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ARTICLE INFO ABSTRACT

Keywords: Given the shared ectodermal origin and integrated development of the face and the brain, facial biomarkers
Schizophrenia emerge as potential candidates to assess vulnerability for disorders in which neurodevelopment is compromised,
Bipolar disorder such as schizophrenia (SZ) and bipolar disorder (BD).

g;g:‘jﬁ::wmem The sample comprised 188 individuals (67 SZ patients, 46 BD patients and 75 healthy controls (HC)). Using a

landmark-based approach on 3D facial reconstructions, we quantified global and local facial shape differences
between SZ/BD patients and HC using geometric morphometrics. We also assessed correlations between facial
and brain cortical measures. All analyses were performed separately by sex.

Diagnosis explained 4.1 % - 5.9 % of global facial shape variance in males and females with SZ, and 4.5 % - 4.1
% in BD. Regarding local facial shape, we detected 43.2 % of significantly different distances in males and 47.4 %
in females with SZ as compared to HC, whereas in BD the percentages decreased to 35.8 % and 26.8 %,
respectively. We detected that brain area and volume significantly explained 2.2 % and 2 % of facial shape
variance in the male SZ - HC sample.

Our results support facial shape as a neurodevelopmental marker for SZ and BD and reveal sex-specific
pathophysiological mechanisms modulating the interplay between the brain and the face.

Geometric morphometrics
Facial morphology

1. Introduction

Schizophrenia (SZ) and bipolar disorder (BD) are severe and
disabling psychiatric disorders that affect approximately 65 million
people worldwide and are considered among the top leading causes of
years lived with disability (GBD 2019 Mental Disorders Collaborators,
2022).

The presence of a heterogeneous combination of symptoms that
overlap in these disorders (Karantonis et al., 2020; Liu et al., 2020),
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combined with the diverse trajectory and response to treatment among
patients, has hindered our understanding of the etiology of SZ and BD.
This limitation has impeded the identification of biologically informed
markers that could enable earlier and more accurate diagnostics.
Growing evidence suggests that both environmental and genetic factors
can impact brain development and maturation processes, and that de-
viations from typical developmental trajectories may contribute to an
elevated risk of various psychiatric disorders (Birnbaum and Wein-
berger, 2017; Owen and O’Donovan, 2017; Weinberger, 1995;
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Weinberger and Levitt, 2011). In this regard, the neurodevelopmental
model is widely accepted as the main etiological model for SZ (Wein-
berger and Levitt, 2011), whereas in BD, the neurodevelopmental
background is considered particularly prominent in individuals with an
earlier onset, exhibiting psychotic symptoms and experiencing pre-
morbid cognitive impairments (Kloiber et al., 2020).

Structural brain phenotypes have been broadly characterized
through neuroimaging approaches as direct markers of neuro-
developmental trajectories (Ching et al., 2022; Howes et al., 2023).
Although significant neuroanatomical differences have been identified
between patients with SZ/BD and healthy individuals (Hibar et al.,
2018; Jauhar et al., 2022; van Erp et al., 2018), these markers show
heterogeneity and still cannot be reliably used in a clinical scenario.

Minor Physical Anomalies (MPAs) have also been widely studied in
the context of the neurodevelopmental hypothesis. MPAs are slight
dysmorphic features, without functional or cosmetic consequences, that
are undistinguishable to the untrained eye and commonly present in the
craniofacial region (facial dysmorphologies) and limbs due to develop-
mental deviations. MPAs are thus recognized as indirect markers of
neurodevelopment according to the shared embryonic ectoderm origin
of the epidermis and the central nervous system, and to the physical and
genetic mechanisms underlying their integrated development (Marcu-
cio, Ralph Hallgrimsson and Young, 2015; Naqvi et al., 2021; Wad-
dington et al., 1999).

