O oo ~NooThw DN -

Tl
N - O

A AP PRERPRERRPOVWWWWWWWWWWNNNDNNNNDNNNRERPERPRERRERRERE
OO WONPFPOOONOOUORARWNPFPOOOONOUUIRWNPFPOOONOOIEW

47
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Abstract

A common hypothesis on the etiopathology of schizophrenia is that the failure of segregation of right
from left hemisphere functions is a core deficit in psychosis. It has even been proposed that schizo-
phrenia symptoms in general may reflect a hemispheric ‘dominance failure' for language and that
the corresponding predisposition is genetic. Here, we show that reduced asymmetries of cytoarchi-
tectonic Broca’s subareas link to the degree of specific psychopathology and that specific gray matter
reductions of subareas are related to a cognitive and a negative subtype of schizophrenia. Gene
expression analyses indicate an upregulation of the MET gene in these particular areas, which has
been implicated in neurodevelopment as well as neurocognition and influences the risk for schizo-
phrenia. Our integrative findings suggest that variations of MET are associated with distinct structural
alterations at the subregional level in key language regions, which may contribute to development of

specific psychopathology in schizophrenia.
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Introduction

With a heritability of 79% [1], schizophrenia has a strong genetic component. A variety of
etiological factors such as genetic variations but also psychological experiences contribute to path-
ophysiological neural processes that are mirrored in structural and functional brain alterations.
These, in turn, likely promote impairments in fundamental cognitive processes. In particular, lan-
guage impairments are a characteristic feature of schizophrenia [2,3] and are hence assessed as
“disorganized speech” in established symptom scales. A common hypothesis on the etiopathology
of schizophrenia is that the core deficit in psychosis is a failure of segregation of right from left hem-
isphere functions [4]. It has even been proposed that schizophrenic symptoms in general may reflect
a hemispheric 'dominance failure' for language [5].

It has been assumed that communication impairments in schizophrenia are linked to abnor-
malities in higher cognitive functions such as working memory and executive control as well as im-
paired semantic and phonological processes [6-8]. Findings from neuroimaging studies in schizo-
phrenia substantiate this assumption by demonstrating structural alterations in semantic and phono-
logical brain networks [9-11]. Such abnormalities in language-related brain regions are even present
in individuals with ultra-high risk for psychosis [12,13]. In first episode psychosis, volume reductions
appear left lateralized and tend to spread bilaterally with progression of disease [12]. In this context,
especially Broca’s region is a suspect of disturbing related neural networks, due to its involvement
in both language-specific and domain-general networks and its crucial role in both higher cognitive
and language processing [14]. It is hence of particular interest to investigate whether and to what
extent specific alterations in Broca’s structural integrity are related to schizophrenic symptoms. Re-
ports of previous imaging research into the relationship between alterations of gray matter volume
in Broca’s region and distinct schizophrenic symptoms such as disorganization, formal thought dis-
order, positive and negative symptoms are heterogeneous [15-17]. Most studies pointed to bilateral
volume loss associated with varied schizophrenic symptoms [9,15,18], whereas results from one
study indicated increased volume of Broca’s region in formal thought disorder [19].

Beyond mere volumetric changes, anomalies in cerebral asymmetry were reported in indi-
viduals with schizophrenia. These were interpreted as a developmental failure, presumably influ-
enced by genetic predisposition [5,20]. Since language abilities and hence arguably also key areas
of language processing underlie strong hemispheric dominance, it seems worthwhile to investigate
structural asymmetry of Broca’s region in patients with schizophrenia. Previous studies provide
equivocal and inconsistent evidence for either increased leftward asymmetry [21] but also of re-
versed, i.e., more rightward asymmetry in the pars triangularis (roughly corresponding to area 45)
[22].

This heterogeneity of findings may be due to relatively small sample sizes and also due to

methodological inconsistencies such as variability in anatomical definition of Broca’s region and its
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subparts. Moreover, intersubject variability in sulcal contours defining anatomical boundaries is a
challenging problem in generating a standard definition of Broca’s region (and its homolog) [23].
Particularly in patients with schizophrenia, there is a high degree of interindividual variability of re-
gional brain volumetric measurements [24]. Cytoarchitectonic 3D probability maps overcome these
issues by providing regional parcellation on a microstructural level based on cytoarchitectonic bound-
aries. Moreover, they account for interindividual differences in a stereotactic space [25]. Unfortu-
nately, an investigation of volumetric changes and asymmetry in Broca’s region of schizophrenia
patients using observer-independent cytoarchitectonic mapping is still missing.

It has been presumed that the delineated neuroanatomical abnormalities associated with
schizophrenic symptoms are “a manifestation of genetic diversity in the evolution of the specifically
human characteristic of language” [5]. Genome-wide association studies (GWAS) have identified
145 schizophrenia-related loci, each with a small contribution to risk, whose products are involved
in neuronal development, transmission, and plasticity [26,27]. Among these genes, there is a group
that has been implicated with language development and impairment. These genes in turn are thus
candidates for language dysfunction and related psychopathological symptoms in schizophrenia that
are mediated by neural aberrances [28]. There is, however, no study that investigated deviations of
the expressions of language-related candidate genes in key areas of the language network (such as
Broca’s region) that might contribute to symptoms characteristic of schizophrenia. Yet, knowledge
on such gene-brain structure—symptom relationships is essential for further development not only of
etiopathology-related specific therapeutic strategies but also of measures that potentially prevent
particular high-risk cohorts from transition to schizophrenia.

In sum, the available literature strongly points to a genetic mediation of structural alterations
including asymmetry in Broca’s region that significantly contribute to typical symptoms of schizo-
phrenia. However, findings on volumetric changes and their relationship to psychopathology are
heterogeneous, most likely due to small sample sizes and inconsistent anatomical delineation. In
addition, the genetic basis of putative brain abnormalities and hence associated behavioral abnor-
malities is unknown. In other words, the exact relationship between genetic mechanisms, structural
alterations in Broca’s region and specific schizophrenic symptoms remains unclear. Here, we aimed
to characterize the role of Broca’s region in schizophrenia in more detail. For this purpose, we used
cytoarchitectonically informed probability maps reflecting the interindividual variability to investigate
subregional alterations of volume and asymmetry in Broca’s region among a large sample of schiz-
ophrenia patients. We then assessed their relationship with psychotic symptoms on basis of a re-
cently identified, data-driven factor structure of schizophrenia psychopathology. To identify candi-
date genes that may mediate these structure-symptom relationships, we combined cytoarchitectonic

maps with RNA expression data for evaluating the regional specificity of gene activity.
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Results

Gray matter volume and its association with symptoms

We first used region-based morphometry to test for gray matter differences between patients and
comparison subjects within individual left and right cytoarchitectonic areas 44 and 45 (i.e., four re-
gions). ANCOVA revealed only a main effect of group (F; 474 = 31.403; p < 0.001, Ny = 0.062). There
was a significant interaction group x hemisphere (F; 474 = 7.922; p = 0.005, n; = 0.016). Also, the
group x cytoarchitectonic area x hemisphere (F; 47, = 19.011; p < 0.001, 17,2, = 0.039) interaction
yielded statistical significance. We then conducted post hoc t-tests to compare group means (Table
1). These revealed significantly reduced gray matter volume of all four areas in patients (Fig. 1B).
The strongest effect of group was found for left area 44 (t,,, = 5.001; p < 0.001, d = 0.602). For right
area 44 (t,,¢ = 3.936; p < 0.001, d = 0.474) and right area 45 (t,,¢, = 4.073; p < 0.001, d = 0.490),
small to medium effect sizes were observed. Left area 45 showed the smallest effect (t,,, = 2.366;
p =0.005, d = 0.285). These results could be reproduced in a replication sample (see Supplementary

Results).

