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Altered gene expressions may mechanistically link genetic 
factors with brain morphometric alterations. Existing gene 
expression studies have examined selected morphometric 
features using low-resolution atlases in medicated schiz-
ophrenia. We examined the relationship of gene expres-
sion with cortical thickness (CT), surface area (SA), and 
gray matter volume (GMV) of first-episode antipsychotic-
naïve psychosis patients (FEAP = 85) and 81 controls, 
hypothesizing that gene expressions often associated with 
psychosis will differentially associate with different mor-
phometric features. We explored such associations among 
schizophrenia and non-schizophrenia subgroups within 
FEAP group compared to controls. We mapped 360 Human 
Connectome Project atlas-based parcellations on brain 
MRI on to the publicly available brain gene expression 
data from the Allen Brain Institute collection. Significantly 
correlated genes were investigated using ingenuity pathway 
analysis to elucidate molecular pathways. CT but not SA 
or GMV correlated with expression of 1137 out of 15 633 
genes examined controlling for age, sex, and average CT. 
Among these ≈19%, ≈39%, and 8% of genes were unique 
to FEAP, schizophrenia, and non-schizophrenia, respec-
tively. Variants of 10 among these 1137 correlated genes 
previously showed genome-wide-association with schiz-
ophrenia. Molecular pathways associated with CT were 
axonal guidance and sphingosine pathways (common to 
FEAP and controls), selected inflammation pathways 
(unique to FEAP), synaptic modulation (unique to schiz-
ophrenia), and telomere extension (common to NSZ and 
healthy controls). We demonstrate that different sets of 
genes and molecular pathways may preferentially influ-
ence CT in different diagnostic groups. Genes with altered 
expressions correlating with CT and associated pathways 

may be targets for pathophysiological investigations and 
novel treatment designs.
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Introduction

Despite high heritability of schizophrenia (SZ)1,2 and 
replicated genome-wide association of many gene 
variants,3 pathophysiological mechanisms associated 
with genetic factors are unclear. Heritability of regional 
morphometry,4 white matter diffusivity,5 and functional 
activation6 have been reported. Many studies have asso-
ciated genetic variants with alterations in morphometry 
of specific regions,7–11 functional brain variations,12 wide-
spread functional connectivity,13 and also, with treat-
ment outcomes.14–16 Recent findings associate variants of 
genome-wide significance, e.g. variants on the Zinc Finger 
Protein 804A (ZNF804A)17 and on Calcium voltage-gated 
channel subunit alpha1 C (CACNA1C) with decreased 
total and frontal white matter volume.18,19 Recent studies 
have reported convergence of schizophrenia risk genes 
on limbic and ventral networks20 and on certain brain re-
gions associated with pathophysiology of schizophrenia 
but not in tissues of less relevance to SZ.21 A genetically 
patterned consolidation of anatomical network hubs may 
underlie normative brain maturation, and many genes 
loading into these components were overrepresented 
in risk genes for SZ.22 For these reasons, examining the 
 association of gene expressions with brain morphometry 
could enhance our understanding of the neurobiology 
of SZ.
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Recent efforts in associating publicly available gene 
expression data to brain imaging measures show 
correlations between SZ risk gene expressions with white 
matter dysconnectivity.23 Correlation of neuronal calcium 
signaling, which included CACNA1C,23 and astrocyte-
specific gene markers were associated with cortical thin-
ning in SZ.24 The roles of specific neuronal cell types 
on cortical thickness (CT) changes have been recently 
examined in SZ25,26 and in gray matter volume (GMV) 
in drug-naive first-episode SZ.27 Existing studies have 
used the Desikan–Killiany-Tourville Atlas that produces 
larger parcellations based on anatomical landmarks and 
have mainly examined medicated patients with longer 
duration of illness. Further, these studies have examined 
either CT or GMV.23,24 Since CT and surface area (SA) 
may be differentially regulated during development,28–30 
and volume as a product of SA and CT may be affected 
by combined variations in CT and SA, examining GMV, 
CT, and surface (SA) individually may not provide com-
prehensive understanding of the relationship of altered 
gene expressions with cortical morphology.

