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Featured Application

This study provides insights into the relationship between neurocranial deformation and
palatal morphology, with potential applications in dental and craniofacial disciplines.
Understanding the relative stability of palatal shape despite significant cranial vault modi-
fication may inform clinical approaches in orthodontics, maxillofacial surgery, and cranio-
facial growth assessment. Additionally, these findings may support the interpretation of
morphological variation in both archaeological populations and modern clinical contexts,
particularly in cases involving cranial deformities or developmental constraints.

Abstract

Background: Artificial cranial modification (ACM) in pre-Hispanic Andean populations
provides a natural model for investigating whether marked deformation of the cranial
vault is associated with corresponding changes in palatal morphology and craniofacial
integration. Methods: Three-dimensional geometric morphometrics was used to quantify
neurocranial and palatal shape in 19 Peruvian crania (9 modified, 10 unmodified). Analy-
ses included Generalized Procrustes Analysis, principal component analysis, Procrustes
ANOVA, morphological disparity tests, directional asymmetry assessment, and two-block
partial least squares (PLS) analysis of neurocranial–palatal covariation. Results: Modified
crania showed significant neurocranial shape divergence from unmodified individuals,
whereas palatal mean shape, principal component scores, and within-group disparity did
not differ significantly between groups. Directional asymmetry was significant in both
groups, but differences in mean asymmetry between groups were modest. Two-block
PLS analysis yielded a first-axis correlation of r-PLS = 0.694; however, this association
was not statistically significant (p = 0.488), and the RV coefficient indicated only low-to-
moderate integration between neurocranial and palatal shape (RV = 0.341). Conclusions:
These findings indicate that pronounced neurocranial deformation is associated with sub-
stantial changes in cranial vault morphology but limited alteration of palatal shape. The
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absence of significant neurocranial–palatal covariation suggests that the palate behaves as
a comparatively constrained component of the craniofacial complex, supporting a model
of partial craniofacial integration during growth.

Keywords: artificial cranial modification; palatal morphology; craniofacial integration;
geometric morphometrics; cranial vault deformation; dental anthropology; human
anatomy; craniofacial growth; morphometric analysis

1. Introduction
The human skull is a complex anatomical system in which the neurocranium and

viscerocranium are structurally connected but only partially integrated in their growth and
functional relationships. Within this complex, the palatal arch, formed mainly by the pala-
tine processes of the maxillae and the horizontal plates of the palatine bones, contributes
to the roof of the oral cavity and to the separation of the oral and nasal passages, thereby
supporting functions such as swallowing, respiration and speech [1,2]. Understanding the
relationship between neurocranial and palatal morphology is relevant to studies of cran-
iofacial growth, congenital malformation and functional variation, because these regions
are anatomically connected yet developmentally distinct [3–6]. These interactions are also
of clinical interest, as disturbances in craniofacial growth contribute to conditions such
as cleft palate and craniosynostosis [7–9]. Experimental and clinical studies have shown
that masticatory and occlusal forces can influence craniofacial form and bone remodelling,
highlighting the broader importance of mechanical factors during growth [10–13]. At the
same time, the relationship between craniofacial form, stomatognathic function and posture
remains complex, and several aspects of these interactions are still debated or incompletely
understood [14–17]. As a result, it remains unclear to what extent marked deformation of
the neurocranium is associated with corresponding morphological changes in anatomically
connected regions such as the palate. Clarifying this point may improve understanding of
craniofacial integration and help contextualize morphological variability observed in devel-
opmental and clinical conditions [18–21]. Artificial cranial modification (ACM) provides a
useful model for investigating this problem because it induces marked, non-pathological
remodeling of the cranial vault during early development. In pre-Hispanic Andean popu-
lations, ACM was achieved through sustained external pressure applied during infancy,
producing recognizable cranial morphotypes, including annular and tabular forms, with-
out directly targeting the palate or other facial structures. This makes ACM particularly
informative for testing whether extreme neurocranial deformation is accompanied by cor-
responding changes in palatal morphology, or whether the palate remains comparatively
conserved despite major alteration of the cranial vault. Previous studies have shown that
artificial cranial modification can affect craniofacial morphology beyond the cranial vault,
with reported changes in cranial base configuration, facial projection, orbital morphology,
zygomatic shape, and maxillofacial proportions [22–25]. However, these effects are not
fully consistent across populations, deformation types, and analytical approaches, and
the evidence is generally stronger for the cranial base and midface than for the palate
specifically [23,24,26]. In particular, much of the available literature has focused on broad
facial dimensions or regional craniofacial landmarks, whereas the palate has received
comparatively limited and less systematic 3D investigation [25,26]. Moreover, because the
cranial vault and palate are anatomically connected but developmentally and functionally
distinct, facial changes cannot be assumed to imply equivalent palatal remodeling. It
remains unclear whether palatal variation associated with ACM represents a direct and
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coordinated component of craniofacial remodeling, an indirect developmental response,
or only a limited change despite marked vault deformation. Studies that jointly quantify
neurocranial and palatal shape in three dimensions, distinguish among ACM morphotypes,
include unmodified comparative individuals, and assess directional asymmetry and shape
covariation are still limited [25,26].