To investigate whether the observed cytoarchitectonic-specific reductions relate to psychopathology,
we correlated volumetric estimates with symptom severity in patients (Table 2). These analyses re-
vealed a significant negative correlation between the domain of negative symptoms and volume of
left areas 44 (rs = -0.177, p = 0.003; Fig. 2A) and 45 (rs = -0.157, p = 0.008; Fig. 2B). Severity of
cognitive symptoms was associated with reduced volume of right area 45 (rs = -0.150, p = 0.011;
Fig. 2C). These results also remained significant when controlling for medication and disease dura-
tion (left area 44: rs = -0.194, p = 0.003; left area 45: rs = -0.164, p = 0.011; right area 45: rs = -0.150,
p = 0.018). There were no significant correlations between the cytoarchitectonic subregions of
Broca’s area and positive or affective symptoms. The associations between the domain of negative
symptoms and left area 44 as well as between severity of cognitive symptoms and right area 45 also
remained significant in our replication sample (left area 44: rs = -0.147, p = 0.045; left area 45: rs = -
0.098, p = 0.130; right area 45: rs = -0.166, p = 0.028).

Functional characterization

To obtain an objective description of the tasks recruiting areas that feature significantly reduced gray
matter associated with symptom dimensions and thus provide a link to the psychopathology of schiz-
ophrenia, we conducted a functional characterization of the areas that were significant in our corre-
lation analysis (see Table 2). Hereby, psychological terms were related to the respective area as
registered in the BrainMap database, that is, on basis of functional experiments in healthy individu-

als. Left areas 44 and 45 were significantly associated with various domains of language cognition
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but also paradigms of reward and emotion processing (Supplementary Fig. 1, 2). In contrast, right
area 45 was significantly associated with the domain cognition (including attention and social cogni-
tion) and corresponding semantic/face monitoring/discrimination tasks (Supplementary Fig. 3).
Taken together, these associations derived from healthy participants corroborate the reported mor-

phology—symptom relationships in our schizophrenia sample.

Asymmetry of gray matter

Al values were positive for area 44 across the whole sample (i.e., patients and controls), demon-
strating a leftward asymmetry. In contrast, Al values in all participants were negative for area 45,
indicating a general rightward asymmetry. Group comparisons showed that the magnitude of area
45 rightward asymmetry was significantly reduced in the patient sample with a small effect (¢, =
2.062; p = 0.04, d = 0.198). In contrast, there were no significant group differences in asymmetry of
area 44 (t,7¢ = 0.687; p = 0.492, d = 0.056). In the replication sample, there were no significant
group differences in asymmetry of area 45 (t,4; = 0.592; p = 0.554, d = 0.075), while magnitude of
area 44 leftward asymmetry was significantly reduced in the patient sample with a small effect (t,4-
=2.062; p = 0.026, d = 0.287). Of note, mean absolute Al values were generally smaller in patients
for all comparisons, indicating reduced asymmetry. To test whether these specific effects can be
explained by psychopathology, we assessed the relationship between Al values and the severity of
the four psychotic symptom dimensions. Asymmetry of area 45 was positively correlated with the
positive symptoms dimension (rs = 0.160, p = 0.014), asymmetry of area 44 was negatively corre-
lated with the cognitive (rs = -0.273, p = 0.001) symptoms dimension. That is, the more severe the

symptoms on the corresponding dimension, the more reduced the asymmetry in patients was.

Gene expression

The all-probes analyses revealed significant expression differences of two genes: MET and SIRT1
(Fig. 3). Comparisons between Broca's subparts and the left premotor area revealed significantly
higher expression levels for MET in left areas 44 (prwe = 0.005; Supplementary Table 5) and 45 (prwe
< 0.001; Supplementary Table 6). In the right hemisphere, MET was significantly more highly ex-
pressed in area 45 (prwe = 0.004; Supplementary Table 8). In contrast, SIRT1 was upregulated only
in left area 45 (prwe = 0.037; Supplementary Table 6). None of the candidate genes was upregulated
in right area 44 (Supplementary Table 7). The control analysis demonstrated no differential expres-
sion of color genes in areas 44 and 45 versus premotor areas on both hemispheres, supporting the

specificity of regional expressions of MET and SIRT1 (Supplementary Tables 9-12).
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Discussion

Here, we combined probabilistic cytoarchitectonic mapping, region-based morphometry,
data-driven clustering of symptoms and gene expression analysis targeting Broca’s region (and its
homolog) to assess gene—brain structure—symptom relationships in schizophrenia.

On the basis of cytoarchitectonic atlases, region-based morphometry revealed a gray matter
decrease in all four subregions, i.e., areas 44 and 45 on both hemispheres, in patients diagnosed
with schizophrenia. This finding indicates that not only Broca’s area but also its right-hemispheric
homolog is affected in schizophrenia and might thus contribute to corresponding psychopathology.
That we observed effects in all four cytoarchitectonic areas matches well with previous evidence
from a small-sized manual tracing study that identified significant gray matter volume reduction of
both Brodmann area 44 and 45 in patients with schizophrenia [18]. There is meta-analytic evidence
that left area 44 and bilateral area 45 are integral parts of the healthy functional language network
and are typically impaired in aphasia [29]. More specifically, they represent nodes of a left-lateralized
multimodal semantic control network, which also comprises right area 45 as a right-hemispheric hub
[30]. It might thus be conjectured that the observed gray matter reductions in key hubs of the lan-
guage network lead to cognitive-communication deficits in schizophrenia, possibly with a specific
effect on semantic cognition.

This inference seems particularly reasonable, given that the degree of gray matter reduction
in right area 45 significantly correlates with the dimension of cognitive symptoms in patients. Alt-
hough a priori not necessarily specific to Broca’s area, this relationship was corroborated by our
functional decoding analysis in healthy subjects which linked this area to attentional and social cog-
nition as well as semantic and face discrimination tasks, which may point to the impact of alterations
in right area 45 on socio-cognitive impairments in schizophrenia. According to more detailed findings
from data-driven, coactivation-based parcellation in combination with functional decoding, right area
45 is functionally organized in two clusters: i) a dorsal cluster that is associated with cognitive rea-
soning and connected to a neural network for higher order executive task processing, planning and
monitoring of goal-oriented behavior and higher cognitive operations; and ii) a ventral cluster that is
linked with social cognition as well as with emotion processing and features a functional connectivity
profile that similarly involves regions for higher-level social-cognitive functions and emotional pro-
cessing [31]. Notably, a recent machine-learning study showed that intrinsic connectivity patterns of
particularly a socio-affective network and the theory-of-mind network (which includes right area 45)
[32] allow individual prediction of cognitive symptom dimension in schizophrenia [33]. Interestingly,
the most predictive network nodes tracked with higher dopamine synthesis capacity [33]. These
relationships are especially intriguing because impairment of theory of mind, as a crucial socio-cog-
nitive aspect of communication and interaction, seems genuinely connected to difficulties in pro-

cessing the pragmatic aspects of language (and not to impairment of general cognitive abilities such
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as intelligence or executive functions) in patients with schizophrenia [6,16,34]. The observed correl-
ative relationship between cytoarchitectonically informed morphology of right area 45 and the cog-
nitive dimension of schizophrenic symptoms thus extends previous findings by suggesting that struc-
tural alterations may underlie the recently reported relationship between altered neural networks and
psychopathology in the cognitive domain [33].

