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DOES IMAGING GENETICS REVEAL SHARED MECHANISMS BEHIND PSYCHOTIC

SYMPTOM PROFILE?

by

WENHAO JIANG

Under the Direction of Jessica A. Turner, PhD

ABSTRACT

Current diagnoses of schizophrenia (SZ) and bipolar disorder (BD) are classified by
phenomenological principles and clinical descriptions. The boundaries of the disorders are
merging with accumulating shared genetic and brain mechanisms being uncovered. Imaging
genetics is a useful tool to understand the impact of genetic variations on the brain. It also
enables capturing the behavioral implication of those genes and associated brain alterations.

This study aimed to reveal the associations among sets of genetic variations, structural
brain abnormalities, and clinical symptom profiles shared in schizophrenia and bipolar disorders
by imaging genetics and multivariate approaches. First, we mapped the symptom profiles onto

brain patterns. Distinct structural brain patterns guided with symptom profiles represented by



positive and negative syndrome scale (PANSS), through parallel independent component
analysis (pICA) were extracted. Brain patterns related to positive symptoms, mood, and apathy
were discovered in SZ and BD. Second, we investigated the relationships of symptoms and brain
patterns regardless of diagnostic categories by projecting each disorder’s structural brain and
PANSS patterns into the other disorder group (e.g., projecting patterns from schizophrenia to
bipolar and vice versa) to reassess the associations. The projected brain patterns showed
associations with broad symptoms rather than the original PANSS patterns. Finally, we explored
the potential shared genetic mechanisms behind symptom-brain patterns by investigating the
effect of polygenic risk scores (PRS) from the Psychiatric Genomics Consortium (PGC). Both
SZ and BD PRS were significantly associated with the positive symptom-related brain patterns
in SZ. Higher genetic risks contributed to more severe gray matter concentration (GMC)
reductions in the temporal regions of SZ patients, and it may lead to worse positive symptoms.
Correspondingly, in the BD, both SZ and BD PRS were significantly associated with the mood
symptom-related brain patterns. Higher risks contributed to more severe gray matter
concentration (GMC) reductions in the frontal-temporal-parietal circuits with worse mood
symptoms. The polygenic effects behind the apathy component may be subtle. The results helped
improve the understanding of categories of psychotic disorders starting from schizophrenia and
bipolar disorder. It may essentially contribute to the more precise diagnosis and treatment for

heterogeneous populations with psychosis.

INDEX WORDS: Schizophrenia, Bipolar disorder, Diagnostic categories, Brain Structure,
Positive and Negative Symptom Scale, Imaging genetics, Multivariate Analysis
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1 INTRODUCTION AND LITERATURE REVIEW
1.1 Purpose of the Study

The current categories of psychiatric disorders are mainly based on phenomenological
observation and clinical descriptions (Feighner et al., 1972; Jiang, King, & Turner, 2019; Lawrie,
O'Donovan, Saks, Burns, & Lieberman, 2016b). Though these descriptions are reliable, they are
not established on precise pathological bases, thus facing difficulties in clinical heterogeneities
(Feighner et al., 1972; Robins & Guze, 1970). Additionally, similar psychotic symptoms
aggregate in different disorders and families. Underlying the aggregation, shared biological
mechanisms, including genetics and neural circuitry, are found (Bipolar Disorder Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2018; Cross-Disorder Group of the
Psychiatric Genomics et al., 2013; Noordermeer et al., 2017; van Haren, Bakker, & Kahn, 2008).
These findings suggest that the boundaries of psychiatric disorders are merging (Lawrie,
O'Donovan, Saks, Burns, & Lieberman, 2016a; Pearlson, Clementz, Sweeney, Keshavan, &
Tamminga, 2016).

In current research attempts, schizophrenia (SZ) and bipolar disorder (BD) are often
studied together to elucidate this cross diagnostic issue due to their clinical similarities, high
genetic correlation, and partially shared brain structural deficits (Andreassen et al., 2013; Bipolar
Disorder Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018; Stahl et
al., 2019) SZ patients generally show smaller brain volumes, overall gray matter reductions in
fronto-temporal, thalamo-cortical, subcortical-limbic circuits, and enlargement of ventricles
(partially shared by BD) (Palaniyappan et al., 2015). These brain alterations induced in part by
genetic variations (van Haren et al., 2008) are bridging the gap between gene and the

intermediate phenotype (Arslan, 2015; Gottesman & Gould, 2003), and even clinical symptoms



of disorders (Nenadic, Gaser, & Sauer, 2012) (see Figure 1). With the above so-called imaging
genetics method (Hashimoto et al., 2015; Meyer-Lindenberg & Weinberger, 2006; Thompson,
Ge, Glahn, Jahanshad, & Nichols, 2013; Turner et al., 2006), some exploratory studies have been
done to subdivide SZ and BD into different diagnostic groups regardless of their original
diagnosis (Clementz et al., 2016; Ivleva et al., 2016; Meda et al., 2015; Tandon et al., 2016).
However, further investigation to link these overlapped imaging and genetic variations with the
core symptom profiles is needed before moving forward into clinical practice (Tamminga et al.,
2013). To answer how exactly do potential imaging and genetic findings explain the clinical
symptom profiles and ensure stability, we will review related literature and try to discuss
possible methods in the following parts. The followings were partially published in author’s

previous review article (Jiang et al., 2019).
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Figure 1 The research strategy of imaging genetics (Jiang et al., 2019)



1.2 Genetic overlap between Schizophrenia and Bipolar Disorder

Besides the clinical observation of similarity in both disorders' symptoms and prognosis,
growing evidence from genetic and imaging studies confirms this overlap (Cross-Disorder Group
of the Psychiatric Genomics, 2013). Genes contribute greatly to the etiology of SZ and BD. The
heritability of SZ was around 80%, while in BD, it is estimated to be over 70% through meta-
analysis twin studies (Lichtenstein et al., 2009; Sullivan, Kendler, & Neale, 2003). Additionally,
an overall genetic correlation of 0.68 between SZ and BD has been demonstrated based on
common variants (Cross-Disorder Group of the Psychiatric Genomics, 2013).

The Val158Met single polymorphism (SNP) of catechol-O-methyltransferase (COMT),
the VVal66Met SNP of brain-derived neurotrophic factor (BDNF), and the Ser704Cys SNP of
disrupted-in-SZ 1 (DISC1) are the most well-known risk genes identified by candidate gene
analysis (Hashimoto et al., 2015). In contrast, the first few reports of genome-wide association
study (GWAS) demonstrated several loci associated with SZ, including Zinc finger protein
804A (ZNF804A), neurogranin (NRGN), and the major histocompatibility complex (MHC)
region. GWAS studies with increased sample size discovered more SZ related loci, and some of
these loci were shared by BD and other psychiatric disorders.(O'Donovan et al., 2008; Schwab &
Wildenauer, 2013). ZNF804A is the first discovered marker that may increase risk for both SZ
and BD, and meta-analysis has also supported its role (Williams et al., 2011). The combined SZ
and BD GWAS study from the Psychiatric Genomics Consortium (PGC) has identified Calcium
Voltage-Gated Channel Subunit Alphal C (CACNA1C), Ankyrin-3(ANK3), and Inter-Alpha-
Trypsin Inhibitor Heavy Chain 3-4 (ITIH3-1TIH4) as a risk for both disorders (Schizophrenia
Psychiatric Genome-Wide Association Study, 2011; Sullivan, Daly, & O'Donovan, 2012). Later,

introducing a pleiotropy-informed conditional false discovery rate, 14 loci were associated with



both disorders, and CACNALC and ITIH4 were identified again (Andreassen et al., 2013). The
PGC's diagnostic specificity of 5 disorders analyses has also shown 5'-nucleotidase, cytosolic Il
(NT5C2), and coiled-coil domain containing 68 (CCDC68) are associated with both disorders
(Cross-Disorder Group of the Psychiatric Genomics, 2013). The combined GWAS studies will
continue to reveal more critical loci, but the functional implication and role of these distinct
genes in SZ and BD will need further investigation.

In addition to candidate gene analysis, polygenetic methods combine a large number of
loci, allowing the overlap between disorders to be broadly assessed (Cross-Disorder Group of the
Psychiatric Genomics, 2013) As mentioned above, a genetic correlation around 0.68 blurs the

distinction across categories again and indicates a broad genetic mechanism for SZ and BD.

1.3 Structural Brains alterations in Schizophrenia and Bipolar Disorder

1.3.1 Structural Brain Alteration in SZ

Anatomical changes in fronto-temporal, thalamo-cortical, subcortical-limbic circuits,
enlargement of ventricles, and widespread white matter fibers abnormalities are found in
structural brain studies in SZ; still, heterogeneity in brain abnormality patterns is shown across
different studies (Dazzan et al., 2015). With the growing sample size and collaboration through
different sites, many large meta-analyses have provided new information. The ENIGMA SZ
working group’s meta-analysis of subcortical regions across several thousand subjects reported
the consistent findings of the smaller hippocampus, amygdala, thalamus, accumbens, and
intracranial volumes, but larger pallidum and lateral ventricles (van Erp et al., 2016). The
putamen and caudate volume effects were not reliable across different populations and studies
even with this sample size, indicating the possibility of clinical heterogeneity affecting those

regions (van Erp et al., 2016). In addition, widespread cortical thinning and smaller surface area



with the strongest effect in frontal and temporal regions were identified in SZ again in an
ENIGMA SZ study (van Erp et al., 2018).

Functional imaging studies yield comparable results with structural studies. The reduced
activation in the prefrontal cortex, superior temporal gyrus, thalamus, frontal lobe, and parietal
lobe has been reported in either resting state or task fMRI1 (Cao, Dixson, Meyer-Lindenberg, &
Tost, 2016). Besides all these regions of hypoactivity, hyperactivity has also been reported in the
hippocampus and putamen (Cao et al., 2016). Besides, functional connectivity, network analysis,
and graph theory application to functional imaging data form an even larger neuroanatomical
map and will only be discussed in the following sections when studied using an imaging genetic

method and with relatively consistent functional implications.

1.3.2 Structural Brain Alteration in BD

The anatomical changes in BD are milder and less consistent than SZ (Hibar et al., 2018;
Hibar et al., 2016; van Erp et al., 2016; van Erp et al., 2018). Various meta-analyses of structural
MRI studies have been carried out in BD and healthy controls. The only consistent findings
based on previous literature were the enlargement of the right lateral ventricular (Kempton,
Geddes, Ettinger, Williams, & Grasby, 2008; McDonald et al., 2004). Other studies may indicate
dorsolateral prefrontal cortex (Dickstein et al., 2005), ventrolateral prefrontal cortex (Blumberg
et al., 2006), superior temporal gyrus (Elvsashagen et al., 2013; Hegarty et al., 2012; Lyoo et al.,
2006), the anterior cingulate (Fornito et al., 2008; Fornito et al., 2009) and subcortical region
including amygdala with the thalamus (McDonald et al., 2004) are potentially affected in BD and
controls. The ENIGMA BD working group identified consistent and robust grey matter deficits
in subcortical regions, including the hippocampus, thalamus, and enlarged lateral ventricles

(Hibar et al., 2016). In cortical regions, cortical thinning was found in frontal, temporal, and



parietal regions e.g. pars opercularis, left fusiform gyrus and left rostral middle frontal cortex
(Hibar et al., 2018). The functional findings of BD can be less consistent than the structural
findings, though they reflect similar regions. The most commonly detected hypo/hyper-activation
in prefrontal-frontal-limbic circuits indicated disrupted emotional regulation in BD patients
(Chen, Suckling, Lennox, Ooi, & Bullmore, 2011; Strakowski, Delbello, & Adler, 2005;

Townsend & Altshuler, 2012).

1.3.3 Potential Brain Alterations Shared by SZ and BD

Many of the above regions have been identified as structural or functional commonalities
among multiple diagnostic categories, including SZ and BD (Isobe et al., 2016; Schwarz, Tost, &
Meyer-Lindenberg, 2016). SZ and BD both have deficits in the frontal-temporal-parietal circuit
(Hibar et al., 2018; van Erp et al., 2018), prefrontal-striatal-thalamic-cerebellar circuit (Soh et al.,
2015), default mode network (Soh et al., 2015; Wang et al., 2015), insula (Maggioni, Bellani,
Altamura, & Brambilla, 2016; Selvaraj et al., 2012), anterior cingulate cortex (Arnone et al.,
2009; Ellison-Wright & Bullmore, 2010), and other numerous brain regions (Yu et al., 2010).

In addition, starting from the same point as genetics, imaging research efforts are trying
to redraw the boundaries between psychotic disorders with shared imaging features. From
Bipolar-SZ Network on Intermediate Phenotypes (B-SNIP) Consortium, Clementz et al. applied
neurobiological measures among SZ, BD, and SAD their first-degree relatives, and unrelated
controls, and tried to regroup them into “biotypes” rather than DSM catalogs (Clementz et al.,
2016), using a wide selection of psychotic biomarkers and functional brain activity measures.
Clementz et al. then identified three “biotypes” which were also found to be more heritable than
their original DSM diagnoses. Sensorimotor reactivity and cognitive control performance

distinguish three biotypes: Biotype 1 patients showed serious impairment across sensorimotor



reactivity and cognitive control. Biotype 2 patients show only cognitive control deficits,, and
biotype 3 patients seem to be the mildest in cognitive symptoms. The B-SNIP group has also
been trying to find other factors contributing to its biotyping; one attempt is to use the low-
frequency fluctuations (ALFF/fALFF) across the SZ, BD, and SAD from a large family study
(Meda et al., 2015). More recently, gray matter density was checked in these three biotypes, and
the density loss followed the same order as cognitive decline: biotype 1 showed whole-brain gray
matter density loss, while type 2 showed largely overlapping results with type 1, and the largest
effects were found in fronto-temporal circuits, parietal cortex, and cerebellum. The findings were
much more localized and of less magnitude for type 1. Type 3 only showed small reductions in
frontal, cingulate, and temporal regions despite their similar DSM diagnoses (Ivleva et al., 2016).
In a larger perspective, both highlighted by ENIGMA and B-SNIP studies, the most robust and
stable GM alterations shared between SZ and BD may spread throughout the whole brain with a
strong emphasis on the frontal-temporal-parietal circuits. In addition, this circuit plays an
important role in shared anatomical bases for potential biotypes between SZ and BD. These
findings help mark the targets for the phenotypic and genetic implications behind common brain

alterations in SZ and BD.