More concretely, the coordinated formation of the face and the brain,
which share an ectodermal origin, initiates with the migration of neural
crest cells along the anterior-posterior axis of the neural tube towards
the facial primordia, whose different tissue types will develop in the
distinct facial regions (Marcucio et al., 2015). Subsequently, the brain
acts as a platform for the face, controling some of the temporal aspects of
its development (Marcucio et al., 2015). Embryonic facial development
begins between the 4th and 8th gestational week (GW) and extends
throughout gestation (Som and Naidich, 2013). Concerning brain for-
mation, by the 8th GW, differentiation of the diencephalic and midbrain
regions occurs alongside the specification of the segmental organization
of the hindbrain and spinal cord (Stiles and Jernigan, 2010). Addition-
ally, at this embryonic stage, the first cortical fissure emerges, initiating
the gyrification process by forming gyri and sulci, thus transitioning the
embryonic lissencephalic brain into a convoluted structure over gesta-
tion and early postnatal stages (Stiles and Jernigan, 2010). Remarkably,
during these early stages, antenatal factors such as abnormal fetal
development and obstetric complications, which may affect the coor-
dinated formation of the brain and the face, have been shown to be
related to a higher risk for SZ (Valli et al., 2023; Mezquida et al., 2018).

The integrated development and morphogenesis of the brain and
face are coordinated by common genetic pathways (including, for
example, the Fibroblast Growth Factor (FGF), Hedgehog (HH), Trans-
forming Growth Factor Beta (TGF-f), Notch, and WNT (Richtsmeier and
Flaherty, 2013)). Furthermore, certain genes within these pathways
have exhibited to be associated with SZ (Chen et al., 2015; Wang et al.,
2010; Waddington et al., 1999), supporting the neurodevelopmental
model and its relationship with craniofacial dysmorphogenesis occur-
ring between the 9th and 15th GW (Waddington et al., 1999).

Different studies have reported MPAs as indirect markers of neuro-
developmental alterations in SZ and BD due to their higher prevalence in
patients than in healthy individuals (Akabaliev et al., 2014; Bora, 2022;
Gourion et al., 2004; Lane et al., 1997). In addition, an umbrella review
confirmed their role as a risk factor for psychotic disorders (Radua et al.,
2018). In the case of SZ, a MPAs discriminant pattern composed of
higher/more arched palate, finer electric hair, abnormal head circum-
ference, epicanthus and hypertelorism has been identified (Akabaliev
et al., 2014). Moreover, other studies found that those MPAs showing a
higher frequency in SZ patients than controls were mainly localized on
the craniofacial region, encompassing features such as abnormal su-
praorbital ridges, bifid tongue, protruding ears, hypoplastic ear lobes,
and hair whorls (Weinberg et al., 2007; Gourion et al., 2004; Lane et al.,
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1997). Also, a meta-analysis showed a higher presence of MPAs in SZ
patients and their relatives compared to controls, suggesting the po-
tential of MPAs as an endophenotype for SZ (Xu et al., 2011). On the
other hand, the MPAs exhibited in BD patients in a higher prevalence
when compared with controls included arched palate, furrowed tongue
(Berecz et al., 2017) and ear anomalies such as over folded helices,
attached lobes, prominent tragus, and protruding ears (ince et al., 2020).
Interestingly, a meta-analysis concluded that while both patients with
SZ and BD showed a higher frequency than controls, BD patients tended
to show fewer MPAs than SZ patients (Bora et al., 2022). Furthermore,
the meta-analysis by Varga et al. (2021) showed that BD patients
exhibited significant MPAs differences compared to controls only for the
facial region, while not for peripheral body regions.

MPAs have been classically assessed by linear or angular measure-
ments and applying categorical scores (Akabaliev et al., 2014; Lane
et al., 1997). The main disadvantage of these classical methodologies is
their lack of precision and limited potential to capture subtle dysmor-
phologies in complex 3D anatomies. Therefore, in the search for higher
accuracy, geometric morphometrics emerges as a more powerful
approach to capture the subtle, yet significant, facial dysmorphologies
associated with neurodevelopmental disorders. The few studies based on
geometric morphometrics currently available have revealed significant
facial shape differences between SZ/BD patients and healthy individuals
(Buckley et al., 2005; Hennessy et al., 2010, 2007, 2004; Henriksson
et al., 2006; Katina et al., 2020). In particular, hypertelorism was
indentified among patients with SZ (Henriksson et al., 2006), while
patients with BD exhibited more elongated noses and narrower mouths
than controls (Hennessy et al., 2007).

Despite the structural brain alterations and facial dysmorphologies
detected in SZ and BD, few studies have explored the link between facial
and brain dysmorphologies. Facial MPAs assessed by classical scales
have been associated with grey matter changes in several brain areas
(prefrontal cortex, precuneus basal ganglia, thalamus and lingual gyrus)
of patients with first-episode psychosis (Dean et al., 2006) and lateral
ventricular enlargement in childhood or adolescent-onset SZ patients
(Hata et al., 2003). However, such associations were not detected by
other studies (Kelly et al., 2005; O’Callaghan et al., 1995).