We did not observe a relationship between the positive symptoms dimension and gray matter
alterations of Broca’s subregions in patients with schizophrenia, despite previous evidence of the
involvement of Broca’s area in auditory-verbal hallucinations [35,36]. However, previous meta-anal-
yses of structural brain alterations did not link auditory-verbal hallucinations to Broca’s area but to
left insula and superior temporal gyrus [37,38,39]. In contrast, meta-analyses of brain function indi-
cated increased brain activity in neural networks including Broca's area [40,41]. Here, we report a
relationship between reduced asymmetry of area 45 and severity of positive symptoms. Taken to-
gether, it might therefore be inferred that reduced asymmetry of a cytoarchitectonic subregion within
Broca’s area entailing functional disturbances rather than mere structural abnormalities of Broca’s
area originate and predict auditory-verbal hallucinations in schizophrenia [42,43].

On the left hemisphere, our morphometric analyses identified a significant correlation of both
area 44 and 45 with negative symptoms. Prima facie, this finding might seem surprising, given neu-
roimaging evidence for an association between activation of this area and language-related pro-
cesses such as phonology, semantics, overt and covert speech [44]. Our functional decoding anal-
ysis confirmed the link to domains of language cognition but also revealed associations with reward
and emotion processing. In addition, lesion mapping investigations indicate its importance for lin-
guistic processes linked to emotion: that is, damage to these regions impairs recognition of emotions
conveyed by facial expressions by interfering primarily with lexical processing [45]. In this context, it
is also noteworthy that left area 44 is an integral part of the mirror neuron system [46,47], which
subserves theory of mind [48,49], which is typically impaired in schizophrenia [50,51], Deficits in this
regard may be the result of structural alterations [52] and consequently functional dysconnectivity of
left area 44 [53], which was also linked to theory of mind tasks in our functional characterization
analysis. There is not only evidence that dysfunction in the mirror neuron system is associated with
a decrease in emotional expression and reactivity in schizophrenia [54], but also that it influences
severity of negative symptoms [50]. The observed correlation of gray matter loss with negative symp-
toms observed in our study is thus plausible, and it can be hypothesized that it results in the typical
negative symptoms such as poverty of speech, emotional withdrawal, and blunted affect.

The here reported left-hemispheric correlation of area 44 and area 45 morphology with the
negative symptom dimension apparently also conflicts with the popular theory that the right hemi-
sphere is dominant in emotional expression (while the left hemisphere is dominant in language).
However, it fits well with the more detailed notion that the right hemisphere processes primary emo-

tions (e.g., fear) while the left hemisphere is important for preprocessing social emotions [55]. Our
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analysis of the relationship between asymmetry and psychopathology suggests that reductions not
only in volume but also in asymmetry impact specific symptoms. Hence, the seeming discrepancy
regarding lateralization could also be resolved when considering the reduced asymmetry, which we
found in patients with schizophrenia. In other words, the observed association between (impairment
of) emotion/reward and (altered prefrontal morphology in) the left hemisphere as well as (impairment
of) cognition and (altered prefrontal morphology in) the right hemisphere could just mirror a failure of
hemispheric dominance. This assertion coincides with considering individuals who fail to develop
cerebral lateralization to have a high risk for psychosis [5,20].

In fact, our gene expression analysis identified upregulation of a gene in all areas correlated
with schizophrenic symptom dimensions that is related to cerebral lateralization processes: The MET
gene belongs to the tyrosine kinase receptor family, which regulates a multitude of biological pro-
cesses including growth, differentiation, adhesion, maotility, and death [56]. MET is critical during
neurodevelopment to ensure that neurons grow and migrate to position themselves in the appropri-
ate location in the human cortex. Its transcription, in turn, is regulated by FOXP2, a gene that is
implicated in regulating higher cognitive functions including language [57]. It has, for instance, been
shown that FOXP2 variation modulates functional hemispheric asymmetries for speech perception
[58]. Supplementary analyses (Supplementary Tables 13—-16) suggested an upregulation of FOXP2
in Broca’s subarea 44, which may support the previous notion that FOXP2 polymorphisms are as-
sociated with auditory-verbal hallucinations in schizophrenia [59,60]. Variations within the MET gene
are suggested to lead to a decreased pathway activity during critical periods of neurodevelopment.
In line with this notion, a genotyping study demonstrated that MET variation influences schizophrenia
risk and neurocognition, which points to a neurodevelopmental role across phenotypes relevant to
the central nervous system [61]. Another recent study found hyperconnectivity between Broca’s re-
gion and right-hemispheric regions in drug-naive early-stage schizophrenia, which were strongly
associated with polygenic risk scores obtained from FOXP2-related genes including MET [62]. The
finding of dysconnectivity was interpreted as related to disrupted lateralization of schizophrenia pa-
tients, which in turn may be associated with the language gene cluster, previously shown to account
for language lateralization in both healthy subjects and schizophrenia patients [58,63]. Our own find-
ings add to these results from previous studies by suggesting that MET RNA variations may entail
structural changes including aberrant structural asymmetry of Broca’s subareas in schizophrenia,
which impair neurocognitive functions, possibly via altered functional connectivity.

A similar gene—brain structure—symptom relationship is less evident for the SIRT1 gene,
which is upregulated in left area 45, where we found decreased volume and a linear negative rela-
tionship with the negative symptom dimension in patients. SIRT1 encodes a member of the sirtuin
family of proteins, which significantly contributes to the regulation of cellular metabolism in response

to stressful conditions [64], of the circadian rhythms, and of dopamine pathways [65,66]. A low mMRNA
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expression level of SIRT1 has especially been documented in schizophrenia patients with depres-
sive symptoms [67,68]. It has therefore been concluded that genetic variants of SIRT1 make schiz-
ophrenia patients more prone to depressive symptoms and that the corresponding SNP might be a
biomarker of depression in schizophrenia [69]. That the gray matter reduction that we found in left
area 45 was related to the negative subtype might thus be due to a pathophysiological overlap and
association with depressive symptoms [70,71]. This explanation seems particularly reasonable given
its consistent volume reduction not only in schizophrenia but also major depressive and bipolar dis-
order [72].

Taken together, we found a link between altered asymmetry of Broca’s subareas and the
degree of specific psychopathology and showed that gray matter reduction of left area 44 is associ-
ated with negative symptoms, while cognitive symptoms are linked to gray matter loss in right area
45. Subregional reductions in gray matter and in asymmetry may hence entail alterations in brain
function, which in turn involve altered behavior, i.e., symptoms. Gene expression analyses indicated
that variations of MET might underlie these structural changes and thus corresponding symptom
dimensions. These specific morphometry—gene associations were identified using an indirect ap-
proach. We anticipate our findings to be a starting point for more direct genetic analyses of brain
tissue in these areas. For example, RNA expression differences between patients and controls could
be tested in transcriptome analyses of post-mortem brain tissue, including prior individual cytoarchi-
tectonic delineation of areae 44/45. Our results substantiate previous findings suggesting a critical
role for Broca’s area (and its homolog) in the psychopathology of schizophrenia by establishing a

relationship between genetics, neuroanatomy, and symptom on the subregional level.
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Methods

Participants

The sample comprised 478 individuals from seven sites. A total of 236 patients (68 female, mean
age = 33.8 £ 11.0 years, range 18-66 years) diagnosed with schizophrenia according to the DSM-
IV as well as 242 age- and sex-matched healthy controls (77 female, mean age = 33.7 £ 11.1 years,
range 19-65 years) from seven independent medical centers located in the USA, Europe and Sin-
gapore were included. All participants provided written informed consent in accordance with the
Declaration of Helsinki. Experiments have been approved by the local ethics committees at the Uni-
versity of new Mexico (USA), the University of Regensburg (Germany), Georg August University
Gottingen (Germany), University Medical Center Groningen (Netherlands), University Medical Cen-
ter Utrecht (Netherlands), Institute of Mental Health and the National Neuroscience Institute (Singa-
pore). Detailed information on participants’ characteristics (and on characteristics of an independent

replication sample) is provided in Supplementary Methods.