1.4 Imaging Genetics of Psychotic Symptoms and Cognition

The imaging genetic studies incorporating a complete pathway from genes and structural
brain alterations to clinical symptoms are very limited (Hashimoto et al., 2015; Sagar &
Pattanayak, 2017; Shahab et al., 2018; Strik, Stegmayer, Walther, & Dierks, 2017). Researchers
have been trying to map psychotic symptoms of disorders like SZ and BD onto brain structure
and function for decades (Strik et al., 2017). It is generally understood that symptoms including

thought disorders (Cavelti, Kircher, Nagels, Strik, & Homan, 2018; Kaplan et al., 1993; Liddle et



al., 1992; Sabri et al., 1997) and auditory verbal hallucinations (Hare et al., 2017; Hare et al.,
2018; Kompus, Westerhausen, & Hugdahl, 2011; Stegmayer et al., 2017) can be mapped to
semantic regions, affective and paranoid syndromes to limbic regions (Garety & Freeman, 2013;
Kapur, 2003; Lebow & Chen, 2016; Ramirez, Moscarello, LeDoux, & Sears, 2015) and motor
symptoms to the executive domain (Kendler, 2016; Peralta & Cuesta, 2017; van Harten, Walther,
Kent, Sponheim, & Mittal, 2017). However, these results can be quite broad, and lack
replications (Insel et al., 2010; Strik et al., 2017).

Some imaging genetic studies in cognition may add to our knowledge based on the
aggregate pathway of single cognitive domains and shared risk genes between SZ and BD.
Working memory deficit is a fundamental and critical characteristic in SZ and BD. The most
well studied intermediate imaging phenotype was the connection abnormalities between
dorsolateral prefrontal cortex and hippocampus. Among the shared risk genes, ZNF804A
(Esslinger et al., 2009; Paulus et al., 2013; Rasetti et al., 2011) and CACNAL1C (Paulus et al.,
2014) have been associated with the prefrontal cortex and hippocampus connection alteration. In
healthy subjects, the risk allele of ZNF804A was associated with increased connectivity. COMT
(Tan et al., 2012), Regulator of G protein signaling 4 (RGS4) (Buckholtz et al., 2007), and
COMT X glutamate metabotropic receptor 3 (GRM3) epistasis are connected to prefrontal
cortex-parietal coupling in healthy subjects. For episodic and long-term memory, which is also
often disturbed in SZ and BD, possible intermediate imaging phenotypes included decreased
coupling of the hippocampus-parietal cortex, hippocampus, ventrolateral prefrontal cortex, and
bilateral hippocampus (Bearden, Woogen, & Glahn, 2010; Guo, Ragland, & Carter, 2019;

Shinozaki & Potash, 2014). However, the genetic association within this thread is elusive (Cao et



al., 2016). CACNALC (Erk et al., 2010) and NRGN (Krug et al., 2013) might be involved in
these memory processes as well.

There are several other cognitive functions often impaired both in SZ and BD. Essential
risk genes including NOS1, CACNA1C, and ZNF804A affected attentions deficits through
alterations in the prefrontal cortex and inferior frontal gyrus (Zhang et al., 2015), inferior parietal
lobule and medial frontal gyrus (Thimm et al., 2011), anterior cingulate cortex (Thurin et al.,
2013), and bilateral hippocampus (Bigos et al., 2010). In emotion-processing, ZNF804A
(Esslinger et al., 2009), DRD?2 (Blasi et al., 2009), COMT (Drabant et al., 2006), and MIR137
(Mothersill et al., 2014) have been proved for their roles in affecting the amygdala, anterior
cingulated, and prefrontal cortex which was directly connected the various stages of emotion
processing. The reduced theory of mind capabilities tends to hinder SZ and BD patients from
understanding themselves and others' mental states. ZNF804A risk alleles along with alterations
in the prefrontal cortex, parietal cortex, and temporal-parietal junction were found critical in such
social information processes (Mohnke et al., 2014; Walter et al., 2011).

In summary, current imaging genetic studies with behavioral implications among SZ and
BD are mostly limited to functional brain measures (Jiang et al., 2019). In addition, most of these
trials were not directly carried out in patients with SZ and BD (Cao et al., 2016). Inevitably,
besides cognitive impairment, clinical symptoms are even more critical for the diagnostic issue
and future work of disorder boundaries. Finally, candidate gene analyses reveal relatively small
effect sizes and explain limited brain alterations (Hibar et al., 2015). In contrast, this study
focuses on extracting structural brain deficits associated with clinical symptom profiles to
overcome such limitations. The common allele suggested by SZ and BD GWAS study will be

collected to weight the polygenic risk on the extracted brain deficits in either diagnostic group.
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Thus, insight can be provided for possible shared imaging genetic mechanisms behind SZ/BD

symptoms.

1.5 Multivariate Analysis and Data Projection

As discussed above, though candidate gene analyses reveal some genetic effects on brain
alterations, the effect size and consistency across different studies are limited. Combining genetic
risk as a polygenic risk score may help resolve this issue (Bogdan et al., 2017; Euesden, Lewis,
& O'Reilly, 2015; Hashimoto et al., 2015). However, imaging phenotypes can be another
essential source resulting in such inconsistence (Winkler et al., 2010). The genetic loci or SNPs
may have potential effects on multiple brain regions rather than a single region. Previously
identified anatomical atlas and the region of interest studies based on a detailed atlas may fail to
capture the complete genetic influence (Desikan et al., 2006). In addition, brain regions
themselves are not independent, and they are likely to demonstrate some covariation (Jiang et al.,
2019; Mennigen et al., 2019).

Multivariate analysis such as independent component analysis (ICA) or source-based
morphometry (SBM) is useful in constructing such brain phenotypes considering their
covariance (Xu, Groth, Pearlson, Schretlen, & Calhoun, 2009). The multivariate analysis
produces distinct spatial brain structural circuits that covary in the data. All brain voxels and the
relationship among them are taken into consideration simultaneously. Multivariate analysis has
proved its usefulness and reproducibility in the decomposing structural brain (Gupta et al., 2015)
and its association with heritability (Sprooten et al., 2015; Turner et al., 2012) in psychiatric
disorders.

Similarly, the mapping of psychiatric symptomatology onto specific brain structural

alterations has yielded inconsistent findings. Most previous studies have calculated associations
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between symptoms and structural brain measures using predefined brain regions based on atlas
parcellations or voxels, and total or factor scores from assessment scales on the other hand. Even
though these approaches are informative, they might lack sensitivity to detect alterations
associated with specific symptoms or clusters of symptoms. In one step further than SBM/ICA,
one approach to overcome these shortcomings is to apply parallel independent component
analysis (pICA), which identifies patterns of alterations within two or more modalities
simultaneously (Calhoun & Sui, 2016; Liu et al., 2009; Pearlson, Liu, & Calhoun, 2015). The
extension to ICA/SBM algorithm, pICA, performs individual ICA on multiple data modalities,
‘in parallel’, maximizing independence within each modality while optimizing the correlation of
independent components between the data modalities. As a result of this type of analysis,
correlation coefficients between the two modalities' independent components are estimated.
Individuals' loading coefficients for each independent component can then be used to interrogate
group differences further. A recent study employing pICA on functional connectivity measures
of the default mode network (DMN) and genetic data found that genes regulating
neurodevelopmental processes are associated with functional hypoconnectivity of the DMN in
patients with schizophrenia (Meda et al., 2015). Applying pICA will provide meaningful insights
into the etiology of psychiatric disorders, encouraging further multimodal investigations.

In addition to multivariate analysis in a single data, projection of multivariate findings
can again enhance the stability and contribute to the cross disorder issue. In new data (e.g.
another disorder), projection helps achieve the loading coefficients corresponding to the original
components such as brain patterns, gene/SNP sets, and clinical profiles. It makes it possible to
reassess the association between projected patterns in the new data (Chen et al., 2019). In this

way, the mapping of symptomatology onto the brain in SZ can be projected into BD patients, and
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it will help to reveal whether association remains valid between psychiatric symptom profile and
brain alterations despite the diagnostic categories.

In summary, multivariate analysis helps to construct the symptom profiles, structural
brain patterns, and genetic risk covarying through the data. Thus, it will reduce the bias of
selecting behavioral and brain phenotypes and maximize the modalities' potential. The projection
of these multivariate findings helps validate discovered associations across different disorders
with the potential shared mechanism. Also, polygenic methods rather than single variation
enhance the capturing of genetic effects in a more realistic background. Therefore, to answer
how exactly do potential imaging and genetic findings explain the clinical symptom profiles and
ensure stability, we extracted the brain structural effects behind clinical profiles from both SZ
and BD through pICA. Additionally, we examined whether these brain alterations were shared
by SZ and BD or specific to the original diagnostic groups. Finally, we explored the polygenic
factors that modify brain patterns. Thus, we presented potential pathways from genes to brain to

clinical symptom profiles behind SZ and BD.
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2 AIM1: MAP STRUCTURAL ALTERATIONS ONTO PSYCHOTIC SYMPTOM

PROFILE(S) IN SZ AND BD

2.1 Aim and hypothesis

In this study, the first aim was to map structural alterations of brains onto the psychotic
symptom profile(s) in SZ and BD. The symptom profiles were represented and described by the
Positive and Negative Symptom Scale (PANSS). The correlations between loading coefficients
of brain and PANSS components extracted by pICA were tested, and the patterns of brain and
profiles of symptoms were examined. We hypothesized that, given the different symptom
patterns in the different disorders, the symptoms profiles represented by the PANSS will extract
distinct brain structural components in both SZ and BD. These analyses have been published in

part in author’s previous publications (Jiang et al., 2020; Mennigen et al., 2019).
2.2 Methods

2.2.1 Participants

For the whole project, data were pooled from seven major studies: TOP (Thematic
Organized Psychosis research; Oslo, Norway) (Athanasiu et al., 2010), FBIRN 3 (Functional
imaging Biomedical Information Research Network, multiple sites in the USA) (Potkin et al.,
2009; Wible et al., 2009), COBRE (Center of Biomedical Research Excellence, Albuquerque,
NM, USA) (Aine et al., 2017; Gupta et al., 2015), B-SNIP (Bipolar and Schizophrenia Network
for Intermediate Phenotypes, multiple sites in the USA) (Meda et al., 2014), MCIC (MIND

Clinical Imaging Consortium, Albuquerque, NM, USA ) (Gollub et al., 2013), and HUBIN
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(Human Brain Informatics, Stockholm, Sweden.) (Nesvag et al., 2008). Data were collected

under the approval of local institutional review boards, and all participants provided informed

consent. All studies provided structural MRI data as well as PANSS item scores. In total, data

were obtained from 1065 patients with a diagnosis of SZ, 268 patients with a diagnosis of BD,

and 1011 NC, as confirmed by the Structured Clinical Interview for Diagnosis (SCID) for DSM-

IV or DSM-IVTR conducted at each study site (First, 2004). All studies provided information on

age at the time of the scan, sex, duration of illness, and medication status (in varying details) for

each participant. Scanning information is included in table 1.

Table 1 Scanning and site information for each dataset

Study  Size  Sites Scanner (T) Sequence Voxel size (mm) Orientation
FBIRN3 356 8 Siemens Tim Trio (3) MPRAGE 1.1x09x1.2 Sagittal
TOP 414 1 Siemens (1.5) MPRAGE 1.33x094x1 Sagittal
COBRE 156 1 Siemens Tim Trio (3) MPRAGE 1x1x1 Sagittal
GE Signa (3)
Philips Achieva (3)
Siemens Allegra (3)  MPRAGE
B-SNIP 395 5 ) 1x1x1 Sagittal
Siemens Trio (3) IR-SPGR
GE Signa HDxt (3)
Siemens Trio (3)
Siemens (1.5) Grad Echo 0.625 x 0.625 x1.5
MCIC 233 GE Signa (1.5) Grad Echo 0.664 x 0.664 x1.6 Coronal
Siemens Trio (3) MPRAGE 0.625 x 0.625 x1.5
Siemens (1.5) Grad Echo 0.625 x 0.625 x1.5
HUBIN 195 1 GE Signa (1.5) SPGR I1x1x1 Coronal

In aim 1, data of the SZ group were pooled from three major studies: TOP, FBIRN 3, and

COBRE. In total, data were obtained from 342 patients with a diagnosis of schizophrenia,
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schizoaffective, or schizotypal disorders as confirmed by the Structured Clinical Interview for
Diagnosis (SCID) for DSM-IV or DSM-IV-TR conducted at each study site (Mennigen et al.,
2019). Demographic and scanning information is presented in Table 2.

