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Cortical morphology in patients with the deficit and non-deficit

syndrome of schizophrenia: a worldwide meta- and
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Converging evidence suggests that schizophrenia (SZ) with primary, enduring negative symptoms (i.e., Deficit SZ (DSZ)) represents
a distinct entity within the SZ spectrum while the neurobiological underpinnings remain undetermined. In the largest dataset of
DSZ and Non-Deficit (NDSZ), we conducted a meta-analysis of data from 1560 individuals (168 DSZ, 373 NDSZ, 1019 Healthy
Controls (HC)) and a mega-analysis of a subsampled data from 944 individuals (115 DSZ, 254 NDSZ, 575 HC) collected across 9
worldwide research centers of the ENIGMA SZ Working Group (8 in the mega-analysis), to clarify whether they differ in terms of
cortical morphology. In the meta-analysis, sites computed effect sizes for differences in cortical thickness and surface area between
SZ and control groups using a harmonized pipeline. In the mega-analysis, cortical values of individuals with schizophrenia and
control participants were analyzed across sites using mixed-model ANCOVAs. The meta-analysis of cortical thickness showed a
converging pattern of widespread thinner cortex in fronto-parietal regions of the left hemisphere in both DSZ and NDSZ, when
compared to HC. However, DSZ have more pronounced thickness abnormalities than NDSZ, mostly involving the right fronto-
parietal cortices. As for surface area, NDSZ showed differences in fronto-parietal-temporo-occipital cortices as compared to HC, and
in temporo-occipital cortices as compared to DSZ. Although DSZ and NDSZ show widespread overlapping regions of thinner cortex
as compared to HC, cortical thinning seems to better typify DSZ, being more extensive and bilateral, while surface area alterations
are more evident in NDSZ. Our findings demonstrate for the first time that DSZ and NDSZ are characterized by different
neuroimaging phenotypes, supporting a nosological distinction between DSZ and NDSZ and point toward the separate disease
hypothesis.

Molecular Psychiatry; https://doi.org/10.1038/s41380-023-02221-w

INTRODUCTION

Unraveling schizophrenia (SZ) heterogeneity represents a formid-
able ongoing challenge enforcing the need to examine the
neurobiological correlates of specific symptomatology. Since the
current nosology likely reflects a group of diseases [1], discrimi-
nating between subtypes of schizophrenia characterized by more
homogeneous enduring symptoms [1-3] may be an effective
method for identifying unique neurobiological markers of specific
disease entities within the SZ spectrum [4]. A clinically homo-
geneous subgroup of patients diagnosed with SZ showing
primary, stable, and enduring negative symptoms (i.e., Deficit SZ
(DS2)) [1, 2] can be distinguished, representing up to one-third of
individuals with SZ [5]. DSZ is characterized by persistent
impairment and poorer long-term prognosis with a lower
likelihood of recovery [6] compared to Non-Deficit SZ (NDSZ).

Clinical and neurobiological differences between DSZ and NDSZ
patients [3, 7-12] can be identified at the first psychotic episode or
even before clinical manifestation [3, 11, 13, 14]. Further evidence
[1, 15, 16] suggests that these disease entities differ also in
etiologic factors, course, and treatment response. Accordingly,
several authors [1, 3, 17-20] support the hypothesis that DSZ
could represent a separate disease within the SZ syndrome.

While the clinical manifestations of DSZ assume distinctive
characteristics that have been well-described in prior works
[8, 21-26], the neural substrates of the disorder are not
sufficiently understood [27]. In fact, structural magnetic reso-
nance imaging (MRI) studies have produced conflicting results.
Although some studies reported white matter [4, 28] (WM) and
gray matter [29-32] (GM) abnormalities in DSZ compared to
NDSZ, others reported gray matter abnormalities in NDSZ
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patients only [33, 34], or no differences between the two patient
subgroups [4].

Given such discordant results, a deeper insight may be gained
by shifting the focus from volumetric measures to morphological
parameters indexing different aspects of brain architecture.
Indeed, cortical GM volume is defined as the product of two
morphological indices (i.e., cortical thickness and surface area) and
lower volume may reflect either thinner cortex, smaller surface
area, or both. Although the exact neurobiological constituents
remain unclear, surface area and cortical thickness may be
determined by the number and the laminar patterning of cortical
columns, respectively [35, 36], thus providing a biologically
relevant decomposition of cortical volume. They show unique
regional variations across the cerebral cortex, both at the regional
and the whole-brain level, and have largely distinct genetic
architectures [37-39]. Each of these morphometric features shows
different age-related trajectories, thus providing diverse informa-
tion on brain development, and may offer more fundamental
insights than comparisons of GM volumes [37, 38] particularly in
disorders characterized by neurodevelopmental disturbances [40].

