAM (r>-PLS =
0.499). The smallest covariation was observed between the mouth and midfacial matrix in both populations
(South African: r%>PLS = 0.464; French: r%PLS = 0.367), which was also nonsignificant. This study revealed that
3D imaging technology and geometric morphometric methods can accurately quantify and visualize facial
morphology differences. These methods can also evaluate the association between skull structure and soft facial
features.

1. Introduction process, notably in cases where the remains are unrecognizable due to

decomposition, thermal destruction, or mutilation.

Every year, a substantial number, ranging between 7000 and 10,000
of unidentified bodies remain in South Africa’s medico-legal labora-
tories, awaiting the meticulous process of identification [1]. This process
hinges upon forensic methodologies, which compare antemortem and
postmortem data, encompassing a spectrum from X-rays, DNA, to fin-
gerprints, among other modalities [2]. However, the effectiveness of
such methods encounters significant obstacles, particularly when faced
with the scarcity of comparative records, complicating the identification
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Craniofacial reconstruction (CFR) emerges as a viable alternative,
influencing the anatomical foundation of the skull to reconstruct the
facial appearance of a deceased individual [3,4]. The indispensability of
the skull in CFR originates from its morphological distinctiveness,
serving as a pivotal substrate for the recreation of facial features [5].
Nonetheless, the current state of CFR techniques often falters in accu-
rately approximating facial appearance [6,7], a shortfall underscored by
critics citing issues such as the references employed, lack of
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standardization and the failure to account for population differences
[7-10]. Traditionally established as a manual and time-consuming
method [11-13], CFR has undergone a transformative evolution with
the advent of 3D technologies, indicating improved precision and effi-
ciency [2,9,13-19]. Technological strides, exemplified by cone-beam
computed tomography (CBCT), afford unparalleled insights into
craniofacial morphology, facilitating refined reconstructions and geo-
metric morphometric (GMM) analyses. The utilization of GMM analyses
holds promise in discovering subtle differentiations across diverse
population groups, thereby accentuating the necessity for
population-specific datasets to delineate the nuanced contours of facial
matrices [20].

The complexities of craniofacial morphology are underpinned by a
multifaceted interplay of hormonal, genetic, and epigenetic factors,
including age, sex, population affinity, and environmental stimuli
[21-29], which collectively create variability within and across pop-
ulations. While historical research in craniofacial studies has predomi-
nantly aimed at discerning the genetic determinants of craniofacial
variation, recent studies have pivoted towards identifying the biological
origins of normative facial variability. Population affinity exerts a
discernible influence on facial morphology, manifesting through
ancestral imprints discernible within modern descendant groups,
thereby outlining the morphological distinctions between and within
populations. Furthermore, sexual dimorphism in craniofacial
morphology, alongside alterations in size and shape during ontogenetic
growth, underscores the intricate interplay of developmental dynamics
[30].

The imperative to comprehend facial morphology across heteroge-
neous populations underscores its pivotal role in enhancing CFR meth-
odologies, as the uniqueness inherent within each population group
demands tailored approaches. In this context, the present study delves
into the nuanced influences of population affinity, sex, age, and allom-
etry on the variation and covariation of facial morphology matrices,
meticulously studying French and white South African samples.
Employing 3D reconstructions of CBCT scans and GMM analyses, this
study attempts to outline the intricate interplay of biological and envi-
ronmental factors in shaping craniofacial diversity. In this study, sex is
defined as a set of biological characteristics related with physical as well
as physiological features (for example, chromosomal genotype, hor-
mone levels, internal and exterior anatomy).

2. Materials and methods
2.1. Materials

The study included 76 and 108 adult CBCT scans of white South
Africans (29 males and 47 females) and French nationals (54 males and
54 females), respectively. The South African scans were collected
retrospectively from the University of Pretoria’s Oral and Dental Hos-
pital and Groenkloof Life Hospital. The CBCT scans of the French na-
tionals were acquired from the University of Bordeaux (France). Ethical
approval was obtained from the Research Ethics Committee of the
Faculty of Health Sciences at the University of Pretoria (Ethics Reference
No. 222/2022). Existing scans were used to eliminate unnecessary
exposure to radiation [31]. The white South Africans, ranging in age
from 18 to 80 years (mean: 45.6, standard deviation: 20.0), were

Table 1

Breakdown of white South African sample according to sex and age group.
Age group Males Females n
18-29 years 7 13 20
30-44 years 9 9 18
45-59 years 6 15 21
60+ years 7 10 17

n 29 47 76
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categorized into four age groups: 18-29 years, 30-44 years, 45-59
years, and 60+ years (Table 1). In contrast, the French nationals, aged
between 18 and 60 years (mean: 37.5, standard deviation: 14.3), were
divided into three age groups: 18-29 years, 30-44 years, and 45-59
years (Table 2). All patient data were anonymized, with the biological
information relevant to the current investigation (sex, age, and popu-
lation affinity) collected for analysis. We excluded scans of patients
undergoing orthodontic treatment and those with pathological diseases,
facial asymmetry, and any facial interventional reconstructive surgery
to standardize the sample for uniformity. In this study, white South
Africans were referred to as Africans (AFR) and French nationals as
Europeans (EUR).

2.2. Methods

The CBCT scans were imported into the MeVisLab®© v 2.7.1 program
to extract volumetric data and for 3D image reconstruction. This GMM
study used automated landmarks and 3D images to gather information
on the morphology of hard and soft tissue facial matrices. Using the
quantitative iterative thresholding method "Half Maximum Height"
[32], threshold values between segmented elements were established to
delineate hard and soft tissue surfaces.

For 3D image reconstruction, MeVisLab© v 2.7.1 interpolated in-
tervals between each slice based on a defined grey threshold. The
observer chose the depiction of tissues (hard or soft) through threshold
segmentation, determined by selecting grey value intervals. Following
segmentation, 3D surface meshes were generated and saved in ply
format to create a 3D representation of the object [33]. In this study, the
facial skeleton represented the hard tissue, while the exterior facial
features represented soft tissue. Hard and soft tissue matrices were
established by placing landmarks on the 3D reconstructions to analyze
shape variation. To ensure homology and comparability between
studies, we used classic definitions of craniometric and capulometric
landmarks (types I, II, and III) [6,34-37]. Sliding landmarks aided the
clear visualization of curved structures and the assessment of shape
variations [34]. Using biological landmarks ensured that each identified
point was the same on all surfaces in the sample [34]. A total of 652
landmarks—43 craniometric, 50 capulometric, and 559 sliding—were
employed, as detailed in Tables S1, S2, and S3 and represented in Figs. 1,
2, and 3.