Table 2 Demographic and scanning information of SZ participants

FBIRN 3 (156) TOP (110) COBRE (71)
Age(years) 39.4 #1.7° 30.9 48.2° 36.7 #12.3°
Duration of 18.0 +11.8° 7.146.3 16.0 #12.0°
illness(years)
AP medication (in%) 95.6 88.2 915
CPZ equivalent (in 542.3 #1271.4 n/a 516.3 #1095.4
mg/d)
PANSS total score 59.2 #14.6 61.8 #17 59.9 #14.3
Field strength (T) 3 1.5 3
Sequence MPRAGE MPRAGE MPRAGE
Voxel size (mm) 1.1x09x1.2 1.3x09x1 1x1x1

AP — antipsychotic medication, CPZ — chlorpromazine equivalent. The Superscript a and b indicated the

result of ANOVA with post-hoc pairwise comparisons (with Bonferroni correction).

The BD study used data from 110 patients with bipolar | (n=69) or 1l (n=41) diagnoses
from the TOP study (Jiang et al., 2020; Rimol et al., 2012). Patients met the following criteria to
be included in the study: 1) aged from 18 to 65 years; 2) understood and spoke a Scandinavian
language; 3) had no history of severe head trauma; 4) had 1Q over 70. The diagnosis of bipolar |
(DSM-IV 296.0-7) and bipolar 2 (DSM-1V 296.89) was established by the Structured Clinical
Interview for DSM-IV Axis | Disorders. At the stage of enrollment, the mood status of the
patients was identified as depressive (n=60), manic (n=5), euthymic (n=40), mixed (n=2), and

unspecified (n=3). In addition, 54 patients (approximately 50%) experienced at least one lifetime
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psychotic episode. PANSS scores and structural MRI data were available for all the participants,

and detailed demographic and scanning information is presented in Table 3.

Table 3 Demographic and scanning information of BD participants

Mean SD
Age (years) 34.87 11.65
Females (N/%) 72 (65%)
Duration of illness (years) 12.13 10.09
PANSS positive score 9.81 3.28
PANSS negative score 9.75 3.54
PANSS general score 25.42 5.82
PANSS total score 44.96 10.33
Field strength (T) 1.5
Sequence MPRAGE
Voxel size (mm) 1.33x0.94x1
Scanning orientation Sagittal

SD = standard deviation

2.2.2 Positive and negative symptom scale

The PANSS is one of the most commonly used questionnaires to assess symptomatology

in patients with SZ (Kay, Fiszbein, & Opler, 1987). It allows for the assessment of dimension-

specific abnormalities across positive, negative, and general symptoms. In PANSS, the positive

symptoms score includes delusions, conceptual disorganization, hallucinations, excitement,

grandiosity, suspiciousness, and hostility. The negative scores includes blunted affect, emotional

withdrawal, poor rapport, passive/apathetic social withdrawal, difficulty in abstract thinking, lack

of spontaneity and flow of conversation, and stereotyped thinking. Importantly, PANSS has

already proved its usefulness in discovering the potential relationship between clinical

dimensions and brain alterations (Koutsouleris et al., 2008).
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2.2.3 Preprocessing of imaging data

T1-weighted structural MRI data were normalized to the standard Montreal Neurological
Institute (MNI) template using a 12-parameter affine model, resliced to a voxel size of 2 x 2 x
2mm, and segmented into GM, white matter, and cerebrospinal fluid using Statistical Parametric
Mapping 12 (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/), ending with
normalized segmented images, prior to smoothing. To identify possible outliers, individual scans
were correlated with the group-generated GM template, and outliers were visually checked.
Scans showing low correlations with the group-generated GM template (p < 0.98) were
discarded. In addition, since the pICA would be carried out independently on SZ and BD, the
regression of age, gender, head motions (subjects with available functional images) and/or site
was performed on each diagnostic group separately. Voxel-wise regression was applied to
remove the effects of these three variables on patients with SZ. However, only age and sex were
included in the regression model for patients with BD. Finally, structural MRI data were
smoothed with a 10mm Gaussian kernel (Silver, Montana, Nichols, & Alzheimer's Disease

Neuroimaging, 2011).

2.2.4 Parallel Independent Component Analysis

In aim 1, the fusion ICA Toolbox (FIT, http://mialab.mrn.org/software/fit/) was used to
perform pICA on the smoothed, normalized structural MRI data and raw PANSS scores (30
items per participant) on SZ and BD separately. The minimum description length (MDL)
algorithm (Rissanen, 1978) was used to estimate the optimal component numbers of the
structural MRI data. Each PANSS item was designed to represent distinct psychopathological
symptoms. Considering the inner structure of the PANSS (positive, negative, and general

dimensions), the model order was set to three independent components. Importantly, a PANSS
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component derived from the ICA reflected any combination of PANSS items based on the data
itself, and the three PANSS components did not necessarily reflect the preset inner structure.
Within the pICA framework, a GM mask was applied to structural MRI data before ICA was
performed. To ensure stability of component estimation, infomax ICA ran 20 times, and the
central point of 20 runs was selected as the final component using ICASSO (Himberg,
Hyvarinen, & Esposito, 2004).

The numbers of pairs of GM components and PANSS components varying from 1 to 3
(default setting) were included and tested according to the actual constrain situation.
Components that showed the highest (from 1% to 3 ) correlation was constrained in the analysis
in order to yield more stable results. More specifically, the correlation between loading
coefficients of this structural MRI-PANSS pair was enhanced through pICA, while independence

within each modality was further maximized.

2.2.5 Statistical analyses
Statistical analysis was performed in MATLAB 2017b.( MATLAB and Statistics
Toolbox Release 2017b, the MathWorks, Inc., Natick, MA ) and SPSS 17.0 (SPSS, Inc., Chicago,

IL).

2.2.5.1 Correlation between loading coefficients of SMRI components and PANSS
components
To determine whether the loading coefficients of SMRI components correlated with the
loading coefficients of the PANSS components, the correlation analysis was performed within
the extracted pairs of SMRI components and PANSS components during the pICA process by
fusion toolbox. Note that age, gender, and site effects were previously removed from the

structural brains. The conservative Bonferroni correction was employed for multiple testing. This



19

threshold was decided by all the combinations of all extracted components from both modalities.
To indicate significance, P values had to exceed .05/(number of SMRI components*number of
PANSS components).

In addition, all pICA analyses were validated by 10-fold validation (Salman et al., 2019;
van der Gaag, Hoffman, et al., 2006). Each validation included 90% of the individuals of the
sample and was balanced across different study sites if applicable. Parameter settings were the
same as in the original analysis. The results from each iteration were examined for overlap, i.e.,

correlation, with the original pICA output.

2.2.5.2 Potential confounders in SZ

Since the data of SZ patients were selected from multi-center studies, the potential effects
of study site and illness duration on PANSS scores were explored in a multivariate analysis of
co-variance (MANCOVA) framework: the 30 PANSS items (multivariate dependent variable)
were tested for associations with the study site (independent variable) while controlling for
illness duration (covariate). In addition, the PANSS total scores (dependent variable) were tested
for an association with study site (independent variable) controlling for illness duration
(covariate) employing analysis of co-variance (ANCOVA).

Duration of illness (DOI) and medication status were typical confounders in studies
involving patients with SZ. In a regression framework, the possible effects of DOI (independent
variable) on the loading coefficients of the sSMRI component and the PANSS component
(dependent variable) were tested. We tested for the effect of medication on both modality
loading coefficients in participants for whom chlorpromazine (CPZ) equivalents were available.

Spearman’s rho was tested because of a skewed distribution.
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To further explore the relationship between the traditional PANSS dimension scores and
the data-driven dimensions of the PANSS and sMRI components derived from the pICA,
correlation analyses were performed on PANSS positive, negative, and general scores and the
loading coefficients of the components. An alpha level of .05 was applied as our significance

threshold for all the above analyses.

2.2.5.3 Potential confounders in BD

BD patients were collected from one site. However, DOI and medication status were also
assessed as in the SZ. DOI (predictor) on the loading coefficients of the SMRI component and
the PANSS component (dependent variable) was tested in a regression framework. We also
tested the medication effect on the loading coefficients of both modalities with Spearman’s rho.
Different from CPZ in SZ samples, the current medication status was included as a binary
variable according to whether or not the patients were currently on antipsychotic, antiepileptic,
or lithium treatment.

In addition, the relations of original PANSS subscale scores (positive, negative, and
general symptoms), PANSS loading coefficients and sSMRI loading coefficients from pICA were
assessed following the same step in SZ patients for correlations. An alpha level of .05 was

applied as our significance threshold for all the above analyses.
2.3 Results
2.3.1 SZ group results

2.3.1.1 The PANSS scores
The PANSS total score did not differ significantly between sites of the three different
studies after controlling for illness duration (F = 1.57, df = 7, p = 0.14). However, the

MANCOVA revealed significant differences in several PANSS items (see Table 4).
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Table 4 Significant MANCOVA results of study site differences on PANSS items corrected for
illness duration at p < 0.05, uncorrected

PANSS item F statistic p-value

P2 Conceptual disorganization 2.18 0.028
P7 Hostility 2.83 0.005
N2 Emotional withdrawal 2.01 0.045
N3 Poor rapport 4.3 <0.001
N5 Difficulty abstract thinking 12.39 <0.001
N6 Lack of spontaneity 2.15 0.031
N7 Stereotyped thinking 2.29 0.021
G4 Tension 2.13 0.033
G5 Mannerism 2.86 0.004
G6 Depression 2.78 0.005
G9 Unusual thought content 2.18 0.029
G10 Disorientation 3.83 <0.001
G11 Poor attention 2.46 0.013
G12 Lack of judgement 4.12 <0.001
G13 Disturbance of volition 3.51 <0.001
G16 Active social avoidance 3.1 0.002

Importantly, items that contributed most to the PANSS component, including delusional
symptoms (P1), suspiciousness/persecution (P6), and anxiety (G2), were not significantly

associated with study site (see Table 5).
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Table 5 PANSS items contributing most to the first PANSS component with |Z| > 1

PANSS item Z-score
P1 Delusion 2.87
P6 Suspiciousness 2.52
G2 Anxiety 1.24
P3 Hallucination 1.14
N3 Poor rapport -1.06
G13 Disturbance of volition -1.09
G8 Uncooperativeness -1.22
G10 Disorientation -1.23
G5 Mannerisms and posturing -1.31

2.3.1.2 Parallel Independent Component Analysis

The correlation between the structural MRI and PANSS components was Pearson’s r =
0.25 (p = 2.62e™®, Bonferroni-corrected threshold = 6.67°*) shown in Figure 2. The 10-fold
validation showed that results in 8 out of the 10 validation runs were consistent with findings of
the original analysis. Given that the correlation was positive, individuals with greater structural

loading coefficients for this component also showed greater symptom profile loadings.
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Figure 2 Correlation between loading coefficients of the top PANSS component and the top
structural MRI component. Pearson’s r = 0.25, p = 2.62e-06 (Bonferroni-corrected threshold =
6.67e-04) (Mennigen et al., 2019).

The structural MRI component consisted of lower GM concentration in bilateral inferior
temporal gyrus merging with fusiform gyrus and the gyrus rectus, and higher GM concentration
in bilateral pre- and postcentral gyrus (see Figure 3a and Table 6).

The PANSS component was most strongly positively weighted on delusional symptoms
(P1), hallucinatory behavior (P3), suspiciousness/persecution (P6), and anxiety (G2). Poor
rapport (N3), mannerism and posturing (G5), uncooperativeness (G8), disorientation (G10), and
disturbance of volition (G13) were negatively associated with this component (Figure 3b).

In summary, patients with higher reductions in inferior temporal gyrus and fusiform
gyrus and increased GM concentration in pre- and postcentral gyrus, also exhibit a more severe
symptom profile consisting of higher delusional symptoms, suspiciousness, and anxiety and

lower symptoms of mannerism, disorientation, and uncooperativeness.
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The 10-fold validation showed high correlation with the original pICA run with a mean

correlation of Pearson’s r = 0.81; in 2 out of 10 validation runs the directionality of the structural

MRI component and therefore its association with the PANSS component was inverted.

Table 6 Brain regions, volumes and peak coordinates in SZ group

Structural Brain regions Volume (cc®)  Brodmann Z-score and peak
MRI clusters area coordinates
Cluster 1 R Fusiform Gyrus 0.59 20, 36 -2.8 (22,2,-40)

R Inferior Temporal 0.44
Gyrus
Cluster 2 R Fusiform Gyrus 0.83 20,36,37 -3.6 (46,-38,-28)
R Inferior Temporal 1.6
Gyrus
Cluster 3 L Fusiform Gyrus 0.85 20,36,37 -3.3(-42,-34,-22)
L Inferior Temporal 0.84
Gyrus
Cluster 4 Rectal Gyrus 0.78 11,47 -3.0 (10,26,-26)
Cluster 5 R Precentral Gyrus 3.2 3,4,6 3.8 (18,-28,70)
R Postcentral Gyrus 2.0
Cluster 6 L Precentral Gyrus 2.5 3,4,6 4.0 (-12,-22,-72)
L Postcentral Gyrus 0.5

Z-threshold > 2, and clusters size > 150 voxel

. L - left, R - right.
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Figure 3 Parallel ICA results in SZ group - the top a) structural MRI and b) PANSS components.
PANSS items with |Z| >1: P1 — delusion symptoms; P3 — hallucinatory behavior; P6 —
suspiciousness/ persecution; N3 — poor rapport; G2 — anxiety; G5 — mannerisms and posturing;
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G8 — uncooperativeness; G10 — disorientation; G13 — disturbance of volition (Mennigen et al.,
2019).

