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A B S T R A C T

The identification of the cerebral substrates of psychoses such as schizophrenia and bipolar disorder is likely
hampered by its biological heterogeneity, which may contribute to the low replication of results in the field. In
this study we aimed to replicate in a completely new sample and supplement the results of a previous study with
additional data on this topic. In the aforementioned study we identified a schizophrenia cluster characterized by
high mean cortical curvature and low cortical thickness, subcortical hypometabolism and progressive negative
symptoms. Here, we have used magnetic resonance images from 61 schizophrenia and 28 bipolar patients, as
well as 51 healthy controls and a cluster analysis to search for possible subgroups primarily characterized by
cerebral structural data. Diffusion tensor imaging (fractional anisotropy, FA), cognition, clinical data and
electroencephalographic (EEG) modulation during a P300 task were used to validate the possible clusters. Two
clusters of patients were identified. The first cluster (29 schizophrenia and 18 bipolar patients) showed de-
creased cortical thickness and area values, as well as lower subcortical volumes and higher cortical curvature in
some regions, as compared to the second cluster. This first cluster also showed decreased FA in frontal lobe
connections and worse cognitive performance. Although this cluster also showed longer illness duration, there
were first episode patients in both clusters and treatment doses and types were not different between clusters.
Both clusters of patients showed decreased EEG task-related modulation. In conclusion, our data give additional
support to a distinct biologically based cluster encompassing schizophrenia and bipolar disorder patients with
cortical and subcortical alterations, hampered cortical connectivity and lower cognitive performance.

1. Introduction

Discrepancy among results in studies assessing cerebral under-
pinnings of major psychoses is frequently attributed to biological het-
erogeneity (Brugger and Howes, 2017). Indeed, genetic variability is
large in these syndromes, with hundreds of contributing variants car-
rying a small risk and only a few found in each patient (Lichtenstein
et al., 2009). Clusters of genetic variants have been associated to clin-
ical schizophrenia profiles (Arnedo et al., 2015), suggesting the

feasibility of subtyping this syndrome on biological grounds.
Neuroimaging can be useful for that purpose. Relatively old ana-

lyses comparing imaging between patients depending on their long-
term outcome (e.g., Kraepelian vs Non-Kraepelian patients) support the
existence of biologically relevant subtypes within this syndrome
(Buchsbaum et al., 2003; Molina et al., 2010). In the same line, a recent
analysis using unsupervised, data-driven clustering identified two
schizophrenia subtypes, one with larger subcortical and cortical deficits
and more severe negative symptoms (Dwyer et al., 2018). Furthermore,
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three biotypes including schizophrenia and bipolar patients were re-
ported with different degrees of gray matter density deficits (Ivleva
et al., 2017). Recently, a clustering analysis of schizophrenia patients
and controls revealed three patient clusters with different cortical
thickness, clinical and cognitive characteristics (Pan et al., 2020). Si-
milarly, comparing brain structures among healthy controls and cog-
nitively deteriorated and preserved subgroups of patients with schizo-
phrenia, bilateral cortical thickness was decreased in the deteriorated
subgroup (Yasuda et al., 2019). Other measurements derived from
Magnetic Resonance Imaging (MRI) may also be helpful to identify
biologically meaning clusters in schizophrenia. In medication-naïve,
first episode (FE) schizophrenia, widespread white matter abnormal-
ities identified patients with prominent negative symptoms (Sun et al.,
2015). Using MRI and graph theory, an increased density of connec-
tions between cortical regions was shown in deficit schizophrenia as
compared to non-deficit schizophrenia and bipolar patients (Wheeler
et al., 2015). Another study employed cognitive and neurophysiological
tools and characterized three psychotic biotypes, two of them with
widespread gray matter deficits (Clementz et al., 2016). Since the
variability of regional brain volumes is larger in schizophrenia than in
controls (Brugger and Howes, 2017), neuroanatomical group differ-
ences may hamper the identification of the substrates of psychoses
defined according to current diagnostic criteria (Wolfers et al., 2018).

However, other factors may also play a relevant role in such het-
erogeneity: although neuroanatomy discriminated two schizophrenia
subgroups in a previous study, the larger discriminating factors were
illness duration, age and sex (Dwyer et al., 2018). Thus, to confirm the
relevance of possible neuroanatomical psychoses subtypes, it seems
necessary to validate them using independent parameters. In this re-
gard, our group previously reported a cluster analysis identifying two
groups of patients (Lubeiro et al., 2016), the first with a normal
anatomy in comparison with controls, and the second characterized by
increased cortical curvature and decreased cortical thickness, wor-
sening negative symptoms, thalamic hypoactivity and lack of the ex-
pected increase in basal ganglia metabolism with antipsychotics.