To address these concerns, we examined a cohort of 
first-episode antipsychotic-naïve psychosis (FEAP) 
patients for all three morphometric features (CT, SA, 
and GMV) in relation to publicly available gene expres-
sion data from the Allen Human Brain Atlas (AHBA) 
repository to gain a comprehensive understanding of 
morphometric variations and minimize the confounds of 
medication effects on morphometry and longer duration 
of illness. Brain regions were parcellated into 360 ana-
tomically and functionally connected regions31 using the 
Human Connectome Project (HCP)-atlas providing more 
granular information on the association of brain regions 
with gene expressions. An additional rationale behind 
using the HCP atlas was to use the results of this manu-
script to investigate structural and functional connectome 
related to the transcriptome changes in the future. To un-
derstand the contribution of gene expression differences 
to the morphometric features of brain regions showing 
significant case–control differences, we examined these re-
gions first followed by all regions irrespective of whether 
they showed group differences or not. We predicted that 
the regions that show the main effect of disease on each 
of the morphometric features will show stronger correla-
tion with schizophrenia risk genes compared to regions 
without the main effect. In order to enhance the repro-
ducibility, we have used a standardized workflow and 
guidelines for “imaging transcriptomics.”32,33 Based on 
existing literature, we hypothesized that gene expressions 
regulating molecular pathways often associated with 
psychosis such as synaptic function and plasticity, ion 
channels, inflammation, glutamatergic neurotransmis-
sion, oxidative stress, and cerebral bioenergetic pathways 
will correlate with morphometric features.23,24,34–36 Many 
of the genes regulating these biological processes have 
been associated with SZ.22,37

Methods

Clinical Data

We enrolled 92 young-adult FEAP patients and 81 healthy 
controls (HC) of both sexes, diagnosed per DSM-IV from the 
inpatient and outpatient facilities of the Western Psychiatric 
Institute and Clinic, Pittsburgh, PA, USA. Exclusion 
criteria were the presence of significant medical/neurolog-
ical disorders, prior/current antipsychotic treatment, sub-
stance dependence within the past 6 months or abuse in 
the last month and mental retardation per DSM-IV. Senior 
clinicians provided the consensus diagnosis after reviewing 
medical records, the Structured Clinical Interview for 
DSM-IV (SCID-IV) data, and at least 6-month follow-up 
information. The University of Pittsburgh Institutional 
Review Board approved the study. All subjects gave in-
formed consent after a complete description of the study.

MRI Methods

T1-weighted data were acquired using a 1.5T whole-body 
scanner using three-dimension spoiled gradient recalled 
(SPGR), steady-state pulse sequence (124 coronal slices, 
1.5 mm thickness, acquisition matrix = 256 × 192). 
Details of acquisition are published.38

HCP-Atlas-Based Parcellations

The MRIs were processed using the Freesurfer package 
7.1.0, and then the segmentations were mapped onto the 
HCP atlas using Freesurfer version of HCP-MMP 1.0 
parcellation39,40 in “fsaverage” space.41 The parcellations 
from all subjects were visually inspected for white matter/
gray matter/subcortical boundaries. Seven FEAP subjects 
were excluded from the study due to poor image quality 
(partial coverage = 5; truncated area = 1; skull captured 
as pial = 1).

The Allen Human Brain Atlas

Microarray expression data from 6 healthy donors (2 
African American males aged 24 and 39 years, two 
Caucasian males aged 57 and 31 years, 48-year-old 
Caucasian female, and 49-year-old Hispanic female) were 
used in this study. Tissue samples were obtained from 
both hemispheres for 2 donors and from the left hemi-
sphere for the rest. The total number of tissue samples 
obtained per donor varied from 363 to 948 per brain. 
Some regions were sampled more than once (e.g. right 
Fusiform Face Complex sampled 35 times) while others 
were sampled once (e.g. left Posterior Insula). Samples 
from subcortical regions, e.g. amygdala and substantia 
nigra were not included in the analysis, since there is no 
clear definition of CT for these regions. The AHBA used 
58 692 probes to obtain gene expression levels for each 
brain sample, which corresponds to 15 633 unique genes 
(several genes had multiple probes).
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Mapping AHBA Data to HCP Atlas