Of the 43 craniometric hard tissue landmarks, there were 19 bilateral
pairs and five median landmarks (Table S1). Furthermore, each of the
559 hard tissue sliding landmarks (Table S2) was analyzed individually
[38]. On the soft tissue, 50 capulometric landmarks were recorded: 31
bilateral pairs and seven median landmarks (Table S3). The hard tissue
regions of interest included the midfacial matrix, further divided into the
left and right orbits, left and right nasal bones, anterior nasal aperture,
left and right zygoma, and left and right maxillae (Fig. 1). The soft tissue
regions of interest included the facial features, mainly the eyes, ears,
nose, and mouth (Fig. 2). The regions of interest for the hard-tissue
sliding matrices were indicated along the exterior curves of the left
and right external auditory meatuses (EAMs), which represented the left
and right ears, the left and right orbits, which represented the eyes, and
the anterior nasal aperture, which represented the nose (Fig. 3). The
accuracy of the GMM analysis was enhanced by ensuring that each curve
had the same number of landmarks along the curve and that all curves
started at the same place. An existing craniometric landmark was

Table 2

Breakdown of French sample according to sex and age group.
Age group Males Females n
18-29 years 10 19 29
30-44 years 40 24 64
45-59 years 4 11 15
n 54 54 108
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Fig. 2. Soft tissue region of interest: a) eyes, b) external nose, c) left (top) and right (bottom) ears, and d) mouth.

selected as the starting point for each sliding matrix (Table S2).

2.3. Alignment

The Frankfurt Horizontal (FH) plane was used to position landmarks
on the hard tissue surfaces of the skulls. This plane, observable only on
dry skulls or hard tissue representations, refers to three osteometric

points: the right and left porion and the left orbitale [39]. For soft tissue
surfaces, scans were oriented in the natural head position (NHP), where
the tragus replaced the porion and the soft tissue orbitale acted as the
anterior endpoint [40]. Given the repeatability of the NHP, landmarks
were consistently positioned throughout the study [40,41].
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Fig. 3. Hard-tissue sliding matrices: a) left (top) and right (bottom) orbits, b) anterior nasal aperture, and c) left (top) and right (bottom) external auditory meatuses.

2.4. Automatic landmarking

Claes and colleagues [17] introduced the non-rigid registration
method used in this study. The automatic landmarking method has
recently been tested and validated by Ridel and colleagues [28,29,42]
on facial hard and soft tissues and postcranial elements [43]. Automatic
landmark placement is accurate and is an essential requirement for
GMM to properly extract and assess anatomical areas from 3D models
[19,28,42]. Fig. 4 depicts an adapted workflow of the automatic land-
marking method [17,29,36].

2.5. Statistical analysis

Firstly, the reproducibility of 43 craniometric, 50 capulometric, and
559 sliding landmarks was assessed by examining landmark dispersion
and comparing the dispersion to previous studies [6]. We measured
dispersion for each landmark and individual as the average distance
between a landmark’s mean placement and subsequent placements.
Reproducibility was determined using dispersion Aij for each landmark i
and individual j, representing the mean Euclidean distance (MED) be-
tween landmarks i for all observations k (inter, intra, resp.) for subject j:
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The reproducibility of automatically placed landmarks was evalu-
ated by comparing interobserver errors (INTRA-OE) and interobserver
errors (INTER-OE) between automatic and manual landmarking.
Manual landmark placements were performed on MeVisLab© v 2.7.1,
and ten scans from the entire sample were randomly selected to assess
reproducibility.

According to previous research [44,45] on similar matrices and
populations as those examined in this current study, the automatic
placement of anatomical and sliding landmarks was effective between
observers for all matrices and mostly resulted in lower dispersion errors.

A generalized Procrustes analysis (GPA) was performed on the raw
landmark coordinates to produce orientation-invariant shape co-
ordinates [46-48]. Raw landmark coordinates include information on
the shape and size of the landmark, as well as "nuisance parameters"
(orientation and position). By translating and scaling all landmark
configurations to the same centroid size, and iteratively rotating all
configurations until the summed squared distances between landmarks
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and their corresponding sample average is a minimum [49-51], GPA
separates shape from 'nuisance parameters'. The resultant super-
imposed, scaled, and rotated landmark configurations that arise are
known as Procrustes shape coordinates, as they solely carry information
about the shape of the configurations.

Principal component analysis (PCA) was used to derive principal
component (PC) scores with maximum variance and covariation [46].
PC scores representing 95 % of the sample’s overall variance were used
for statistical analysis. The data was translated into a new coordinate
system in which the first PC has the largest variation, and the second PC
has the second greatest variance [52]. Individual observations were
plotted along the PCA axes, which summarized variation in decreasing
order. The projection of the data on that axis matched to the score of a
given observation on that axis. As a result, each axis was a linear com-
bination of the original observation variables [52]. Variable space was
reduced to dimensions that express maximal variation by studying
variation on the initial axes.

The distribution of hard and soft tissue PC scores was visualized
using Q-Q plots [53]. Results were verified using non-parametric testing
and considered reliable if both tests produced similar results. Landmark
coordinates derived from the automatic landmarking were used to
quantify and visualize the effects of population affinity variation, sexual
dimorphism, and age differences on hard and soft tissue facial matrices,
and independently tested the influence of sex and age on each popula-
tion group to identify any population-specific differences.

Both parametric (MANOVA and MANCOVA) and non-parametric
(50-50 MANOVA and permutation testing) tests were used to examine
the significance of population affinity variation, sexual dimorphism, and
age effects. Multiple analysis of variance (MANOVA) considers multiple
continuous variables to determine if an independent variable, such as
sex or age, significantly influences the dependent variable (shape vari-
ation). 50-50 MANOVA is a variant of MANOVA used for correlated
response variables. Multiple analysis of covariance (MANCOVA) adjusts
group means at follow-up to baseline differences while reducing within-
group variance by removing covariate variation. Permutation testing
involved comparing a chosen factor such as population affinity, age, or
sex to sample values, with the null hypothesis rejected if the value fell
within the random grouping range [36]. Each permutation test was
repeated 10,000 times. For sex and population affinity classification,
discriminant function analysis (DFA) was used with accuracies assessed
through leave-one-out cross-validation [54], identifying linear combi-
nations of variables with intergroup differences.