This study aimed to further evaluate facial dysmorphologies and
their cortical brain measures correlates both in SZ and BD, by combining
geometric morphometrics and neuroimaging approaches, to better un-
derstand the neurodevelopmental load of these disorders. Considering
the existence of facial sexual dimorphism (Evison et al., 2010; Hennessy
et al., 2002), which arises during adolescence (Koudelova et al., 2015),
together with the underlying sex-dependent mechanisms that influence
the neurodevelopmental processes and produce structural brain dis-
parities between males and females (Barrett and Lessing, 2021; Bethle-
hem et al., 2022; Diaz-Caneja et al., 2021; Sandman et al., 2013), it
becomes imperative to embrace a sex-specific perspective in the evalu-
ation of brain-face correlates. Furthermore, differences observed in the
prevalence, age of onset and progression across sexes (Abel et al., 2010)
emphasize the importance of this sex-specific approach. Therefore, we
analyzed separately males and females to: i) assess global and local
facial shape differences between patients with SZ and BD as compared
with healthy individuals; and ii) evaluate the relationship between
global facial shape and cortical brain measures. We expected to reveal
significant differences in facial shape between groups and associations
with brain cortical measures, adding evidence to the understanding of
common developmental roots between the face and the brain in these
disorders.

2. Methods and materials
2.1. Sample

The sample comprised 188 subjects, including 67 patients with SZ,
46 patients with BD and 75 healthy controls (HC). Patients were
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Table 1

Sample description. The data presented in this table are categorized based on the
groups used in the analyses. Healthy controls (HC) were matched with the
corresponding patient groups (diagnosed with schizophrenia (SZ) or bipolar
disorder (BD)) in terms of age, sex, and estimated Intelligence Quotient (IQ).

SZ - HC sample (n = 134) BD - HC sample (n = 92)

Diagnosis SZ HC BD HC
n (male/female) 67 (41/26) 67 (41/26) 46 (23/23) 46 (23/23)
Mean Age (s.d.) 39.81 38.27 41.17 40.48
[age range] (10.19) (8.99) (9.88) 9.14)
[21-60] [20 - 63] [22-61] [21-57]
Mean Estimated IQ 101 (8.6) 102.07 102.93 102.33
(s.d.) [77-114] (7.92) (7.73) (8.35)
[83-116] [81-114] [83-116]

recruited at Benito Menni and Mare de Déu de la Merce Hospitals, both
of which are centers of the Germanes Hospitalaries in the province of
Barcelona. They fulfilled the Diagnostic and Statistical Manual of Mental
Disorders (4th edition, text revision; DSM-IV-TR) criteria for SZ or BD
according to clinical interview with psychiatrists. HC were recruited
through public advertising in the area of Barcelona and did not have a
current or antecedent history or first-degree family history of psychiatric
disorders. In addition, both patients and HC met additional inclusion
criteria, including European ancestry; age between 18 and 65 years old;
right-handedness; and estimated intelligence quotient (IQ) > 70, as
assessed using the Test de acentuacion de palabras (TAP) (Gomar et al.,
2011), an adapted Spanish version of the National Adult Reading Test
(NART) (Nelson and Willison, 1991). Exclusion criteria for both groups
included drug or alcohol abuse and a history of neurological damage. All
participants provided written consent after being informed about the
study procedures and implications. The study was performed following
the guidelines of the institutions involved and was approved by the local
ethics committee of the centers (PR-2023-21, IRB00003099 and
CER122317). All procedures were carried out according to the Decla-
ration of Helsinki.

Based on the clinical diagnosis, the global sample was subdivided
into two subsamples (SZ-HC and BD-HC), in which patients of each
disorder were matched for age, sex and estimated IQ with individuals
from the HC group. All subsequent analyses were separately performed
in each subsample. The sample characteristics are presented in Table 1.