Prior structural neuroimaging studies have found that cortical
thickness and surface area are abnormal in SZ patients as a whole
[41, 42], and these abnormalities correlated with negative symptoms.
However, to date, only a few studies have explored such indices in
DSZ [4, 31, 43], reporting conflicting findings. Specifically, one study
observed thinner cortex in the anterior cingulate [31] and temporo-
parietal junction areas in DSZ compared to NDSZ [43], while another
study observed no differences between the two groups [4]. Surface
area findings are more homogeneous, suggesting no differences
between DSZ and NDSZ [4, 43]. Nevertheless, limited power, based
on sample sizes ranging from 18 to 40 subjects diagnosed with DSZ,
may underlie these inconsistent or negative results. Further,
methodological differences, with some studies examining vertex-
based [4, 43] and others taking region of interest (ROI) approaches
[31], and differences in data acquisition and processing protocols
may have further contributed to the observed discrepancies in
findings. To overcome the heterogeneity in image processing and to
increase sample sizes, brain imaging consortia offer the opportunity
to bring together data from all over the world to achieve higher
statistical power using standardized processing and analysis
methods. Here, we gathered data from several worldwide research
centers contributing to the ENIGMA SZ working group to create the
largest data set of DSZ and NDSZ examined to date.

We compared cortical thickness and surface area measures to
test whether patients with DSZ differ from patients with NDSZ in
morphological parameters indexing different aspects of brain
architecture. Since both meta- and mega-analysis approaches
have advantages and disadvantages (see [44-46] for reviews),
both methods were adopted to investigate whether the mega-
analytic design could achieve greater sensitivity in detecting more
subtle brain abnormalities owing to a greater information
preservation. This is in line with previous ENIGMA studies [47-49].

We hypothesized that both SZ subgroups would exhibit
widespread cortical morphometric abnormalities, compared to
HC. In addition, we hypothesized differential patterns of cortical
thickness and surface area anomalies in DSZ and NDSZ.
Identifying overlapping and divergent morphological features in
SZ subtypes may provide important hints for delineating common
and unique pathological pathways within the SZ syndrome, which
is critical for improving diagnostic and therapeutic accuracy in this
heterogeneous disorder.

MATERIALS AND METHODS

Study sample

The current study included patients diagnosed with SZ and HC. Diagnosis
was based on the Diagnostic and Statistical Manual of Mental Disorders
(DSM, editions IV-TR [50] or 5 [51]) or the International Classification of
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Diseases (ICD-10) [52] criteria using the related version of the Structured
Clinical Interview for DSM Disorders (SCID) [53, 54], and/or a review of case
files/medical records by trained clinicians (see Supplementary Table S1 for
more details). All individuals had the Positive and Negative Syndrome
Scale [55] (PANSS) ratings and T1-weighted structural brain MRI data
available. HC were recruited and screened for a current or lifetime history
of psychiatric disorders using the SCID (see Supplementary Table S1 for
more details).

According to the availability and ethical permission of each research site to
share individual raw data or between-group effect size data, we analyzed
two different samples for meta- and mega-analysis. The meta-analysis
sample comprised 9 cohorts from 8 countries totaling 1560 participants,
including 1019 HC, 168 DSZ and 373 NDSZ. The mega-analysis sample
included data from 8 cohorts in 7 countries (1 site did not have permission to
share individual data), comprising 944 participants (i.e., 575 HC, 115 DSZ and
254 NDSZ). In the mega-analysis the DSZ, NDSZ and HC participants were
one-to-one age-matched ( £ 2 years) across-sex by an investigator blinded to
study aims in order to reduce confounding effects of age-dependent
changes in brain morphology [56]. Participants’ demographics (i.e,, age and
sex) were collected for both the meta- and mega-analyses samples, while
clinical data (i.e, stable dosage of chlorpromazine equivalents of anti-
psychotic treatments, duration of illness, rates of positive, negative and
general symptoms) were collected only for the mega-analysis.

Each study sample was collected with participants’ written informed consent
approved by local Institutional Review Boards. The authors declared that all
procedures contributing to this work comply with the ethical standards of the
relevant national and institutional committees on human experimentation and
with the Helsinki Declaration of 1975, as revised in 2008. No subject identifying
data were shared among the ENIGMA institutions.