Allometry, the statistical relationship between size and shape, is
crucial for understanding group form and shape differences, particularly
in relation to sexual dimorphism [36,55,56]. Allometry was examined
using PC scores from the sexual dimorphism study to generate linear
models (hard and soft tissue shape vs. sex and centroid size). Pillai trace
was used to examine the significance of each variable using MANCOVA
(parametric) and 50-50 MANOVA (non-parametric), with size measured
independently for each age group. The covariation between the hard
tissue elements and the external soft tissue of the face of each sample
was assessed using two-blocks partial least squares (PLS) analyses [57].

All statistical analyses for this study were performed using R-Studio
1.0.44-®2009-2016 for Windows [58], using the R-packages Morpho
[59], Geomorph [60], and ffmanova [61,62].

3. Results
3.1. Reproducibility testing

For the AFR group, overall average landmark displacement errors for
each matrix were less than 2 mm, except for the left orbit, which was less
than 3 mm (Table S4). Regarding soft tissue configurations, for INTRA-
OE, the eye exhibited the lowest dispersion (mean [M]: 0.433 mm;
standard deviation [SD]: 0.028). The mouth had the lowest dispersion
error for INTER-OE (M: 1.130 mm; SD: 0.519). The left ear had the
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highest dispersion error for INTRA-OE (M: 0.980 mm; SD: 0.381), and
the right ear displayed the highest INTER-OE (M: 1.689 mm; SD: 0.802).
Across all repeatability tests for hard tissue matrices, the left orbit had
the largest dispersion errors, with mean values of 2.146 mm (SD: 0.075)
and 1.592 mm (SD: 0.075) for INTRA-OE and INTER-OE, respectively.
For INTER-OE, the left EAM exhibited the lowest dispersion error, with a
mean value of 0.036 mm (SD: 0.196). For INTRA-OE, the anterior nasal
aperture had the lowest mean dispersion error, with a mean value of
0.323 mm (SD:0.122).

In the EUR group, the mean dispersion error for all capulometric
landmarks was less than 1 mm for INTRA-OE and INTER-OE (Table S5).
For both INTER-OE and INTRA-OE, the mean dispersion error for cra-
niometric and sliding landmarks on the hard tissue matrices was less
than 2 mm. The right ear had the most variation among soft tissue
matrices for both INTER-OE (M 1.034 mm; SD 0.220) and INTRA-OE (M:
0.900 mm; SD: 0.252). The eyes showed the lowest dispersion error for
INTRA-OE with a mean value of 0.391 mm (SD: 0.050), while the mouth
had the lowest INTER-OE (M: 0.465 mm; SD: 0.151). The INTER-OE and
INTRA-OE of the craniometric landmarks on the midfacial matrix were
similar, with a mean value of 0.990 mm (SD: 0.137), with the INTRA-OE
being slightly lower than INTER-OE. In terms of hard tissue sliding
landmarks (Table S5), the anterior nasal aperture had the lowest mea-
surement errors for both INTER-OE (M: 0.376 mm; SD: 0.053) and
INTRA-OE (M: 0.707 mm; SD: 0.058), with the INTER-OE being lower
than INTRA-OE. The left orbit displayed the largest variability for both
INTER-OE (M: 3.362 mm; SD: 2.061) and INTRA-OE (M: 3.261 mm; SD:
2.153) regarding hard tissue configurations.

Overall, the automatic placement of anatomical and sliding land-
marks mostly resulted in lower dispersion mean (u A) values.

3.2. Multivariate normality testing

Multivariate normality testing assessed whether PC scores were
normally distributed [53], revealing an ideal distribution against
real-squared Mahalanobis distances, with values close to the ideal
diagonal.

For the whole sample combined, PC scores for the left and right ears
showed some deviation from normality (Figure S1). PC scores for the
hard-tissue right EAM showed minor deviation from normality, and the
hard-tissue left EAM showed some divergence from normality
(Figure S3). The PC score for the mouth (Figure S2), midfacial matrix
(Figure S3), and eyes (Figure S1) showed only slight variations from
normality. The PC score for the nose (Figure S2), anterior nasal aperture
and left and right orbits (Figure S4) displayed some deviation from
normality.

For the AFR sample, the PC scores for the left and right ears
(Figure S5) displayed some deviation from normality. In contrast, min-
imal deviation from the normality was observed for the left and right
EAMs (Figure S7). Some deviation from normality was observed for the
eyes (Figure S5). mouth (Figure S6) and midfacial matrix (Figure S7).
Additionally, there was some deviation from normality in the nose
(Figure S6), left orbit, anterior nasal aperture (Figure S8).The right
orbit, however, displayed a more pronounced deviation from normality
(Figure S8).

In the EUR sample, there was minimal deviation from normality for
the left ear, some deviation from normality for the right ear (Figure S9),
and minimal deviation from normality for the left EAM and right EAMs
(Figure S11). The mouth (Figure S10) and midfacial matrix (Figure S11)
exhibited only slight deviations from normality; however, the eyes
showed some divergence from normality (Figure S9). The nose
(Figure S10), and left orbit (Figure S12) displayed some deviation from
normality, although the anterior nasal aperture and right orbit only
deviated slightly from normality (Figure S12).
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3.3. Shape analysis of the hard and soft tissue matrices

Influence of population affinity on matrix shape: According to
both parametric (MANOVA) and non-parametric (permutation testing
and 50-50 MANOVA) analyses, significant differences in population
affinity between the AFR and EUR groups influenced both hard and soft
tissue matrices (p <0.05) (Table 3).

When assessing soft tissue configurations, the mouth had the lowest
classification accuracy (69 %), while the left ear, right ear, eyes, and
nose had classification accuracies above 80 % (Table 3). No statistical
difference was observed for the ears (Fig. 5) and eyes (Fig. 6); however,
the scatterplots of the two populations overlapped significantly. The two
population groups did not show any significant overlap or distinct sep-
aration for the nose, and no grouping of the two populations was
observed for the mouth (Fig. 6).

Covariation between population affinity and size was not significant
for ears, with size not influencing the shape of the ears (Table 3).
However, covariation between population affinity and age and covari-
ation between population affinity and sex were found to be significant
for both the left and right ears (Table 3). Additionally, we observed that
size did not affect the morphology of the eyes when considering popu-
lation affinity. However, population affinity covaried significantly with
sex and age for the eyes (Table 3). Population affinity covaried signifi-
cantly with size, age, and sex for the nose (Table 3). When the rela-
tionship to population affinity was evaluated, size and age did not affect
variation in mouth shape, but sex had a statistical impact on the shape of
the mouth (Table 3).