Clinical assessment

Psychopathological symptoms of schizophrenia were assessed using the Positive and Negative
Syndrome Scale (PANSS) [73]. According to a recent machine learning based factorization analysis
(orthogonal projective non-negative matrix factorization) in two large multi-site schizophrenia sam-
ples [74], PANSS items were grouped into four stable and generalizable data-driven symptom di-
mensions: positive, negative, cognitive, and affective. For each patient, a score reflecting each symp-
tom dimension was computed by means of the “Dimensions and Clustering Tool for assessing schiz-

ophrenia Symptomatology” (DCTS), where higher scores indicate higher symptom severity.

Image acquisition, preprocessing and region-based morphometry

High-resolution T1-weighted structural imaging was performed for each site (Supplementary Table
2). Structural MRI scans were preprocessed using the Computational Anatomy Toolbox (CAT) as an
extension to the SPM12 software for voxel-based morphometry analysis. Preprocessing steps in-
clude segmentation into gray matter, white matter, and cerebrospinal fluid as well as spatial normal-
ization into Montreal Neurological Institute space. We assessed Broca'’s region and its right homolog
as regions of interest using the Julich Brain Atlas, which is based on an observer-independent cyto-
architectonic mapping approach [75,76]. To estimate the mean value of local gray matter volume of
their subregions, we capitalized on the cytoarchitectonically defined maximum probability maps of
the Julich Brain Atlas as derived from ten histologically and computationally analyzed postmortem
brains [25]. These maps describe the inter-individual variability of a particular cortical or subcortical

structure to be found at each voxel position of a reference brain space, reflected by a probability
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value for each voxel. We selected the maps of area 44 (doi: 10.25493/N13Y-Y3F) and area 45 (doi:
10.25493/K06P-R2S) (from both hemispheres), together covering what is traditionally considered

Broca’s area (and its homolog) (Fig. 1A). Total intracranial volume (TIV) was estimated for each

subject and used as a covariate in all subsequent analyses.

Statistical analysis

Region-based morphometry analysis of gray matter volume

We employed a two-factorial repeated measures ANCOVA with hemisphere (left/right) as well as
cytoarchitectonic area (44/45) as within-subject factors including TIV as well as site/scanner as co-
variates and with group as between-subject factor (patients/controls). The statistical significance
level for post hoc t-tests was set at p < 0.05 (Bonferroni-corrected). ANCOVA effect sizes were
estimated as partial n?values. To estimate the achieved power for the post hoc t-tests, we computed
Cohen’s d employing the free software package G*Power [77]. The relationship between gray matter
volume and the severity of the four psychotic symptom dimensions was assessed by calculating
non-parametric partial rank correlations (including TIV as well as site/scanner as covariates) with

statistical significance level at p < 0.05 (Bonferroni-corrected).

Functional characterization

Functional characterization intends to link topographically defined brain regions with corresponding
psychological processes by testing which kind of experiments are most likely to activate a given
region. To functionally characterize the regions exhibiting altered morphology related to one of the
symptom dimensions, we made use of the BrainMap database that currently contains =8000 exper-
iments in healthy adults (experiments investigating age, gender, disease, or drug effects excluded).
BrainMap meta-data provide information on behavioral domain and paradigm class of each neuroim-
aging experiment included in the database. Behavioral domains describe the mental processes iso-
lated by the statistical contrasts [78] and comprise the main categories action, cognition, emotion,
interoception, and perception, as well as their subcategories. Paradigm classes specify the task

employed in the corresponding neuroimaging studies (see www.brainmap.org for the complete

BrainMap taxonomy). To describe the functional roles of the candidate regions, we used a reverse
inference approach, which tests the probability of a mental process being present, given knowledge
that a particular brain region is activated [79,80]. More precisely, the functional profile of a region
was determined by overrepresentation of mental processes (i.e., behavioral domains and paradigm
classes) in the experiments activating the respective cluster relative to the entire BrainMap database
using a binomial test [79,80]. The significance threshold was set to a liberal threshold of p < 0.05 to
draw a differentiated picture that the morphology—symptom relationship observed in our patients

corresponds with an activity—function relationship in healthy subjects. This approach provides an


https://search.kg.ebrains.eu/instances/Dataset/6adf75c3-5571-4a5c-a058-c220c689edd5
https://search.kg.ebrains.eu/?category=Dataset&q=area%2045#1ec1c765-0fac-4178-a2db-6805eb89efcf
http://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
http://www.brainmap.org/
http://www.brainmap.org/

396
397

398

399
400
401
402
403
404

405

406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

objective and quantitative attribution of mental functions to brain regions in contrast to commonly

used qualitative and subjective interpretation of foci in neuroimaging.

Asymmetry of gray matter volume

Asymmetry of areas 44 and 45 in each individual was quantified on basis of the Asymmetry Index
(Al), which is a common measure of structural brain asymmetry and defined as: (left - right volume)
/ (left + right volume) [range -1 to +1] [81,82]. Positive values hence indicate leftward asymmetry,
while negative values indicate rightward asymmetry. A two-tailed two-sample t-test was performed
to evaluate differences in asymmetry of areas 44 and 45 between the group of patients and healthy

controls.

Gene expression analysis

Differences of regional gene expression was analyzed using JUGEX [83], a tool that combines mMRNA

expression data of the Allen Human Brain Atlas [84,85] with the three-dimensional cytoarchitectonic
probability maps from the Julich Brain Atlas [25] to statistically compare gene expression levels be-
tween two areas in a common reference brain space. According to the notion that the genetic vari-
ance associated with the evolution of hemispheric dominance for language carries with it the hazard
of the symptoms of schizophrenia [5,8], we focused on genes implicated in both schizophrenia and
evolution of the human faculty of language. Therefore, we did not just select Psychiatric Genomic
Consortium (PGC) vulnerability genes for schizophrenia [86,87]. Rather, the selection of genes was
guided by Murphy and Benitez-Burraco [28] who identified candidate genes for schizophrenia that
are overrepresented in the group of genes related to human language ability. We selected the 20
reported genes that i) were identified through GWAS and ii) are suggested to be involved in the
evolution of language abilities (due to our focus on Broca’s region and its right homolog) (Supple-
mentary Table 3). To find evidence for a regional specificity of the gene activity in left and right areas
44 and 45, we compared their mMRNA expression levels with those of frontal lobe88]). That is, we
selected the cytoarchitectonic subregions of the left and right premotor cortex (areas 6d1 (doi:
10.25493/KSY8-H3F), 6d2 (doi: 10.25493/WJQ5-HWC), 6d3 (doi: doi.org/10.25493/D41S-AG7) and

merged them to a single probabilistic map. For downloading expression data from the Allen Human

Brain Atlas, we set a threshold of 20% to ensure an inclusion of multiple tissue samples and a proper
covering of the anatomically delineated expression variability within the investigated areas. To com-
pare the gene expression between Broca'’s region (and its homolog) and the premotor subregions,
relative expression values (z-score-normalized) were used as dependent variables. The statistical
analysis was performed using “all-probes mode”, which averages z-scores of all microarray probes
available from the Allen data for a specific gene. Statistical analysis of expression was calculated
with the z-scores thus summarized using a non-parametric n-way ANOVA with 10,000 permutations.