2.2. Magnetic resonance images acquisition

High-resolution T1 weighted (T1w) head magnetic-resonance im-
ages (MRI) were obtained for all participants at Hospital Sant Joan de
Déu (Esplugues de Llobregat, Spain). The neuroimaging protocol was
conducted in a 1.5T GE Sigma scanner with the following acquisition
parameters: matrix size 512 x 512; 180 contiguous axial slices; voxel
resolution 0.47 x 0.47 x 1 mm3; echo (TE), repetition (TR) and inver-
sion (TI) times, (TE/TR/TI) = 3.93 ms/2000 ms/710 ms, respectively;
and flip angle 15. These images were used to obtain both facial re-
constructions and brain cortical measures.

2.3. Facial shape

2.3.1. 3D facial reconstructions and morphometric phenotyping

3D facial reconstructions were generated from the MRIs using the 3D
analysis software for scientific data Amira 2019.2 (Thermo Fisher Sci-
entific, Waltham, MA, USA). Facial isosurfaces were created by selecting
a grey-scale threshold value that optimized skin segmentation for each
participant and facial region.

With the same software, the 3D coordinates of 20 anatomical facial
landmarks were manually recorded on the facial surface by a trained
researcher (RG) (Fig. 1). This landmark selection was adapted from the
original set of 26 anatomical landmarks previously used to assess the
facial dysmorphologies associated with SZ (Hennessy et al., 2004). It
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Fig. 1. 3D facial reconstruction showing the location of the analyzed 20
anatomical landmarks (round numerical symbols). Landmark definitions are
provided in Supplementary Materials 1, Table S1.

included homologous landmarks that could be reliably located on the
facial structures of all individuals in the sample. Landmark definitions
are provided in Supplementary Table S1.

2.3.2. Facial shape morphometric analyses

Geometric Morphometrics (GM) was used to statistically compare
facial shape variation among groups of patients and HC. GM is a so-
phisticated body of robust statistical tools developed for measuring and
comparing 3D shapes with increased precision and efficiency (Book-
stein, 1992; Dryden and Mardia, 2016; Mitteroecker and Schaefer,
2022). In contrast to other traditional morphometrics techniques, the
main advantage of GM is that the 3D shape and geometry are preserved
throughout the analysis, allowing the visualization of the results as
shape changes (Mitteroecker and Gunz, 2009).

To place the landmark configurations from all the individuals in a
common morphospace, a full Generalized Procrustes Analysis (GPA) was
performed with MorphoJ (Klingenberg, 2011). This procedure removes
the influence of size and adopts a single orientation for all the in-
dividuals by shifting the landmark configurations to a common position,
scaling them to a standard size and rotating them until achieving a
least-squares fit of corresponding landmarks. The resulting Procrustes
coordinates represent the facial shape of each individual.

As an estimated measure of facial size, centroid size (CS) was
computed as the square root of the summed squared distances between
each landmark coordinate and the centroid of the configuration. The
log-transformed CS (log (CS)) was used for the analyses.

The Procrustes Distance (PD), which measures the similarity or
dissimilarity between shapes based on their Procrustes coordinates, was
used to assess the global differences in facial shape between groups
(Mitteroecker and Gunz, 2009). To evaluate these differences, PD values
were calculated between the average shapes of each group using 10,000
permutations. Global facial shape variation within each sample was then
assessed by performing a Principal Components Analysis (PCA) (Hall-
grimsson et al., 2015).

From the Procrustes shape coordinates, we also quantified the relative
amount of facial shape variation attributable to the diagnostic group and
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other variables that could be relevant for facial shape variation, such as
age and size (Kesterke et al., 2016; Larson et al., 2018), by applying a
Procrustes ANOVA with 1000 permutations using the function ProcD.lm
implemented in Geomorph R package (Adams et al., 2019).

To control for the potential confounding effects of age and size on
facial shape variance in the facial shape analyses, a multivariate
regression of the Procrustes coordinates on age and size was first per-
formed (Klingenberg, 2016), and the resulting regression residuals were
used to conduct the following morphometric analyses.

To precisely localize the specific facial traits associated with SZ and
BD, an Euclidean Distance Matrix Analysis (EDMA) was applied using
MATLAB v.9.13.0 (The MathWorks Inc, 2022). EDMA represented each
subject as a matrix of 190 linear distances between all possible pairs of
anatomical landmarks and pinpointed precisely which linear measure-
ments differed between groups of patients and controls through pairwise
comparisons based on confidence interval testing (a = 0.10) (Lele and
Richtsmeier, 2001). The percentage of significantly different interland-
mark distances between affected (SZ/BD) and unaffected (HC) in-
dividuals was considered as the Facial Difference Score (FDS) (Starbuck
et al., 2021). To reveal the unique morphological patterns of variation
associated with each pairwise contrast, the 20 most significant local
shape differences were plotted upon facial figures, identifying the 10
largest and shortest distances in patients compared with HC.