When hard tissue shape configurations were assessed, all classifica-
tion accuracies were above 80 %, except for the left orbit, which had the
lowest accuracy (71 %). The left EAM had the highest accuracy (100 %),
indicating that all individuals in the sample were correctly classified.
The scatterplots of the midfacial matrix overlapped considerably and
could not clearly distinguish between the two populations (Fig. 7).

For the midfacial matrix, there was no significant covariation be-
tween population affinity and size (Table 3), indicating that size has no
effect on the form of the midfacial matrix. However, population affinity
covaried significantly with age and sex for the midfacial matrix
(Table 3), indicating that age and sex have an influence on the
morphology of the midfacial matrix.

For the left EAM, the population groups varied significantly; how-
ever, for the right EAM, there was no statistical separation between
populations (Fig. 7). Population affinity covaried significantly with size,
age, and sex for both the left and right EAMs (Table 3), indicating that
these variables have an effect on the form of the left and right EAMs.
There was no distinct separation between the populations in terms of the
left or right orbits (Fig. 8). Population affinity did not covary
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significantly with size for the left and right orbits; however, population
affinity covaried with age and sex for the left and right orbits (Table 3).

For the anterior nasal aperture, no clear separation with minor
overlapping was observed between populations (Fig. 8). Population af-
finity did not covary significantly with size for the anterior nasal aper-
ture; however, population affinity covaried significantly with age and
sex (Table 3).

Population differences had a substantial impact on both hard and soft
tissue matrices; however, overlap existed between the two population
groups on all PCA graphs.

Influence of sexual dimorphism on matrix shape: To understand
sexual dimorphism in the two populations, we examined the effect of sex
on facial matrix shape for the complete sample and for each population
group separately.

In soft tissue matrices, using both parametric (MANOVA and MAN-
COVA) and non-parametric (permutation testing and 50-50 MANOVA)
tests sex significantly influenced mouth shape in the AFR group
(Table 4), but there was no notable separation between sexes on PCA
(Fig. 9). In the EUR group, sex significantly influenced the shape of the
ears, nose, and mouth (Table 4), with minor overlap observed between
the sexes (Figs. 9 and 10).

In hard tissue matrices, sex significantly influenced the shape of the
midfacial matrix and left EAM in the AFR group (Table 4) with no
separation observed between sexes for both the midfacial matrix and left
EAM; however, minor overlapping was observed for both matrices
(Fig. 11). In the EUR group, sex significantly influenced the shape of the
midfacial matrix, right EAM, right orbit, and anterior nasal aperture
(Table 4), with no clear separation between sexes observed for the
midfacial matrix, right EAM, right orbit, and anterior nasal aperture
(Figs. 12 and 13).

When both soft and hard tissue shape configurations were assessed,
none of these matrices could be classified into male or female categories
with an accuracy above 80 %, except for the left EAM in the AFR group,
which achieved a classification accuracy of 95 % (Table 4). The classi-
fication accuracy for sex mostly ranged between 60 % and 70 %. In
contrast to the AFR group, classification accuracy was generally greater
in the EUR group (Table 4).

Regarding covariation in the whole sample, sex covaried signifi-
cantly with population affinity for the right ear and nose (Table 4). In
terms of hard tissue, sex covaried significantly with population affinity
for the midfacial matrix, right EAM, left orbit, and right orbit (Table 4).

For the soft tissue matrices, in the AFR group, sex covaried signifi-
cantly with size for nose shape, while in the EUR group, sex did not
covary with size.

For the hard tissue matrices, in the AFR group, sex covaried signifi-
cantly with size for the left EAM (Table 4). In the EUR group, sex did not

Table 3
Hard and soft tissue population differences.
Population differences Covariates
Pop*Size Pop*Age Pop*Sex
Test! Test? Test® DFA Group PCA Test®
Soft-tissue Left ear 0.001 ** 0.001 2.180e—10 *** 86 % 91 % 0.695 2.430e—08 *** 1.020e—11 ***
Right ear 0.001 ** 0.001 2.890e—14 *** 91 % 94 % 0.905 1.990e—11 *** <2e—16 ***
Eyes 0.001 ** 0.001 <2e—16 *** 86 % 85 % 0.703 <2e—16 *** <2e—16 ***
Nose 0.001 ** 0.001 <2e—16 **+ 97 % 73 % 0.001 <2e—16 *** <2e—16 ***
o
Mouth 0.011 * 0.010 0.015 * 69 % 75 % 0.140 0.078 0.001**
Hard-tissue Midfacial matrix 0.001 ** 0.001 <2e—16 *** 96 % 99 % 0.091. <2e—16 *** <2e—16 ***
Left EAM 0.001 ** 0.001 <2e—16 *** 100 % 100 % 3.360e—05 *** <2e—16 *** <2e—16 ***
Right EAM 0.001 ** 0.001 2.380e—08 *** 82 % 78 % 0.019 * 3.780e—05 *** 6.720e—12 ***
Left orbit 0.003 ** 0.001 3.350e—4*** 71 % 81 % 0.322 0.011* 2.040e—4 ***
Right orbit 0.001 ** 0.001 7.190e—16 *** 87 % 83 % 0.121 9.700e—13 *** <2e—16 ***
Nasal aperture 0.001 ** 0.001 <2e—16 *** 94 % 93 % 0.389 <2e—16 *** <2e—16 ***

Test'= MANOVA, Test>= Permutation testing, Test’>= 50-50 MANOVA. Significant p-value (<0.05) are indicated in bold. **= p-values less that 0.01 and *** = p-

values less than 0.001. EAM, external auditory meatus
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Fig. 5. PC 1 versus PC 2 of the complete sample for population affinity indicating the maximum and minimum of the shapes of the soft tissue left (left) and right
(right) ears along PC1. AFR = white South African sample; EUR = French sample.
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covary significantly with size for any of the hard tissue matrices the left ear, eyes, and nose (Fig. 15).
(Table 4). For the whole sample, age covaried significantly with population
Influence of age on matrix shape: Using parametric (MANCOVA) affinity for all the soft and hard tissue matrices except the mouth

and non-parametric (50-50 MANOVA) tests, for the whole sample, only (Table 5). Additionally, age covaried significantly with both population
eye shape varied with age (Table 5). In the AFR group, age significantly affinity and sex for all soft and hard tissue matrices (Table 5). Age co-
influenced the shape of the left EAM and left orbit (Table 5), with no varied significantly with sex only for the right ear, the midfacial matrix,
separation by age observed for the left EAM and left orbit (Fig. 14). In and left EAM.

the EUR group, age had a significant influence on the shape of the left For the AFR group, age covaried significantly with sex for mouth
ear, eyes, and external nose (Table 5), with no separation observed for shape, the left EAM, and the left orbit, whereas in the EUR group, all soft
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Hard and soft tissue sexual dimorphism in the complete sample and within each population.
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and hard tissue matrices, except the mouth, left EAM, left orbit, and
anterior nasal aperture, were significantly influenced by the covariates
age and sex (Table 5).