The resulting p-values were corrected using the family-wise error (FWE) correction based on the
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total number of parallelly analyzed genes (n = 20). A gene was considered as significantly upregu-
lated (i.e., active) if the regionally specific z-score of a gene implied a higher gene expression in one
region compared to another (prwe < 0.05). To evaluate the methodological robustness as well as the
biological specificity of our findings, we performed a control analysis. Here, we compared Broca’s
subregions and the premotor cortex (as defined above) with an independent gene set comprising 14

genes from GWAS of eye, hair, and skin coloration (“color genes”) (Supplementary Table 4).
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Data availability

Data of COBRE were obtained from the SchizConnect, a publicly available website

(http://www.schizconnect.org/documentation#by project). The COBRE dataset was downloaded

from the Center for Biomedical Research Excellence in Brain Function and Mental lliness (COBRE)

(https://coins.trendscenter.org/). Data from the other datasets are not publicly available for down-

load, but access requests can be made to the respective study investigators: Aachen—B. Derntl

(birgit.derntl@med.uni-tuebingen.de); Gottingen—O. Gruber (oliver.gruber@med.uni-

heidelberg.de); Groningen—André Aleman (a.aleman@umcg.nl); Utrecht—I.E. Sommer

(i.e.c.sommer@umcg.nl), Regensburg—corresponding author: T.B. Poeppl; Singapore—J.H. Zhou

(helen.zhou@nus.edu.sq). Requests for raw and analyzed data can be made to the corresponding

author T.B. Poeppl and will be promptly reviewed by the Ethics Committee at the University of Re-
gensburg to verify whether the request is subject to any intellectual property or confidentiality obli-

gations. The Julich Brain Atlas is accessible at https://julich-brain-atlas.de, the BrainMap database

at http://www.brainmap.org/.

Code availability

The “Dimensions and Clustering Tool for assessing schizophrenia Symptomatology” (DCTS) is avail-

able at http://webtools.inm7.de/sczDCTS/, the Computational Anatomy Toolbox (CAT) at

https://neuro-jena.github.io/cat/, the SPM12 software at https://www.fil.ion.ucl.ac.uk/spm/soft-

ware/spm12/, G*Power software at http://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psy-

chologie-und-arbeitspsychologie/gpower, and the JugEx toolbox at https://www.fz-juel-

ich.de/de/inm/inm-1/leistungen/tools-services-und-forschungsdaten/jugex.
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Tables

Table 1. Statistical comparisons of gray matter volume for single cytoarchitectonic areas.

SCZ(n=236) HC (n=242)

Mean (SD) Mean (SD) t p Cohen’s d
Left hemisphere
44 4.1(0.8) 4.4 (0.6) 5.001 <0.001 0.602
45 2.0 (0.4) 2.2 (0.3) 2.366 0.005 0.285
Right hemisphere
44 2.0 (0.4) 2.1 (0.4) 3.936 <0.001 0.474
45 3.0 (0.6) 3.3(0.5) 4.073 <0.001 0.490

Two-sided t-tests indicated significantly decreased gray matter volume [ml] in all four areas. Multiple com-
parisons were accounted for with Bonferroni correction.
SCZ = schizophrenia patients; HC = healthy controls

Table 2. Correlation between regional gray matter volume and symptom dimensions in
patients.

Left Hemisphere Right Hemisphere
44 45 44 45
Positive dimension -0.062 -0.021 -0.077 -0.138
Negative dimension -0.177** -0.157* -0.112 -0.131
Cognitive dimension -0.146 -0.138 -0.080 -0.150*
Affective dimension -0.143 -0.077 -0.098 -0.106

Non-parametric partial rank correlation analyses (two-sided) indicated a significant negative correlation
between severity of negative symptoms and gray matter volume of left areas 44/45 as well as between
severity of cognitive symptoms with gray matter volume of right area 45.

Numbers represent Spearman’s p. Multiple comparisons were accounted for with Bonferroni correction.
*p = 0.011; **p = 0.008, ***p = 0.003.
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Figure Legends/Captions

Fig. 1. Volumetric differences in areas 44 and 45 between patients and healthy controls. (A) Shape and
location of Broca’s cytoarchitectonic subregions (and homologs) in the left and right hemispheres. Areas 44
(red) and 45 (green) are defined according to probabilistic maps of the Julich Brain Atlas. (B) Two-sided t-
tests indicated significantly decreased gray matter volume of all areas in patients (n = 236) as compared to
controls (n = 242). Multiple comparisons were accounted for with Bonferroni correction. The boxes indicate
the 75th (upper horizontal line), mean (middle horizontal line) and 25th (lower horizontal line) percentiles of

the distribution; the whiskers indicate the range of data.

Fig. 2. Association between gray matter morphology and symptom dimensions. Non-parametric partial
rank correlation analyses (two-sided) showed significant associations of negative symptoms with left area 44
(A) as well as left area 45 (B) and between right area 45 and cognitive symptoms (C). Multiple comparisons
were accounted for with Bonferroni correction.

Fig. 3. 3D visualization of the regional specification analysis. Gene expression was compared between
(Broca’s) areas 44/45 (red) and control regions (premotor cortex; blue). Two of the candidate genes showed
a significant differential expression: MET was upregulated in areas 44 and 45 of the left hemisphere and in
area 45 of the right hemisphere; SIRT1 was upregulated in left area 45 only. Analyzed tissue samples are
represented in spheres, with expression levels represented by z-scores with minimum values indicated in pink

and maximum values in green color.
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Supplementary Information

Supplementary Methods

Experimental sample

The sample comprised 478 individuals in total (see Supplementary Table 1). Patients and healthy
controls from seven independent medical centers located in the USA, Europe and Singapore were
included: 1) a dataset of 66 patients and 55 healthy controls retrieved from the Mind Research Net-

work Center of Biomedical Research Excellence (COBRE) funded by the National Institutes of

Health; these data are shared via the Mind Research Network’s collaborative informatics and neu-
roimaging suite (COINS) [detailed information on the data collection procedure is provided in the
publication by Aine et al.[1]]; 2) a dataset of 23 patients and 23 controls recruited at the University of
Regensburg between 2008 and 2010 (Regensburg 1) [further information on the data collection pro-
cedure is reported elsewhere [2]]; another dataset of 19 patients and 20 controls recruited at the
University of Regensburg between 2014 and 2016 (Regensburg 2); 3) a dataset comprising 12 pa-
tients and 11 healthy controls recruited at RWTH Aachen University (Aachen sample) [3]; 4) a da-
taset of 26 patients and 27 healthy controls recruited at the University Medical Center Goéttingen
(Géttingen sample) [4]; 5) a dataset of 15 patients and 19 healthy controls recruited at the Medical
University Center Groningen (Groningen sample) [5]; 6) a dataset of 7 patients and 10 healthy con-
trols recruited at the University Medical University Center Utrecht (Utrecht sample) [6]; 7) another
dataset of 68 patients and 77 healthy controls recruited at the Institute of Mental Health in Singapore
(Singapore sample) [7].