2.3.1.3 Additional analyses

The regression models including loading coefficients of the structural MRI component or
PANSS component (dependent variable) and illness duration (predictor) showed no significant
association (Bsmri = 0.25, tsmri = 0.45, psmri = 0.65; Ppanss = 0.03, tpanss = 0.62, ppanss = 0.54).

Within the subsample with available CPZ equivalents there were no significant
correlations between CPZ equivalents and the structural MRI loading coefficients (Spearman’s p
= 0.08, p = 0.25) or loading coefficients for the PANSS component (Spearman’s p = 0.12, p =
0.1). CPZ equivalents did not differ significantly between the two studies providing these data (t
=-0.15, df =197, p = 0.89).

The correlation between the traditional PANSS dimension scores and the experimentally
derived PANSS loading coefficients revealed high correlations with PANSS positive (Pearson’s
r =0.83, p <0.001), negative (Pearson’s r = 0.51, p < 0.001), and general (Pearson’s r = 0.85, p
< 0.001) scores.

Likewise, loading coefficients of the structural MRI component were significantly
correlated with PANSS positive (Pearson’s r = 0.23, p < 0.001), negative (Pearson’s r=0.14, p =

0.008), and general (Pearson’s r=0.22, p < 0.001) scores.
2.3.2 BD group results

2.3.2.1 Parallel Independent Component Analysis
Two pairs of SMRI and PANSS components showed significant correlations, passing the

Bonferroni correction threshold of 6.67 x 10 (determined by 25 sMRI components and 3
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PANSS components). In the first pair of components, the correlation between the structural MRI
and PANSS components was Pearson’s r = -0.41 (p = 7.67 x 10, see Figure 4). In the second
pair, the correlation was Pearson’s r = -0.35 (p = 1.80 x 10, see Figure 5). The negative
correlation indicated that greater loading coefficients of SMRI correlated with lower loadings of
symptom profile represented by PANSS.

In the first pair, the SMRI component showed positively contributing GM concentration
mainly in right middle/superior temporal gyrus in the more medial aspect (extended to inferior
frontal gyrus, see Figure 4 and Table 7). The corresponding PANSS component was positively
weighted strongly on anxiety (G2), guilty feelings (G3) and depression (G6); the lack of
spontaneity and flow of conversation (N6) was negatively associated with this component (see
Figure 4). Participants with higher preserved GM concentration in right superior/middle temporal
gyrus exhibited reduced severity in these symptoms consisting of anxiety, guilty feelings and
depression.
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Figure 4 Parallel ICA results in BD group — ‘mood’ component a) structural MRI and b) PANSS
component. PANSS items with |[Z| >1: N6 — Lack of spontaneity and flow of conversation; G2 —

Anxiety; G3 — Guilty feelings; G6 — Depression (Jiang et al., 2020).

In the second pair, positively contributing GM concentration was mainly located in
bilateral middle frontal gyrus, bilateral parietal lobule including postcentral gyrus with temporal
regions on the left side (left inferior, middle and superior temporal gyrus), and negatively
contributing GM concentration was located in left supramarginal gyrus for the SMRI component
(see Figure 5 and Table 7). The PANSS component was positively weighted strongly on blunted
affect (N1), emotional withdrawal (N2), passive/apathetic social withdrawal (N4), depression
(G6) and active social avoidance (G16), and excitement (P4) and guilty feeling (G3) was
negatively associated with this component (Figure 5). In summary, participants with higher
preserved GMC in bilateral frontal, parietal and left temporal regions show milder severity for

these symptoms.
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Flgure 5 ParaIIeI ICA results in BD group — ‘apathy’ component a) structural MRI and b)
PANSS components. PANSS items with |Z| >1: P4 — Excitement; N1 — Blunted affect; N2 —
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Emotional withdrawal; N4 — Passive/apathetic social withdrawal; G3 — Guilty feelings; G6 —

Depression;G16 — Active social avoidance (Jiang et al., 2020).

Table 7 Brain regions, volumes and peak coordinates in BD group

Brain Brodmann Volumes Peak coordinates
regions area (cc?) (Z and coordinates)
Component 1
R superior temporal
gyrus (extended to
Cluster 1 o 48 3.6 6.0 (48, 14, -6)
inferior frontal gyrus
& insula)
R middle temporal
Cluster 2 39 2.7 7.8 (38, -62, 22)
gyrus
Component 2
L/R parietal lobe 3.3(-40,-26, 40)/5.5(46,
Cluster 1/2 3,3 5.7/5.5
(postcentral gyrus) -26, 36)
L/R frontal lobe 5.4(-26,32,32)/6.4(22,
Cluster 3/4 _ 9,8 5.4/3.0
(middle frontal gyrus) 12, 46)
L inferior middle
Cluster 5 37 3.4 7.6(-46,-58,-6)
temporal gyrus
L inferior parietal
Cluster 6 41 2.9 7.6(-46,-46,22)
lobule
L parietal lobe (L 7.3(-30,-60,38)
Cluster 7 7 2.7
angular gyrus)
L supramarginal
Cluster 8 40 4.6 -7.3(-42,-46,38)

gyrus

For both components, Z score was set > 3, and cluster volumes were set > 2 cc® to retain their

most significant results. Brodmann areas are listed for the peak coordinates. The directions of
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peak Z scores indicate whether the brain region contributed positively or negatively to the

component as red for positive and blue for negative in brain maps.

2.3.2.2 Additional analyses

The 10-fold validation showed high correlation with the original pICA results in both of
the pairs of components. For the first pair, 7 out of 10 validation runs showed similar results to
the original output, with one of run showing an inverted direction of sSMRI and PANSS
correlation to the other runs. The first pair presented a mean correlation of Pearson’s r = 0.75 of
above replicated runs. The second pair also presented similar stability, with 7 out of 10
validation runs showing similar results to the original output and two of the runs showing
inverted direction of SMRI and PANSS correlation to the other runs. The second pair presented a
mean correlation of Pearson’s r = 0.67 of its replicated runs.

In the regression model including loadings coefficients of sSMRI components as
dependent variable and DOI values as predictors, there was no significant association between
the DOI and component 1 ( =-0.10, t =-1.06, p = 0.29) or component 2 (p =-0.004, t = -0.043,
p = 0.97). The regression model including loadings coefficients of PANSS components as
dependent variable and DOls as predictors also showed no significant association in component
1(3=0.01,t=0.08, p=0.94) or component 2 (f =-0.05, t =-0.49, p = 0.63).

There was no significant correlation between medication status and the sMRI loading
coefficients in component 1 (Spearman’s p = 0.10, p = 0.33) or component 2 (Spearman’s p = -
0.06, p = 0.56). In addition, there was no significant correlation between medication status and
the PANSS loading coefficients in component 1 (Spearman’s p = -0.06, p = 0.57) or component

2 (Spearman’s p =-0.14, p = 0.88).
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In the first pair, the correlation between the original PANSS subscale scores and the
pICA derived PANSS loading coefficients revealed no association with PANSS positive
(Pearson’s r=0.017, p = 0.86), negative (Pearson’s r = 0.15, p = 0.88), or general (Pearson’s r =
0.062, p = 0.53) scores. In addition, SMRI component loading coefficients were not significantly
correlated with PANSS positive (Pearson’s r = 0.023, p = 0.82), negative (Pearson’s r = -0.039, p
=0.69), and general (Pearson’s r = -0.031, p = 0.75) scores.

In the second pair, there was also no significant correlation found between the pICA
PANSS component loading and PANSS positive (Pearson’s r = 0.074, p = 0.45), negative
(Pearson’s r=0.11, p = 0.27), or general (Pearson’s r = 0.11, p = 0.26) scores. In the SMRI, the
loading coefficients were not significantly correlated with PANSS positive (Pearson’s r = 0.072,
p = 0.45), negative (Pearson’s r = -0.031, p = 0.75) and general (Pearson’s r = -0.061, p = 0.53)
scores.

All aims will discussed together in the final section.
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3  AIM 2: PROJECTION OF EXTRACTED BRAIN PATTERNS INTO EITHER

DIAGNOSTIC GROUP

3.1 Aim and hypothesis

In this study, the second aim was to determine if SZ brain components accounted for
corresponding symptom profiles when projected to the BD samples and vice versa. The
correlations between the projected loading coefficients of brain and PANSS components were
tested, and additional correlation analyses between projected loadings of brain patterns and item
scores of PANSS were tested. We hypothesized that the brain component from SZ or BD will be
associated with corresponding PANSS component when they are projected to the other

diagnostic group.
3.2 Methods

3.2.1 Participants
The participants included in aim 2 stayed the same with final subjects included in aim 1.

Totally 337 SZ and 109 BD participants were included in this analysis

3.2.2 Data Projection

The brain and PANSS components of each diagnostic group were projected to each
other’s preprocessed imaging data and PANSS data to extract the projected loading coefficients.
Here we used brain components projection to explain the whole process:1) We used the pinv
function in Matlab to extract all the coordinates of the brain components (positive symptom
profile related brain component, for example) in the original SZ data (only including voxels
whose GMC value is larger than 0); 2) We extracted the brain component according to above

coordinates in the whole output matrix of the pICA in SZ data, and we named it as matrix 1; 3)
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We used the intersect function in Matlab and generated the shared mask from the mask files of
SZ and BD data; 4) We read in the preprocessed BD subjects’ images and reshaped it as matrix 2;
5) Through matrix 1 multiplied by matrix 2 within the shared mask generated in 3), we got the
projected SZ brain pattern in BD brain images; 6) The projected loading coefficients were
extracted for further analysis. The projection of BD brain components and PANSS components
was made through a similar process as above.

The projection analysis ensured the same brain and PANSS components would be kept
the same as in the original group, so it was possible to re-assess their correlations in the other
group. It had to be pointed out here, by making a projection, we assumed the projected pattern

existed in both of the datasets (Chen et al., 2019; Luo et al., 2018).

3.2.3 Statistical Analyses
Statistical analysis was performed in MATLAB 2017b.( MATLAB and Statistics
Toolbox Release 2017b, the MathWorks, Inc., Natick, MA ) and SPSS 17.0 (SPSS, Inc., Chicago,

IL).
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3.2.3.1 Correlation between projected loading coefficients of SMRI components and PANSS

components

We tested whether the projected sSMRI loading coefficient correlated with the projected
PANSS loading coefficient and was performed within the SMRI components and the
corresponding PANSS component in both SZ and BD patients. The conservative Bonferroni
correction was employed for multiple testing, and a corrected p < .05 was applied as our

significance threshold for all the analyses.

3.2.3.2 Correlation between projected loading coefficients of SMRI components and PANSS

item scores

Aware of the possibility of the non-existence of PANSS components across the diagnostic
group, we also explored the potential relationship between projected SMRI components and
PANSS items. Correlation analyses were performed between sMRI loadings and 30 PANSS item
scores, positive, negative, and total scores. An alpha level of .05 will be applied as our

significance threshold for all the above analyses.
3.3 Results
3.3.1 PANSS item scores and variations in SZ and BD

We graphed PANSS items scores and variation levels in SZ and BD for a general map to
show how these SZ and BD populations might differ from each other clinically. SZ participants
generally showed a higher level of item scores in most PANSS items. However, BD participants

showed higher scores in anxiety, guilty feelings, and depression (see Figure 6).
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a) PANSS item scores SZ vs. BD

Delusion
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Active social
avoidance

Difliculty in
abstract thinking

4 Hallucinations
Guilt feelings

10 Lack of spontaneity and 15
flow of conversation

Figure 6 PANSS Item scores in SZ vs. BD. In the figure a), blue showed the scores of SZ, and
yellow showed scores of BD. PANSS items highlighted in previous analysis were marked with
text. In the figure b) (the radar map), blue showed the scores of SZ, and red showed the scores of

BD.
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We also graphed PANSS items score variation levels in SZ and BD. SZ participants
generally showed higher variation levels in most PANSS items. However, BD participants
showed higher or similar variation levels in anxiety, guilty feelings, tension, and depression (see

Figure 7).

a) PANSS Item Variations SZ vs. BD

= ﬁ

Depression

Tension

0 5 10 Somatic concem  Guilt feelings 20 25 30

negative symptoms

17— 15
16 general symptoms

Figure 7 PANSS Item variations in SZ vs. BD. In the figure a), blue showed the variations of SZ,
and red showed scores of BD. PANSS items showing similar variation levels were marked with
text. In the figure b) (the radar map), blue showed the scores of SZ, and red showed the scores of
BD.
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3.3.2 Projection results from SZ to BD

After the projection of both positive symptom profiles and related brain patterns from SZ to
BD, the correlation between brain component and PANSS component showed insignificant
correlation (Pearson’s r = 0.02, p = 0.84). However, it was weakly in the same direction as the

original findings (Figure 8).
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Figure 8 Projecting brain and PANSS components from SZ to BD. The upper part of the figure
showed original results in SZ (the positive symptom profile and corresponding brain component).
The lower part of the figure showed after projecting both of brain and PANSS, they showed

insignificant correlation while stayed same direction ( Pearson’s r = 0.02, p = 0.84).
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In addition, the projected brain components showed significant correlation with several
PANSS items in BD participants, as shown in Table 8.