Influence of allometry on matrix shape: Allometry assesses the
effect of size on shape and not size variation recorded for every indi-
vidual in the sample. Based on MANCOVA and 50-50 MANOVA, for the
whole sample, size alone influenced the shape of the eyes, nose, mouth,
midfacial matrix, right EAM, left orbit, and right orbit (Table 6). Addi-
tionally, size covaried significantly with population affinity for the
shape of the nose and the left and right EAMs. Size also covaried
significantly with sex for the shape of the nose and the left EAM. Size,
population affinity, and sex covaried significantly to influence the shape
of the mouth and left EAM (Table 6).

In the AFR group, size did not influence any of the soft tissue
matrices, while all hard tissue matrices showed significant variation,
except the right orbit and anterior nasal aperture. Additionally, size only
covaried with sex to influence the shape of the nose and left EAM
(Table 6).

In the EUR group, for the soft tissue matrices, size significantly
influenced eye and nose shape. All the hard tissue matrices except the
left EAM and anterior nasal aperture were significantly influenced by
size (Table 6). There was no covariation between size and sex for any of
the soft and hard tissue matrices (Table 6).

3.4. Craniofacial variation that considers population affinity, sex, and
age

We examined the impact of population affinity on soft tissue facial
matrices, revealing that the AFR and EUR groups had varying left ear
morphologies (Fig. 5). The AFR group predominantly had wider left ears
than the EUR group, with some overlap indicating a small percentage of
positively correlated individuals. Similarly, for the right ear, the EUR
group had smaller right ears than the AFR group (Fig. 5). Regarding eye
shape, the AFR group generally had smaller, narrower eyes, while the
EUR group had wider or bigger eyes (Fig. ©6). For the nose, the AFR group
had the most significant nasal variances with a narrower and elongated
shape (Fig. 6). The EUR group displayed minimal anatomical changes in
nose shape. Both groups had similarly shaped mouths, but the EUR
group exhibited significant variation, including a larger superior border
and a thinner, smaller inferior border of the mouth (Fig. 6).

Concerning hard tissue shape changes, midfacial matrix morphology
showed some overlap in both groups, with the EUR group having a
larger, wider shape and the AFR group having a smaller, rounder shape
(Fig. 7). Regarding left EAM shape, a smaller, narrower morphology was
noted in the AFR group, while the EUR group had bigger, wider left
EAMs (Fig. 7). Furthermore, the AFR group had the most pronounced
changes in left EAM morphology than observed in the EUR group.
Similar patterns to the left EAM were observed for anatomical changes
in the right EAM (Fig. 7). The shape of the right EAM varied the most in
the EUR group compared to the AFR group. The right EAM morphology
was smaller in the EUR group and larger in the AFR group.

Regarding the shape of the left and right orbits, both groups had
similar shape patterns (Fig. 8). The EUR group had significantly rounder
and larger left orbits than the AFR group and slightly rounder and larger
right orbits than the AFR group (Fig. 8). The anterior nasal aperture,
particularly the nasion, had comparable shape patterns, but the EUR
group had a slightly elongated and larger morphology than observed in
the AFR group (Fig. 8).

Sexual dimorphism contributed to significant morphological changes
in the mouth (Fig. 9), midfacial, and left EAM configurations in the AFR
group (Fig. 11). Sexual dimorphism contributed to significant changes in
both ears (Fig. 10), nose (Fig. 10), mouth (9), midfacial matrix (Fig. 12),
right EAM (Fig. 12), right orbit (Fig. 13), and anterior nasal aperture
(Fig. 13) in the EUR group. In the AFR group, males had wider mouths
and larger and wider midfaces than females (Figs. 9, 11). Although fe-
males had the most variable left EAM shape, they had smaller, and
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Fig. 9. PC 1 versus PC 2 for sex indicating the maximum and minimum of the shapes of the soft tissue mouth along PC1 for the white South African sample (AFR
group) (left) and French sample (EUR group) (right). F = female; M = male.
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Fig. 11. PC 1 versus PC 2 of the white South African sample (AFR group) for sex indicating the maximum and minimum of the shapes of the hard-tissue midfacial
matrix (left) and left EAM (right) along PC 1. F = female; M = male.

e

rounder left EAMs than males (Fig. 11). females had similarly shaped right EAMs, with the most variation being
In the EUR group, males and females had identically shaped ears, but observed among males, who had larger, and rounder left EAMs (Fig. 12).
the ears of the males were larger and more pronounced (Fig. 10). Males Males had larger and more circular orbital shapes than females (Fig. 13).
displayed the most variability in nose shape and had larger noses Females had a smaller anterior nasal aperture shape than males, who
compared to females (Fig. 10). Females had considerably smaller, nar- had larger and slightly more elongated nasal aperture shapes than fe-
rower, and extended noses, with the smallest changes in shape config- males (Fig. 13).
uration (Fig. 10). Males had larger and wider mouths than females, In the AFR group, the shape of the left EAM and left orbit changed
whose mouths were smaller and thinner (Fig. 9). In the EUR group, significantly with age (Fig. 14). In the EUR group, the shape of the left
males and females had comparable midfacial matrices (Fig. 12); how- ear, eyes, and nose changed significantly with age (Fig. 15). In the AFR
ever, females had a slightly smaller midfacial morphology. Males and group, the left EAM’s smaller morphology was consistent across all age
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Fig. 13. PC 1 versus PC 2 of the complete French sample (EUR group) for sex indicating the maximum and minimum of the shapes of the hard-tissue right orbit (left)

and anterior nasal aperture (right) along PC 1. F = female; M = male.

cohorts, as was the large and circular shape configuration of the left
orbit (Fig. 14). The EUR group exhibited variation in the shape of the left
ear at 30-44 years, with larger ears than other age cohorts (Fig. 15). Eye
shape remained similar across all age groups, while differences in nose
shape were prominent in the 30-44 years and 60+ years age groups,
with a wider external shape (Fig. 15).