White matter alterations have also been found in schizophrenia

employing diffusion MRI and Diffusion Tensor Imaging (DTI). DTI is
employed to assess in vivo integrity and orientation of white matter
tracts (Le Bihan et al., 2001). In a meta-analysis, Fractional Anisotropy
(FA) reductions were detected in schizophrenia patients with respect to
controls in 20 white matter regions (Kelly et al., 2018). Diffusion MRI
has also been used to analyze structural connectivity between gray
matter regions. Lower FA in connections from the frontal lobe were
found in schizophrenia, and individualized structural dysconnectivity
patterns have been hypothesized to underlie the heterogeneity of
schizophrenia (Molina et al., 2017; Ruan et al., 2019).

In the present study, our aim is to use a completely new sample to
assess the possibility of defining biological subgroups in the psychotic
syndrome based on neuroanatomy, as well as its possible relation with
relevant parameters not available in our previous sample. Among these,
we used neurocognition, since it is known to be altered in psychoses,
and structural connectivity, given their possible relation to morpho-
metric parameters (Lubeiro et al., 2017; Molina et al., 2017). We also
considered the modulation of bioelectrical activity during a cognitive
task, since mental functions are underpinned by the fast-evolving syn-
chronization of distributed neural assemblies. These assemblies are
reflected in the bioelectrical activity, and electroencephalographic
(EEG) modulation is decreased in schizophrenia and might be asso-
ciated to connectivity deficits (Bachiller et al., 2015, 2014; Gomez-Pilar
et al., 2018b; Molina et al., 2018).

Our hypothesis was that we would find a biotype(s) characterized
by a larger neuroanatomical deficit that would also show a lower
cognitive performance and alterations in anatomical connectivity and/
or brain activity modulation.

2. Material and methods

2.1. Participants

The sample included 140 subjects: 40 chronic and 21 FE schizo-
phrenia patients, 28 type I bipolar patients (according to DSM-5 cri-
teria), and 51 healthy controls (HC). Patients were under stable

Table 1
Demographic and clinical characteristics.

Healthy controls (N= 50) Cluster1 (N= 47) Cluster2 (N= 40) SZ1 (N= 29) SZ2 (N= 30) BD1 (N= 18) BD2 (N= 10)

Age (years) 36.2 ± 11.1 ⁎⁎⁎a 45.1 ± 9.8 30.7 ± 9.4 40.7 ± 8.5 27.9 ± 7.0 52.1 ± 7.6 38.8 ± 11.3
Sex (F/M) 22/28

**b
29/18 10/30 18/11 7/23 11/7 3/7

FE/chronic N/A 6/23 − 13/17 6/23 13/17 N/A N/A
Illness duration (months) N/A 171.2 ± 144.5

**c
78.7 ± 111.3 127.3 ± 117.6 48.1 ± 86.5 262.5 ± 156.7 167.7 ± 131.2

Treatment dose (CPZ eq) N/A 318.1 ± 243.5 − 296.9 ± 174.9 393.4 ± 238.6 327.7 ± 179.3 167.3 ± 178.9 197.8 ± 120.4
PANSS Positive N/A 10.8 ± 4.1 − 11.3 ± 4.0 12.1 ± 4.0 12.7 ± 3.8 7.4 ± 1.0 7.4 ± 0.7
PANSS Negative N/A 15.7 ± 7.9 − 14.1 ± 5.6 18.1 ± 8.0 15.5 ± 5.4 9.5 ± 2.0 10.1 ± 4.0
BACS Verbal memory 51.8 ± 7.9 32.5 ± 9.8 37.8 ± 14.3 31.9 ± 9.8 39.3 ± 14.1 33.8 ± 10.1 33.8 ± 15.0
BACS Working memory 23.6 ± 5.5 15.2 ± 3.9 19.0 ± 4.0 14.8 ± 4.0 19.1 ± 4.5 15.9 ± 3.8 18.9 ± 2.4
BACS Motor speed 83.2 ± 12.6 57.4 ± 14.0 67.3 ± 15.1 55.0 ± 13.6 65.6 ± 15.7 62.3 ± 14.2 72.3 ± 12.7
BACS Verbal fluency 29.4 ± 5.0 19.2 ± 7.1 18.5 ± 8.3 19.0 ± 6.2 18.8 ± 8.3 19.5 ± 8.8 17.6 ± 8.6
BACS Processing speed 69.4 ± 14.2 38.3 ± 13.4 48.9 ± 12.0 38.2 ± 14.6 49.5 ± 11.7 38.3 ± 11.1 47.3 ± 13.8
BACS Problem solving 17.7 ± 2.8 15.9 ± 3.9 16.9 ± 2.9 15.5 ± 4.4 17.2 ± 2.5 16.8 ± 2.5 16.0 ± 4.1
WCST Perseverative errors (%) 9.0 ± 4.8 22.3 ± 15.8 18.3 ± 9.6 19.7 ± 13.1 19.2 ± 10.5 26.8 ± 19.5 15.3 ± 4.5
Cognitive scores PCA 0.8 ± 0.6 ⁎⁎⁎d −1.1 ± 0.8 −0.4 ± 0.5 −1.1 ± 0.8 −0.4 ± 0.5 −1.1 ± 0.7 −0.3 ± 0.3
Total IQ 116.5 ± 10.8 ⁎⁎⁎e 93.9 ± 11.3 92.8 ± 12.4 92.5 ± 11.9 90.6 ± 12.5 96.8 ± 9.7 99.1 ± 10.3
EEG entropy PCA −0.2 ± 1.1 ⁎⁎f 0.4 ± 0.5 0.3 ± 0.5 0.3 ± 0.5 0.2 ± 0.3 0.5 ± 0.5 0.4 ± 0.6