Deficit/Non-deficit classification

The characterization of DSZ was performed according to the proxy case
identification method (i.e., the proxy for the deficit syndrome (PDS) [57])
using PANSS [55]. The PDS has good specificity, sensitivity, and accuracy
[57]. Furthermore, the PDS has been repeatedly shown to be a valid tool
for the categorization of patients into DSZ and NDSZ, in both early-episode
and chronic populations [58, 59]. Specifically, the PDS score is defined as a
composite score - that is, the sum of the scores (from the PANSS) of the
anxiety, guilt feelings, depressive mood and hostility items subtracted from
the score for blunted affect item score. A cut-off of 2 was used to classify
DSZ and NDSZ [57]. This calculation reflects primary and persistent
negative symptoms in the deficit syndrome [2]. To enhance the likelihood
of correct classification, and reduce potential false positives [60], only
patients who ranked in the top and bottom quartiles of PDS scores were
defined as having DSZ and NDSZ, respectively. Hence, we eliminated the
middle quartile of patients from the SZ sample, which can be considered a
highly mixed group of DSZ and NDSZ patients, while the inclusion of the
two extreme quartiles assured the selection of relatively “pure” groups of
individuals showing distinctive clinical symptoms. This type of relatively
conservative categorization method has already been employed in
previous studies [12, 61]. The entire categorization process was managed
by the coordinating site on the data shared by each research site and then
redistributed for in situ pre-processing of neuroimaging data.

Image acquisition and processing

Structural T1-weighted brain scans were acquired and processed locally at
each research site for DSZ, NDSZ, and HC. Scanner and acquisition details
at each site are provided in Table S1 in the online supplement. All sites
processed the T1-weighted structural brain scans for each participant
using an automated and validated pipeline, i.e., “recon-all” as implemented
in  FreeSurfer (https://surfernmr.mgh.harvard.edu/). Specifically, the
averages of cortical thickness and surface area were extracted for each
of the 70 cortical regions of interest (ROI) (34 regions per hemisphere + 1
whole hemisphere) based on the Desikan-Killiany parcellation scheme [62],
as well as total brain surface area and mean cortical thickness. The use of
FreeSurfer in multisite analyses has been validated in previous ENIGMA
studies [47, 63]. As a final step, the pipeline ended with the visual
inspection of all data in a series of standard planes so as to detect potential
outliers (http://enigma.ini.usc.edu/protocols/imaging-protocols/).

Statistical analysis
Meta-analysis. In order to calculate Cohen'’s d effect sizes for the meta-
analysis, each site examined the differences between DSZ and NDSZ
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Table 1. Demographical information for HC, DSZ and NDSZ in Mega and Meta-Analysis samples; Clinical information for DSZ and NDSZ patients in
the Mega-Analysis sample.
HC DSz ND-SZ t, F or x2 df p
Meta-Analysis
Age (years), Mean (SD) 33.51 (13) 37.73 (13.1) 37.2 (12.2) 16.17 21561 <0.001*
Males, n (%) 546 (54) 110 (67) 234 (62) 15.64 2 <0.001*
Mega-Analysis
Age (years), Mean (SD) 345 (12.5) 36.5 (12.5) 35.7 (11.6) 1.74 2941 0.175
Males, n (%) 272 (43) 93 (80) 160 (63) 514 2 <0.001*
Duration of illness (Years), Mean (SD) - 13.8 (12.6) 11.9 (11.7) 1.09 1220 0.298
Chlorpromazine equivalents, Mean (SD) - 404.5 (414.4) 390.8 (454.2) 0.055 1266 0.814
PANSS_Pos, Mean (SD) - 13.6 (5.2) 18 (6.9) 36.7 1367 <0.001*
PANSS_Neg, Mean (SD) - 21 (7.5) 16.2 (7) 347 1367 <0.001*
PANSS_Gen, Mean (SD) - 29.7 (10) 37.5 (12.6) 33.8 1367 <0.001*

df degrees of freedom, SD standard deviation, PANSS_Pos positive symptoms subscale from Positive and Negative Symptoms Scale, PANSS_Neg negative
symptoms subscale from Positive and Negative Symptoms Scale, PANSS_Gen general symptoms subscale from Positive and Negative Symptoms Scale, Type of

antipsychotic Treatment: T Typical, A Atypical, B Both, N Nothing.
“Statistically significant differences at p < 0.05.

(separately) and HC in cortical thickness and surface area measures using
an ANCOVA model. Neuroanatomical measures of each ROl entered the
model as the dependent variable and a binary indicator of diagnosis
(0 =control, 1=case) as the predictor of interest. The model included
intracranial volume (ICV), age, age?, sex, age-by-sex interaction, and age?
by-sex interaction as covariates. Age and age? were included to adjust for
linear and non-linear effects of age on brain structure [64]. To obtain a
standardized difference in means, the t-statistic of the diagnosis variable
obtained from regression models was used to compute the Cohen'’s d
effect size metrics.