In the present study, high-resolution three-dimensional geometric morphometrics
was used to analyse neurocranial and palatal morphology in a sample of pre-Hispanic
Peruvian crania, including individuals with annular or tabular ACM and unmodified
controls (Figure 1). The aims were: (1) to assess whether modified and unmodified crania
differ in palatal shape; (2) to evaluate whether ACM is associated with changes in palatal
directional asymmetry; and (3) to evaluate the degree of covariation between neurocranial
and palatal shape and to compare the morphometric response of these two anatomical
regions to ACM. Rather than assuming a priori functional compensation, this study tests
whether marked vault deformation is mirrored by detectable palatal variation and whether
neurocranial and palatal morphology covary in a coordinated manner, thereby providing
new evidence on the degree of craniofacial integration between these anatomical regions.

Figure 1. Virtual elaboration of cranial sample subdivided into unmodified skull and modified:
(a) tabular type, (b) annular type.

Artificial Cranial Modification in Pre-Hispanic Peru

Pre-Hispanic populations of Peru are renowned for artificial cranial modification
(ACM), one of the most distinctive and extensively documented practices in the Andean
archaeological record [27,28]. ACM involved intentional reshaping of the cranial vault
during early infancy, when cranial bones remain plastic and deformable. The practice
was widespread among groups such as the Paracas, Nazca and Inca and was performed
using boards, bindings or headdresses that exerted sustained pressure on the infant skull
to produce permanent cranial forms [22,29,30].

Two predominant forms of modification are recognised: the tabular type, which
flattens the forehead and occiput while expanding the parietals, and the annular type,
which acts circumferentially through bandaging to alter vault shape [22,31,32]. These
forms were associated with social identity, status and religious beliefs, serving as visible
markers of group membership and social differentiation [28,33–35]. Decisions regarding
ACM were typically made within the family and required technical expertise to obtain
the desired form without causing overt harm [28,29,31,32]. Osteoarchaeological studies
indicate that modified crania occur across all age classes and do not show significant
sex-based differences in frequency or patterning [28,29,31–33]. Although generally not
associated with severe neurological impairment, it may be accompanied by morphological
changes extending beyond the cranial vault, including facial asymmetry and possible
effects on anatomically related craniofacial structures [22]. This makes ACM a valuable
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model for investigating how early, externally induced neurocranial remodeling may relate
to palatal morphology.

2. Materials and Methods
This study analysed 19 adult crania (Table 1) from pre-Hispanic Peruvian contexts

curated in the osteological collection of the Museum of Anthropology and Ethnology
of the University of Florence [30,36–38]. All analyses and digital acquisitions described
below were conducted under the authorization of the responsible institutions and in ac-
cordance with their ethical and curatorial policies for the study of human remains, with
particular attention to the respectful treatment of historically marginalized and Indigenous
communities. Specimen selection was based on the identification of morphological traits
attributable to artificial cranial modification (ACM), following the classification criteria
proposed by Torres-Rouff [29,31,32]. Nine crania displaying clear evidence of ACM were
selected, together with ten unmodified individuals showing no evidence of taphonomic
distortion, cultural modification other than ACM, congenital anomalies, or pathological
conditions, including systemic diseases known to affect skeletal growth and craniofacial
development, that could confound the morphological comparisons. The final sample size
(n = 19) reflects the strict application of these inclusion criteria to the available archaeo-
logical collection. Specimens were included only when both the neurocranial and palatal
regions were sufficiently preserved for high-resolution 3D digitisation and reliable land-
mark placement. This selection strategy was intended to minimise variation related to
taphonomic deformation, pathological alteration, and incomplete preservation, thereby
improving the comparability of specimens and reducing potential confounding factors in
the assessment of neurocranial–palatal morphological relationships.