The AHBA used blockface images of histological tissue 
slabs to map the gene expression onto MRI within the 
Montreal Neurological Institute space. The gene ex-
pression data from the tissue sample coordinates 
were mapped onto the HCP atlas using the ABAGEN 
toolbox33 resulting in 283 out of 360 HCP cortical re-
gions with a corresponding tissue sample. The probes 
were selected using “differential stability,” where, for 
each gene, the probe with the highest mean correlation 
among the donors was chosen for the analysis.42 The gene 
expression data were then normalized to reduce within-
donor variability and outliers using the scaled sigmoidal 
transformation method43 and mapped onto the 283 cor-
tical regions in the HCP atlas in Montreal Neurological 
Institute space. If  multiple samples were mapped into 
one region, they were first averaged by donor and then 
averaged among all donors, giving the resultant gene ex-
pression value for that region (Fig 1). The methods we 
used for probe selection and data normalization have 
been shown to provide the most accurate gene expression 
dataset using the AHBA database.32

Data Analysis

Case–control differences for each morphometric fea-
ture was examined using MANCOVA including age 
and sex as covariates followed by Bonferroni-corrected 
between-subjects effects. Total GMV, total SA, and 
mean CT across all the included regions were additional 
covariates for the comparison of  total GMV, SA, and 
CT, respectively.

Next, we examined the correlation of gene expres-
sion with morphometry of regions showing significant 
case–control differences, followed by examining correla-
tion with all regions regardless of group differences. We 
constructed a 2D matrix for each morphometry (CT, SA, 
GMV). Rows of each matrix consisted of HCP regions (n 
= 283) while the columns consisted of subjects (85 FEAP 
and 81 controls; sample after quality check) and 15 633 
genes (totaling 15 799 columns). Partial correlations were 
then applied for each of these matrices separately be-
tween 283 HCP regions and 15,633 gene expressions, con-
trolling for age, sex, average CT, total SA, or total GMV 
depending on the morphometric feature examined. Thus, 
this resulted in a correlation matrix of 166 subjects × 15 
633 genes for each morphometric measure. The observed 
power was 0.81 with a sample of 166 (85 FEAP and 81 
HC) for 2-way significance at P < .05 assuming an r = 
0.22 and three covariates (SPSS V 28.0.1.1). Multiple 
testing was corrected using the Benjamini-Hochberg ap-
proach of the false discovery rate.44 We also examined 
the differences in the strength of correlation between the 
groups using z-transformed partial r for significant gene 
expression values common between patients and controls 
with each morphometric measure using MANOVA. The 

Bonferroni-corrected between-subjects effects are re-
ported for each morphometric measure.

To understand the functional implication of correlated 
gene expressions, we examined the biological pathways 
with which these genes were associated using the 
QIAGEN ingenuity pathway analysis. The pathways for 
each dataset were utilized to find statistically significant 
canonical pathways, based on the P-value of overlap cal-
culated by right-tailed Fisher’s Exact Test.45

Next, we grouped the FEAP sample into SZ and non-
schizophrenia (NSZ) subsamples to explore whether cor-
relation of gene expressions is different in these diagnostic 
groups using the methods described above. SZ group 
included schizophrenia (n = 47) and schizoaffective dis-
order (n = 6). NSZ included delusional disorder (n = 2), 
unspecified psychotic disorder (n = 12), major depressive 
disorder (n = 14), and bipolar disorder (n = 4).

Results

Clinical and Demographic Data

The final dataset, after checking quality, consisted of 85 
FEAP and 81 HC (see table 1 for DSM-IV diagnostic 
composition of the FEAP). Age, total GMV, mean CT, 
and total SA did not differ between the groups. There 
were significantly more males among patients compared 
to controls (P = .01).

Between-Group Morphometric Differences

The Bonferroni-corrected between-subjects effects of the 
MANCOVA model showed significant alterations in CT 
and SA of approximately 5% of regions each and GMV 
of 10% of regions between FEAP and control groups. 
The differences were of small effect sizes. Most of these 
regions showed reduction in CT, SA, or GMV in the 
FEAP group compared to controls. Of these regions, 
7 showed significant differences in both SA and GMV 
while 7 others showed significant differences in CT and 
GMV (table 2). No region was significant in all 3 metrics. 
Many regions showing morphometric differences were 
located in the prefrontal (dorsolateral prefrontal, medial 
prefrontal, inferior frontal, anterior cingulate, and or-
bitofrontal cortex), temporal (lateral temporal and belt 
complexes), and parietal (inferior and superior parietal) 
areas. Overall MANCOVA models for each morpho-
metric feature; however, were not significant (CT: Wilk’s 
λ = 0.005, F = 1.24, P = .63; SA: Wilk’s λ = 0.005, F = 
1.18, P = .64; GMV: Wilk’s λ < 0.001, F = 16.42, P = .20).