⁎⁎⁎ p < .001, ⁎⁎ p < .01, − p≥ .05. All performed tests were two-tailed. BD = Bipolar disorder, CPZ eq = chlorpromazine equivalents, N/A = not available,
SZ = schizophrenia.

a Kruskal-Wallis test (χ2 = 34.21, df = 2). Conover-Iman test: Cl1 vs. Cl2 (χ2 = 6.61, df = 1, p < .001), Cl1 vs. HC (χ2 = 4.25, df = 1, p < .001), Cl2 vs. HC
(χ2 = −2.63, df = 1, p < .01).

b Chi-squared test (χ2 = 11.79, df = 2). Fisher's exact test: Cl1 vs. Cl2 (p < .01).
c U Mann-Whitney test: Cl1 vs. Cl2 (U = 1132).
d ANOVA test (F(2,86) = 76.21). Tukey-Kramer test: Cl1 vs. Cl2 (p < .001), Cl1 vs. HC (p < .001), Cl2 vs. HC (p < .001).
e ANOVA test (F(2,105) = 51.86). Tukey-Kramer test: Cl1 < HC (p < .001), Cl2 < HC (p < .001).
f Kruskal-Wallis test (χ2 = 11.13, df = 2). Conover-Iman test: Cl1 vs. HC (χ2 = 3.20, df = 1, p < .001), Cl2 vs. HC (χ2 = 1.84, df = 1, p < .05).
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treatment during the last month (Table 1). Antipsychotics were atypical
in all the patients receiving this treatment (all schizophrenia and ap-
proximately half of bipolar patients). Due to bad quality images, one HC
and two schizophrenia patients were discarded.

Exclusion criteria were a) intelligence quotient under 70; b) present
or past substance dependence (excluding caffeine and nicotine); c) head
trauma with loss of consciousness; d) mental or neurological diagnosis
different to schizophrenia or bipolar disorder (patients); e) any current
neurological or psychiatric diagnosis (controls); f) any other treatment
affecting central nervous system.

The subject cohort in the present study is totally different from the
one that we employed in our previous study (Lubeiro et al., 2016).

The local Ethics Committee endorsed the study, which complies
with the standards of the Declaration of Helsinki. All participants read
and signed an informed consent form prior to their participation.

2.2. Clinical and cognitive features

Positive and negative symptoms were scored by using the Positive
and Negative Syndrome Scale (PANSS) (Kay et al., 1987).

Cognition was assessed using the Spanish version of the Brief
Assessment of Cognition in Schizophrenia (BACS) (Segarra et al., 2011),
including performance in verbal and working memory, motor speed,
verbal fluency, processing speed and problem solving (Tower of
London), and the Wisconsin Card Sorting Test (WCST; percent of per-
severative errors). Global Intelligence Quotient (IQ) was evaluated with
the Spanish brief version of the Wechsler Adult Intelligence Scale III
(Fuentes Durá et al., 2010).

2.3. Structural data

2.3.1. MRI acquisition
High resolution 3D T1-weighted and diffusion-weighted MRI data

were acquired using a Philips Achieva 3 T MRI unit (Philips Healthcare,
Best, The Netherlands) with a 32-channel head coil in the MRI facility
at the Universidad de Valladolid (Valladolid, Spain).

For the anatomical T1-weighted images, the following acquisition
parameters were used: Turbo Field Echo (TFE) sequence, repetition
time (TR) = 8.1 ms, echo time (TE) = 3.7 ms, flip angle = 8°,
256 × 256 matrix size, 1 × 1 × 1 mm3 of spatial resolution and 160
slices covering the whole brain.

Diffusion-weighted images (DWI) were acquired using the next
parameters: TR = 9000 ms, TE = 86 ms, flip angle = 90°, 61 gradient
directions, one baseline volume, b-value = 1000 s/mm2, 128 × 128
matrix size, 2 × 2 × 2 mm3 of spatial resolution and 66 axial slices
covering the whole brain.

T1 and diffusion-weighted scans were acquired during the same
session, starting with the T1 scan followed by the diffusion-weighted
scan.

2.3.2. MRI processing
From the T1 images, automatic cortical parcellation was performed

using FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) version 6.0.0.
This automatic parcellation procedure has been described in detail in
(Dale et al., 1999). From the parcellation, mean curvature, average
thickness, gray matter volume and surface area from all subjects were
extracted. Gray matter volume was obtained for all the 84 gray matter
regions from the Desikan-Killiany atlas (Desikan et al., 2006). Cortical
curvature, cortical thickness and area were calculated for the 68 cor-
tical regions from the atlas.