Replication sample

An independent replication sample comprised 249 individuals in total. We included a total of 136
patients (37 female, mean age = 37.3 £ 10.8 years, range 18-66 years) diagnosed with schizophre-
nia according to the DSM-IV as well as 113 age- and sex-matched healthy controls (40 female, mean
age = 35.1 + 11.6 years, range 19-64 years) from five independent medical centers located in Eu-
rope: 1) a dataset of 20 patients and 20 controls recruited from the Department of Psychiatry, Klin-
ikum rechts der Isar, Technische Universitat Minchen [8]; 2) a dataset of 16 patients and 16 controls
recruited at the Department of Psychiatry, Fontan Hospital, CHU Lille, Universitaire de Lille [9]; 3) a
dataset of 54 patients recruited at the University of Regensburg and being enrolled in a multicenter
center trial between 2007 and 2011 [10,11], and 53 controls who were recruited simultaneously at
University of Regensburg; 4) another dataset of 46 patients and 24 controls recruited from four psy-
chiatric hospitals in Barcelona (Benitio Menni CASM, Hospital Sagrat Cor de Matrorell, Sant Rafael
Hospital, Hospital de la Mercé) [12]. All participants provided written informed consent in accordance

with the Declaration of Helsinki. Experiments have been approved by the local ethics committees.


http://fcon_1000.projects.nitrc.org/indi/retro/cobre.html
https://coins.trendscenter.org/
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Supplementary Results

Gray matter volume in the replication sample

We first used region-based morphometry to test for gray matter differences between patients and
comparison subjects within individual left and right cytoarchitectonic areas 44 and 45 (i.e., four re-
gions). ANCOVA revealed only a main effect of group (F; 45 = 26.136; p < 0.001, n; = 0.096). There
was a significant interaction group x hemisphere (F; ;4,5 = 18.113; p < 0.001, n; = 0.069). Also, the
group x cytoarchitectonic area x hemisphere (F; 45 = 19.267; p < 0.001, 77;2; = 0.073) interaction
yielded statistical significance. We then conducted post hoc t-tests to compare group means. These
revealed significantly reduced gray matter volume of all four areas in patients. The strongest effect
of group was found for left area 44 (t,,, = 6.370; p < 0.001, d = 0.819). For right area 44 (t,4; =
4.743; p < 0.001, d = 0.608) and left area 45 (t,,, = 3.705; p < 0.001, d = 0.472), small to medium
effect sizes were observed. Right area 45 showed the smallest effect (t,,;, = 3.271; p = 0.001, d =
0.418).
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Supplementary Table 1. Clinical and demographic characteristics of patients with schizo-

phrenia and controls

SCZ (n = 236) HC (n = 242)

Characteristics Mean (SD) Mean (SD)
Demographics

Age (years) 33.7 (11.0) 33.7 (11.1)

Gender (male/female) 168/68 165/77

Disease duration (years) 9.2 (10.4)
PANSS

Positive 14.8 (5.4)

Negative 14.0 (6.6)

General 28.3 (10.4)

Total PANSS score 57.1 (19.9)
Medication

Chlorpromazine equivalents (mg/ day)

247.9 (292.9)

SCZ = schizophrenia patients; HC = healthy controls
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Supplementary Table 2. T1-weighted structural MRI scanning parameters for each site

Site Scanner TR TE FA No. Slices Slice Voxel Size
(ms) (ms) ©) Thickness (mm?3)
(mm)

COBRE Siemens TrioTim 2,530 [1.64-9.08] 7 176 1 1x1x1
3T

Regensburgl Siemens MAGNETOM Sonata 1,880 3.93 15 176 1 0.977 x0.977 x 1
1.5T

Regensburg 2 Siemens MAGNETOM Aera 2,060 5.99 15 160 1 1x1x1
1.5T

Aachen Siemens TrioTim 2,300 3.03 9 176 1 1x1x1
3T

Gottingen Siemens MAGNETOM Trio 11.9 4.42 15 176 1 1x1x1
3T

Groningen Philips Intera 25 4.6 30 160 1 1x1x1
3T

Utrecht Philips Achieva 9.86 4.59 n.a. 160 1 0.875 x 0.875 x1
3T

Singapore Siemens TrioTim 8,400 3.8 8 180 0.9 1x1x1
3T

TR = repetition time; TE = echo time; FA = flip angle
'a multi-echo MPRAGE sequence with 5 TE’s
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Supplementary Table 3. Candidate genes for schizophrenia that are overrepresented in the group of genes that are candidates for
language readiness according to Murphy & Benitez-Burraco (2016)

Genel Gene name HGNC ID? ENTREZ ID3 ENSEMBL ID#
AKT1 AKT serine/threonine kinase 1 391 207 ENSG00000142208
CDC42 cell division cycle 42 1736 998 ENSGO00000070831
CNTNAP2  contactin associated protein-like 2 13830 26047 ENSG00000174469
DISC1 disrupted in schizophrenia 1 2888 27185 ENSG00000162946
ELAVL2 ELAV like neuron-specific RNA binding protein 2 3313 1993 ENSG00000107105
ERBB4 erb-b2 receptor tyrosine kinase 4 3432 2066 ENSG00000178568
FOXP1 forkhead box P1 3823 27086  ENSG00000114861
GAD1 glutamate decarboxylase 1 (brain. 67kDa) 4092 2571 ENSG00000128683
MAPK14 mitogen-activated protein kinase 14 6876 1432 ENSG00000112062
MECP2 methyl CpG binding protein 2 6990 4204 ENSG00000169057
MEF2A myocyte enhancer factor 2A 6993 4205 ENSG00000068305
MET MET proto-oncogene. receptor tyrosine kinase 7029 4233 ENSG00000105976
NRG1 neuregulin 1 7997 3084 ENSG00000157168
NCAM1 neural cell adhesion molecule 1 7656 4684 ENSG00000149294
POU3F2 POU class 3 homeobox 2 9215 5454  ENSG00000184486
RELN reelin 9957 5649 ENSG00000189056
ROBO1 roundabout. axon guidance receptor. homolog 1 (Drosophila) 10249 6091 ENSG00000169855
ROBO2 roundabout. axon guidance receptor. homolog 2 (Drosophila) 10250 6092 ENSG00000185008
SIRT1 sirtuin 1 14929 23411 ENSG0000009671
SOX10 SRY (sex determining region Y)-box 10 11190 6663 ENSG0000010014

1Gene symbol according to the Hugo Gene Nomenclature Committee (HGNC; https://www.genenames.orq).
2Identifier (ID) from HGNC for genes with an approved gene symbol.
Sldentifier (ID) from ENTREZ, an online cross-database search system from the National Center for Biotechnology Information (NCBI), USA.

4ldentifier (ID) from ENSEMBL, the European equivalent to ENTREZ from the European Bioinfomatics Institute and the Wellcome Trust Sanger

Institute.



https://www.genenames.org/
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Supplementary Table 4. Gene expression analysis — 14 color genes used as negative con-

trol

Gene! HGNC 1D? ENTREZ ID3 ENSEMBL ID*
ASIP 745 434 ENSG00000101440
BNC2 30988 54796 ENSG00000173068
EIF2S2 3266 8894 ENSG00000125977
GSS 4624 2937 ENSG00000100983
HERC2 4868 8924 ENSG00000128731
IRF4 6119 3662 ENSG00000137265
MC1R 6929 4157 ENSG00000258839
OCA2 8101 4948 ENSG00000104044
RALY 15921 22913 ENSG00000125970
SLC24A4 10978 123041 ENSG00000140090
SLC24A5 20611 283652 ENSG00000188467
SLC45A2 16472 51151 ENSG00000164175
TYR 12442 7299 ENSG00000077498
VASH?2 25723 79805 ENSG00000143494

1Gene symbol according to the Hugo Gene Nomenclature Committee (HGNC; https://www.gene-

names.orq).

2ldentifier (ID) from HGNC for genes with an approved gene symbol.
3Identifier (ID) from ENTREZ, an online cross-database search system from the National Center

for Biotechnology Information (NCBI). USA.