Finally, we performed a series of EDMA simulations based on arti-
ficial samples that were derived from the parametric distributions of the
original samples. This approach statistically assessed whether the per-
centage of different distances between patients and HC (FDS) was sta-
tistically different from the percentage obtained from a random
distribution of HC. In each simulation, a group composed exclusively of
random HC individuals was compared to a mixed group composed of
random HC and patients (running 200 iterations). In the first simulation,
the mixed group was composed of 100 % HC. Therefore, the comparison
was performed exclusively among HC. The process was conducted 6
times, increasing by 20 % the percentage of patients in the mixed group
in each simulation, reaching 100 % in the last simulation. The p-value
was calculated as the number of iterations in which the EDMA result
obtained in the first simulation (in which the two groups only included
HC) was larger than the EDMA result based on the complete sample of
patients and HC (FDS), divided by the total number of EDMA iterations
(200). A detailed explanation of this method is provided in Supple-
mentary Materials 2.

2.4. Brain cortical measures

2.4.1. Brain cortical measures phenotyping

Brain cortical data were obtained from the T1w MRIs applying the
FreeSurfer protocol (http://surfer.nmr.mgh.harvard.edu/). Image pre-
processing included motion correction, removal of non-brain tissue,
automated Talairach transformation, tessellation of the grey and white
matter boundaries and surface deformation (Fischl et al., 2004). This
method uses both intensity and continuity information from the entire
3D images in the segmentation and deformation procedures to produce
vertex-wise representations of cortical surface area (SA), cortical
thickness (CT) and cortical volume (CV). FreeSurfer automatically seg-
ments the brain cortex into 34 cortical grey matter regions per hemi-
sphere based on the Desikan—Killiany atlas, resulting in a total of 68
measures of SA, 68 measures of CT and 68 measures of CV (Desikan
et al.,, 2006) (Supplementary Materials 1, Table S2). All the images
included in this study complied with the standardized quality control
protocols from the ENIGMA consortium (http://enigma.ini.usc.edu/p
rotocols/imaging-protocols).

2.4.2. Brain cortical measures analyses

To reduce the high dimensionality of cortical brain data, a PCA was
performed (Fernandez-Cabello et al., 2022). Considering the different
developmental trajectories of SA and CT and their interaction in CV
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(Norbom et al., 2021; Wierenga et al., 2014; Winkler et al., 2010),
specific analyses were performed separately for each type of cortical
measure. First, we performed linear regressions to control for age and
intracranial volume (ICV) effects in SZ — HC and BD — HC groups sepa-
rately by sex. The regression residuals were used then as the input for
PCA.

2.5. Association analysis of brain cortical measures with facial shape

Procrustes ANOVA models were built to assess the facial shape
variance attributable to the PC1 of SA, CT and CV. In the initial analysis
(reduced model), the diagnosis was excluded, whereas it was included in
a second model (full model). A log-likelihood ratio test was applied to
assess which model better fitted the facial shape data.

3. Results
3.1. Facial shape morphometric analyses

Procrustes distances (PD) between groups indicated that the global
facial shape of patients and HC was significantly different in both sexes
when comparing SZ — HC (males: PD = 0.0313; females: PD = 0.038; p <
0.0001) and BD - HC (males: PD = 0.034; p = 0.001; females: PD =
0.028; p = 0.02). In both SZ and BD diagnoses, while statistically sig-
nificant, the differences observed between patients and HC were subtle,
as evidenced by the extensive overlap of both diagnostic groups in all the
PCAs (Fig. 2).

Procrustes ANOVA analyses reinforced the previous results, quanti-
fying a significant effect of diagnosis on facial shape variance in both
psychiatric disorders. In the SZ-HC sample, diagnosis explained 4.2 % of
facial shape variance in males (F = 3.734, p = 0.001) and 5.9 % in fe-
males (F = 3.294, p = 0.001). In the BD — HC sample, diagnosis
explained 4.5 % of variance in males (F = 2.23, p = 0.006) and 4.1 % in
females (F = 1.95, p = 0.016). Full models are shown in Supplementary
Materials 1, Tables S3 — S4.