Since our aim was to replicate and expand previous findings, we
restricted our further analysis to 14 bilateral cortical regions, thalamus,
caudate, putamen, hippocampus and pallidum, as in our previous work
(Lubeiro et al., 2016), which were then selected due to their relevance
in the scientific literature in the field. Measures from left and right
hemispheres were treated as separate features.

2.4. Complementary features

2.4.1. DTI data
FA in connections between pairs of regions was obtained from the

diffusion MRI data. The processing pipeline is fully described elsewhere
(Lubeiro et al., 2017). In a nutshell, FA was obtained from the DTI
volumes with FSL software (Jenkinson et al., 2012) and anatomically-
constrained tractography was computed from DWIs and “five-tissue-
type” images using the mean FA as a connectome metric with MRtrix,
release 3.0 (Smith et al., 2012; Tournier et al., 2019). The analyzed
connections were focused on regions from the prefrontal cortex (rostral
middle frontal and superior frontal gyri) and the limbic system (en-
torhinal cortex, parahippocampal gyrus and hippocampus). Connec-
tions in which null values were found in a third (or more) of the sub-
jects were discarded. A total of 46 homolateral connections were
analyzed.

2.4.2. EEG data
In previous studies we identified a deficit of brain activity mod-

ulation with cognition in schizophrenia patients during a P300 task
using the Spectral Entropy (SE) parameter, which summarizes the EEG
characteristics assessing its irregularity (Bachiller et al., 2014; Gomez-
Pilar et al., 2018b; Molina et al., 2018). Therefore, we used SE values,
available in all subjects, to assess the activity modulation during a
cognitive task in the hypothesized clusters. Spectral Entropy is a mea-
sure of the entropy applied over the EEG power spectrum: it is an es-
timation of the flatness of the spectral content (Scheeringa et al., 2011).
Thus, SE can be considered an index of signal irregularity, since a signal
with a large range of spectral components, e.g. white noise, has a flat
power spectral density and, therefore, high values of SE. On the con-
trary, a signal with few spectral components, e.g. a pure sinusoidal
wave, yields minimum SE values.

EEG data were recorded from 32 sensors during an auditory oddball
task following the international 10–10 system. Details of the well-va-
lidated oddball task can be found in our previous studies (Gomez-Pilar
et al., 2018a) SE was assessed for the pre-stimulus window (−300, 0 ms
prior to target auditory stimulus) and response window (300 ms cen-
tered around the P300 response).

SE modulation was computed as the SE difference between response
and pre-stimulus windows (Gomez-Pilar et al., 2018a), providing a
measure of the degree of the signal regularity change across time. Since
a decrease on SE in the response window have been robustly observed
as normal behaviour in normal controls, negative SE modulation values
are expected in this subjects (Bachiller et al., 2015, 2014; Gomez-Pilar
et al., 2018b; Molina et al., 2018).

3. Statistical analyses

3.1. Cluster extraction

Firstly, data reduction was carried out to avoid over-fitting in the
final clustering model. To reduce the number of variables, principal
component analysis (PCA) was computed for each morphometric
parameter. Variables were standardized (z-scored) to mean 0 and unit
variance. For the cases for which the lowest PCA scores correspond to
the highest parameter values and vice versa, the sign of the PCA scores
was flipped to facilitate the interpretation of the results, and the highest
(and positive) PCA scores represented the highest parameter values. To
establish the optimal number of components the elbow method was
employed (Thorndike, 1953) (Supplementary Fig. 1).

Before the cluster extraction analysis, we obtained the residuals of
the linear model, fitted by least-squares, where each principal compo-
nent scores represented the response variable and the groups (controls
and both patient groups) the predictor variable. The residuals of each
morphometric feature were displayed together to identify possible
subgroups with an exploratory analysis or possible differences between
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the groups.
Afterwards, the k-means algorithm (MacQueen, 1967) was used as

clustering method. Components from PCA were integrated and the
optimal number of clusters was determined using the silhouette method
(Rousseeuw, 1987). For the k-means algorithm, 50 initial random
centroids were generated and the best one was chosen. At this stage,
only schizophrenia and bipolar disorder patients were included because
our aim was to analyze the heterogeneity within the patient groups.

Then, a discriminant analysis was performed to summarize classi-
fying parameters and to obtain a metric to efficiently compare differ-
ences between groups. The discriminant function was used to test
classification accuracy with a jackknife procedure (Severiano et al.,
2011). Moreover, with the discriminant function, the information from
all morphometric parameters maximizes differences between groups
and could easily classify new patients.

The discriminant function was afterwards used to generate dis-
criminant scores for the HC separately.

It must be noted that the complementary features described before
or other parameters were not included in the cluster extraction analysis.
On the one hand, the reason was that our aim was to replicate previous
findings obtained with the morphological features. On the other hand,
considering that our sample size is not especially large, a high number

of additional parameters may cause over-fitting.

3.1.1. Comparison of anatomical parameters between clusters
We compared the morphometric discriminant scores between the

different clusters so obtained. Furthermore, these scores were also
compared against HC. If means and variances were normally dis-
tributed, two sample t-tests were employed to compare the discriminant
scores, and Mann-Whitney U tests were used otherwise.