SZ showed a similar pattern of morphometric changes 
compared to controls. Among SZ patients, the right Area 
TE1 posterior (TE1p) in the lateral temporal cortex and left 
Area PGs in the inferior parietal cortex, showed significant 
differences in all 3 metrics (supplementary table 1). However, 
NSZ showed changes in CT and SA in about 2% of the re-
gions and in GMV in about 3% of regions compared to 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
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controls. No region was different in all 3 morphometrics 
among the NSZ group relative to controls (supplementary 
table 2). Among the regions that showed significant mor-
phometric differences, CT of one region (left anterior 32 

prime) and GMV of 5 regions (left superior frontal language 
area, left inferior 6–8 transitional area, left area PGs, right 
area TE1 posterior, right area TE2 posterior) were common 
between SZ and NSZ compared to controls.

Fig 1. a) Schematic of the analysis pipeline. MRI data of FEAP and healthy controls (HC) subjects were processed for regional 
morphometrics after excluding those with artifacts. HCP-atlas was used to parcellate the regions. Gene probes were selected, normalized, 
and mapped onto the parcellated regions. Gene expressions from the probes were correlated with the morphometrics between FEAP and 
HC subjects first, then between SZ and NSZ second. Sample size of FEAP and HC represents total subjects before quality check of the 
MRI and HCP parcellations. b) Representative matrix for correlation of gene expressions with morphometry of ROI.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
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Correlation of Regional Morphometry Showing 
Between-Group Differences With Gene Expression

None of the gene expressions showed false discovery 
rate-corrected correlations with CT, SA, or GMV of re-
gions showing between-group differences in each metric 
and regions shown in table 2 and mentioned in the pre-
vious section.

Correlation of Gene Expressions With Morphometry of 
All Brain Regions Regardless of Group Differences

About 7% of the 15 633 genes showed false discovery 
rate-corrected correlations with CT, among which 
about 77% were common between the FEAP and HC. 
Proportionately more gene expressions (19.3%) were 
unique to FEAP while ≈3% were unique to HC (table 3; 
supplementary Table 3), and expression of significantly 
more genes was positively correlated among FEAP (61%) 
and HC (29%) (χ2 = 4.43, P = .03) (table 3; figure 2).

We observed a similar pattern when SZ was compared 
to HC, but comparatively more gene expressions (38.7%) 
were unique to SZ compared to HC (<1%) from 1,137 
gene expressions significantly correlated with CT (sup-
plementary table 4). In the NSZ-HC comparison, fewer 
total genes (n = 1006) correlated with CT with 89 (8.8%) 
gene expressions unique to NSZ while 143 (14.2%) were 
unique to HC (supplementary table 5).

Between SZ and NSZ, 1348 total gene expressions 
showed significant correlations of which 488 (36.2%) 
were unique to SZ and only 3 genes to NSZ, while the rest 
were common to both groups. (supplementary table 6).

Ten SZ risk genes reported in the recent GWAS 
study,46 showed significant correlation of expression 
with CT. Expression of three genes, GRAM domain 
containing 1B (GRAMDB1), Hydroxypyruvate isom-
erase (HYI), and Mitogen-activated protein kinase 3 
(MAPK3), correlated with CT in FEAP only. Expression 
of Ecto-NADPH Oxidase Disulfide-Thiol Exchanger 1 
(ENOX1), Family with sequence similarity 216 members 
(FAM216A), KAT8 regulatory NSL complex subunit 1 

(KANSL1), Kruppel-like factor 6, MLX Interacting pro-
tein (MLXIP), Phospholipase C Eta 2 (PLCH2), and 
Ribonuclease H2 Subunit C (RNASEH2C) correlated 
with CT in both FEAP and HC. Expression of none of 
these genes correlated with CT among controls.