When analyzing local facial shape differences between patients and
controls, EDMA revealed that 43.2 % of the 190 interlandmark facial
distances between SZ — HC males were significantly different, whereas
for SZ — HC females, the percentage increased to 47.4 %. The percentage
of significantly different facial distances was lower in the comparison
between BD patients and HC. The percentage of significant differences in
males was 35.8 %, whereas in females it was 26.8 %. A description of all
the significant interlandmark distances is provided in Supplementary
Materials 1, Table S5.

Through simulations, it was validated that, apart from the compar-
ison of BD — HC females (p = 0.055), the facial differences identified
between patients and HC were not coincidental but significantly asso-
ciated with the diagnosis (p < 0.05).

When considering the top 10 significantly shorter and larger dis-
tances for patients (Table 2), the following morphological patterns
emerged. In SZ, differences in patients as compared to HC were mainly
localized in the eyes and mouth regions. Specifically, patients showed
smaller and more separate eyes, smaller mouth, and an increased dis-
tance between the nose and mouth, as compared with HC, but showing a
different pattern in males and females (Fig. 3). In BD (Fig. 4), male
patients also showed smaller distances in the mouth region, but in this
group, the main differences were localized in the distances between the
mouth and the nose and between the nose and the eyes. In this case,
patients showed larger distances in the upper face (between nose and
eyes, and between the extremes of the eyes), and larger distances on the
lower part of the face (between mouth and nose).

3.2. Brain cortical measures analyses

The total variance explained by the PC1 of each PCA ranged from
17.71 % to 38.77 %. Since the variance explained by PC2 considerably
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Fig. 2. Principal Component Analyses corresponding to SZ — HC males (A); SZ — HC females (B); BD — HC males (C); and BD — HC females (D). Scatterplots of the PC1
and PC2 axes with the corresponding percentage of total morphological variance explained are displayed along each axis.

Table 2

Ranges of relative change in the top 10 distances that were significantly longer
or shorter in patients compared to HC. A detailed list of all the distances showing
significant differences between groups is provided in Supplementary Materials
1, Table S5.

Longer distances in patients Shorter distances in patients

males 12.3 % -5.1 % 7.7 % -4.4%
Sz females 11.8 % - 4.7 % 11%-6.9%
BD males 72%-42% 19.4%-5.3%

females 10.2 % - 5.4 % 9.5%-3.7%

decreased (Supplementary Materials 1, Table S6 — S17), and variables
from all the cortical regions contributed to explain the morphological
variance captured by PCls (Supplementary materials 1, Table S6 —
Table S17), only PCls were retained for further analyses. Area PCl,
Thickness PC1 and Volume PC1 were thus considered as our global
cortical brain variables in the subsequent statistical models.

3.3. Association analysis of brain cortical measures with facial shape

We detected significant associations between brain cortical measures
and facial shape only in the SZ-HC male subsample. Procrustes ANOVA
showed that, after controlling for age and size covariates, Area PC1 and
Volume PC1 had a significant effect on facial shape variance (F = 2.76, p
=0.003; and F = 2.45, p = 0.008), explaining respectively 3.1 % and 2.6
% of facial shape variance. When the diagnosis was added to the model,

the effect was maintained and Area PC1 (F = 2.06, p = 0.022) and
Volume PC1 (F = 1.89, p = 0.03) significantly explained 2.2 % and 2 %
of facial shape variance (Fig. 5). Thickness PC1 was not significantly
related to facial shape in any model (p > 0.05).

Despite the decrease of the variance explained by SA and CV when
introducing the diagnosis (full models), the log-likelihood test revealed
that the full model had better fitness than the reduced one in the case of
Area PC1 (F = 2.94, R?>=3.3 %, p = 0.001) and Volume PC1 (F = 1.82,
R?= 3.1 %, p = 0.001).

4. Discussion

In this study, we used neuroimaging and morphometric techniques
to evaluate face-brain correlates along the health-psychosis continuum.
Following a sex-specific perspective, we explored face/brain associa-
tions within SZ and BD, and their combined potential role as biomarkers.