Afterwards, cortical curvature, cortical thickness, subcortical vo-
lumes and surface area values were compared between patients from
each cluster and HC, as well as between schizophrenia and bipolar
disorder patients within each cluster.

The process was implemented in R statistical software, version
3.5.2.

3.2. Hypothesis testing-based analysis

Proportions of schizophrenia (chronic and FE) and bipolar disorder
patients, and sex distribution in each cluster, were compared (Fisher
and χ2 test respectively). Age differences were compared using ANOVA,
if normality (Shapiro-Wilk test) and homogeneity of variances (Levene
test) assumptions were not rejected, and Kruskal-Wallis test otherwise.

Fig. 1. Scatter plots of the distribution of the values of the two principal components for each of the morphometric parameters in the original groups. Yellow circles
represent healthy controls, blue triangles schizophrenia patients, and green squares bipolar disorder patients. Subfigures A, B and C represent cortical values, and
subfigure D subcortical values. BD = bipolar disorder, HC = healthy controls, PC = principal component, SZ = schizophrenia. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Tukey-Kramer and Conover-Iman post-hoc tests were employed for
pairwise comparisons when significant differences were found in
ANOVA and Kruskal-Wallis tests respectively.

In order to reduce comparisons and avoid collinearity effects, a PCA
was carried out to summarize BACS scores and WCST (percent of per-
severative errors), and the resulting individual factor scores were used
in further calculations. Similarly, we performed a PCA to summarize the
SE values from each sensor. Given the number of sensors, to obtain a
more reliable result, we included in this PCA the SE values from the 127
healthy controls available in our database (including those with MRI
data in the present study) from whom SE data were obtained using the
same method as in (Gomez-Pilar et al., 2018b).

The significance of the differences in symptoms, cognition and EEG
data was assessed between clusters of patients (including all patients
from each subgroup) and between each of these clusters and controls
using t-tests or ANOVA and Tukey-Kramer tests, or the corresponding
non-parametric tests.

In the comparisons of the morphometric features and the FA values,
an ANCOVA test, including age and sex as covariates, was performed.
These covariates were included directly due to their relationship with
brain structural features. No residualization of age and sex was carried
out.

The Benjamini-Hochberg False Discovery Rate (Benjamini and
Hochberg, 1995) was applied to correct for multiple comparisons. This
method adjusts the threshold p-value, i.e., the maximum uncorrected
significant p-value, considering not only the total number of compar-
isons (Bonferroni correction), but also the amount of significant com-
parisons. With this method, the smallest p-values may be significant,
despite possible values larger than the Bonferroni threshold, and also p-
values closer to 0.05, if there are many comparisons with p-values
smaller than 0.05.

4. Results

4.1. Clustering identification

Fig. 1 shows the residuals of the principal components for each
morphometric feature (two components per feature). There was no
feature for which great differences between the patient groups and
controls or very clear subgroups of patients before the cluster extraction
were identified.

Two clusters were identified in the main dataset. Fig. 2 shows the
average silhouette width from 1 to 10 clusters, used to determine the
optimal number of clusters. Fig. 3 shows the silhouette profile with two
clusters.

The discriminant scores from Cluster 1 were significantly lower
compared to HC (U = 272, p < .001, Mann-Whitney U test), and
Cluster 2 (U = 6, p < .001, Mann-Whitney U test). No significant dif-
ferences between Cluster 2 patients and HC were found. The dis-
criminant function was composed of the first two components from
each morphometric parameter, with eight components. The first cor-
tical thickness and surface area components were the most important
parameters to define the clusters, i.e., their discriminant coefficients
were the highest. The discriminant function coefficients and mean va-
lues for each function component in Clusters 1 and 2 and in HC are
shown in Supplementary Table 1. Higher cortical curvature values and
lower cortical thickness, subcortical gray matter volume and surface
area values were observed in Cluster 1 patients compared to Cluster 2
patients and HC. The scree plots used to determine the number of
components per parameters with the elbow method can be seen in
Supplementary Fig. 1. A violin plot with the scores from the dis-
criminant function can be seen in Fig. 4. The discriminant function
classified correctly 93.1% of the patients (Supplementary Table 2).

It should be noted that the morphological values difference between
Cluster 1 and Cluster 2 patients and HC commented before is strongly
related to the influence of the first principal component. As shown in

Fig. 1, and specially in Fig. 5, the morphological parameters PCA
scores/residuals (first component) from each group follow the same
trend with respect to the differences mentioned for the morphological
values. This suggests that the influence of the first principal component
leads the classification of the clusters and, consequently, differences in
morphological parameters between the patient subtypes and HC.

4.1.1. Morphometric characteristics of clusters
4.1.1.1. Curvature. Mean curvature was higher in Cluster 1 patients
with respect to Cluster 2 patients in the bilateral inferior parietal cortex
and right rostral middle frontal gyrus (Table 2). Curvature values were
higher in Cluster 1 patients with respect to HC in the same regions.
There were no significant differences between patients from Cluster 2

Fig. 2. Average silhouette width for k-means algorithm. The k-means algorithm
was computed with diverse number of clusters k (k= 1,2, …,10). The optimal
number of clusters is equal to the computation with highest average silhouette
width, i.e., k= 2.