In summary, expression of only a small proportion 
of genes significantly correlated with CT. SA and GMV 
did not significantly correlate with gene expressions. CT 
of FEAP subjects was associated with expression of rel-
atively more genes compared to HC. A large majority 
of gene expression correlations were common to both 
groups. Among the gene expressions that were unique 
to each group in the subgroup analysis of SZ and NSZ 
compared to controls, a higher proportion of transcripts 
correlated with CT among SZ than among HC whereas 
CT of NSZ showed correlation with fewer genes than 
HC, or SZ. Only 10 of the significantly correlated genes 
were among those showing genome-wide association 
with schizophrenia in a recent study.46

Ingenuity Pathway Analysis Analysis

Pathways Unique to FEAP. A relatively higher number 
of pathways (n = 53) were identified for the 134 pos-
itively correlated gene expressions than for the 86 neg-
atively correlated ones (n = 16). Some of the pathways 
of positively correlated gene expressions were inflam-
mation (IL-17A signaling, JAK/STAT signaling, IGF-1 
signaling [JUN, MAPK3], and complement system 
[CQ1A, CQ1B]), endocannabinoid pathway (ADCY2, 
CNR1) and synaptogenesis signaling pathway (CDH2, 
SYT10). Examples of pathways associated with neg-
atively correlated gene expressions are inflammation 
(CXCR4 signaling [RHOBTB2], Chemokine signaling 
[ROCK2], IL-8 signaling, and VDR/RXR activation 
[PRKCA]) and oxidative stress (NRF-2-mediated oxida-
tive response stress response (GSTK1) (table 4).

Pathways Unique to HC. The ingenuity pathway analysis 
identified six pathways for HC for positively correlated 

Table 1. Clinical and Demographic Features

FEAP (n = 85) Healthy Controls (n=81) t/χ2 p

Age(yr.), mean (SD) 24.08 (7.28) 24.7 (6.60) 0.57 .57
Sex, M/F 61/24 43/38 6.19 .01*
Race, C/AA/H 58/21/1 61/16/1 2.66 .62
TBV, mean (SD) in cc 1192.77 (137.52) 1178.94 (105.82) 0.72 .47
Mean CT (SD) in mm 2.53 (0.10) 2.55 (0.08) 1.19 .24
Total SA (SD) in mm2 176175.91 (18926.94) 173193.24 (14963.23) 1.12 .26
DSM-IV diagnoses Schizophrenia 47

Schizoaffective disorder 6
Delusional disorder 2
Unspecified psychotic disorder 12
Major depressive disorder 14
Bipolar disorder 4

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schizbullopen/sgad019#supplementary-data
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gene expressions, e.g. Tryptophan Degradation III and 
Fatty-acid β oxidation I (HSD17B10), and 5 for nega-
tively correlated genes, e.g. Methionine Degradation I 
(to Homocysteine) (MAT2B) and Telomere Extension by 
Telomerase (PINX1) (table 4).

Pathways Common Between FEAP and HC. The pattern 
of correlations of gene expressions with CT showed that 
there were 117 pathways from the 879 genes common to 
FEAP and HC. Fifty-five pathways were related to pos-
itively correlated gene expressions in both groups, e.g. 
synaptogenesis signaling pathway (SCNA, PRKCD), 
and 13 showed negative correlations in both groups, 
e.g. Calcium Transport I (ATP2B2, ATP2B3) and Myo-
Inositol Biosynthesis (INPP5F). Forty-six pathways 
showed positive correlation among FEAP but negative 
correlation among controls, notably the Endocannabinoid 
Developing Neuron Pathway (ADCY7, RAP2B). Sixteen 
pathways showed negative correlation among FEAP but 
positive correlation among controls, e.g. Anandamide 
Degradation (NAAA) (table 4).

Pathways Among Schizophrenia and Non-
schizophrenia: Seventy-nine pathways were identified 

for the 309 positively correlated genes among SZ 
patients, e.g. CXCR4 Signaling (GNAQ, PLCB2) and 
Synaptic Long-Term Depression (IGF1, PLCD3). Eleven 
pathways were significant among the 179 significantly 
negatively correlated genes in SZ patients, e.g. D-myo-
inositol biosynthesis and metabolism (DUSP8, SSH3) 
and 3-phosphoinositide Degradation (EYA4, PTPN2). 
The only pathway that was significantly correlated with 
CT among NSZ was Telomere Extension by Telomerase 
(PINX1).

In summary, the SZ group had the most pathways as-
sociated with CT, while NSZ had the least number of 
identified pathways. Most pathways were identified for 
the positively correlated gene expressions compared to 
the negatively correlated ones.