All regression models and effect size estimates were computed
individually at each site and a random-effects inverse-variance weighted
meta-analysis was conducted at the coordinating site (the Laboratory of
Neuropsychiatry at the Santa Lucia Foundation IRCCS in Rome, Italy) using
Comprehensive Meta-Analysis (CMA) software, version 2 [65]. Specifically,
the coordinating site was the one that collected and analyzed the effect sizes
as computed from each participating site. Random-effect meta-analyses
were performed for both DSZ and NDSZ separately. The Q statistic, /> and T°
scores were computed to determine the total heterogeneity of the effect
sizes and the between-site variance. The stability of the overall effect size
estimate was tested using a ‘leave one out’ sensitivity analysis, to assess
whether results were dependent on site-specific confounding effects.
Specifically, sensitivity analysis shows how the overall effects size changes
when one dataset at a time is removed and gives insight into between-site
variability and sampling error.

A mixed effects subgroups analysis was also performed to directly
compare effect size estimates between the DSZ and NDSZ groups.
Specifically, in this subgroup analysis the variance across sites was assumed
to be randomly influenced by factors inherent to dataset characteristics (DSZ,
NDSZ) plus sampling error, while the effect size is expected to be equivalent
and fixed in datasets sampled from the same population.

Demographic differences among groups were assessed using ANOVA or
chi-squared tests.

Bonferroni correction of multiple comparisons was applied.

Mega-analysis. The mega-analysis was performed by pooling all indivi-
dual subject cortical thickness and surface measures from 8 sites; 1 site did
not have permission to share this data.

Group differences in demographics and clinical characteristics were
assessed using ANOVA, Student's t or chi-squared tests.

Brain morphometry differences among DSZ NDSZ and HC were
evaluated using univariate mixed-effect ANCOVA models. Specifically,
cortical thickness or surface measures of each ROl were included in the
model as the dependent variables. Group (DSZ, NDSZ, HC) was entered in
the model as a fixed factor, and site as a random factor. Similar to the
meta-analyses, age, age? sex, age-by-sex interaction, and ageZ-by-sex
interaction were added as additional confounding covariates to account
for influences of demographic factors on anatomical inter-individual
variability. All statistics were performed using SPSS Statistics version 25.0
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(IBM, Armonk, N.Y.) considering p <0.05 as the statistical threshold for
significance. Bonferroni corrected post hoc comparisons were performed
for significant results from the thickness and surface mega-analyses.

RESULTS

Meta-analysis

HC participants included in the meta-analysis were significantly
younger than SZ, though there were no significant age differences
between the DSZ and NDSZ groups. Sex distribution also differed
between the three groups included in the meta-analyses (Table 1).

Cortical thickness

The meta-analysis of cortical thickness found 53 ROIs (out of the
70 analyzed) with significantly thinner cortex in both DSZ and
NDSZ, compared to HC. However, compared to HC, the left lateral
orbito-frontal, the rostral part of the left anterior cingulate, and the
right transverse temporal cortex were significantly thinner in the
DSZ group only, while the left lateral-occipital and lingual cortex
were significantly thinner in NDSZ only (see Supplementary
Tables S7 and S8).

Significant heterogeneity was observed in 18 ROIs for the DSZ
and 36 ROIs for the NDSZ, based on the moderate amount of
between-site variance (¥ > 50%; Supplementary Tables 57 and S8),
suggesting that variability in the study population characteristics
was higher in the NDSZ group. Moreover, for seven additional
effects, the sensitivity analysis (data available upon request)
revealed that the removal of individual datasets (from 1 to 8)
impacted model significance.

Considering only homogenous (consistent across sites, non-
significant and low heterogeneity between datasets; I° < 50%) and
robust (surviving sensitivity analysis and Bonferroni correction for
multiple comparisons) effects, a thinner cortex was observable in 9
overlapping ROIs for both SZ groups, in 10 ROIs for DSZ only
(mostly in the right hemisphere) and 2 ROIs for NDSZ only
(Table 2).

The meta-analytic subgroup analysis on cortical thickness
showed no significant differences in effect sizes between DSZ
and NDSZ (Supplementary Tables S7 and S8; Fig. 1).