Table 8 Projected brain component loadings’ correlation with BD PANSS item scores

PANSS order PANSS items Pearsons’ r P-value
Positive_05 Grandiosity 0.21 0.026*
Positive 07 Hostility 0.22 0.022*
General_14 Poor impulse 0.25 0.010*

- control
General_16 Active social 0.19 0.043*
- avoidance
Total positive symptom i 0.18 0.068
score
Total negative symptom - 0.026 0.79
score
Total general symptom i 0.18 0.065
score
Total PANSS score - 0.16 0.087

The significant correlations (P value < .05) were marked with asterisk.
3.3.3 Projection results from BD to SZ

3.3.3.1 Projection from BD mood symptom profiles and related brain component

After the projection of both mood symptom profiles and related brain patterns from BD to
SZ, the correlation between brain component and PANSS component showed an insignificant
correlation (Pearson’s r =-0.06, p = 0.27) while it stayed the same direction as the original

findings (Figure 9).
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Figure 9 Projecting brain and PANSS components (mood) from BD to SZ. The upper part of the
figure showed original results in BD (the mood symptom profile and corresponding brain
component). The lower part of the figure showed after projecting both of brain and PANSS, they

showed insignificant correlation while stayed same direction ( Pearson’s r = -0.06, p = 0.27).

However, the projected brain components showed significant correlations with several

PANSS items in SZ participants. For detailed results, see table 9.
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Table 9 Projected brain component (mood) loadings’ correlation with SZ PANSS item scores

PANSS order PANSS items Pearsons’ r P-value
Positive_02 Conceptual 0.12 0.026*
- disorganization
Positive_04 Excitement -0.11 0.047*
Positive_05 Grandiosity -0.15 0.0050*
. Difficulty in *
Negative 05 abstract thinking -0.12 0.033
General_08 Uncooperativeness -0.12 0.024*
General_10 Disorientation -0.17 0.0020*
General_15 Preoccupation -0.17 0.0020*
Total positive symptom i -0.13 0.020*
score
Total negative symptom - -0.083 0.13*
score
Total general symptom i 012 0.030%
score
Total PANSS score - -0.14 0.012*

The significant correlations (P value < .05) were marked with asterisk.

3.3.3.2 Projection form BD apathy symptom profiles and related brain component

After the projection of both apathy symptom profiles and related brain patterns from BD
to SZ, the correlation between brain component and PANSS component showed insignificant
correlation (Pearson’s r = -0.018, p = 0.75) while it stayed the same direction as the original
findings (Figure 10).

However, the projected brain components showed significant correlation with PANSS

item of grandiosity (Pearson’s r=-0.12, p = 0.023).
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Figure 10 Projecting brain and PANSS components (apathy) from BD to SZ. The upper part of
the figure showed original results in BD (the apathy symptom profile and corresponding brain
component). The lower part of the figure showed after projecting both of brain and PANSS, they

showed insignificant correlation while stayed same direction ( Pearson’s r = -0.018, p = 0.75).
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4  AIM 3: GENETIC MECHANISM BEHIND IDENTIFIED BRAIN PATTERNS

4.1 Aim and hypotheses

The final aim was to determine if the polygenic risks from SZ and BD GWAS results
(using diagnostic groups as phenotypes) accounted for the identified brain components extracted
by psychotic symptom profiles in previous aims. We calculated both the SZ and BD risk scores
for all individuals. We hypothesized that both polygenic risks from SZ and BD will correlate
with the brain structural components identified in either diagnostic group. The polygenic risk
based on disorder risk of SZ will account for the brain structural components extracted by

symptom profiles in the BD group and vice versa.
4.2 Methods
4.2.1 Participants

This aim included two sets of data. To calculate the polygenic risk for SZ, a combined
dataset of 526 SZ participants and 611 controls were used. For the calculation of polygenic risk
for BD, we were not able to acquire genetic data from TOP, so the 156 BD participants from B-
SNIP and the same 611 control participants were used. Table 10 and Table 11 provide detailed
demographic and site information.

Table 10 Demographic information for polygenic risk in combined SZ sample

Study Name SZ Number Number of control Age Gender (F:M)
FBIRN 3 107 120 38.4+11.2 50:177
TOP 90 163 33.749.1 110:143
COBRE 23 21 38.0+13.1 11:34
B-SNIP 132 103 35.5+12.4 89:146
MCIC 99 121 33.7#1.1 73:147
HUBIN 4 17 37.4+11.0 7:14
NW 71 66 33.0+13.3 50:87

Ages were displayed as mean =standard deviation
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Table 11 Demographic information for polygenic risk in B-SNIP BD sample

Site GP GT JS cT MB MK
BD
Number 30 28 50 21 7 20
Age 3484128  358+2.1 3424144 40.3+10.5 4314153 351421
Gender ) ) . . .
B 16:14 19:9 36:14 165 7 13:7

This sample shared the control groups in the polygenic risk calculation. Ages were displayed as

mean =standard deviation
4.2.2 Preprocessing of Genetic Data

Site-wise genetic data were merged based on the common SNPs among different studies
(N =24.2 millions in SZ data and N = 10.9 millions in BD data). Subjects with >10% SNP
values missing and SNPs with > 5% values missing were removed from the sample. The minor
allele frequency was set to 1%, while 10e-6 was set as the threshold for Hardy-Weinberg
equilibrium. Relatives or family members were checked, and subjects and subjects with
PI_HAT > 0.18 were removed accordingly. All genetic data used was the hg19 build. Finally, 3.7

millions SNPs were included in SZ group, and 3.5 millions SNPs were included in the BD group.

4.2.3 Polygenic Risk Score Calculation
We employed the GWAS results from Psychiatric Genomics Consortium (PGC) to

calculate the polygenic risk score (PRS) in both SZ and BD. PRSice-2 (https://www.prsice.info/)

(https://www.prsice.info/) (Choi & O'Reilly, 2019) were used. In the SZ polygenic risk

calculation, the PGC schizophrenia study (Schizophrenia Working Group of the Psychiatric

Genomics, 2014) (https://www.med.unc.edu/pgc/results-and-downloads/scz/) was used as the

base file while case/control situation in the target data was used as a phenotype to decide the
threshold applied in PRS modeling. Similarly, the base data for the BD analyses was from the

PGC bipolar GWAS study, with more than 13 million SNPs (Stahl et al., 2019)


https://www.prsice.info/
https://www.prsice.info/
https://www.med.unc.edu/pgc/results-and-downloads/scz/
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(https://www.med.unc.edu/pgc/results-and-downloads/bip/). The full set of GWAS results with

more than 9 million SNPs was used for PRS analysis (Schizophrenia Working Group of the
Psychiatric Genomics, 2014).

The diagnostic phenotypes were specified as a binary trait. We ran the typical PRS
calculations, where the association between the PRS and diagnostic phenotypes in the target data
was tested through logistic regression. The best fitting model of diagnostic phenotypes was
defined as the set of SNPs for which the PRS explained the greatest variance. The algorithm then
produced the best fitting p-value threshold, and it gave only one risk score per subject according
to this threshold (Choi & O'Reilly, 2019). We then checked the correlation between the risk
score and the loading coefficients of the brain components identified in both SZ and BD in aim 1.

A similar process was done in the BD risk calculation.

4.2.4 Statistical Analyses

Statistical analysis was performed in MATLAB 2017b. (MATLAB and Statistics
Toolbox Release 2017b, the MathWorks, Inc., Natick, MA) and SPSS 17.0 (SPSS, Inc., Chicago,
IL). We analyzed whether the polygenic risk score was significantly correlated to the loading
coefficients of the SMRI components extracted above. Both polygenic risk scores calculated
from SZ and BD risk were used on all SMRI component loadings. To detail, in the SZ group, SZ
polygenic risk scores calculated based on SZ case/control difference were tested for correlation
with the loading coefficients of all SMRI components highlighted in aim 1. We also tested the
correlation between BD polygenic risk scores calculated based on SZ case/control difference and
the same brain loadings. The same correlation analyses were run in the BD group. Analyses in
the BD group only included BD participants from the B-SNIP dataset. Note that the age, gender,

and site effects were previously removed from the brains, and no DOI or medication effect was


https://www.med.unc.edu/pgc/results-and-downloads/bip/
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detected on previous brain components. Since only one brain feature and two sets of PRS were
used in SZ group, and two brain features and two sets of PRS were used in BD, a threshold of p

< .05 was applied as our significance for all the analyses.
4.3 Results

4.3.1 Polygenic risk and its correlation with brain component in SZ group

In the SZ group, the most sensitive p-value threshold to compute PRS based SZ risk was
0.0013, with 13% of the variance in the case vs. control status explained (p = 1.30E-21, Figure
11a). Under this threshold, a total of 2.9 millions SNPs were included in the PRS model. 186 SZ
participants were found with both available polygenic risk scores and brain loadings. The
polygenic risk scores were highly correlated with positive symptom profile related brain

component loadings (Pearson’s r = 0.19, p = 8.42E-03, Figure 11Db).
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Figure 11 The SZ polygenic risk and correlation results in SZ group. A) SZ polygenic risk on
case vs. control phenotypes in SZ group, by threshold p value on the x axis and variance
explained by PRS on the y axis. B) The correlation between polygenic risk score and positive

symptom profile-related brain component loadings (Pearson’s r = 0.19, p = 8.42E-03).
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The most sensitive p-value threshold to compute PRS based BD risk was 0.0044, with 9.5%
of the variance in the case vs. control status explained (p = 3.50E-16, Figure 12a). Under this
threshold, a total of 3.1 millions SNPs were included in the PRS model. The polygenic risk
scores were highly correlated with positive symptom profile related brain component loadings

(Pearson’sr=0.21, p = 5.11E-03, Figure 12b).
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Figure 12 The BD polygenic risk and correlation results in SZ group, similar to Figure 11. The
correlation between polygenic risk score and positive symptom profile-related brain component

loadings was Pearson’s r = 0.21, p = 5.11E-03.

4.3.2 Polygenic risk and its correlation with brain component in BD group

The most sensitive p-value threshold to compute PRS based BD risk was 1.00E-04, with
8.8% of the variance in the case vs. control status explained (p = 5.60E-11, Figure 13a). Under
this threshold, a total of 2.9 millions SNPs were included in the PRS model. The most

sensitive p-value threshold to compute PRS based SZ risk was 0.012, with 6.1% of the variance
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in the case vs. control status explained (p = 8.00E-09, Figure 13b). Under this threshold, a total

of 2.8 millions SNPs were included in the PRS model.

4.3.2.1 Correlation analysis between PRS and mood component

Among the 156 BD participants, we were able to access the usable images for 140 out of
the total B-SNIP sample. The projected loadings in these brains from previously identified brain
component of mood and apathy components were used in following analyses. The BD risk
scores were correlated with mood symptom profile related brain component loadings (Pearson’s

r=-0.17, p = 0.040, Figure 14a).
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Figure 13 The polygenic risk results in BD group. In the figure, a) the BD polygenic risk based
on case vs. control phenotypes in BD group, by threshold p value on the x axis and variance
explained by PRS on the y axis. The figure b) showed SZ polygenic risk on case vs. control
phenotypes in BD group similar to figure a).

The SZ risk scores were also correlated with mood symptom profile related brain

component loadings (Pearson’s r = -0.33, p = 6.21E-05, Figure 14b).



48

107 BD risk based on BD diagnostic groups 2«10 SZ risk based on BD diagnostic groups

Projected Brain Loadings of the Mood Component
Projected Brain Loadings of the Mood Component

PRS x10° PRS «10%

Figure 14 The correlation results of PRS and projected mood component in BD group. In figure
a), the BD polygenic risk scores were negatively correlated with the projected mood profile-
related brain component loadings (Pearson’s r = -0.17, p = 0.040). In figure b) the SZ polygenic
risk scores were negatively correlated with the same projected mood profile related brain

component loadings (Pearson’s r =-0.33, p = 6.21E-05).

4.3.2.2 Correlation analysis between PRS and apathy component

No direct relationship between the PRS and projected apathy brain component loadings
was found. However, considering the possibilities of missing information during the data
projections, we did an another ICA analysis on the B-SNIP BD participants’ brain independently
(25 brain components). We extracted the brain components most similar to apathy component,
both by visual checking, and with a maximal GMC correlation ( Pearson’s r = 0.20, p < 10E-06).

See figure 15.
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Figure 15 Comparing original apathy component and similar brain component generated from
ICA in B-SNIP BD brains. The upper brains were the original apathy brain component, and the
lower part showed the most similar brain component generated independently in B-SNIP. The

GMC values of both brain components were correlated at r = 0.20, p < 10E-06.

The SZ risk scores were found correlated with brain component loadings (Pearson’s r = -

0.31, p = 2.30E-04). See figure 16.
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Figure 16 The correlation between PRS and apathy-like brain components. PRS was negative

correlated with this brain component (Pearson’s r = -0.31, p = 2.30E-04).
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5 DISCUSSION AND CONCLUSIONS
5.1 Summary

This study first investigated the brain patterns guided by symptom profiles within the SZ
and BD framework, and potentially shared mechanism were observed at genetic, brain, and
clinical levels. We identified distinct brain patterns correlated with positive symptom, mood, and
apathy symptom profiles across SZ and BD. In addition, after projecting across diagnostic
groups, these brain patterns were correlated with grandiosity, as well as several remaining
positive, and general psychotic symptoms. It indicated these brain pattern were connected to
more complicated and broad symptom profiles. Most importantly, both polygenic risk scores
based on SZ and BD risk were highly correlated with the brain patterns (loading coefficients in
the GMC brain components) identified here. It suggests that the highly shared genomic risks
exhibit strong effects on brain circuits alterations behind different psychiatric disorders as SZ

and BD .