Discussion

To the best of our knowledge, this is the first study 
employing “imaging transcriptomics” approach to com-
prehensively examine CT, SA, and GMV among FEAP. 
We report that the CT but not the SA or GMV of the 
brain regions significantly correlated with the expres-
sion of a small proportion of genes in both FEAP and 

Fig 2. Heat map showing region-specific expression of top 10% of genes across the brain unique to FEAP and healthy controls with 
positive and negative correlations (Refer to table 3 for details).
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SZ, and even smaller proportion among NSZ using a 
standardized published pipeline which provides the most 
accurate gene expression dataset using the AHBA da-
tabase.33 Within this small proportion of genes whose 
expressions significantly correlated with CT, 10 had 
shown genome-wide association in the recent GWAS 
study.46 Taking all transcripts correlated with CT, 17.5% 
more transcripts were among FEAP than HC, suggesting 
that CT in FEAP may be relatively highly genetically 
determined than SA or GMV. Within the FEAP group, 
association of higher number of gene expressions in SZ 
with CT compared to HC suggests that the CT in SZ may 
also be under greater genetic influence within FEAP, but 
NSZ with fewer unique gene expressions correlated with 
CT compared to HC suggests that the CT among NSZ 
may be under weaker genetic influence than among SZ. 
These findings suggest that expression of a small por-
tion of genes may influence CT in both FEAP and SZ. 
Many unique pathways were associated with each group, 
e.g. selected inflammation-related pathways with FEAP, 
telomere extension with controls, and axonal guidance 
and sphingosine pathways with both groups. Overall, 
these observations suggest that sets of unique genes and 
pathways underlie variations in CT in FEAP and SZ pro-
viding targets for further elucidation of pathophysiolog-
ical pathways and novel treatment approaches.

Our finding that CT but not SA or GMV significantly 
correlated with gene expression partly supported our 
hypotheses that morphometric features would show dif-
ferent patterns of correlations. Precise reasons for relative 
specificity of correlation with CT and lack of correlation 
with SA and GMV need further investigations. It is also 
unclear whether such correlations with CT are specific to 
the antipsychotic-naïve status of patients with short dura-
tion of illness where the confounds related to medication 
treatment and longer duration of illness are minimized. 
Future studies need to examine this issue since exposure to 
medications and attendant comorbidities may alter local 
gene expressions. A prior twin study reported globally and 
regionally high heritability of SA (0.89) and CT (0.81) but 
were only weakly correlated with each other47 suggesting 
different genetic architecture of CT and SA. For example, 
heritability may be related to different cytoarchitectonic 
patterns because CT depends on the neuronal numbers 
and SA on the number of cortical columns48 and pos-
sibly glial numbers.49 A recent study reported correlation 
of CT with cell-specific gene expressions.24 Among them, 
FABP7 expressed in astrocytes was positively correlated 
with CT among FEAP and negatively among HC in our 
study. FABP7 is significantly associated with lipopolysac-
charide/Interleukin-1 (LPS/IL1)-mediated RXR func-
tion pathway. These data suggest that there are merit in 
examining the components of volume to better under-
stand genetic architecture of morphometric features and 
elucidate potential impact of gene expression on under-
lying cytoarchitecture.

We predicted that the regions showing case–control 
differences would correlate with gene expressions, since 
disease-driven morphometric changes may be partly 
explained by the higher variance contributed by herit-
ability than for regions that do not show case–control 
differences. Our findings did not support that prediction. 
A prior study focusing only on regions that showed group 
differences reported significant correlation of expression 
of several genes.50 In our study, only a small proportion of 
regions (≈6%) showed altered morphometric features with 
small effect sizes among FEAP consistent with a recent 
study that compared first-episode antipsychotic-naïve SZ 
with multi-episode SZ and reported no cortical thinning 
in first-episode SZ.51 In contrast, chronic medicated SZ52 
and early-onset adolescent SZ53 subjects showed more 
widespread cortical thinning. In our previous study, we 
observed that CT and SA showed significant neurogenetic 
effects in the later phases of illness but not in the early 
phases.54 We also observed that the genetic effects shared 
between deficits in general cognition and schizophrenia 
were nonsignificant in the early phases of the illness than 
during the later stages.55 These data suggest that gene ex-
pression differences may impact CT changes in patients 
with longer duration of illness than those with short 
duration of illness. Since hundreds of gene expressions 
of small effects correlated with CT, multiple pathways 
may underlie such correlations. In addition to molecular 
pathways common to both FEAP and HC related to CT 
(e.g. axonal guidance signaling, synaptogenesis signaling, 
endocannabinoid developing neuron pathway), there 
were additional unique pathways associated with CT 
among FEAP, e.g., IL-1, IL-2, and IL-8 signaling, and 
complement pathways that may have affected CT. Since 
inflammation is related to cortical thinning,56,57 other 
pathways regulating synaptogenesis signaling, neuronal 
number, or synapses might be modulating the observed 
CT in our study. Thus, overall case–control differences in 
CT may be determined by the stage of the illness, med-
ication treatment, age at onset, a combination of envi-
ronmental factors interacting with multiple genes58,59 and 
interactions among different genes.12,60