3.5. Correlations between hard and soft tissue facial matrices

All soft tissue matrices were positively correlated with the midfacial
matrix in the EUR and AFR groups (Table 7). In the AFR group, the
strongest correlations were observed between the shape of the midfacial
matrix and left ear, followed by the midfacial matrix and the right ear,
and the midfacial matrix and the nose. The eyes were moderately
correlated to the shape of the midfacial matrix and had the weakest
correlation to the midface. Additionally, the shapes of the left ear and
right ear were strongly correlated to their corresponding EAMs.
Furthermore, the shape of the nose was strongly correlated to the
anterior nasal aperture in the AFR group. Correlations in the AFR group
were all significant (p-value < 0.05) for all strong correlations, including
the eyes (Table 7). In contrast, in the EUR group, all the correlations
were weak but positive. The shape of the left ear and the right ear was
correlated to its corresponding and differing EAM (Table 7). Further-
more, nose shape was moderately correlated to the anterior nasal
aperture in the EUR group. Only the correlation between the right ear

10

and right EAM was found to be significant.

4. Discussion

In our study, we investigated the influence of population affinity,
sex, age, and allometry on the facial matrices of a sample of white South
Africans and French nationals. We also tested whether the hard and soft
tissue matrices were correlated. To account for laterality-specific vari-
ations, both the right and left parts of the hard and soft tissue facial
matrices, such as the EAMs, orbits, eyes, and ears, were included.

4.1. Craniofacial shape variation that considers population affinity, sex,
and age

Our analysis recognized the hierarchal structure of these factors, and
we conducted the analysis in order of population affinity, then sex, age,
and finally allometry [63]. Ritz-Timme et al. [64] emphasized that while
facial features are present across populations, their frequencies vary.
Our findings highlighted the important role of population affinity in
shaping both hard and soft tissue morphology, demonstrating
population-specific differences. Sexual dimorphism and aging were also
influential factors within both populations.

The influence of population affinity on facial morphology is well
known. We observed that white South Africans have larger and wider
ears, whereas French people have smaller and narrower ears. Similarly,
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Fig. 14. PC 1 versus PC 2 of the white South African sample (AFR group) for age indicating the maximum and minimum of the shapes of the hard-tissue left external
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Fig. 15. PC 1 versus PC 2 of the French sample (EUR group) for age indicating the maximum and minimum of the shapes of the soft tissue left ear (left), eyes
(middle), and nose (right) along PC 1. 1 = 18-29 years old; 2 = 30-44 years old; 3 = 45-59 years old.

59 years displayed a great amount of variation with slightly larger fea-
tures observed. These findings are consistent with observations made by
Guyomarc’h et al. [6], who found that age significantly influenced all
matrices, except the superior hard-tissue facial matrix, of French in-
dividuals who were younger than 40 years old and those older than 40
years. Previous studies have also reported that South African individuals
older than 60 years have larger centroid sizes for the left and right ears
[44], which is consistent with our observations. The common consensus
is that the external ear changes significantly with age, but the most
substantial changes occur after 60 years [65,66]. Regarding age-related
nasal shape changes, Schlager [36] reported that the nasal aperture
widens with age in Chinese and European populations, which is
consistent with our findings. Other studies have also reported
age-related nasal prolongation and widening [71-73]. These changes
may be due to downward gravitational forces that act on tissue that
weaken with age [36].

Since our study aimed to determine whether different age groups
should be pooled, we did not analyze the lower face or entire cranium
individually, which are particularly affected by age-related changes
[63]. In general, regional shapes overlapped considerably across age
groups, suggesting that aging affects the soft tissue and the underlying
skull substrate [63].

We observed that allometry heterogeneously affects soft tissue
craniofacial morphology, causing variance in specific areas due to dif-
ferences in growth and development patterns, which is consistent with
the findings of Agbolade et al. [63]. We found that size influenced the
morphology of the midface, both EAMs, and right orbit in white South
Africans, whereas size influenced the eyes, nose, midface, right EAM,
and both orbits in French individuals. In contrast, other studies focusing
on white South Africans [44] reported that size significantly influenced
only the left EAM. Our findings also contradict those of a French study in
which allometry significantly influenced all matrices except the facial

12

inferior matrix [6]. In a separate study, Schalger [36] found that the
centroid sizes of nasal soft tissue were similar in Chinese and European
populations but that the Chinese had slightly larger hard tissue config-
urations. For nasal features, population affinity seemed to have little
influence on size. Allometry likely has a variable effect on soft tissue
craniofacial morphology and may depend on growth and development
patterns [63].

4.2. Correlations between the underlying skull and soft-tissue face

Based on the study results, hard tissue matrices were correlated with
soft tissue matrices. This correlation was similar between the two pop-
ulations, although the strengths of the association varied. Firstly, all soft
tissue matrices (ears, eyes, nose, and mouth) were correlated to the
midfacial matrix, the ears to the EAMs, and the nose to the anterior nasal
aperture in both groups. These findings were expected given the inter-
dependence of traits within an individual, which are affected similarly
by functional and developmental factors [69]. Additionally, the pattern
of correlation mostly followed anatomical logic [6], however the eyes
were unexpectedly not correlated with the orbits, which might be due to
a lack of standardized focus, and there only being two landmarks on the
sides of the orbits. We also found stronger correlations between the hard
and soft tissues of white South Africans than among the French. In a
previous South African study [44], both ears were strongly correlated to
their underlying EAMs, which is consistent with our findings. Ridel et al.
[28,42] also reported significant correlations between nasal hard and
soft tissue among South Africans, which is consistent with our findings.
A French study [6] found significant correlations for the nose region and
moderate correlations for the mouth, which contradicts our findings,
which found moderate correlations for the nose and low/weak corre-
lations for the mouth. However, comparable to Guyomarc’h et al. [6] we
found moderate correlations for the ears and relatively low correlations



282
112
024)

5 (2

136

tiona

tence Interna
ic Scie

1C

Forens
A

ieta

ant ei
Mbon,

T.M.