Through data-driven multivariate analysis such as pICA, we extracted these brain
patterns behind typical symptom profiles of psychotic and mood disorders, respectively.
Specifically, these highlighted brain regions were spreading across the frontal (sensorimotor
regions and inferior/middle frontal gyrus), temporal (inferior/middle/superior temporal gyrus and
fusiform gyrus), and parietal (sensorimotor regions and inferior parietal lobule) lobes, which
were also the cortical deficits shared by SZ and BD (Hibar et al., 2018; van Erp et al., 2018).
Lower GMC in these regions consistently correlated with worse clinical symptoms detected by

PANSS (higher PANSS scores) across SZ and BD groups.

To further investigate the relationships behind symptoms profiles and identified brain

patterns across disorders, we did the projection analysis to determine the disorder specificity or
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generalizability of these findings. We found that the brain components previously identified in
each disorder separately showed a more complicated and partially shared clinical significance
across psychotic and mood symptoms in the other disorder. The brain pattern identified in SZ
showed various connections with grandiosity, hostility, poor impulse control, and active social
avoidance in BD. Correspondingly, the brain patterns discovered by mood and apathy symptom
profiles in BD, showed associations with grandiosity, excitement, conceptual disorganization,
disorientation, and preoccupation when projected into SZ participants. A single symptom was
not anchored to a single brain region, and brain regions could play multiple roles in other
symptoms (Hare et al., 2018; Walton et al., 2018). Our findings enhanced this understanding

across diagnostically.

We tried to explore whether there was a shared genetic mechanism or risks behind the
brain patterns detected in the final aim. Based on the most extensive genetic studies from the
PGC cohort, we produced the PRS from the alleles carrying SZ risk that best accounted for
diagnostic effects in SZ and BD groups. We also calculated the PRS from the alleles carrying
BD risk in the same way for both groups. Notably, both sets of SZ and BD risk scores were
correlated with brain patterns identified regardless of the original diagnostic groups. Specifically,
in the SZ participants, higher genetic risk of SZ and BD accounted for lower GMC (more severe
GMC reductions) in the sensorimotor and temporal regions as identified by positive symptom
profiles. As in the BD group, same correlations were detected between both disorders’ PRS and
mood symptom related brain component within the frontal-temporal-parietal circuits. However,
the relationship between PRS and apathy component was subtle. Our hypotheses of a shared

genetic mechanism were partially supported.
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5.2 Symptom profiles reveal distinct brain patterns in SZ and BD

5.2.1 Positive symptom profile revealed temporal and sensorimotor brain patterns in SZ

The brain structures underlying psychiatric symptoms are not mapped to a single
symptom. Networks of regions are related to groups of symptoms (Hare et al., 2017; Modinos et
al., 2013; Shinn et al., 2012; Walton et al., 2018). The positive symptoms main PANSS
component correlated with GMC in a network mainly located in the inferior temporal and pre-
and postcentral regions (sensorimotor areas). The PANSS component differed from the
traditional dimensions of the PANSS. It could be broadly described as symptomatology
characteristic of a chronic form previously described as paranoid schizophrenia (Tandon et al.,
2013). In addition, this PANSS component's loading coefficients correlated strongly with the
PANSS general and positive scores, indicating that participants with more severe overall
symptoms also showed higher loading coefficients for this component.

As for the structural MRI data, lower GMC often observed in schizophrenia is generally
understood as reductions in neuron density (Harrison, 1999; Todtenkopf et al., 2005) and
changes in the glia compartment (Fornito et al., 2009). Reduced GMC concentration and cortical
thickness often coexist (Narr et al., 2005), though they might reflect different pathophysiological
processes (Fornito et al., 2009). Also, these reductions could be caused by antipsychotic
treatment (Huhtaniska et al., 2017; Vita et al., 2015). However, our post-hoc analyses did not
reveal any significant association between the loading coefficients of structural brain component
and CPZ equivalents.

The brain pattern identified here replicated some previous multivariate findings regarding
cortical thickness and GM volume in schizophrenia. Padmanabhan et al. (2015) applied factor

analyses to structural brains (GM volume, cortical thickness, and surface area) showing



53

associations with the PANSS positive scale. A temporal factor that included the cortical
thickness of the bilateral inferior temporal gyrus and bilateral fusiform gyrus, was identified, and
it was a significant predictor of PANSS positive scores (Padmanabhan et al., 2015). We showed
similar GMC alterations in inferior temporal gyrus and fusiform gyrus with a different
multivariate approach with expanded associations with psychotic symptom profiles. The GMC
alterations in these regions have also been associated with a lack of insight (Bergéet al., 2011;
Cropley et al., 2016; Ha et al., 2004). Lack of insight was also thought to be correlated with
positive symptoms, which might explain these overlapping brain structures (Pousa et al., 2017).
Besides, cortical thickness of inferior temporal and fusiform gyrus exhibited the most robust
reductions in schizophrenia patients, suggesting that these regions may indeed be strongly
associated with the psychotic pathophysiology (van Erp et al., 2018).

Higher GMC in sensorimotor regions also contributed to the identified structural MRI
component. Previous studies have revealed inconsistent findings regarding alterations of GMC in
schizophrenia. Whereas smaller samples (Ha et al., 2004; Narr et al., 2005) showed higher GMC,
studies with larger sample showed lower GMC (Ivleva et al., 2017). Interestingly, none of these
studies observed any association with clinical symptoms as we identified, so higher GMC in
sensorimotor regions was associated with a specific pattern of the PANSS, which might explain

the divergent findings (Ha et al., 2004; Ivleva et al., 2017; Narr et al., 2005).

5.2.2 Mood and apathy symptom profiles revealed frontal, temporal, and parietal brain
patterns
In the BD analyses, we found two GMC networks that were related to two different
patterns of symptom severity profiles. Importantly, the PANSS profiles highlighted here were

not constructed according to the typical preset of PANSS subscales, but the underlying
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relationships with GMC patterns drove them. The mood symptom profile was correlated with
GMC reductions in the right temporal regions, while in contrast, the apathy/asocial symptom
profile was correlated with more widespread network deficits, including frontal, temporal, and
parietal regions. It implicated the GMC deficits in the temporal lobe and frontal-temporal-
parietal circuits related to clinical profiles as mood and apathy.

The PANSS component for mood mainly included anxiety, guilty feelings, and
depression, contrasting with the symptoms of lack of spontaneity and flow of conversation but
less strongly. This represented a generally negative mood component, but differing from the
original design of the PANSS dimensions. This mood component showed similar affective items
highlighted in studies of affective temperaments (Rihmer, Akiskal, Rihmer, & Akiskal, 2010).
The temporal regions’ deficits are common in BD and other psychiatric disorder (Abe et al.,
2016; Hanford, Nazarov, Hall, & Sassi, 2016; Whalley et al., 2012). However, its relationship
with mood symptoms has been elusive, and few studies formed a direct association between
mood symptoms and brain structure alterations (Busatto, 2013; Hozer & Houenou, 2016;
Padmanabhan et al., 2015; Palaniyappan & Cousins, 2010; Selvaraj et al., 2012). Among
psychiatric symptoms, temporal regions (mostly in the superior temporal gyrus) were believed to
be critical in thought disorders, auditory verbal hallucinations, and overall positive symptom
domains in psychosis (Cavelti et al., 2018; Morch-Johnsen et al., 2018; Morch-Johnsen et al.,
2017; Padmanabhan et al., 2015; Strik et al., 2017). However, mood symptoms were usually
believed to be marked across several large regions, including frontal, temporal, and limbic
regions (Garety & Freeman, 2013; Lebow & Chen, 2016; Ramirez et al., 2015). The structural
brain studies emphasized multiple temporal regions' involvement, especially the superior

temporal gyrus (Hanford et al., 2016). Cortical thickness in the right superior frontal and superior
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temporal has previously been negatively correlated with symptom severity measured on the
Hamilton Depression Rating Scale (Maller, Thaveenthiran, Thomson, McQueen, & Fitzgerald,
2014). In addition, cortical thickness reduction in the middle temporal gyrus was negatively
correlated with the global functioning assessment. Despite these significant structure/mood
symptom studies, imaging research in BD often reported no correlation between these structural
alterations and mood symptom severity (Doan et al., 2017; Elvsashagen et al., 2013; Hanford et
al., 2016; Lan et al., 2014; Ratnanather et al., 2014).

Functional studies provided some evidence to support the engagement of temporal gyrus
in mood symptoms and regulations (Whalley et al., 2012). An emotional prosody task indicated
patients with BD exhibited stronger activations in the bilateral superior temporal gyrus and right
inferior frontal gyrus (Mitchell, Elliott, Barry, Cruttenden, & Woodruff, 2004). In addition, in an
emotional memory task, the superior temporal gyrus was highlighted with stronger activations
(Whalley et al., 2009). Our findings revisited the critical roles of the frontal (inferior frontal
gyrus) and temporal (superior/middle temporal gyrus) regions involved in mood symptoms and
processes. In summary, compared to most null or inconsistent findings in BD populations
discussed above, we exhibited the association between GMC deficits in a specific frontal-
temporal brain pattern and mood symptoms through multimodality multivariate analysis.
Through aggregating several related items describing mood status in PANSS and localized brain
spots that may work together, enhanced brain and clinical phenotypes connection was clearly
revealed. It indicated the usefulness of such multimodality multivariate analysis in raising the
heterogeneity of future studies. Additionally, we would try to discuss mood symptom profile
related brains and its implication to our understanding of BD and disorder boundaries along with

apathy in following part.
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Apathy is commonly observed in psychotic disorders (Grande, Berk, Birmaher, & Vieta,
2016). The PANSS component for the apathy was strongly weighted on blunted affect,
emotional withdrawal, passive/apathetic social withdrawal, depression, and active social
avoidance, while negatively contributed by excitement and guilty feeling. In addition to negative
symptoms, this component included all the withdrawal/avoidance items in PANSS. It reflected
itself as a combination of negative symptoms and behavioral deficits involving avoidance and
asociality. In schizophrenia research, a two-factor model categorized anhedonia-asociality-
avolition into a general motivation and pleasure (MAP) factor and alogia/blunted affect into an
expressive (EXP) factor. However, asociality was not included (Jang et al., 2016). In addition,
apathy was another common term used to describe motivational deficits. Moreover, previous
studies in the TOP project investigated the relationship between the Apathy Evaluation Scale
(AES) and PANSS apathy scores (Faerden et al., 2009; Faerden et al., 2008; Morch-Johnsen et
al., 2015). In these studies, apathy scores were formed from emotional withdrawal (N2),
passive/apathetic social withdrawal (N4), and lack of spontaneity and flow of conversation (N6)
were chosen to compare its capability with AES, while N2 and N4 were chosen according to the
definition of apathy by Marin (Marin, Biedrzycki, & Firinciogullari, 1991). It was found that the
apathy items chosen from PANSS were significantly correlated with AES.

Through the pICA approach, we found emotional withdrawal, passive/apathetic social
withdrawal, blunted affect, and depression included in the apathy symptom profile. Social
avoidance can be more complicated. Active social avoidance often refers to the social avoidance
caused by unwarranted fear, hostility, or distrust (Hansen, Torgalsboen, Melle, & Bell, 2009).
Some studies argued it was weighted on positive symptoms (van der Gaag, Cuijpers, et al., 2006),

while others believed it was related to depression or anxiety (Bell, Lysaker, Beam-Goulet,
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Milstein, & Lindenmayer, 1994). It was also suggested that social avoidance might not be related
to the preset factors of PANSS items (White, Harvey, Opler, & Lindenmayer, 1997). We suggest
active social avoidance, regardless of the cause, should be seen as part of asociality grouped into
this apathy component. Besides, similar to the mood component, this apathy component was also
constructed out of the subscales of PANSS. Through the automatic data reduction process, active
social avoidance survived and contributed strongly to the profile. This apathy component
described another unique clinical observation of BD patients in the TOP research.

The frontal-parietal-temporal circuit pattern related to the apathy component reflects
significant brain deficits previously found in patients with BD (Dusi et al., 2019; Han, De
Berardis, Fornaro, & Kim, 2019; Shahab et al., 2018). Connectome research suggested the
frontal-parietal circuit relates to the positive and negative symptoms assessed by PANSS, though
the structural connectivity could not predict symptom dimensions (Wang et al., 2018). Another
informative comparison among SZ and BD was suggested by the B-SNIP (Clementz et al., 2016;
Ivleva et al., 2016; Meda et al., 2015). As noted previously from that analysis, more SZ
participants were in type 1 while more BD participants were in the other biotypes. The GMC
reductions of different types were as following: type 1 (higher proportion of SZ) showed GMC
loss across the whole brain, while type 2 (similar proportion of SZ, SAD, and BD) largely
overlapped with type 1, and the largest effects were in fronto-temporal circuits, parietal lobes,
and cerebellum. Type 3 (higher proportion of BD participants) showed localized GMC
reductions in frontal, cingulate, and temporal regions despite the DSM diagnoses (lvleva et al.,
2016). Our findings in BD showed similar but more complicated maps detailed by specific
symptom profiles. The brain patterns driven by apathy symptoms showed relative spread deficits

across frontal, temporal, and parietal regions as type2 (balanced SZ, SAD, and BD grouped
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together). Notably, apathy has been often differentiated from simply depressive mood for its
potential psychotic features (Morch-Johnsen et al., 2015). This connection added to the evidence
for placing BD between SZ and affective disorder by DSM-5 (American Psychiatric Association,
2013) while emphasizing its characteristics as psychotic disorder. However, the brain patterns
driven by mood symptoms showed similar localized brain deficits in frontal and temporal
regions as type3 (BD main biotype). Thus, it reflected the evidence of BD being categorized as
an affective disorder. Our results stayed in line with the idea BD is between psychotic and
affective disorders, and we were able to separate coexisting psychotic and affective brain
patterns in another BD population.