4ldentifier (ID) from ENSEMBL, the European equivalent to ENTREZ from the European Bioinfor-
matics Institute and the Wellcome Trust Sanger Institute.


https://www.genenames.org/
https://www.genenames.org/
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Supplementary Table 5. Main expression analysis of the candidate genes in left area 44
(versus left premotor region)

Gene

Expression levels (mean z-score and standard deviation)

Left area 44

Mean (SD)

Left premotor region

Mean (SD)

p-value

MET
CNTNAP2
NRG1
POUSF2
SOX10
ROBO2
DISC1
SIRT1
RELN
NCAM1
ROBO1
MECP2
MEF2A
ERBB4
FOXP1
AKT1
GAD1
ELAVL2
CDC42
MAPK14

-0.097 (0.282)
0.452 (0.265)
-0.007 (0.128)
-0.189 (0.261)
0.075 (0.321)
0.307 (0.387)
-0.489 (0.295)
-0.480 (0.453)
-0.147 (0.492)
-0.330 (0.483)
-0.416 (0.313)
-0.446 (0.415)
0.305 (0.351)
0.168 (0.400)
0.019 (0.291)
0.263 (0.384)
0.299 (0.190)
0.196 (0.328)
-0.148 [(0.355)
0.231 (0.464)

-0.592 (0.348)
0.306 (0.217)
0.147 (0.238)
-0.006 (0.284)
0.357 (0.450)
0.110 (0.319)
-0.381 (0.301)
-0.621 (0.358)
-0.317 (0.306)
-0.156 (0.447)
-0.520 (0.352)
-0.306 (0.597)
0.148 (0.433)
0.171 (0.410)
-0.031 (0.293)
0.187 (0.448)
0.304 (0.163)
0.200 (0.271)
-0.146 (0.342)
0.152 (0.413)

0.001*
0.038
0.054
0.065
0.107
0.122
0.188
0.193
0.233
0.293
0.298
0.444
0.528
0.608
0.711
0.836
0.866
0.867
0.971
0.973

Analyses were performed using a permuted n-way ANOVA.
*Stable against correction for multiple comparisons (family-wise error).
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Supplementary Table 6. Main expression analysis of the candidate genes in left area 45
(versus left premotor region)

Expression levels (mean z-score and standard deviation)

Left area 45

Left premotor region

Gene Mean (SD) Mean (SD) p-value
MET 0.102 (0.243) -0.592 (0.348) 0.000*
SIRT1 -0.230 (0.350) -0.621 (0.358) 0.003*
CNTNAP2 0.501 (0.225) 0.306 (0.217) 0.005
FOXP1 0.213 (0.267) -0.031 (0.293) 0.012
ELAVL2 -0.015 (0.274) 0.200 (0.271) 0.034
ROBO2 -0.189 (0.426) 0.110 (0.319) 0.055
NRG1 -0.003 (0.181) 0.147 (0.238) 0.074
ERBB4 0.032 (0.489) 0.171 (0.410) 0.187
NCAM1 -0.305 (0.520) -0.156 (0.447) 0.411
RELN -0.205 (0.387) -0.317 (0.306) 0.450
GAD1 0.326 (0.130) 0.304 (0.163) 0.487
AKT1 0.362 (0.268) 0.187 (0.448) 0.509
MEF2A 0.296 (0.292) 0.148 (0.433) 0.539
MECP2 -0.418 (0.563) -0.306 (0.597) 0.595
DISC1 -0.320 (0.355) -0.381 (0.301) 0.608
SOX10 0.264 (0.411) 0.357 (0.450) 0.895
POU3F2 -0.042 (0.295) -0.006 (0.284) 0.911
MAPK14 0.210 (0.518) 0.152 (0.413) 0.931
ROBO1 -0.540 (0.415) -0.520 (0.352) 0.952
CDC42 -0.186 (0.327) -0.146 (0.342) 0.995

Analyses were performed using a permuted n-way ANOVA.
*Stable against correction for multiple comparisons (family-wise error).
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Supplementary Table 7. Main expression analysis of the candidate genes in right area 44
(versus right premotor region)

Expression levels (mean z-score and standard deviation)

Right area 44 Right premotor region
Gene Mean (SD) Mean (SD) p-value
MET 0.091 (0.213) -0.572 (0.459) 0.014
MECP2 -0.615 (0.302) -0.267 (0.347) 0.115
GAD1 0.339 (0.063) 0.457 (0.159) 0.135
ELAVL2 0.030 (0.288) 0.269 (0.243) 0.149
POU3F2 -0.294 (0.093) -0.083 (0.253) 0.157
ROBO2 0.036 (0.524) 0.386 (0.351) 0.179
RELN -0.486 (0.205) -0.152 (0.496) 0.259
MAPK14 0.151 (0.486) 0.325 (0.338) 0.420
NRG1 -0.070 (0.191) 0.053 (0.237) 0.444
NCAM1 -0.501 (0.281) -0.271 (0.529) 0.461
DISC1 -0.606 (0.209) -0.519 (0.182) 0.480
ERBB4 0.083 (0.433) 0.313 (0.540) 0.486
SIRT1 -0.294 (0.179) -0.429 (0.326) 0.505
MEF2A 0.280 (0.356) 0.229 (0.404) 0.507
CNTNAP2 0.492 (0.082) 0.433 (0.184) 0.575
AKT1 0.212 (0.511) 0.144 (0.574) 0.712
CDC42 -0.101 (0.283) -0.146 (0.341) 0.785
ROBO1 -0.692 (0.254) -0.654 (0.321) 0.861
FOXP1 -0.017 (0.320) 0.039 (0.361) 0.872
SOX10 -0.095 (0.748) -0.076 (0.667) 0.990

Analyses were performed using a permuted n-way ANOVA.
No p-value was stable against correction for multiple comparisons (family-wise error).
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Supplementary Table 8. Main expression analysis of the candidate genes in right area 45

(versus right premotor region)

Expression levels (mean z-score and standard deviation)

Right area 45 Right premotor region
Gene Mean (SD) Mean (SD) p-value
MET 0.269 (0.204) -0.572 (0.459) 0.001*
ROBO2 -0.029 (0.367) 0.386 (0.351) 0.059
NRG1 -0.170 (0.111) 0.053 (0.237) 0.063
MECP2 -0.683 (0.394) -0.267 (0.347) 0.064
CNTNAP2 0.625 (0.182) 0.433 (0.184) 0.066
ELAVL2 0.037 (0.263) 0.269 (0.243) 0.125
MAPK14 0.056 (0.360) 0.325 (0.338) 0.182
SIRT1 -0.212 (0.185) -0.429 (0.326) 0.183
DISC1 -0.640 (0.162) -0.519 (0.182) 0.242
NCAM1 -0.601 (0.298) -0.271 (0.529) 0.270
FOXP1 -0.197 (0.299) 0.039 (0.361) 0.293
GAD1 0.360 (0.104) 0.457 (0.159) 0.295
POU3F2 -0.240 (0.206) -0.083 (0.253) 0.316
AKT1 0.209 (0.657) 0.144 (0.574) 0.490
RELN -0.015 (0.339) -0.152 (0.496) 0.561
ERBB4 0.098 (0.455) 0.313 (0.540) 0.606
ROBO1 -0.736 (0.217) -0.654 (0.321) 0.607
CDC42 -0.250 (0.196) -0.146 (0.341) 0.615
MEF2A 0.122 (0.291) 0.229 (0.404) 0.940
SOX10 -0.104 (0.586) -0.076 (0.667) 0.976