Fig. 3. Complete silhouette profile for k-means algorithm with two clusters.
The red dashed line represents the average silhouette width. The horizontal axis
represents the patients from the sample. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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and HC (Supplementary Table 3).
Curvature was higher in schizophrenia patients from Cluster 1

schizophrenia compared to Cluster 2 schizophrenia patients in the right
medial orbito-frontal cortex and inferior parietal cortex. There were no
significant differences between patients with bipolar disorder from both
clusters (Supplementary Table 4).

Fig. 1A (HC, schizophrenia and bipolar disorder patients) and 5A
(HC, Cluster 1 and Cluster 2 patients) depict curvature values.

4.1.1.2. Thickness. Cortical thickness was lower in Cluster 1 patients
with respect to Cluster 2 patients and HC in almost all regions, with
significant differences between Cluster 2 patients and HC in the left
cuneus (Supplementary Table 5).

Cortical thickness was lower in Cluster 1 schizophrenia compared to
from Cluster 2 schizophrenia patients in most regions. Cortical thick-
ness was lower in Cluster 1 bipolar compared to Cluster 2 bipolar pa-
tients in the parahippocampal gyrus, right pars triangularis, superior
temporal gyrus, right insula, caudal middle frontal gyrus, right inferior
parietal cortex, right pars orbitalis, right precentral gyrus, left rostral
middle frontal gyrus and left superior frontal gyrus (Supplementary
Table 6).

Fig. 1B (HC, schizophrenia and bipolar disorder patients) and 5B
(HC, Cluster 1 and Cluster 2 patients) depict cortical thickness values.

4.1.1.3. Surface area. Cortical area was lower in Cluster 1 compared to
Cluster 2 patients and HC in almost all regions (Supplementary
Table 7).

Cortical area was higher in patients from Cluster 2 with respect to
HC in caudal middle frontal gyrus, rostral middle frontal gyrus, superior
frontal gyrus, superior temporal gyrus and left insula (Supplementary
Table 7).

Cortical area was lower in Cluster 1 schizophrenia compared to
Cluster 2 schizophrenia patients in every region (Supplementary
Table 8).

Cortical area was lower in Cluster 1 bipolar compared Cluster 2
bipolar patients in frontal, parietal and temporal cortex, pars orbitalis
and triangularis, precentral gyrus and insula (Supplementary Table 8).

Fig. 1C (HC, schizophrenia and bipolar disorder patients) and 5C
(HC, Cluster 1 and Cluster 2 patients) depict surface area values.

4.1.1.4. Subcortical volumes. Subcortical volumes were lower in Cluster
1 patients with respect to Cluster 2 patients and HC (Supplementary
Table 9).

Caudate, putamen and pallidum volumes were higher in Cluster 2
patients with respect to HC (Supplementary Table 9).

All subcortical volumes values were lower in Cluster 1 schizo-
phrenia compared to Cluster 2 schizophrenia patients (Supplementary
Table 10).

Fig. 1D (HC, schizophrenia and bipolar disorder patients) and 5D
(HC, Cluster 1 and Cluster 2 patients) depict subcortical volumes.

4.2. Comparison of demographic, clinical, cognitive and biological
parameters

4.2.1. Demographic parameters
Demographic, clinical and cognitive data from for schizophrenia

and bipolar disorder patients from each cluster and from HC are sum-
marized summarized in Table 1.

The proportion of schizophrenia and bipolar disorder patients was
not significantly different between clusters (Table 1).

Patients from Cluster 1 were significantly older than Cluster 2 pa-
tients (χ2 = 6.61, df = 1, p < .001; Conover-Iman test) and HC
(χ2 = 4.25, df = 1, p < .001; Conover-Iman test). Cluster 2 patients
were significantly younger than HC (χ2 = −2.63, df = 1, p < .01;
Conover-Iman test). Illness duration was longer in Cluster 1 patients
(U = 1132, p < .01, Mann-Whitney U test). There were more female
patients in Cluster 1. In order to discard the bias effect due to sex dif-
ferences, we repeated the clustering analysis for male and female sub-
jects, with similar results in both cases (Supplementary Figs. 2–3). In
the case of female subjects, although the results are similar, the controls
have closer discriminant scores to cluster 1 patients than in the male or
the whole-sample analysis.

4.2.2. Clinical and cognitive parameters
The PCA resulted in a single cognitive factor, directly related to

performance in all BACS subtests and negatively to perseverative errors
in WCST. Therefore, larger factor score values mean better cognitive
performance.

No statistically significant differences in PANSS scores were found
between clusters (PANSS positive: U = 495.5, p= .57; Mann-Whitney
U test. PANSS negative: U = 570, p= .70; Mann-Whitney U test).