It must be pointed out that manic symptoms were the typical positive symptoms expected
in BD patients (Dell'osso et al., 2009). These positive symptoms did not emerge through PANSS
in this analysis. However, this may be interepreted that these symptoms do not show the
strongest relationships with brain structure; or it may be that the range of severity on those
symptoms was not large in this sample. Among the three PANSS components in BD group, there
was a component highlighted by excitement (Z-score = 1.4) and grandiosity (Z-score = 2.2). It
indicated enough variations in positive symptom items for pICA to capture, though its
correlation with the brain patterns failed to reach significance (P = 0.073). This brain pattern
included mainly the inferior/middle frontal gyrus and cerebellum. The frontal gyrus reductions in
GM, especially in inferior frontal and prefrontal regions, were reported connected with mania
episodic times in follow-up studies (Abe et al., 2016; Abe et al., 2020). However, other studies
found heterogeneous cortical deficits or no significant results regarding the above regions and
their relationship with manic symptom (Cotovio et al., 2020). Notably, there was a divergence

between BD-1 and BD-II; in the BD-I11 participants, the cortical thinning in the prefrontal, frontal,
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and temporal regions were found to connect to the depressive episodic times, not hypomania
(Elvsashagen et al., 2013; Zak et al., 2019). In summary, our analysis was not able to pick up the
manic symptoms, but the heterogeneity of data (especially including BD-1 and BD-1I at the same
time) and complexity between manic symptoms and mapping to structural brains might lead to
the insignificance of the findings.

Similarly, we did not get medication or DOI effects on PANSS or brain structures in the
highlighted components. Previous studies found medication exposure positively affecting brain
structures through various pathways (Dell'Osso, Del Grande, Gesi, Carmassi, & Musetti, 2016;
Di Sero et al., 2019; Hartberg et al., 2015; Jorgensen et al., 2016), and large scale studies found
medication effects in cortical and subcortical brain regions (Hibar et al., 2018; Hibar et al., 2016).
The DOI showed similar findings through the strongest effect found in cortical thickness (Hibar
et al., 2018). The pICA approach prioritized the correlation between the PANSS scores and
structural brains during the data reduction process, so these components did not necessarily

reflect brain regions most significantly affected by medication or DOI.

5.3 The relationship of projected brain patterns and symptoms across disorders

Data projection allows the re-assessments of correlations between previously associated
pairs of patterns to be possible across different datasets. As mentioned, SZ and BD have different
clinical symptomatology, as reflected by PANSS scores and variations. In addition, being aware
that during an independent ICA process, the projected PANSS profiles patterns might not reveal
themselves across diagnostically, we further checked the correlations between projected brain
loadings and single PANSS item, positive, negative, general, and total scores. Thurs, we avoided

missing the potential association between projected brain patterns and symptoms profiles.
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The projections results from SZ to BD included several exciting findings. Rather than
staying connected with the same positive symptom profile across disorders, the brain pattern
identified in SZ positive symptom profile showed various connections with grandiosity, hostility,
poor impulse control, and active social avoidance after being projected into the BD group.
Correspondingly, after being projected, the brain patterns extracted by mood and apathy
symptom profiles in the BD, showed associations with grandiosity, excitement, conceptual
disorganization, disorientation, and preoccupation. They also showed insignificant correlations
(though the same direction) with projected PANSS mood and apathy profiles, which were
previously associated.

These results were not totally out of expectations. Three brain patterns extracted by
PANSS in SZ and BD fell in the shared brain regions reported previously. As mentioned before,
with a large cohort meta-analysis of sSMRI studies, the ENIGMA bipolar working group
identified consistent and robust thinner frontal, temporal, and parietal cortex (Hibar et al., 2018)
in BD patients compared to controls. These differences show overlap with brain structural
differences also found in SZ (Rimol et al., 2010; Rimol et al., 2012; van Erp et al., 2018). In a
broader view of various brain diseases (including SZ, BD, depression, anxiety, obsessive-
compulsive disorder, and addiction), GM losses often converged and became less diagnostic-
specific through a longer life span (Goodkind et al., 2015; Kaufmann et al., 2019). Importantly,
the identified and projected brain patterns in our work overlapped greatly with these regions
including frontal-temporal-parietal circuits and key spots as inferior/middle/superior temporal
gyrus.

In the clinical observation, there were same trends of shared cognitive declines behind

these common brain alterations in SZ, BD, and other psychiatric disorders (Chang et al., 2018;
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Trotta, Murray, & MacCabe, 2015). Psychomotor speed, executive function, and learning
abilities along with intelligence are relatively impaired simultaneously in SZ and BD, and it is
also challenging to figure the brain pattern abnormalities that distinguish between SZ and BD
(Chang et al., 2018; Knochel et al., 2016; Molina et al., 2011). However, the shared
symptomatology with these brain circuits between SZ and BD can be elusive (Nery, Monkul, &
Lafer, 2013), and inconsistent findings have been often reported even in BD patients with
psychotic symptoms (lvleva et al., 2012; Yuksel et al., 2012). Importantly, a recent multivariate
analysis revealed some potentially supporting findings. Through group pICA, negative
symptoms were found to be shared between SZ and depression participants by GMV circuits
including caudate, thalamus, middle temporal gyrus, and inferior temporal gyrus (Qi et al., 2020).
In this work, the PANSS negative item and Hamilton Rating Scale for Depression (HRSD) were
working cross-diagnostically to reveal the shared brain patterns behind the same symptom
feature. Brain components in the inferior/middle temporal gyrus were highlighted again among
the different diagnostic groups. In our studies, within the respective disorder group, the psychotic
symptom profiles (positive symptom and apathy) related brain patterns (broader coverage of
regions spanning sensorimotor cortex and frontal-temporal-parietal circuit) emphasized the
psychotic characteristics of SZ and BD. The affective symptom profiles (mood symptoms consist
of anxiety, depression, and guilty feelings) related brain regions (relatively localized deficits in
frontal-temporal regions) reflected the affective characteristics of BD. Our projection findings,
on the other hand, exhibited potentially shared psychotic features behind the frontal-temporal-
parietal circuit and frontal-temporal regions among SZ and BD. The projected brains related
symptoms, including positive symptoms such as grandiosity, excitement, and hostility, along

with others, were strongly involved in common psychotic symptoms in SZ and BD. This
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situation indicated the specific brain patterns accounting for disorder-specific symptoms profiles
such as delusional positive symptoms, apathy, and mood could distinguish psychotic and
affective disorders to some extent. Simultaneously, they may also potentially contributed to
broadly shared psychotic features between SZ and BD while the significance was limited to the
levels of clinical observations circumstantially.

The reasons why the brain patterns failed to show correlations with original the PANSS
patterns after the cross-diagnostic projection should be considered. These include potentially the
conservative settings applied to the pICA algorithm, and the logic of the pICA process. The
pICA was designed to prioritize the correlation between the modalities and extract the most
significant results according to such correlations (Pearlson et al., 2015). To improve the constrain
stability, we were quite conservative in the estimated component numbers in the imaging and
symptom data (twenty-five brain components and three PANSS components respectively). Also,
one pair of components from both modalities in SZ, and three pairs (two passed significance) in
BD were prioritized through the iterative pICA process. With above setting, only positive
symptoms, mood, and apathy symptom profiles survived the pICA approach. It didn’t cover all
the potentially correlated symptom profiles and brain patterns. This choice conservatively
reduced the cross-diagnostic representation for the original PANSS patterns from brain
components. However, despite this conservative application, we could still detect broad
associations between brain patterns and symptom profiles after projection. These findings again

indicated the shared brain alterations and clinical relevance behind SZ and BD.

5.4 Genetic effects on symptom profiles driven brain patterns across disorders
In the search for a polygenic mechanism, we were able to find common diagnostic gene

risk behind brain patterns extracted by PANSS profiles regardless of the original diagnostic
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groups. As presented above, both polygenic risks of SZ and BD were accounting for the brain
alterations behind disorders with the comparable significance of the association. Our findings
were indicating the highly shared genome-wide risk across psychiatric disorders.

It was worth pointing out, the polygenic risks and brain structural alterations in
psychiatric disorders often report inconsistent findings (van der Merwe et al., 2019). The earlier
studies in SZ, including around 100 genetic variations, reported no significant relationship with
any cortical thickness or white matter measures as fusion images (Voineskos et al., 2016). A
similar situation was described in the BD population, while BD was not usually studied alone for
the association between polygenic risks and brain structures. Among the limited studies, they
often reported insignificant findings (Ranlund et al., 2018). As the increasing genetic variations
and sample size were included in the analysis, more encouraging results have been provided. It
remains unclear whether the polygenic risk accounts for white matter changes or vast subcortical
volume deficits in psychiatric disorders, including SZ and BD (Grama et al., 2020; Reus et al.,
2017; Simoes et al., 2020). However, cortical deficits and their association with PRS have been
identified robustly. In a combined analysis including 16 cross-sectional data, heterogeneous
deficits within cortical thickness, cortical area, cortical volumes, ventricle volumes, and
hippocampal subregions were found in SZ vs. controls. Among these regions, higher PRS was
associated with thinner frontal and temporal brain cortices along with smaller hippocampal
subregions in UK Biobank data (Alnaes et al., 2019). In BD, the situation with cortical
anatomical features becomes more complicated. It is not yet clear whether the cortical thickness,
GMC, or anatomical measures in BD are stably explained by PRS (Ranlund et al., 2018). It has
been reported there was a positive correlation between PRS calculated based on PGC BD results

and the longitudinal changes of cortical thickness in medial occipital gyrus, central sulcus, and
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posterior cingulate (Abe et al., 2020). However, these regions were not typically highlighted in
the frontal-temporal-parietal circuits. A multivariate study showed widespread changes in whole
brain GMC might help predict the PRS in five psychiatric disorders, including SZ, BD, and
others, but this would need further replication (Ranlund et al., 2018). Among all the above
inconsistent findings, it seems polygenic effects on cortical regions are repeatedly reported in SZ
but not BD. In addition, the localization of these spots showing the strongest PRS effects are
varying from study to study. On the other hand, our results exhibit both SZ and BD polygenic
risks consistently affect the cortical abnormalities in frontal, temporal, and sensorimotor regions.
Notably, cortical deficits in a larger network as the frontal-temporal-parietal circuit, though
extracted in BD, is only associated with SZ polygenic risk. It indicates that SZ polygenic risks
show stronger and broader effects across all cortical brain deficits than SZ and BD's shared
effects.

Additionally, we did not find a direct relationship between PRS and the PANSS symptom
profiles. PANSS general scores have been previously correlated with PRS, though it was in first-
episode SZ rather than a longer duration of illness as in our sample (Sengupta et al., 2017).
Generally, the exact map of the relationship between PRS and clinical/behavioral phenotypes is
challenging to draw at this moment, especially in cross diagnostic studies (Dima & Breen, 2015;
Smeland et al., 2019). In current diagnostic categories, BD-I might exhibit higher SZ RPS in
BD-I with manic psychosis than BD-1 with depressive psychosis, BD-I1, and controls (Markota
et al., 2018). In a combined population of SZ, BD, and depression, the polygenic liability for SZ,
BD, and depression was associated with the risk of depression, and it was to predict early onset
of depression in BD (Musliner et al., 2019). Similar SZ polygenic liability predicted the chances

of occurrence and the level of mood-incongruent psychotic symptoms in BD (Allardyce et al.,
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2018). Additionally, SZ and BD showed comparable polygenic effects on the memory (Dezhina,
Ranlund, Kyriakopoulos, Williams, & Dima, 2019), emotional processing (Wang et al., 2018),
spatial visualization (Ranlund et al., 2018), anhedonia (Ward et al., 2019), immune and
metabolic serum markers (Maj et al., 2020). More complicated results were suggested, as we
mentioned above, regarding the distinguishing of diagnostic features through PRS and clinical
phenotypes in SZ and BD. PRS methods revealed loci distinguishing between BD and SZ
through psychotic symptoms and the age of onset of the BD participants (Bipolar Disorder
Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018). However, using
the PGC data, the PRS provided only modest effects in distinguishing SZ, BD, and unaffected
relatives (Calafato et al., 2018). The difficulty in revealing direct relationships between
polygenic risks and clinical or behavioral phenotypes might point to the original idea and
usefulness of applying imaging genetics. In our analysis, we were still able to capture PANSS
associated brain alterations as the intermediate phenotypes, while the direct association between
genes and PANSS measures was missing. In addition, despite the PANSS components remaining
distinct in SZ and BD, the PRS appeared more useful in exploring the shared features in brains,
phenotypes, and clinical observations rather than the disease-specific ones (Calafato et al., 2018;
Dima & Breen, 2015; Fullerton & Nurnberger, 2019).In summary, it’s still hard to reveal the
direct relationships between polygenic risk scores and clinical phenotypes. We will discuss better
ways to draw the map of polygenic effects on brains and behavioral phenotypes in future

directions.

5.5 Limitations
There are inevitable limitations within this work. The data used in this work were pooled

from multiple datasets. The availability of other data modalities (genes, brains, and behavior)
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limited the usable numbers of participants within different aims and might impair comparability
among different aims. To extract PANSS profiles related to brain patterns, we were able to use
337 SZ and 109 BD. Though the same number of participants were included in projection
analysis, we used quite different participants in genetic analysis. More than 1000 participants
were included in polygenic risk calculation in the SZ group to utilize as many participants as
possible. However, among the participants with available genetic data, 186 of SZ were finally
found with both available genetic and brain imaging data. Thus, a relatively small proportion of
the data were included in the final aim.