First, we reported a subtle but significant effect of diagnosis on global
facial morphology in both SZ and BD patients. These findings align with
previous research demonstrating a connection between SZ and BD di-
agnoses, and alterations in overall facial shape among males (Buckley
et al., 2005; Hennessy et al., 2010, 2007, 2004), females (Hennessy
et al., 2007), and sex-pooled samples (Buckley et al., 2005). This differs
from other studies that did not detect any SZ diagnosis impact in females
(Hennessy et al., 2004), or when analyzing combined samples (Katina
et al., 2020). Discrepancies across studies may stem from variations in
sample sizes, male-to-female ratios, and the lack of control over con-
founding factors such as size and age, which can influence global facial
shape.
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Fig. 3. Representation of the 20 most significantly different distances from Euclidean Distance Matrix Analysis for SZ — HC males (A) and SZ — HC females (B) (left).
Shorter distances for SZ patients are represented in grey (males) and orange (females). Larger distances for SZ patients are represented in green (males) and violet
(females). Dashed lines represent the largest and shortest distances in SZ patients.

Histograms represent the EDMA results for each simulation (right). An increasing percentage of different distances is obtained when more patients are added to the
mixed group. The dashed line shows the Facial Difference Score (FDS) obtained with the original sample of HC and patients. *Statistically significant p-value.
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Fig. 4. Representation of the 20 most significantly different distances from Euclidean Distance Matrix Analysis for BD — HC males (A) and BD - HC females (B) (left).
Shorter distances for BD patients are represented in grey (males) and orange (females). Larger distances for BD patients are represented in turquoise (males) and pink
(females). Dashed lines represent the largest and shortest distances in BD patients.

Histograms represent the EDMA results for each simulation (right). An increasing percentage of different distances is obtained when more patients are added to the
mixed group only in males since females did not achieve statistical significance. The dashed line shows the Facial Difference Score (FDS) obtained with the original
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facial shape.

Second, our in-depth analyses of local facial shape differences be-
tween SZ/BD patients and healthy individuals consistently extended the
global facial shape results. The highest percentage of significantly
different distances between patients and HC was obtained in SZ,
whereas in BD, the number and magnitude of relative facial differences
were lower. Our simulation approach confirmed that the morphological
differences between patients and healthy individuals were not due to
chance in any group, except for BD females, which could indicate a
lower effect of diagnosis on facial shape in this group. However, the
reduced sample size and the restrictiveness of the method could also
explain this result.

Regarding the characteristic local morphology of SZ patients as
compared to HC, previous studies have consistently noted the presence
of hypertelorism in both male and female SZ patients by using geometric
morphometric methods (Henriksson et al., 2006) or classical linear
measurements (Akabaliev et al., 2011; Lawrie et al., 2001). In addition,
our results revealed sex-specific morphological differences. Females
with SZ exhibited a wider nose base distance than female controls, a
pattern that was not detected in males. Concerning the local morphology
of BD male patients as compared to HC, our study identified longer
distances on the upper midface and shorter distances on the lower
midface among patients. These findings align with the characteristic
facial morphology previously reported in BD male patients, exhibiting
elongated noses and narrower mouths (Hennessy et al., 2007).

To our knowledge, this is the first study assessing local facial dif-
ferences in SZ and BD applying EDMA. Therefore, our results cannot be
directly compared with any other study, and further studies in new
samples should be performed to validate them. However, our data un-
derscores the interest of the precise characterization of sex-specific
morphological patterns associated with each disorder. This knowledge
is crucial to establish the biological and morphological correlates asso-
ciated with the pathophysiology of SZ and BD.

While further studies with larger samples are needed to validate our
results and broaden the evidence, our findings highlight global and local
facial shape differences as potential neurodevelopmental markers
associated with SZ and BD. Our study adds robustness to previous data
by matching patients and healthy individuals for age, estimated IQ and
sex; and controlling the potential confounding effect of size and age.
Moreover, the use of advanced geometric morphometric tools has
allowed us to detect facial differences previously described, as well as to
provide for the first time an accurate description of the characteristic
morphology of SZ and BD based on the whole set of 190 interlandmark
distances. Therefore, our methods replicate and broaden the differences
already found by classical methods.

Regarding the study of facial shape and brain correlates, our study
adds novelty beyond the combination of classical MPAs assessments
with volumetric voxel-based data of previous studies (Dean et al., 2006;
Hata et al., 2003; Kelly et al., 2005; O’Callaghan et al., 1995). By using
morphometric data and cortical measures tightly related to neuro-
development (Patel et al., 2022), we reported a significant association of
global facial shape with SA and CV in the SZ — HC males sample,
although modest in terms of variance explained. Since the CV is the
product of SA and CT, the significant association of global facial shape
with CV might be related to the significant result obtained in global
facial shape and SA association.