Surface area

The meta-analysis on cortical surface area (see Supplementary
Tables S9 and S10) showed that in comparison to HC, DSZ had a
smaller surface area in the left fusiform gyrus, the left superior
frontal, and the left pars triangularis regions. Results for the latter

SPRINGER NATURE
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Thickness Effect Sizes

L. Caudal middle frontal - DSZ - 1
L. Caudal middle frontal - NDSZ - 1
L. Inferior parietal - DSZ - 2

L. Inferior parietal - NDSZ - 2

L. Pars opercularis - DSZ - 3

L. Pars opercularis - NDSZ -3

L. Postcentral - DSZ - 4

L. Postcentral - NDSZ - 4

L. Precentral - DSZ - 5

L. Precentral - NDSZ - 5

L. Supramarginal - DSZ - 6

L. Supramarginal - NDSZ - 6

R. Bankssts - DSZ - 7

R. Bankssts - NDSZ - 7

R. Caudal middle frontal - DSZ - 8
R. Caudal middle frontal - NDSZ - 8
R. Parahippocampal - DSZ - 9

R. Parahippocampal - NDSZ - 9

L. Bankssts - DSZ - 10

L. Superior parietal - DSZ - 11

R. Inferior parietal - DSZ - 12

R. Pars orbitalis - DSZ - 13

R. Pars triangularis - DSZ - 14

R. Precentral - DSZ - 15

DSZ-16
DSZ-17
DSZ-18
R. Supramarginal - DSZ - 19
L. Frontal pole - NDSZ - 20
R. Paracentral - NDSZ - 21

R. Precuneus -
R. Superior frontal -

R. Superior parietal -

DSZ and NDSZ differ from HC
DSZ differ from HC
NDSZ differ from HC o

09 -08 -07 -06 05 -04 -03 -02 -01 0 0.1

Fig. 1

Results of the random-effect meta-analysis on cortical thickness. Cohen’s d effect sizes comparing Deficit and Non-Deficit

Schizophrenia samples to Healthy Controls. L. Left Hemisphere, R. Right Hemisphere, DSZ Deficit Schizophrenia group, NDSZ Non-Deficit
Schizophrenia group, HC Healthy Controls group, Histogram bars represent Cohen'’s d effect sizes after meta-analysis; error bars represent 95%
confidence interval. Blue bars represent regions in which DSZ significantly differ from HC only; purple bars represent regions in which either
DSZ or NDSZ significantly differ from HC; lime yellow bars represent regions in which NDSZ significantly differ from HC only.

two ROIs were not robust, since they did not survive sensitivity
analysis, while the effect in the left fusiform gyrus did not survive
to Bonferroni correction. NDSZ showed a significantly smaller
cortical surface area in the caudal part of the bilateral anterior
cingulate cortex, the right isthmus of the cingulate cortex and the
right precentral cortex. Only results regarding the caudal part of
the right anterior cingulate cortex were consistent and robust,
although they did not survive to Bonferroni correction, while—for
the remaining ROIs—model significance was impacted by the
removal of individual datasets (results available upon request).

The meta-analytic subgroup analysis on cortical surface showed
no differences in effect sizes between DSZ and NDSZ (Supple-
mentary Tables S9 and S10).

Mega-analysis

A significantly different sex distribution was observed in the
three groups included in the mega-analyses, while as expected
owing to the matching procedure adopted, no age difference
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was found (Table 1). Congruently with the diagnostic phenotype,
ratings of positive, negative and general psychopathology
symptoms were different in the DSZ and NDSZ groups
(Table 1). No significant differences were observed for duration
of illness or pharmacological treatment dosages (chlorproma-
zine equivalents).

Cortical thickness

Mixed-model ANCOVAs on cortical thickness measures from 70
ROIs revealed a significant effect of diagnosis (Table 3) in the right
isthmus of the cingulate cortex and the right banks of the superior
temporal sulcus. Bonferroni corrected post hoc comparisons
showed that, compared to HC, the DSZ group had a thinner right
isthmus, while NDSZ had thinner right banks of the superior
temporal sulcus. Moreover, measures for left and right mean
thickness showed a significant group effect with lower thickness
in both DSZ and NDSZ when compared to HC. No significant
differences were found between DSZ and NDSZ.
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Table 3. ANCOVA and post hoc results from Mega-Analyses of cortical surface and thickness measures.
Cortical regions ANCOVA Bonferroni Corrected Post Hoc
DSZ vs HC NDSZ vs HC DSZ vs NDSZ
F df p Mean diff Pcorr Mean diff Pcorr Mean diff D
Thickness
R. Banks sts 4.86 2906 0.01* —0.027 0.6 —0.048 0.012 0.021 1
R. Isthmus cingulate 4.66 2910 0.02* —0.086 0.003* —0.039 0.187 —0.048 0.291
L. Thickness 16.74 2911 <0.0001* —0.075 <0.0001* —0.066 <0.0001* —0.008 1
R. Thickness 17.95 2911 <0.0001* —0.071 <0.0001* —0.062 <0.0001* —0.008 1
Surface
L. Lateral occipital 54 2906 0.01* —23.17 1 —198.13 <0.0001* 174.96 0.02*
L. Precuneus 3.59 2910 0.04* —6.67 1 84.01 0.02* —90.68 0.13
L. Supramarginal 5.23 2910 0.01* 64.94 0.72 142.04 0.003* —77.1 0.65
R. Caudal anterior cingulate 3.76 2911 0.03* —-314 0.27 —36.87 0.04* 5.47 1
R. Inferior temporal 3.92 2909 0.04* —15.13 1 —156.56 <0.0001* 141.43 0.005*
R. Lateral occipital 4.93 2909 0.02* —101.51 0.37 —359.27 <0.0001* 257.76 0.0004*
R. Lingual 3.99 2908 0.04* —27.25 1 —228.95 <0.0001* 201.7 <0.0001*
R. Pericalcarine 4.16 2906 0.03* —18.49 1 —13245 <0.0001* 113.96 0.002%
R. Superior frontal 3.31 2911 0.048* 108.58 0.3 132.95 0.034* —24.37 1