Table 1. Sex distribution and group characterization of the pre-Hispanic Peruvian crania curated at
the Museum of Anthropology and Ethnology, University of Florence. Sex was assessed by cranial
features of the specimen [38].

Code Sex

1798 male
2250 male
2251 male
2252 female
2253 male
2254 male
2255 male
2258 male
2259 female
2264 male
2268 male
2270 female
2275 male
2283 male
2297 male
2318 female
3034 female
4080 female
4713 indeterminate
6150 indeterminate

The analysis focused on two anatomical regions: the neurocranium and the palate.
The neurocranium was selected because ACM directly alters vault morphology through
externally imposed mechanical shaping during growth [26,38,39]. The palate was selected
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because it is anatomically connected to the craniofacial complex and is developmentally
sensitive to functional and spatial influences, including tongue posture and craniofacial
configuration [40,41]. Comparing these two regions makes it possible to test whether
marked neurocranial deformation is associated with corresponding variation in palatal
morphology and to evaluate the degree of covariation between these craniofacial compo-
nents. The mandible was not included because its morphology is strongly influenced by
factors that are not the focus of the present study, including subsistence-related variation
and masticatory behaviour, which may obscure patterns specifically related to neurocranial–
palatal relationships [42]. The present study therefore focuses on the relationship between
neurocranial modification and palatal morphology. The crania were digitised using an
Artec Eva S Spider 3D scanner (Artec 3D, Senningerberg, Luxembourg), which employs
structured-light technology and captures surface details with an accuracy of approximately
0.05 mm and a resolution of 0.1 mm (Artec 3D, 2025). This system enabled the generation
of high-resolution three-dimensional models suitable for geometric morphometric analysis.
Point-cloud acquisition and alignment were performed using Artec Studio 12 Professional
software (version 12; Artec 3D, Senningerberg, Luxembourg). Digital meshes were subse-
quently post-processed at the Laboratory of Nuclear Imaging and Computed Tomography
(LINC), University of Ferrara, using PMOD 2021 software. PMOD was used to correct digi-
tisation artefacts and improve mesh quality prior to landmark acquisition. Morphometric
data were collected in Viewbox 4 (dHAL Software), which supports three-dimensional
landmark-based geometric morphometric analyses [43–45].

2.1. Geometric Morphometric and Asymmetry Analysis

The study sample comprised 19 Peruvian crania, divided into two groups (modified
and unmodified). For palatal analyses, 41 landmarks were digitised per specimen, including
fixed anatomical landmarks, curve semilandmarks and surface semilandmarks, in order
to capture both discrete anatomical points and continuous morphological features of the
palatal vault (Figure 2).

Figure 2. Digital skull (A) and template structure (B) showing digitized landmarks on the palatal
arch: fixed anatomical landmarks (red), curve semilandmarks (blue), and surface semilandmarks
(green) (procedure published by Oxilia et al. [46]).

For whole-cranium analyses, a configuration of 286 landmarks (fixed landmarks plus
curve and surface semilandmarks) was recorded (Figure 3 and Table 2). Landmarking
protocols followed previously validated procedures: Oxilia et al. [46] for the palate and
Oxilia et al. [47] for the neurocranial surfaces. All landmark configurations were digitised
by the same observer using standardised landmark definitions and template-based proto-
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cols. Meshes were inspected and post-processed before landmark acquisition to minimise
artefacts that could affect landmark placement. For both anatomical regions, landmark
coordinates were assembled into three-dimensional arrays (k × m × n) for subsequent
processing in R.

Figure 3. Digital skull (A) and template structure (B) showing the digitized landmarks on the skull shape:
fixed anatomical landmarks (red), curve semilandmarks (blue), and surface semilandmarks (green).

Table 2. Landmarks and semilandmarks (sml = semilandmark) of the skull shape configuration.