rk non-
a he
landm. etot
d to latlv. [63].
ibute ns re loci S
attri ecime k alway
y be tent sp landma e not adult
a ; r
jation minconslstifying gl‘atiOI; 2 ction of
ri in iden inte T, .
is va ti id in a
This resu.l Ities ical t for derlylrlg
S. an re: ficu olog oun un
eye ich ¢ dif rph acc llow
the itv. whi or f mo: only t fo tion
for arity, lane s o ically ay no ula :
coplan tion phe patte ns typ issues m d by pop being
itiza t icatio tis e up d
igitiz e ifica ft nC TO n
o dlgthermo(; c’lasslﬁlc72]~ roup, so tly influe each gternall gFR
{ r . . ite in .
ons 2 Fu ple, arl[ 69,74,7 ’French fpected-s eviden Despi e and ant lnd for
8 i r i ing. S€, an ic s
5@ stmple n 169, ou S EXpec n ing nose, ifi r
~ n S iatio in isely a: iatio: ag h n da a-
N = — ia n ely ria d uth, S1g tan at
™ e B o vars how. cis va an o re ics ive d
Qe < s re e ism, m a 1c ive -
el S ° % As sp hap his the Its log at on
~ I S a jal s U (o] m C
2 9 S3 588 e ctures facial dimorp ard to dy res morph te nor ists, re iles
282 S 2 kB $s3 stru erall, exual ith reg he stu facial to Clreahodontl lProﬁhe
— n © v S 1 t r t ia t
o ] o o 2R S %) o S, ly w S . fo ed or fac iven
gl 3 BB 2 ence ially ions, line € usec. ts, ortt sue Give h
& s g = S g differ spec reg base n b logis fit tissue ns. Sout
g | o} € : ory . a h ca [} ict so: tio: in d
Q o N =} n ique, dit sh re hrOP ic ula . I e
5 53 I S| g niq au bli ea nt red opuiat tion us
MY P 5% 9 © u al esta is res . a top ificp ria hes D
% S Iy e ;e 2 tern. hey This tists, se eci ial va oac ine 3
% = % I8R i S ex t ion. ien nu sp cial pr ng
] ) z © i = se ion ic sci ca for fa tap is us s.
n '- 5 S au lat: c s ts issue en is ion
: 2 3 g 5 bec u nsi the en issu iffer lys lati
S o =] S pop fore do tmy ft t di ana u to
oo =8 e © ch t an trea so the del pop ue
i o, = S 1 = ea tha ons, or nd las (o] her ing d
1) GiZ o s e 1Is d a el e m ot ing imilar
& 8 % I g base surg sku har SW fac to lleng mi
25 S © 0 ive : a ur ized a : St
23 ) S| 5 tiv lying on har ns, s S ze ch ng
< 228 58 2|2 truc derly ch latio h a rali: as usi
$133 Ty R S| % s un sear u suc ene les w dies
& . s IS - m re: ()P. : n, d il
gl 1 5 23 E fro reity ofd FrenC}.1 Pva riatio not be (iher Stud few st
° I8 «@ ) P} sca an this can ith d an
. S o S S] n X ican ize Its w e
5 g oS . BE 2 o Africa cteriz resu esults ing us dy.
58 5 x % p:§ " ® ° 8 hara our ourr ia bei T stu ical
N o S © < =) 4 C . . 1 . u. 1
L9 S s o q S 33 2 to dmal'ks’mparlnit Crlterted mn o eir pl’actop.
= 3 < @ n (0) iga
g, S : 28 S w | g la c me tig d th S P
5|8 & 2 b 5 2 her, essme es n TOS, to
L @n — g e e H I B R | s urt ass nv iques a ac : d
= sk ¢ : oz 23 diferen trices as techniqu ong a“is ot et
< & S I 5] S — ial ma FR ity am dar of
Z133 ¢ =g = § o g cial fC sity tan fes of f ga
S o - IS g fa . ion o iver iable s icac SN,
bo g S Eoox SRy = g lusion Tessio sive di reliab intrlc-duals’ uhe ef-
@ Sh= s g B3 = £ nc prog ten ting the i divi zet h
S 2|8 Sz +§ = S S &, 5. Co ion and iled ext creal d into ch in analy’ hroug
5 E S - § o P ) 5 5 I olutio unve ntal in delve d Frenl gy tO' ity. T d and
s I3 & e° i 88 g e i The ev S have-! strume study ican an techno 0 n affin ial har hese
- 8 & g 1n 232 x ication in ur fri : atio faci n t
g - © g ol B *a 8 S s = E applica and ariions. OSOuth AD imaglrllg popul g both betwee nd an-
£ Sl g ey S N B ions ula ite 3 an sin ion S a
b= = 5 S S Q¥ ] 2 = lati op wh: nd ing, as: cti itioner:
> ulatior p g e a in ompas tera itio f
5 g og S 3 L RS S 3 cific on, bas ag ne in ct o
5% S . ) S e m ta ism, e inct ic pra ct
2 5|85¢ b o = 2|3 Variation nsive da orphis dmarks distlncrenslc P the effe 0 of
17 = N N I E n im n e fo . io
21 . Sl 3 < 1) N = va he 1 di la t ing ati
2 8 o N S S 9 S o re a 3D led for idat cre er-
< 7} 5 S 3 = R S @ omp: sexu is of vea iohts luci the nd
= ~ P 3 S = [N s 5] C of lysis re . sig se 'I’lg is u .
53 A g S 2 ts aly dy le in: wa ilitati Thi ifying
% | R 23S o« 2 fec analy. stu ble ion ilit . tify
o 173 - ~ S iled is lua ioatio fac ps iden
S S <« S = i th inva a ou id the
5|8 N S = ta nv tig by i .
2 2% & © 8|S de tissue, ing i is inves there tion g ratel.y rning s
P BES S . g2 g% soft offer like. f this tures, opula tive. By disce lations,
RN S ' 232 S| tors, of ts a us ot t 1 featur ic p here : By opu ac-
o S ¢ o3 @ . ac is foc ia ifi w ive. p ar
§" = -« é x 2 g < * ihropologrimary ty on fac to Specdeavorsimperatdifferentnique Cl"101'1 of
) ; .y . isi
N I < g he p ffini ilored ic en s is ith he u ecis
z $§ S The | na ailo nsi und wi re t pr
- =) 8 tio ions t: in fore 1O iated tu: the
~ S S la n kg ia ap : he
85 n ) pu tio: 1in bac oC t C ting t
38 3 =] Rl = po Tuc ivota e SS tha en ed
8 < g g st lvotal Tse ba $ asse s m inat les
AR S | 33 9 con is p dive ait: tion aug min ale
g S 3 ° o 23 S 2 re ing i m ical tr ruc by illu fem.
- & . E . a3 § stand.l uals frohologlca reconst there hism les and mation,
g 5 ex < % 2 individ morp craft h group, 1 dimorp en ma is infor te the
8 s 9 =] 5 inct can ac a we thi da -
= istin S e u bet ith mo fe
= 0 S S & disti ioner t to sex it] m nd
2 @ 39 g g 2l 5 itio en is of logy w cco s a e
2 3 K 33 8 5 o o 23 Pract-cs inher alyslsl morphoﬂquip pe'dns v allay male ally, tg
= B S 23 = S| 8 isti ions. an ; tio ited ition. y
] by = S sag S eri icatio r cia S. ruc ibite dit is stu
g % 3 gaq t ifica ou in fa oup st hibi Ad his
S b7 ° 5 S v ti: T, ies in gr con X X in t res
. PEog iden ve: ities ion re S € ions n tu
=] x S~ « i a, 1 reo riti latio ine re icatio: y ial fea
g =2 = Moreove pa ula efi atu ifica olog ial feat ted
b = 35S b t dis ic pop nr ic fe identi rph fac cia
= [50) S <] Q ren ific S ca risti f id ial mo: of asso e-
-i K § § B g 3 T':q inl;flin Specctitioneiharacteuracy o) N faclaic natui'echanges eflect agss
& < o S N — XK > i ra ific cc . [0} m ia or cro
! g2 ] 9= sz w ic p cifi he a ing na faci ions t ions a
o K g s&g ens -spe ine t f ag e dy of tio ication:
= P22z ] for ion ining t O th uc ifica
= 8 s c g latio; fin impac into jectory str tifi :
g % 25 ] i 5 pu s re imp ts in traje econ iden lation
5 X, 53 - « = po thu f the insigh he ir r of relal
! = S ing t| e 1) .
3 - 3 2 H = males, ion o ble in ding iust th uracy lex co ring a
£ g 1210 e =4 T o | oo lorat: alual rehen n adj he acc comp s, offe bust
< = : . A inv an a t es, 0
a . 28 S g & g1 @ €xp d in omp IS C ng the tur ing r
g % S S © =8 s 8 < ielde By ¢ itione heni ined fea ishing ices,
5 2| 3 =3 N8 3 S S ie ime. titi gt in issue blis tri
S S8 " T 8 g 22 3 y tim rac tren. xam tiss stal ma al
o & 0 < 28 o S ¢ 3 ver tim PIE S, strer . ion e oft By estal ue let:
: ) o ing, ns, les. tio ds in. tiss ske
2 8 2.8 °© z ith ag tio h a n hip ft ing he
b b N S x ith Itera rap Stg es and. ns so lyin t
= g 2 125 b g w da mog inve ctur latio nd derlyi s to
g & S S i = late de ur tru rre ices a un tion udy
o R8, o - e ge o 1ls ir inte ice on uctior st
N L] ) ¥ oow I © Il I ious a re, ku rin atr; sed str his
@ FIEE R S SR g " rio rmo ing s thei m s ba econ: t
5 £1s3 8 555 S & " Furthe nderlyi sion of d tissue featurelity of roverall’
= n P S u en: I . e ide .
z 8 S &S i $33 5l = betWeenompreh een haoft tissu the fid ristics.
2 2 T @ I i S 2 o T C betw icts ing cte
= a, S SN ¥ =1 €: . di ClL ra
< o) 3 ep S re an ha:
3| e S g PSR ) Z de ion P h ial ¢
28 288, %13 =% 3 S rrelat s can by en cial
2 8 & 3 = . 3| S co ne Te fa
8| o F1BE - HES g = titio the I's
AR 222 = P Zlg prac 1ogy’~idua
e g g [ = < < & . [ rl:)hO indiv
5|8 R 232 3 mo d i
g 3 & g & & se
i gk 3 I decea
o S| o S g «
& g8 ¢ SE g
2 :58 “ 2 =
@ 323 . 2
2 B EE
& 9 =
& . &
w “‘: 'H
=]
o @
=
o g
(] o
— -
a5
e
[