Patients from Cluster 1 had significant lower cognitive factor scores
with respect to patients from Cluster 2 (p < .001; Tukey-Kramer test)
and HC (p < .001; Tukey-Kramer test). Patients from Cluster 2 had
significant lower cognitive factor scores compared to HC (p < .001;
Tukey-Kramer test).

4.2.3. Complementary biological parameters
In comparison to HC, SE values were significantly higher (thus EEG

modulation was smaller) both in Cluster 1 (χ2 = 3.20, df = 1,
p < .001; Conover-Iman test) and Cluster 2 patients (χ2 = 1.84,
df = 1, p < .05; Conover-Iman test. Table 1). There were no significant
differences in SE modulation between Cluster 1 and Cluster 2 patients.

Fig. 4. Violin plot illustrating the distribution of the discriminant scores of the
obtained patient clusters and healthy controls. Box plots are shown for each
group. Cl1 = cluster 1, Cl2 = cluster 2, HC = healthy controls.
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FA values (Supplementary Table 11) were lower in Cluster 1 com-
pared to Cluster 2 patients and HC in the connections between the
frontal gyrus (superior and rostral middle sectors) and orbito-frontal
and parietal cortex, cingulate gyrus, insula and caudate nucleus, as well
as in connections between the insula and limbic regions.

In connections between the frontal regions and the corresponding
paired regions, FA values were lower in patients from Cluster 2 with
respect to HC. Significantly, lower FA values were also found in patients
from Cluster 2 with respect to HC in the connections between the insula
and the hippocampus.

The following connections showed a significantly decreased FA
value in Cluster 1 but not Cluster 2 patients: left middle-frontal-medial
orbitofrontal; right rostral middle-frontal-medial orbitofrontal; right
superior frontal-medial orbitofrontal; left rostral middle frontal –
caudal anterior cingulate; left rostral middle frontal-caudate; right en-
torhinal-insula; left parahippocampal-insula.

4.2.4. Comparison of treatments
Antipsychotic doses did not differ between clusters (Table 1).
The proportion of cases receiving or not benzodiazepines, antic-

onvulsants, antidepressants, clozapine, or lithium did not differ either

(Supplementary Table 12).

5. Discussion

The anatomical traits defining the subgroups in the present sample
overlap with those in our previous study based on different subjects
(Lubeiro et al., 2016). In both studies, a group with higher mean cor-
tical curvature (i.e., higher cortical folding) and thinner cortex was
identified. Although in our previous study cortical curvature had a
higher load in the group definition, these results support the existence
of a group with significant anatomical alteration (larger cortical folding
and lesser cortical thickness and area) within the psychotic syndrome,
as well as another anatomically spared group. According to the present
results, schizophrenia and bipolar patients were found in those groups,
which is in agreement with a previous study that aimed to identify
biological clusters in the psychotic syndrome, where bipolar patients
were also included in the biotypes with larger gray matter deficits in a
previous study (Clementz et al., 2016).

Thickness reduction may be primarily related to the cerebral process
underpinning psychoses, according to previous results. Cortical thin-
ning has been demonstrated in the early stages of illness and even in

Fig. 5. Scatter plots of the distribution of the values of the two principal components for each of the morphometric parameters in the obtained clusters and healthy
controls. Yellow circles represent healthy controls, blue triangles patients from cluster 1, and green squares patients from cluster 2; the big symbols represent the
centroids for each group. The ellipsoids have a radius of one standard deviation. Subfigures A, B and C represent cortical values, and subfigure D subcortical values.
Cl1 = cluster 1, Cl2 = cluster 2, HC = healthy controls, PC = principal component. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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high-risk subjects (Sprooten et al., 2013), and may have prognostic
correlates: higher thickness may predict better response to anti-
psychotic treatment (Szeszko et al., 2012), although a thinner cortex
may predict better clozapine response in first-episode schizophrenia
(Molina et al., 2014). Cortical thinning may be related to alterations in
other pathological measurements frequently reported in schizophrenia,
such as cerebral structural connectivity, as suggested by recent results
using structural covariance between regions with cortical thinning in
schizophrenia (Wannan et al., 2019). Its relation to clinical features,
such as cognitive impairment is less clear: while some data suggest an
inverse association between cortical thickness and cognitive perfor-
mance (Shabab et al., 2019), others support that cortical thinning may
exist in schizophrenia in absence of cognitive impairment (Hanford
et al., 2019). Moreover, cortical thickness may not predict early treat-
ment response to antipsychotics in schizophrenia (Doucet et al., 2018),
although it may be associated to response to cognitive remediation
therapies in this syndrome (Penadés et al., 2016). Thickness differences
among clinical groups might be contributed by genetic variation, given
the role that variation at DISC-1 gene may have on longitudinal
thickness changes after illness onset (Vázquez-Bourgon et al., 2016).
The relation between cortical thickness and genetic variation is how-
ever complex, since the results of a large study revealed that the
22q11.2 (a risk factor for schizophrenia) deletion is associated to a
thicker gray matter overall, but thinner cingulate and temporal cortices
(Sun et al., 2018). While a role for chronicity cannot be ruled out in
cortical thinning, available data suggest that cortical thickness

abnormalities normalize at least during the initial years of illness (Guo
et al., 2016).