Landmark n. Name

1 Superior orbital notch_dx
2 Glabella
3 Superior orbital notch_sx
4 Rhinion
5 Orbitale dx
6 Orbitale sx
7 Nasospinal
8 Jungale sx
9 Jungale dx
10 Stephanion dx
11 Stephanion sx
12 Bregma
13 Inion
14 Opisthion
15 Basin
16 Basisphenoid
17 Porion dx
18 Porion sx
19 Asterion dx
20 Asterion sx
21 left anterior occipital condyle
22 right anterior occipital condyle
23 right anterior occipital condyle
24 left anterior occipital condyle

2.2. Statistical Analysis

Landmark configurations for the neurocranium and palate were aligned separately
using Generalized Procrustes Analysis (GPA) with the gpagen function in the geomorph
package [48], allowing semilandmarks to slide by minimising bending energy. Prior to test-
ing morphological differences between groups, the potential influence of biological sex on
palatal and neurocranial shape was evaluated through a permutational Procrustes ANOVA
(procD.lm, 9999 permutations) including sex as the first covariate to account for its effect
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before testing for the group factor and the group × sex interaction. To account for two indi-
viduals of indeterminate sex, four assignment scenarios were considered: (1) excluding in-
determinate individuals from the analysis; (2) assigning both as male; (3) assigning both as
female; and (4) using alternating assignments (individual 4713 as male, individual 6150 as
female). Given the absence of a significant effect of sex or group × sex interaction across
all scenarios, sex was not included in subsequent analyses, which focused exclusively
on the contrast between artificially modified and unmodified individuals. To identify
major axes of shape variation, Principal Component Analysis (PCA) was performed on the
Procrustes-aligned coordinates. Mean shape differences between modified and unmodified
individuals were tested using permutational Procrustes ANOVA (procD.lm, 9999 permuta-
tions). Morphological disparity within groups was quantified as Procrustes variance and
evaluated by permutation (9999 iterations), while multivariate dispersion was compared
using the betadisper function in the vegan package. Directional asymmetry (DA) of the
palate was assessed using the bilateral-symmetry model in geomorph to partition shape
variance and identify systematic side effects. Differences in the magnitude of global direc-
tional asymmetry between modified and unmodified individuals were evaluated using a
permutation test based on the mean landmark-wise DA values. Morphological integration
between the neurocranium and the palate was investigated via two-block partial least
squares (PLS) analysis and the RV coefficient [49,50]; statistical significance of the PLS corre-
lation was assessed through 9999 permutations. All statistical procedures were conducted
in R (v. 4.4.1) [51] using the packages geomorph [48] and vegan [52].

3. Results
Prior to the main morphological comparisons, the influence of biological sex on palatal

shape was assessed across four assignment scenarios for two individuals of indeterminate
sex (Table 3). Given the absence of significant sex effects or group × sex interactions across
all assignment scenarios (all p > 0.28), subsequent analyses focused on the contrast between
artificially modified and unmodified individuals without further stratification by sex.

Table 3. Sensitivity analysis for the effect of biological sex on palatal shape (permutational Procrustes
ANOVA, 9999 permutations).

Scenario N (F/M) Model Effect Df F p

1—Known sex only
(indet excluded) 5 F/12 M shape ~ sex sex 1 0.705 0.639

shape ~ sex + group sex 1 0.683 0.663
group 1 0.528 0.802

shape ~ sex * group sex 1 0.662 0.686
group 1 0.512 0.819

sex:group 1 0.565 0.744
2—Indet → male 5 F/14 M shape ~ sex sex 1 0.594 0.748

shape ~ sex + group sex 1 0.586 0.756
group 1 0.765 0.571

shape ~ sex * group sex 1 0.566 0.777
group 1 0.739 0.590

sex:group 1 0.460 0.853
3—Indet → female 7 F/12 M shape ~ sex sex 1 1.202 0.284

shape ~ sex + group sex 1 1.170 0.301
group 1 0.545 0.795

shape ~ sex * group sex 1 1.159 0.310
group 1 0.539 0.799

sex:group 1 0.844 0.509
4—Indet alternated
(4713 = M, 6150 = F) 6 F/13 M shape ~ sex sex 1 0.895 0.464

shape ~ sex + group sex 1 0.876 0.482
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Table 3. Cont.