Among the SZ risk genes reported in the recent GWAS 
study,46 correlation of expression of GRAMD1B, HYI, 
and MAPK3 that were unique to CT among FEAP are 
involved in the pathophysiology of SZ. GRAMD1B, 
located on chromosome 11q24.1, codes for endoplasmic 
reticulum proteins that enable phospholipid and cho-
lesterol binding activity, which is important for regu-
lation of various neuronal activities including energy 
uptake and metabolism, and neuronal membrane ex-
pansion during neuropil expansion. Similarly, the pro-
tein encoded by HYI, located on 1q34.2, is involved in 
carbohydrate metabolism. MAPK3 codes for a protein 
in the MAPK family that participates in cellular activi-
ties such as differentiation, proliferation, and cell cycle 
progression. Prior studies suggest that some of these 
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pathways were associated with SZ. For example, altered 
cerebral bioenergetics is supported by convergent data 
that shows the association of high energy phosphate 
metabolites with abnormal functional connectivity,61 
changes in neurotransmitters such as glutamate,62 cogni-
tive impairments,63 hallucinations,64 and overall severity 
of psychopathology.65,66 These mechanisms may un-
derlie cortical thinning in observed regions, but precise 
pathways need to be elucidated in future studies.

Seven GWAS genes that were common to both FEAP 
and controls (ENOX1, KANSL1, KLF 6, MLXIP, 
PLCH2, RNASEH2C, and FAM216A) participate in 
molecular pathways of interest to SZ. Some of them are 
electron transport pathway67,68 (ENOX1), histone acetyla-
tion69,70 (KANSL1), tumor suppressor activity71 (KLF 6), 
regulation of genes in response to cellular glucose levels72 
(MLXIP), cleaving phosphatidyl inositol—a membrane 
phospholipid (MPL)—to generate second messengers 
such as inositol 1,4,5-triphosphate and diacylglycerol73,74 
(PLCH2). The latter gene is also involved in the formation 
and maintenance of neuronal networks in the postnatal 
brain. Association of pathways related to RNASEH2C 
(ribonuclease H2 subunit C) that cleaves ribonucleotide 
from RNA:DNA duplexes and FAM216A with SZ are 
not clear. Within this set of genes, 2 are related to cel-
lular energy regulation while others are associated with 
inflammatory response, cell growth, and gene regulation. 
Some of these pathways have been associated with altered 
CT.56,57 Thus, variants on these genes may contribute to 
pathophysiology through one of these pathways pro-
viding putative targets for further investigations.

Pathway analyses found association of some unique 
and overlapping molecular pathways with FEAP and 
HC, but more pathways were common to both groups 
suggesting that the gene expressions common to both 
groups may be relatively less important for pathophys-
iology of psychoses or SZ. In other words, analysis of 
genes associated with pathways unique to SZ may more 
likely highlight pathophysiologically significant molec-
ular mechanisms contributing to CT in SZ, e.g. inflamma-
tion, oxidative stress, glutamate signaling, and serotonin 
signaling pathways. Some genes were associated with mul-
tiple pathways, e.g. dermatan sulfate involved in neuronal 
development, formation of neuronal network, and neu-
ronal diversity.75 Similarly, sphingosine pathway involving 
NAAA was associated with cortical atrophy,76,77 regulation 
of neurite extension and neuronal plasticity78 and metab-
olism of sphingolipids such as sphingomyelin found in the 
plasma membrane are involved in neurodevelopment.79 
In addition, multiple genes, e.g. ACTC1, FTH1, MAPK3, 
PRDX1, and JUN participated in the NRF2-mediated 
oxidative stress response pathway. Thus, our findings are 
consistent with observations that one gene may partici-
pate in multiple pathways and a given pathway may be 
affected by multiple genes. Pathways involving MPL me-
tabolism (phosphatidylglycerol) and enzymes regulating 