df degrees of freedom, L. left, R. right, sts superior temporal sulcus.
"Statistically significant differences at p < 0.05.

Surface area
Mixed-model ANCOVAs on surface area measures showed a
significant effect of diagnosis in the lateral occipital cortices
(bilaterally), the left precuneus and supramarginal gyrus, the right
caudal part of the anterior cingulate, pericalcarine, inferior
temporal, lingual and superior frontal cortices (Table 3).
Bonferroni corrected post hoc comparisons showed that the
NDSZ group had a smaller surface area in the bilateral lateral
occipital cortices (more pronounced in the right hemisphere), the
right pericalcarine, inferior temporal and lingual cortices, as
compared to both HC and DSZ. Further, NDSZ exhibited a smaller
surface area in the caudal part of the right anterior cingulate
cortex and larger surface area in the left precuneus, the left
supramarginal gyrus and the right superior frontal cortex, as
compared to HC (Table 3; Fig. 2).

DISCUSSION
In this largest-ever coordinated neuroimaging study conducted on
morphological brain measures in DSZ and NDSZ we found
different results from meta- and mega-analyses, coherently with
the methodological differences existing between the two. Indeed,
while the meta-analysis can be considered the most powerful
approach here, due to the largest sample size included, the mega-
analysis should be regarded as the most controlled one, due to
the additional matching procedure. Therefore, we have taken into
account the results of both analyses as mutually reinforcing,
thereby demonstrating that: (1) both DSZ and NDSZ have cortical
thickness abnormalities, but only NDSZ have surface abnormal-
ities, as compared to HC; (2) DSZ have more pronounced thickness
abnormalities than NDSZ, mostly involving the right hemisphere;
(3) NDSZ have smaller temporo-occipital surface area than DSZ.
Several evidences suggest that cortical thickness and surface
area are modulated by largely independent genetic factors, being
also phenotypically unrelated [37, 38], and are associated with
different cellular processes within the cerebral cortex [36, 66].
Indeed, according to the radial unit hypothesis, surface area is
primarily driven by the number of cerebral cortical columns, and
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cortical thickness is mostly determined by the number and size of
cells within a column (ibidem). Moreover, cortical thickness and
surface area differ one from another in their developmental
trajectories [67], maturation timing and they result from different
ontogenic stages during corticogenesis [68]. Indeed, while the
former seems to be more susceptible to environmental factors
[69], the latter may be more influenced by early neurodevelop-
mental and genetic factors [37, 38]. Few and inconsistent studies
have examined the genetics of DSZ and NDSZ (see [18] for a
review), and future longitudinal studies will shed light on potential
differences in abnormal developmental trajectories of cortical
thickness and surface area between the two. However, our
findings demonstrate for the first time that DSZ and NDSZ are
characterized by different neuroimaging phenotypes, being DSZ
typified by more pronounced abnormalities in the number (or
size) of cortical neurons, while NDSZ in the number of cortical
columns.

Apart from this divergence, and in line with previous
morphological data of widespread cortical thinning in SZ
[41, 42], our findings also bring new evidence on shared cortical
thickness changes in DSZ and NDSZ, mostly in left fronto-parietal
regions.