Scenario N (F/M) Model Effect Df F p

group 1 0.648 0.685
shape ~ sex * group sex 1 0.861 0.495

group 1 0.637 0.696
sex:group 1 0.730 0.601

F = female; M = male. All models include shape as dependent variable. Group = modified vs. unmodified.
The asterisk indicates the inclusion of the main effects of sex and group, as well as their interaction
term (sex:group).

The first three principal components (PCs) from the PCA of palatal shape ac-
counted for 72.1% of the total variance (PC1: 38.7%; PC2: 23.2%; PC3: 10.2%). In the
PC1–PC2 morphospace, modified and unmodified individuals exhibited broad overlap
with no clear separation (Figure 4A). Permutational Procrustes ANOVA confirmed that
differences in mean palatal shape between the two groups were not statistically significant
(F = 0.839; p = 0.511). Similarly, no significant difference was found in morphological
disparity (modified Procrustes variance = 0.00947; unmodified = 0.00986; p = 0.889).

Figure 4. Principal Component Analysis (PCA) plots comparing two groups, “modified” (green
circles and polygons) and “unmodified” (red triangles and polygons), for (A) palatal vault shape and
(B) cranial shape.

The influence of biological sex on neurocranial shape was assessed across four assign-
ment scenarios for two individuals of indeterminate sex (Table 4). Sex had no significant
effect on neurocranial shape, and no significant group × sex interaction was detected in
any scenario (p > 0.11 in all cases). Once biological sex was excluded as a covariate, all
subsequent analyses focused exclusively on the contrast between artificially modified and
unmodified individuals.

The first two principal components accounted for 44.7% of total cranial shape variance
(PC1: 30.0%; PC2: 14.7%; Figure 4B). Mean cranial shape differed significantly between
modified and unmodified individuals (Procrustes ANOVA: F = 4.75, Z = 3.27, R2 = 0.218,
p < 0.001). Morphological disparity was also significantly higher in modified individuals
(Procrustes variance = 0.00293) than in unmodified individuals (0.00227; p = 0.00065). The
first PLS axis showed an r-PLS correlation of 0.694 and accounted for 45.17% of the total
covariation between neurocranial and palatal shape (Figure 5). However, this association
was not statistically significant (Z = 0.036, p = 0.488; 9999 permutations). The RV coefficient
was 0.341.
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Table 4. Sensitivity analysis for the effect of biological sex on cranial shape (permutational Procrustes
ANOVA, 9999 permutations).

Scenario N (F/M) Model Effect Df F p

1—Known sex only
(indet excluded) 5 F/12 M

shape ~ sex sex 1 0.761 0.6785
shape ~ sex + group sex 1 0.892 0.5252

group 1 3.570 0.0005
shape ~ sex * group sex 1 0.916 0.5011

group 1 3.669 0.0004
sex:group 1 1.387 0.1545

2—Indet → male 5 F/14 M

shape ~ sex sex 1 0.590 0.8766
shape ~ sex + group sex 1 0.713 0.7424

group 1 4.543 0.0001
shape ~ sex * group sex 1 0.732 0.7192

group 1 4.663 0.0001
sex:group 1 1.423 0.1297

3—Indet → female 7 F/12 M

shape ~ sex sex 1 1.263 0.2151
shape ~ sex + group sex 1 1.485 0.1234

group 1 3.981 0.0001
shape ~ sex * group sex 1 1.502 0.1179

group 1 4.029 0.0001
sex:group 1 1.192 0.2528

4—Indet alternated
(4713 = M, 6150 = F) 6 F/13 M

shape ~ sex sex 1 1.014 0.3955
shape ~ sex + group sex 1 1.218 0.2418

group 1 4.424 0.0001
shape ~ sex * group sex 1 1.247 0.2272

group 1 4.527 0.0001
sex:group 1 1.373 0.1571

The asterisk indicates the inclusion of the main effects of sex and group, as well as their interaction
term (sex:group).

Figure 5. Two-block partial least squares (PLS) analysis of neurocranial and palatal shape. Scatterplot
of the first PLS scores for the neurocranium (Block 1) and palate (Block 2). Red triangles represent
unmodified individuals and green circles represent modified individuals. The red line indicates the
linear regression. The first PLS axis showed an r-PLS correlation of 0.694 (p = 0.488; 9999 permutations)
and accounted for 45.17% of total covariation; the RV coefficient was 0.341.
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Directional Asymmetry of the Palate

Directional asymmetry was assessed separately in modified and unmodified individ-
ual. A significant side effect was detected in both groups, indicating systematic left–right
differences in palatal shape (modified: p = 0.0001; unmodified: p = 0.0002; Tables 5 and 6).
In both groups, the individual component accounted for the largest proportion of palatal
shape variance.