The present study adds DTI and cognitive information to our 2016
study. Here, Cluster 1 showed a broadly distributed FA deficit in the
frontal lobe connections, also shown by Cluster 2 but to a much smaller
extent. According to these data, hampered cognition and decreased FA
in frontal connections may be associated to higher cortical curvature
and decreased cortical thickness in a distinct biotype. This would be
coherent with the previous report of an association between decreased
frontal FA and cortical frontal curvature (Lubeiro et al., 2017).

The smaller subcortical volumes in Cluster 1 patients are coherent
with previous findings of schizophrenia patients' subsamples with dif-
ferent striatal features. For example, patients with worse long-term
outcome, labelled as “Kraepelinian” were characterized by smaller
striatal and thalamic volumes (Buchsbaum et al., 2003; Molina et al.,
2010).. Moreover, chronic antipsychotic treatment is expected to in-
crease basal ganglia metabolism (DeLisi et al., 1985) and volume
(Chakos et al., 1994), which is indeed shown by our Cluster 2 patients.
Therefore, the smaller striatal volume observed in Cluster 1 patients
may not primary relate to treatment. Finally, response to clozapine was
associated to striatal metabolism (Molina Rodríguez et al., 1996). Re-
markably, patients with larger mean curvature in our former study
(Lubeiro et al., 2016) lacked the expected metabolic increase in the
striatum showed by the patients with lower curvature in that study.

Cognitive performance was poorer in Cluster 1 patients compared to
Cluster 2 patients and controls. Cluster 2 patients also showed lower

Table 2
Summary of the morphometric comparisons between clusters of patients and controls, and between subgroups of patients of each cluster.

Caudal anterior
cingulate
Caudal middle frontal

Cuneus

Medial orbito-frontal

Para hippocampal

Pars orbitalis

Pars triangularis

Precentral

Rostral anterior
cingulate

Superior frontal

Superior temporal

Insula

Thalamus
Caudate nucleus
Putamen
Pallidum
Hippocampus

Rostral middle
frontal

Inferior parietal

↑/↓ = higher/lower values in cluster 1 vs. cluster 2/controls or in cluster 2 vs. controls; BD = bipolar disorder; CC = cortical curvature; Cl1 = cluster 1; Cl2 = cluster
2; CT = cortical thickness; GMV = subcortical gray matter volume; SA = surface area, SZ = schizophrenia.
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cognitive scores than controls. This is coherent with the low, although
statistically significant, discriminant capacity of neuroanatomy to dif-
ferenciate between cognitively spared and cognitive deficit schizo-
phrenia subgroups (Gould et al., 2014). Anyway, it could be speculated
that functional activity may be more useful to distinguish between
patients groups with differente cognitive capabilities (Díez et al., 2014).

Patients in Cluster 1 were older, although there were no significant
differences in FE proportion between clusters. This indicates that illness
duration may play a role in cluster distribution, but this would not be
the only reason behind this distribution, in agreement with previous
results (Dwyer et al., 2018). In the same direction, in our former study
the proportion of FE patients was the same between clusters (Lubeiro
et al., 2016).

In this sample, PANSS scores were not different between clusters.
However, using a factor analysis of cortical morphometry in a larger
sample, regional thickness and area inversely correlated with positive
and negative symptoms scores (Padmanabhan et al., 2015). This may
suggest that with an increased sample size, clinical differences may be
detected between clusters.

It is remarkable that EEG modulation did not differ between patients
clusters based on structural differnces. This suggests that the reported
EEG modulation deficits in schizophrenia are not based on structural
connectivity deficits, which is coherent with previous findings showing
that the modulation deficit of the EEG-based functional network in
schizophrenia was unrelated to the network properties of the structural
connectivity (Gomez-Pilar et al., 2018a). Functional and structural
connectivity may be relatively independent (Adachi et al., 2012). In this
context, our data may lead to the speculation that anatomical and
functional connectivity alterations may contribute to different profiles
of schizophrenia patients.

There are limitations in our study worth mentioning: the sample size
is relatively small and most of the patients were chronically treated,
making it difficult to disentangle the effects of treatments. About our
statistical methods, we did not perform a multivariate analysis of the
biological and clinical features, which may enlight multivariate pat-
terns, although there is no clear relationship between cortical mor-
phometric measures. The lack of clinical follow-up is another handicap
that could be addressed in future studies.

6. Conclusion

Structural imaging data support the existence of a subgroup of
mixed schizophrenia and bipolar patients characterized by decreased
cortical thickness and surface area and higher cortical curvature as well
as another subgroup with rather normal neuroanatomy. The former
subgroup showed larger structural connectivity and cognitive perfor-
mance deficits in comparison to HC, with some continuity between
subgroups. Deficits in task-related activity modulation were found in
both subgroups. Cortical thickness may be useful to assess the possi-
bility of discriminating biologically valid subgroups in the psychotic
syndrome.
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