the synthesis and catabolism of MPLs (phospholipases) 
were associated with CT. These findings concur with 
our prior studies using phosphorus magnetic resonance 
spectroscopy (31P MRS) that showed altered MPL me-
tabolism in SZ.80–82 In addition, genes that were signifi-
cantly correlated with CT are involved in the regulation 
of neurotransmitter secretion (e.g. glycine) and synaptic 
transmission (e.g. calcium ion channels, GABA). Further 
investigations would be necessary to elucidate differential 
effects and quantitively different levels of expression of 
such genes in controls, and persons with psychoses and 
to characterize unique effects of genes in these groups. 
While those that were unique to the disease could be the 
ones to follow-up for further characterization to under-
stand pathophysiology and possibly to identify molecular 
targets for novel treatment design.

Our study has several strengths and innovative aspects. 
This is the first study, as far as we know, using imaging 
transcriptomics approach to concurrently examine 3 mor-
phometric features among FEAP subjects, and SZ and 
NSZ subgroups. A recent study on first-episode schiz-
ophrenia used the coordinates of the regions observed 
in a meta-analysis to correlate with gene expression.27 
Although it is an interesting approach, our study used 
the direct measurement of 3 morphometric features to 
conduct correlations using a widely used analytical pipe-
line. A unique advantage of examining FEAP is that it 
minimizes the impact of medications and illness dura-
tion on the findings. We have examined FEAP consisting 
of different psychotic disorders in the spirit of Research 
Domain Criteria (RDoC) framework. Compared to 
prior studies correlating the AHBA’s expression data23,24 
with Desikan–Killiany-Tourville-atlas-based 62 cortical 
ROIs83 or voxel-based GMVs,27 we utilized the HCP-atlas 
that defines 360 ROIs that used topography, anatom-
ical and functional connectivity, function, and architec-
ture for parcellations compared to other atlases that use 
one of these for mapping gene expression. The HCP-
atlas was also parcellated by algorithmic and partly-
automated approaches, while other atlases use one of 
these approaches.31 We visually inspected for accuracy of 
parcellation to minimize mislabeling of small ROIs, thus 
ensuring a high-quality parcellation. Using the HCP-
atlas-based ROIs allows for a more granular mapping of 
gene expression to structurally and functionally connected 
cortical regions for future investigations. We recently 
published the results of structural covariance network 
analysis on the same cohort as a first step.84 One study 
using the Desikan–Killiany-Tourville atlas did not find 
correlation of CT with SZ risk gene expression profiles. 
Utilizing the HCP atlas, we were able to find correlations 
between gene expression and alternations in CT. These 
findings included 10 SZ GWAS genes. Additionally, 
prior studies examined the association of publicly avail-
able gene expression data with morphometry,24,27 white 
matter,23 and functional42,85 connectivity. Some prior 
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studies focused on association of cell-type specific genes 
with CT in adolescents24 and on SZ risk genes and white 
matter dysconnectivity in SZ,23 we examined correlation 
of expression of all genes agnostic to the association with 
SZ followed by examining the GWAS significance of 
the correlated genes. We used a standardized published 
workflow32,33 to aid in future replications and reproduci-
bility of the findings. Statistical analyses included appro-
priate covariates and correction for multiple comparisons 
minimizing false positive findings.

Limitations of our study include modest sample size 
and gene expression data from a different cohort than 
the morphometric measurements making it difficult to 
directly correlate gene expression with morphometric 
features. There are known limitations to using microarray 
data, such as the arrays providing an indirect measure of 
relative concentration and may capture the expression 
over a range of concentrations of expression. Microarray 
data may not reveal all splice variants, and, in the com-
plex human genome, the arrays show the expression of 
the genes that were known a priori. Recent methods 
such as RNS-seq may overcome these limitations, but 
these procedures have their own limitations in terms of 
cost and the requirement of very stringent quality con-
trol. RNA-seq data on the whole-brain is not yet fully 
available. Notwithstanding these weaknesses, this study 
highlights expression of different sets of genes and mo-
lecular pathways associated with CT in FEAP that can 
be further investigated for pathophysiology and develop-
ment of new treatments.
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