Table 5. Analysis of variance results for directional asymmetry (DA) in individuals with modified
neurocrania.

Effect Df SS Rsq F Z Pr(>F) Percent Variance

ind 8 0.136957 0.62882 5.1512 5.8277 0.0001 62.88%
side 1 0.054257 0.24911 16.3255 2.7371 0.0001 24.91%

ind:side 8 0.026588 0.12207 12.21%
Total 17 0.217802 100%

Note: Df, degrees of freedom; SS, sums of squares; Rsq, coefficient of determination; F, F-ratio;
Z, effect size; Pr(>F), permutation-based p-value (10,000 iterations).

Table 6. Analysis of variance results for directional asymmetry (DA) in unmodified individuals.

Effect Df SS Rsq F Z Pr(>F) Percent Variance

ind 9 0.176696 0.75889 9.3320 6.1227 0.0001 75.89%
side 1 0.037205 0.15979 17.6840 3.7908 0.0002 15.98%

ind:side 9 0.018934 0.08132 8.13%
Total 19 0.232835 100%

Mean landmark-wise directional asymmetry was higher in modified individuals
(0.0146) than in unmodified individuals (0.0116), with a between-group difference of 0.0030;
this difference was not statistically significant (global permutation test: p = 0.103; Table 7).

Table 7. Comparison of global palatal directional asymmetry between modified and unmodified
individuals.

Metric Value

Mean DA (modified) 0.0146
Mean DA (unmodified) 0.0116

Difference (modified − unmodified) 0.0030
Global permutation p-value 0.103

4. Discussion
4.1. Differential Morphometric Responses of the Neurocranium and Palate

This study showed contrasting morphometric responses to artificial cranial modifica-
tion (ACM) in the neurocranial and palate. Modified and unmodified individuals differed
significantly in mean neurocranial shape, whereas no significant between-group difference
was detected in mean palatal shape. These findings indicate that, in the present sample,
the morphological effects of ACM were more pronounced in the neurocranium than in
the palatal vault. The absence of detectable differences in mean palatal shape reflects the
partial developmental and functional constraint of the palatal region. This interpretation
is compatible with the functional matrix perspective [53], according to which craniofacial
form is influenced by functional demands related to mastication, swallowing, occlusion,
and airway patency. However, these mechanisms were not directly assessed in the present
study and should therefore be regarded as possible explanatory frameworks rather than
demonstrated processes. Given the limited sample size, subtle palatal effects cannot be
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excluded; nevertheless, the results do not support a detectable displacement of average
palatal form associated with ACM in this sample.

4.2. Palatal Directional Asymmetry Patterns

Palatal directional asymmetry (DA) patterns should be interpreted within the frame-
work of craniofacial modularity and integration, where partially distinct modules such
as neurocranium, cranial base, and facial skeleton, that covary to preserve structural and
functional equilibrium [54–56]. Although DA was significant in both groups, the differ-
ence between modified and unmodified individuals was statistically non-significant. This
suggests that ACM may have altered craniofacial loading conditions without producing
a uniform remodeling of the palate or a discrete shift in average asymmetry. Mechanisti-
cally, palatal form reflects a balance between intrinsic trajectories and functional demands,
including occlusal forces, tongue posture, and muscle activity [55,57–60]. Other potential
pathways involving velopharyngeal, glossopalatal, lingual, or cranio-cervical relationships
might be considered [19,61–71], but as these were not directly measured, they remain
hypotheses for future research.

4.3. Stability of Mean Palatal Morphology

The absence of statistically significant mean palatal shape differences may also reflect
the multifactorial development of the palatal complex. During early craniofacial growth,
cranial and palatal sutures may contribute to the transmission and redistribution of mechan-
ical influences across the craniofacial skeleton [22,55,72]. Palatal morphology is also shaped
by maxillary growth, dental development and eruption, and changes in the adjacent oral
and nasal cavities [53,55,73–77]. These factors may contribute to the relative preservation
of average palatal shape despite marked neurocranial remodeling; however, they were not
directly assessed in the present study.