13



T.M. Mbonani et al.

Forensic Science International 365 (2024) 112282

Table 7
Results of correlation between hard and soft tissue and its dependency on population affinity.
White South African French
Midfacial matrix Left EAM Right EAM Nasal aperture Midfacial matrix Left EAM Right EAM Nasal aperture
P- r- P- - P- - P- > P- r- P- > P- r- P- >
value PLS value PLS value PLS value PLS value PLS value PLS value PLS value PLS
Left ear 0.001 0.863 0.001 0.871 - - - - 0.580 0.419 0.628 0.391 0.648 0.400 - -
Right 0.001 0.874 - - 0.001 0.875 - - 0.719 0.384 0.247 0.416 0.027 0.499 - -
ear
Eyes 0.001 0.669 - - - - - - 0.780 0.290 - - - - - -
Nose 0.001 0.933 - - - - 0.001 0.976 0.386 0.456 - - - - 0.051 0.510
Mouth 0.132 0.464 - - - - - - 0.231 0.367 - - - - - -

Significant correlation between hard tissue and soft tissue tested by two-blocks Partial Least Square analyses. Bold p-values (p<0.05) indicate statistical significance.

EAM, external auditory meatus

emphasizes the importance for a nuanced understanding of craniofacial
variations across diverse populations and highlights the critical role of
demographic factors such as population affinity, sex, and age in the
creation and application of CFR methods.

By defining the complex interrelationships between these factors and
craniofacial morphology, our study emphasizes the necessity for tailored
approaches that account for population-specific variations. Moreover, it
elucidates that overlooking these demographic considerations can
compromise the accuracy and reliability of craniofacial reconstructions.
Thus, our findings underscore the importance of adopting comprehen-
sive methodologies that integrate demographic factors to ensure the
precision and validity of craniofacial analyses and reconstructions
within forensic, anthropological, and clinical contexts.

Lastly, while population affinity, sexual dimorphism, and aging have
been demonstrated to characterize craniofacial shape, facial
morphology is also influenced by hormonal influences, inherent genetic
factors, and environmental variation or functional demands [69,75].
This comprehensive understanding expands the horizons of forensic
practice, allowing for nuanced reconstructions that encapsulate the
myriad influences contributing to facial variability. Moreover, by
employing GMM, this research revealed subtle yet significant patterns of
facial variability, which might not be readily discernible through
traditional morphometric methods. This approach not only simplifies
the process of data collection and evaluation but also facilitates the
visualization of shape changes, thereby offering a more comprehensive
understanding of facial diversity across populations. By amalgamating
these tools, our research establishes a holistic framework for quantifying
and comprehending facial variation between populations.
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