Discrepancies in the correlation between SA and CT with global
facial shape may stem from differences in their ontogenies (Norbom
et al., 2021; Wierenga et al., 2014; Winkler et al., 2010), as well as
distinct genetic influences underlying each metric, having SA a higher
genetic contribution than CT as is reflected by their heritability (h?)
estimates (SA-h? = 0.78; CT -h? = 0.29) (Jha et al., 2018). Moreover,
there is divergence in the enrichment of heritability between SA and CT.
Specifically, genes associated with SA are concentrated within regula-
tory elements affecting outer radial glial cells and the Wnt signaling
pathway, expressing predominantly during fetal development (Grasby
et al., 2020). Conversely, genes linked to CT influence processes such as
cell differentiation, migration, adhesion, and myelination, and they are
expressed after mid-fetal development (Grasby et al., 2020).

The association between global facial shape and brain cortical mea-
sures, limited to SZ — HC males, might indicate the presence of sex-specific
pathophysiological mechanisms that influence the dialogue between the
brain and the face during neurodevelopment. On the other hand, we
cannot rule out the possibility that the absence of significant results in the
association between facial shape and cortical measures in the other sub-
samples might be attributed to an insufficient statistical power to capture
more nuanced relationships, probably due to smaller sample sizes.

To strengthen these findings, future studies should increase the
sample sizes of patients and HC, and ensure a more homogeneous rep-
resentation of developmental stages, including in the analyses in-
dividuals within narrower and more closely matched age ranges that
minimize the significant influence of age on facial shape. While the total
sample size analyzed in this study was relatively larger than similar
studies, our aim of exploring sex differences involved the subdivision of
the sample, resulting in reduced subsets for each sex and diagnostic
group. Despite this trade-off, our results underscore that adopting a sex-
specific perspective in neurodevelopment research can provide valuable
insights and reveal sex-specific differences in psychotic disorders that
otherwise remain unveiled and may lead to misleading results.
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Another constraint of the study lies in the inability to consider pre-
natal and perinatal factors that could potentially influence brain-face
development. Specifically, one plausible rationale for the observed
sex-specific differences beyond the differential neurodevelopmental
trajectories reported in males and females (Diaz-Caneja et al., 2021;
Vasung et al., 2020; Wierenga et al., 2018) could be the differential
susceptibility to prenatal stressors observed between sexes (Valli et al.,
2023; Mezquida et al., 2018; Sutherland et al., 2018). Then, it is worth
noting that prenatal and perinatal variables such as stress during preg-
nancy, intrauterine environment or obstetric complications might have
influenced our results as well as those of previous studies analyzing
facial morphology in psychotic disorders.

Furthermore, the absence of biometrical data has precluded the
control of variables associated with lifestyle that could influence facial
shape, such as body mass index. Nevertheless, our strategy of selecting
landmarks in facial areas with minimal adipose deposits has mitigated to
some extent the influence of these variables.

The significant facial shape differences detected between patients
and healthy individuals by our quantitative analyses highlight the po-
tential of facial biomarkers in SZ and BD. Facial biomarkers may be used
in the future to improve the clinical management of patients with these
disorders, in particular at the early stages of psychotic symptoms
manifestation, when it is challenging to provide a first diagnosis.
However, the facial differences reported here were very subtle and un-
detectable by the naked eye, discarding their value as a screening tool in
the general population. Since facial biomarkers may have a potential
application in biomedical context but also entail ethical issues and social
implications, it is crucial to ensure that these findings are only used with
scientific or medical purposes, protecting the highly sensitive nature of
the data.

Overall, our results highlight facial shape as a promising candidate to
assess biological risk for SZ and BD and reveal sex-specific pathophysi-
ological mechanisms modulating the interplay between the brain and
the face during neurodevelopment in SZ. Our results encourage further
research to establish face-brain correlates as biomarkers for these dis-
orders, performing even more accurate morphometric analyses inte-
grated with genetic data. This approach would facilitate the
development of a composite biomarker that combines brain-face phe-
nomic data and genomic data, ultimately enhancing its potential for
assessing vulnerability to SZ and BD.
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