4.4. Covariation Between Neurocranial and Palatal Shape

Two-block partial least squares analysis showed an r-PLS correlation of 0.694 along
the first covariation axis; however, this association was not statistically significant. The RV
coefficient was 0.341. Thus, the present data do not provide evidence of significant overall
covariation between neurocranial and palatal shape. Although ACM was associated with
marked neurocranial differences, corresponding coordinated changes in palatal shape were
not detected in this sample.

4.5. Evolutionary–Anatomical Perspective on Craniofacial Modularity

From an evolutionary–anatomical perspective, the contrasting responses of the neuro-
cranium and palate observed in this sample are consistent with a model of a partial and
region-specific craniofacial integration. Craniofacial structures do not necessarily respond
uniformly to developmental or environmental perturbations, as their growth is regulated
by partly distinct developmental trajectories and patterns of covariation. Previous develop-
mental and comparative research has highlighted the temporally dynamic organisation of
human craniofacial development, as well as regional differences in skull-base and facial
integration [78–80]. In this context, the marked plasticity of the neurocranial vault and the
absence of detectable mean palatal shape differences may reflect differential sensitivity
among craniofacial components. Comparative evidence further suggests that oral, facial,
and neurocranial regions may follow distinct developmental trajectories and may be sub-
jected to unequal constrains and heterochronic processes [81]. Although the present study
does not directly test evolutionary mechanisms or developmental timing, the observed
pattern provides a comparative framework in which neurocranial–palatal relationships can
be interpreted as partial rather than uniform across the craniofacial complex.
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4.6. Comparative Relevance for Clinical Craniofacial Research

Although the present findings cannot be directly extrapolated to pathological con-
ditions, they may have cautious comparative relevance for clinical craniofacial research.
The absence of significant neurocranial–palatal covariation in this sample indicates that
marked morphological change in one craniofacial region is not necessarily accompanied by
proportionate change in another. This observation is consistent with clinical morphometric
evidence showing that craniofacial integration and modularity may be reorganized, rather
than uniformly disrupted, in individuals with cleft lip and palate [82]. Likewise, biomechan-
ical studies of early postnatal craniofacial growth have highlighted region-specific responses
to functional loading across the developing skull [83]. These comparisons should be inter-
preted cautiously, as neither clinical conditions nor developmental loading were assessed in
the present study. Nevertheless, they support a broader framework in which neurocranial
and stomatognathic regions may show unequal sensitivity to developmental perturbations.

4.7. Limitations and Future Directions

Several limitations should be acknowledged. First, the sample size was limited by the
strict inclusion criteria applied to the available archaeological collection, which may have
reduced statistical power, particularly for integration analyses and the detection of subtle
between-group effects. Accordingly, non-significant findings should not be interpreted as
definitive evidence of the absence of an effect, as type II error cannot be excluded. Second,
the study was based exclusively on skeletal morphology and could not directly assess
muscular, occlusal, airway, or postural mechanisms. Third, the archaeological nature of the
material limited control over developmental timing and other life-history factor variables.
In addition, although landmark placement followed established geometric morphometric
protocols, a formal assessment of intra- or interobserver error was not performed. Future
studies combining larger samples with 3D morphometrics, dental and developmental
information, functional data and formal assessment of landmarking reproducibility will
help clarify the mechanisms underlying differential craniofacial responses to ACM.

5. Conclusions
This study demonstrates a clear dissociation in the morphometric response of the

neurocranium and the palate to artificial cranial modification (ACM). While culturally-
mediated forces induce marked neurocranial remodeling, the palatal arch maintains a
comparatively stable phenotype. This finding provides significant insights into human
craniofacial modularity, suggesting that anatomical structures directly involved in vital
functions (such as respiration and mastication) operate within more constrained develop-
mental limits than the cranial vault. From an anatomical and evolutionary perspective,
these results support a model of partial and region-specific integration, where different
cranial modules exhibit unequal degrees of plasticity in response to external perturbations.
For the field of craniofacial research and clinical medicine, this study offers a cautious but
informative comparative framework. It reinforces the principle that substantial remodeling
in one cranial region does not necessarily predict proportionate alterations in adjacent
components, a concept that may be relevant for understanding region-specific sensitivity
in both developmental and pathological contexts.
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