Abnormal functioning of the parietal lobe was previously
reported in SZ [70] and associated with psychotic-like experiences
[71], which would specifically affect cortical thickness as regional
variations in parietal gray matter are particularly shaped by
environmental factors even in normal developing adolescents
[72]. Moreover, parietal cortices are known to participate in
different neuropsychological functions that are affected in SZ
patients [73]. Specifically, they play a crucial role in the storage
and retrieval of verbal information, providing support to the
frontal lobe [74]. In addition, the parietal lobes are responsible for
significant processing related to spatial perception and attention
[75-77], and activation of parietal regions along with prefrontal
and medial temporal lobes are necessary to successfully encode
episodic memories [78]. Interestingly, these regions are also
involved in awareness-related processes [79, 801, and poor clinical
and cognitive insight are key psychopathological features of SZ
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Mean Surface Differences

NDSZ differ only from HC ®
NDSZ differ from either HC or DSZ

L. Precuneus - NDSZ VS HC -

L. Supramarginal - NDSZ VS HC -

R. Caudal anterior cingulate - NDSZ VS HC -

R. Superior frontal - NDSZ vs HC -

L. Lateral occipital - NDSZ vs DSZ -

L. Lateral occipital - NDSZ VS HC -

R. Inferior Temporal - NDSZ VS DSZ -
R. Inferior Temporal - NDSZ VS HC -
R. Lateral occipital - NDSZ VS DSZ -
R. Lateral occipital - NDSZ VS HC -

R. Lingual - NDSZ VS DSZ -

R. Lingual - NDSZ VS HC -

R. Pericalcarine - NDSZ VS DSZ -
R. Pericalcarine - NDSZ vs HC -

Fig.2 Bonferroni corrected post hoc comparisons from the mega-analysis on surface area. Mean differences comparing Deficit and Non-
Deficit Schizophrenia samples to Healthy Controls. L. Left Hemisphere, R. Right Hemisphere, DSZ Deficit Schizophrenia group, NDSZ Non-
Deficit Schizophrenia group, HC Healthy Controls group, Histogram represents the mean differences in each surface area comparison. Green
bars represent regions in which NDSZ significantly differ from HC only; violet bars represent regions in which NDSZ significantly differ from

either HC or DSZ.

that worsen patients’ psychosocial functioning, clinical outcomes
and treatment adherence [79-84]. Our results of thinner parietal
and frontal cortices in either DSZ and NDSZ, are in line with
previous imaging studies suggesting that in SZ gray matter
abnormalities start earlier in parietal lobes and proceed to frontal
regions (see [70] for a review). However, our findings clearly
highlight a different fronto-parietal involvement in the two SZ
subgroups, being more extensive and bilateral in the DSZ only.

Specifically, while thickness abnormalities shared by both SZ
subgroups were mainly in the left hemisphere, DSZ showed
extensive thickness abnormalities in the right hemisphere.
Neuroscientific literature and neuropsychological evidence sup-
port an overall right hemispheric dominance for emotion,
attention, and arousal [85]. Moreover, the right hemisphere
modulates higher order language functions, essential for an
accurate understanding of someone’s communicative intent [86].
Impairments in correctly inferring other people’s communicative
intents, as well as deficits in processing emotional expressions and
perceiving emotional intensity, also mediated by the right
hemisphere [87], could significantly contribute to the social
interaction deficits that are characteristic of DSZ [88].

Our findings also reveal that NDSZ demonstrate a distinctive
decrease in cortical thickness of both the left frontal pole and the
right paracentral lobule. A recent review [89] suggested that the
frontal pole is significantly affected by the pathophysiology of Sz,
with relevant alterations in the many high-order cognitive
functions subtended by this region like emotion, memory,
executive functions, and cognitive conflict resolution (ibidem).
Regarding the paracentral lobule, which is functionally intercon-
nected with other frontal and parietal regions [90], previous
studies suggested that owing its involvement in motor and spatial
attention functions, some motor abnormalities (e.g., gesture
deficits and neurological soft signs) and attentional impairments
observable in SZ could be consequent to structural abnormalities
in this area, and associated with impaired psychosocial
functioning.

Cortical functions mediated by either the frontal pole and the
paracentral lobule seem to be related to the negative sympto-
matology, rather than to the positive symptoms characterizing
NDSZ. However, negative symptoms are often present also in this
SZ subgroup, even if less severe and persistent. In accordance with
our findings, it is possible to contend that the superior
psychosocial adaptation exhibited by individuals with fewer
negative symptoms [91] might be due, in part, to the relatively
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preserved anatomical integrity of the right parietal lobe, despite
the observed reduction in cortical thickness within the frontal pole
and the paracentral lobule. In addition, the greater prevalence of
thickness abnormalities in the right hemisphere of the DSZ
subgroup perfectly aligns with the characteristic symptomatology
of the diagnosis, which entails deficits in social interaction,
withdrawal, and emotional blunting.

However, it is worth noting that despite the reported distinct
cortical correlates of symptomatology, no significant results were
found in the direct comparison of DSZ and NDSZ groups, neither
in the meta- nor mega-analysis. To the best of our knowledge,
only one study [43] has reported thinner cortices in DSZ as directly
compared to NDSZ in some regions (i.e., bilateral anterior
cingulate and left temporo-parietal junction area). Methodological
differences and sampling biases, with patient groups predomi-
nantly—or exclusively—consisting of male individuals, may
explain such discrepant results.