Analyses were performed using a permuted n-way ANOVA.
*Stable against correction for multiple comparisons (family-wise error).
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Supplementary Table 9. Follow-up gene expression analysis of color genes in left area 44
(versus left premotor region)

Expression levels (mean z-score and standard deviation)

Left area 44 Left premotor region
Gene Mean (SD) Mean (SD) p-value
SLC24A4 0.350 (0.259) -0.019 (0.344) 0.002
OCA2 0.662 (0.288) 0.396 (0.412) 0.029
IRF4 -0.481 (0.343) -0.069 (0.515) 0.030
VASH?2 -0.252 (0.673) 0.121 (0.482) 0.114
MC1R -0.176 (0.304) -0.312 (0.273) 0.149
GSS 0.493 (0.268) 0.309 (0.352) 0.190
BNC2 -0.435 (0.300) -0.290 (0.325) 0.228
SLC24A5 -0.099 (0.483) -0.324 (0.464) 0.314
HERC?2 0.069 (0.488) 0.200 (0.551) 0.578
EIF2S2 0.079 (0.197) -0.010 (0.332) 0.664
TYR 0.003 (0.473) 0.151 (1.110) 0.799
SLC45A2 -0.095 (0.711) -0.173 (0.650) 0.873
RALY 0.598 (0.224) 0.593 (0.429) 0.899
ASIP -0.266 (0.516) -0.312 (0.376) 0.955

Analyses were performed using a permuted n-way ANOVA.
No p-value was stable against correction for multiple comparisons (family-wise error).

Supplementary Table 10. Follow-up gene expression analysis of color genes in left area
45 (versus left premotor region)

Expression levels (mean z-score and standard deviation)

Left area 45 Left premotor region
Gene Mean (SD) Mean (SD) p-value
SLC24A4 0.408 (0.389) -0.019 (0.344) 0.009
VASH2 -0.418 (0.399) 0.121 (0.482) 0.010
OCA2 0.642 (0.415) 0.396 (0.412) 0.043
HERC?2 0.578 (0.676) 0.200 (0.551) 0.060
MC1R -0.074 (0.431) -0.312 (0.273) 0.090
GSS 0.599 (0.436) 0.309 (0.352) 0.108
IRF4 -0.431 (0.719) -0.069 (0.515) 0.161
BNC2 -0.419 (0.246) -0.290 (0.325) 0.305
SLC24A5 -0.171 (0.484) -0.324 (0.464) 0.391
EIF2S2 0.091 (0.466) -0.010 (0.332) 0.444
ASIP -0.374 (0.584) -0.312 (0.376) 0.521
RALY 0.679 (0.559) 0.593 (0.429) 0.666
SLC45A2 -0.215 (0.564) -0.173 (0.650) 0.834
TYR 0.110 (0.536) 0.151 (1.110) 0.989

Analyses were performed using a permuted n-way ANOVA.
No p-value was stable against correction for multiple comparisons (family-wise error).
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Supplementary Table 11. Follow-up gene expression analysis of color genes in right area
44 (versus right premotor region)

Expression levels (mean z-score and standard deviation)

Right area 44 Right premotor region
Gene Mean (SD) Mean (SD) p-value
VASH2 -0.561 (0.150) 0.178 (0.455) 0.007
BNC2 0.150 (0.507) -0.342 (0.480) 0.119
ASIP 0.269 (0.368) -0.292 (0.626) 0.145
SLC24A4 0.509 (0.371) 0.137 (0.464) 0.154
OCA2 0.945 (0.276) 0.475 (0.560) 0.164
GSS 0.506 (0.541) 0.186 (0.443) 0.218
RALY 0.659 (0.332) 0.300 (0.713) 0.334
IRF4 -0.511 (0.426) -0.170 (0.839) 0.531
MC1R -0.255 (0.644) -0.379 (0.439) 0.585
EIF2S2 0.153 (0.429) 0.077 (0.431) 0.710
HERC2 0.107 (0.629) 0.025 (0.795) 0.786
TYR -0.470 (0.327) -0.467 (0.370) 0.979
SLC24A5 -0.033 (0.310) -0.040 (0.355) 0.981
SLC45A2 -0.012 (0.605) -0.015 (0.845) 0.988

Analyses were performed using a permuted n-way ANOVA.
No p-value was stable against correction for multiple comparisons (family-wise error).

Supplementary Table 12. Follow-up gene expression analysis of color genes in right area
45 (versus right premotor region)

Expression levels (mean z-score and standard deviation)

Right area 45 Right premotor region
Gene Mean (SD) Mean (SD) p-value
VASH2 -0.427 (0.189) 0.178 (0.455) 0.006
SLC24A4 0.566 (0.455) 0.137 (0.464) 0.045
RALY 0.675 (0.426) 0.300 (0.713) 0.209
GSS 0.361 (0.482) 0.186 (0.443) 0.325
ASIP 0.015 (0.432) -0.292 (0.626) 0.345
OCA2 0.720 (0.415) 0.475 (0.560) 0.408
TYR -0.333 (0.371) -0.467 (0.370) 0.419
HERC2 0.111 (0.685) 0.025 (0.795) 0.636
SLC45A2 0.103 (0.870) -0.015 (0.845) 0.711
SLC24A5 0.035 (0.299) -0.040 (0.355) 0.721
IRF4 -0.308 (0.436) -0.170 (0.839) 0.722
MC1R -0.402 (0.495) -0.379 (0.439) 0.769
EIF2S2 0.081 (0.405) 0.077 (0.431) 0.821
BNC2 -0.340 (0.286) -0.342 (0.480) 0.881

Analyses were performed using a permuted n-way ANOVA.
No p-value was stable against correction for multiple comparisons (family-wise error).
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Supplementary Table 13. Gene expression analysis of FOXP2 in left area 44 (versus left
premotor region)

Expression levels (mean z-score and standard deviation)

Left area 44 Left premotor region
Gene Mean (SD) Mean (SD) p-value
FOXP2 0.317 (0.237) 0.067 (0.336) 0.015

Analyses were performed using a permuted n-way ANOVA.

Supplementary Table 14. Gene expression analysis of FOXP2 in left area 45 (versus left
premotor region)

Expression levels (mean z-score and standard deviation)

Left area 45 Left premotor region
Gene Mean (SD) Mean (SD) p-value
FOXP2 0.249 (0.448) 0.067 (0.336) 0.201

Analyses were performed using a permuted n-way ANOVA.

Supplementary Table 15. Gene expression analysis of FOXP2 in right area 44 (versus
right premotor region)

Expression levels (mean z-score and standard deviation)

Right area 44 Right premotor region
Gene Mean (SD) Mean (SD) p-value
FOXP2 0.442 (0.209) 0.073 (0.441) 0.106

Analyses were performed using a permuted n-way ANOVA.

Supplementary Table 16. Gene expression analysis of FOXP2 in right area 45 (versus
right premotor region)

Expression levels (mean z-score and standard deviation)

Right area 45 Right premotor region
Gene Mean (SD) Mean (SD) p-value
FOXP2 0.282 (0.339) 0.073 (0.441) 0.225

Analyses were performed using a permuted n-way ANOVA.
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211 Supplementary Figure 3. Functional characterization of right area 45 featuring reduced gray matter
212 3ssociated with the cognitive symptom dimension in schizophrenia.

213 Significant associations with psychological terms (behavioral domains and paradigm classes) from Brain-
214 Map metadata. We used a reverse inference approach (P(Domain/Paradigm |Activation)) that determined
215 the above-chance probability of association with a behavioral function given observed brain activity in the
216 respective region. The base rate denotes the general probability of finding BrainMap activation in the re-
217 gion. The x-axis indicates relative probability values.
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