Contrariwise, when subgroups were directly compared in the
mega-analysis on surface area, NDSZ showed a specific pattern of
surface alterations, both in the comparison with DSZ and HC,
demonstrating for the first time, that smaller surface area in
temporo-occipital regions may be characteristic of this subgroup.
Prior studies have suggested that abnormalities in temporo-
occipital regions may play a central role in SZ psychopathology
and in particular, in the development of positive symptoms such
as delusions and hallucinations [92-95]. Consistent with the
deficit/non-deficit concept [1, 61], the NDSZ patients here
analyzed had more severe positive symptoms than the DSZ
patients. Consequently, atypical patterns of cortical surface area
may be associated with the clinical manifestations of positive
symptoms, which are prevalent in this particular subtype of
schizophrenia.

Additional results from the analyses of surface measures
showed that the NDSZ group exhibited larger surface areas in
the fronto-parietal cortices and smaller surface area in the right
caudal anterior cingulate cortex, as compared to HC. Since a
higher degree of cortical gyrification in the parietal lobe—an
index intrinsically related to surface area measures [96]—has been
related to positive symptoms severity in NDSZ only [27], it is
reasonable to assume that neurodevelopmental processes related
to cortical expansion and folding are involved in the pathophy-
siology of this SZ sub-type. Likewise, the smaller surface area of
the right caudal anterior cingulate in NDSZ—a region involved in
cognitive control processes [97, 98]—may be linked to the
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persistence of positive symptoms [99], since dysfunctional
cognitive control is crucial for hallucinations and delusions.

The results of this study have to be interpreted in light of the
following potential limitations. First, the deficit/non-deficit classi-
fication is based on a proxy case identification method (i.e.,, PDS
[571), while the gold standard for the documentation of the deficit
syndrome relies on a semi-structured interview [100]. However, a
large  number of studies have employed the PDS
[4, 6, 12, 21, 101, 102], and others have already demonstrated
that PDS is both reliable [57, 58] and consistent [6, 61] in
diagnosing DSZ. Second, given the cross-sectional design of this
study, we couldn’t directly examine the duration of deficit-like
features, which is one of the criteria for the deficit syndrome [57].
However, DSZ patients defined by the PDS score were character-
ized by more severe negative symptoms, but not by more severe
positive symptoms, thus suggesting that heightened negative
symptoms in DSZ are not a secondary result of heightened
positive symptoms. Another aspect to consider when interpreting
the results is that we used existing data across samples worldwide,
with research sites using different scanners and imaging acquisi-
tion protocols. Thus, we cannot fully exclude the potential
influence of these measurement protocols on the data. However,
we included site as a random factor in the analyses in order to
statistically control for scanner effects. In addition, our strategy of
ensuring great methodological homogeneity by standardizing
brain segmentation techniques and statistical models across all
participating samples, increased the power in detecting even
small effects. This method generates highly significant findings
and allows for systematic investigation of the effects of clinical
characteristics on brain alterations in psychiatric patients. A similar
strategy has been used in parallel by other ENIGMA working
groups [47, 63, 103].

Finally, another potential limitation may stem from the different
samples in the mega- and meta-analyses as one of the included
sites did not have the ethical permission to share individual
subject data. Nevertheless, the mega-analytic approach, which
preserves more information—allowed us to map, for the first time,
cortical surface differences between DSZ and NDSZ subgroups.

In summary, the results of our study suggest that both DSZ and
NDSZ exhibit shared and distinct morphological anomalies,
including a widespread thinner cortex, which may contribute to
differences in symptomatology between the two subtypes.
Notably, a specific pattern of thinner cortex in bilateral fronto-
parietal cortices appears to be associated with primary negative
symptoms, while altered cortical surface area in fronto-parietal
and occipital regions may distinguish vulnerability to prominent
positive symptoms. These findings provide empirical support for
the nosological differentiation of DSZ and NDSZ, and suggest the
existence of distinct subtypes of the disease characterized by
unique neuroimaging phenotypes, possibly subtended by differ-
ent genetic/environmental effects on the developing brain.
Dissociating symptomatic and anatomical subtypes in hetero-
genous syndromes like SZ, is critical for improving the clinical
practice of goal-directed and personalized treatments.

DATA AVAILABILITY

The deidentified summary data and code that support the findings of this study are
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all publicly available in a repository as they may contain information that could
compromise the privacy of research participants. There are also data sharing
restrictions imposed by some of the (i) ethical review boards of the participating sites,
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predefined data use. However, we welcome sharing data with researchers, requiring
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