There were also some limitations in the demographic background of the data. The
different studies included more than 15 sites, with a variety of data collection techniques. The
BD participants, collected at one site, were diagnosed with bipolar spectrum disorders, including
bipolar I and I1, and around half of the patients experienced at least one psychotic episode
(Nesvag et al., 2017; Wolfers et al., 2018). The history of manic episodes, along with euthymia
periods and their potential effects on brain structures and PANSS profiles, could not be taken
into consideration. In addition, the proportion of lifetime psychotic episode might differ from the
larger BD population overall. We tried to control for age, gender, and site/scanning difference
with their potential effects on the brains. Also, we evaluated DOI and medication with their
effects on brains and PANSS items. However, with missing data on medications in the SZ group,
we could only assess medication effects on participants with available CPZ estimates. In the BD
group, considering lithium, antipsychotic, and antiepileptic treatment and their potential effects
on brain structures, the medication status was checked as binary variable on the brain structures
and PANSS scores. However, the exact dosage and dosage-related effects could not be examined

on brains and PANSS scores.
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There were chances of overfitting and randomization during the pICA approach. We
made an effort to enhance the stability of the results. 10-fold validations were applied to pICA to
avoid results being driven by outliners, and pICA itself was running with ICASSO to ensure
stability. By introducing a 10mm smoothing kernel (Gupta et al., 2015; Segall et al., 2009; Silver
etal., 2011), using a relatively strict Z score, and cluster size to filter the structural brain, the
main findings were restricted to the cortical regions. It must be pointed out, in our earlier work
applying SBM analysis to GMC (Gupta et al., 2015), we found similar structural brain case vs.
control differences as in the current work. However, we did not identify an association between
GM concentration and the PANSS positive score when applying post hoc correlation analyses.

During the projection analysis process, as highlighted in the discussion part, one
inevitable limitation was that the projection did not ensure the existence of the component in the
target data. The other limitation might be that the projection was limited to the shared brain mask
and voxels across different datasets (Chen et al., 2019). Though we were able to do it with the
full frame of the PANSS items, not a complete set of structural brain patterns identified in SZ
and BD could be projected into either of the groups.

There is limited power in the final polygenic risk score analysis. As described in the
demographic information, the number of participants with available genetics and images was
reduced compared to the full sample size in genetic risk score calculations. Especially in the BD
group, with moderate effect size (0.5 for t-test), a level at 0.05, the minimal total sample size to
achieve power over 95% (assuming equal sample size in each group) is 210 (105 for each group)
(Faul, Erdfelder, Lang, & Buchner, 2007). Our sample size for BD was slightly above this power
requirement. However, in the actual practice of imaging genetic studies, a moderate effect size is

not common (Hashimoto et al., 2015; Jiang et al., 2019), though a previous power model of
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imaging genetics was suggested based on a moderate effect size of 0.5 (Carter et al., 2017). In

the situation with these data (setting effect size to be small, effect size = 0.2, a level at 0.05, and
power = 0.95), the minimal total sample size would be 1188 (594 subjects for each group), in
which case these analyses are definitely underpowered. In addition, we were not able to use the
original genetic data from the TOP dataset which had identified the correlated brain patterns and
symptom profiles. We had to project the brain patterns into B-SNIP samples, which provided
genetic and imaging data. During the projection process, there could be a risk of losing dataset-
specific variations and the nonexistence of such components in the target data (Chen et al., 2019).
Though we tried an independent ICA to extract a similar apathy component, this subtle

relationship added to the difficulty of revealing the genetic mechanism behind apathy.

5.6 Conclusions and future directions

This work indicated shared structural brain alterations in frontal-temporal-parietal circuits
behind distinct symptom profiles (positive, mood, and apathy) in the SZ and BD populations
through multivariate analysis. Additionally, we found shared polygenic risks of SZ and BD were
affecting the structural brain alterations. Despite the differences in symptom profiles, extracted
brain patterns fell within the frontal-temporal-parietal network while emphasizing the critical
temporal regions, including inferior, middle, and superior temporal gyrus. Importantly, they were
explained by compared polygenic risk regardless of the original diagnoses. These results raised
essential research questions for future studies.

Firstly, at the clinical observation level, it is critical to include more broad but symptom
domain balanced assessment tools. In the current analysis, we used PANSS as it is a valuable
tool in detecting the psychiatric symptoms across diagnoses. However, PANSS didn’t cover all

the symptoms commonly observed clinically, and the scores for each of symptom domains were
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not perfectly balanced. For instance, limited information is covered the single item of depression,
and hidden information of depression can also be observed in more subtle behavioral changes.
One choice is to include a wide selection of current clinical assessment scales, though it was
difficult to keep so many scales consistently rated across different sites. Along with the enlarged
inter-rater bias, the different scoring scales, inner structures, and factors in various tools would
be hard to control in future data analyses (Pearlson et al., 2016). Imaging genetic and
multivariate methods compatible symptom scales are needed to provide clinical profiles covering
the whole symptom domains without current diagnostic specificity. In addition, it would need to
be easy to use for reducing inter-rater bias, or it can be built as a self-report tool for large data
collection. The items would be easy to read without ambiguity, and the different levels of scores
would easily be distinguished from each other. The Symptom Checklist-90 (SCL-90) and the
revised version might be a potentially useful choice (Derogatis & Cleary, 1977; Jiang et al., 2019;
Schmitz et al., 2000). Each question or item in SCL-90 is straightforward for the rater to
understand, and it covers the symptom details we would like to collect from the patients.
Secondly, more brain measures than simply gray matter, and explicitly cross-diagnostic
analytic tools would be helpful. Interestingly, within the framework of multivariate analysis,
novel methods as parallel group ICA and multi-site canonical correlation analysis with
reference + joint ICA (MCCAR +jICA) were developed to help achieve these goals. They would
be helpful in incorporating multiple modalities in imaging data, e.g. gray matter and white matter
together, guided by single scale score or the full input of item scores of a specific scales (Qi et al.,
2020; Qi et al., 2019; Sui et al., 2018). These more recent approaches have the benefit of being
tolerant to missing data, which hampered the pICA analyses. Regarding the clinical data

availability across sites and the different scales of the assessment data, these methods could
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avoid the current problem while projecting the data. Due to the small effect sizes of common
variations and the difficulty in separating disorder-specific SNPs from the rest of the whole
genome, sparse parallel ICA was designed recently to improve genomic data's results (Duan et
al., 2020). This could provide another reliable and possibly more sensitive way of exploring
genetic effects on the brain and behavioral data.

Another future direction would be constructing PRS based on genetic pathways, more
detailed phenotype information, and genetic factors closely connected to structural brains
(Toulopoulou et al., 2019). For complicated human diseases, including psychotic disorders, PRS
may have independent effects on behavioral, environmental, and clinical risk factors such as
lifestyle and stressful life events (Janssens, 2019; Musliner et al., 2015). In measuring the exact
effects of PRS on intermediate phenotypes as brain structures, we may need to rule out the above
independent effects of PRS (Konigorski, Wang, Cigsar, & Yilmaz, 2018). Constructing PRS
based on variations involved in the pathways or gene sets (e.g., abnormal long-term potentiation
or electrophysiology) directly affecting brain development, morphometry, and function out of the
total PRS is one potential direction (Grama et al., 2020). Another choice is collecting variations
involved in certain clinical domains that are directly associated with brains, such as a specific
field of cognitive functions or symptom profiles (Toulopoulou et al., 2019). It helps elucidate the
functional implication and restrict the genetic effect compared with total PRS effects
simultaneously. In current work, we were estimating the PRS based on diagnostic phenotypes,
and we were following the idea that specific psychotic disorder risks were the source of
modifying the brains. Future work would need to collect brain structures related to genetic risks
while stepping out of current diagnoses' categories (Carter et al., 2017). By doing so, stronger

effect sizes and future evidence of research based diagnostic criteria could be formed.



71

REFERENCES

Abe, C., Ekman, C. J., Sellgren, C., Petrovic, P., Ingvar, M., & Landen, M. (2016). Cortical
thickness, volume and surface area in patients with bipolar disorder types I and 11. J
Psychiatry Neurosci, 41(4), 240-250. doi: 10.1503/jpn.150093

Abe, C., Liberg, B., Song, J., Bergen, S. E., Petrovic, P., Ekman, C. J., . .. Landen, M. (2020).
Longitudinal Cortical Thickness Changes in Bipolar Disorder and the Relationship to
Genetic Risk, Mania, and Lithium Use. Biol Psychiatry, 87(3), 271-281. doi:
10.1016/j.biopsych.2019.08.015

Aine, C. J., Bockholt, H. J., Bustillo, J. R., Canive, J. M., Caprihan, A., Gasparovic, C., . ..
Calhoun, V. D. (2017). Multimodal Neuroimaging in Schizophrenia: Description and
Dissemination. Neuroinformatics, 15(4), 343-364. doi: 10.1007/s12021-017-9338-9

Allardyce, J., Leonenko, G., Hamshere, M., Pardinas, A. F., Forty, L., Knott, S., . . . Escott-Price,
V. (2018). Association Between Schizophrenia-Related Polygenic Liability and the
Occurrence and Level of Mood-Incongruent Psychotic Symptoms in Bipolar Disorder.
JAMA Psychiatry, 75(1), 28-35. doi: 10.1001/jamapsychiatry.2017.3485

Alnaes, D., Kaufmann, T., van der Meer, D., Cordova-Palomera, A., Rokicki, J., Moberget,
T., ... Karolinska Schizophrenia Project, C. (2019). Brain Heterogeneity in
Schizophrenia and Its Association With Polygenic Risk. JAMA Psychiatry, 76(7), 739-
748. doi: 10.1001/jamapsychiatry.2019.0257

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders
(5th ed.). Washington, DC.

Andreassen, O. A., Thompson, W. K., Schork, A. J., Ripke, S., Mattingsdal, M., Kelsoe, J. R, . ..

Dale, A. M. (2013). Improved detection of common variants associated with



72

schizophrenia and bipolar disorder using pleiotropy-informed conditional false discovery
rate. PLoS Genet, 9(4), e1003455. doi: 10.1371/journal.pgen.1003455

Arnone, D., Cavanagh, J., Gerber, D., Lawrie, S. M., Ebmeier, K. P., & McIntosh, A. M. (2009).
Magnetic resonance imaging studies in bipolar disorder and schizophrenia: meta-analysis.
Br J Psychiatry, 195(3), 194-201. doi: 10.1192/bjp.bp.108.059717

Arslan, A. (2015). Genes, brains, and behavior: imaging genetics for neuropsychiatric disorders.
J Neuropsychiatry Clin Neurosci, 27(2), 81-92. doi: 10.1176/appi.neuropsych.13080185

Athanasiu, L., Mattingsdal, M., Kahler, A. K., Brown, A., Gustafsson, O., Agartz, I., . ..
Andreassen, O. A. (2010). Gene variants associated with schizophrenia in a Norwegian
genome-wide study are replicated in a large European cohort. J Psychiatr Res, 44(12),
748-753. doi: 10.1016/j.jpsychires.2010.02.002

Bearden, C. E., Woogen, M., & Glahn, D. C. (2010). Neurocognitive and neuroimaging
predictors of clinical outcome in bipolar disorder. Curr Psychiatry Rep, 12(6), 499-504.
doi: 10.1007/s11920-010-0151-5

Bell, M. D, Lysaker, P. H., Beam-Goulet, J. L., Milstein, R. M., & Lindenmayer, J. P. (1994).
Five-component model of schizophrenia: assessing the factorial invariance of the positive
and negative syndrome scale. Psychiatry Res, 52(3), 295-303.

Bigos, K. L., Mattay, V. S., Callicott, J. H., Straub, R. E., Vakkalanka, R., Kolachana, B., . . .
Weinberger, D. R. (2010). Genetic variation in CACNALC affects brain circuitries
related to mental illness. Arch Gen Psychiatry, 67(9), 939-945. doi:

10.1001/archgenpsychiatry.2010.96



73

Bipolar Disorder Schizophrenia Working Group of the Psychiatric Genomics Consortium.
(2018). Genomic Dissection of Bipolar Disorder and Schizophrenia, Including 28
Subphenotypes. Cell, 173(7), 1705-1715 e1716. doi: 10.1016/j.cell.2018.05.046

Blasi, G., Lo Bianco, L., Taurisano, P., Gelao, B., Romano, R., Fazio, L., . . . Bertolino, A.
(2009). Functional variation of the dopamine D2 receptor gene is associated with
emotional control as well as brain activity and connectivity during emotion processing in
humans. J Neurosci, 29(47), 14812-14819. doi: 10.1523/JNEUROSCI.3609-09.2009

Blumberg, H. P., Krystal, J. H., Bansal, R., Martin, A., Dziura, J., Durkin, K., . . . Peterson, B. S.
(2006). Age, rapid-cycling, and pharmacotherapy effects on ventral prefrontal cortex in
bipolar disorder: a cross-sectional study. Biol Psychiatry, 59(7), 611-618. doi:
10.1016/j.biopsych.2005.08.031

Bogdan, R., Salmeron, B. J., Carey, C. E., Agrawal, A., Calhoun, V. D., Garavan, H., . . .
Goldman, D. (2017). Imaging Genetics and Genomics in Psychiatry: A Critical Review
of Progress and Potential. Biol Psychiatry, 82(3), 165-175. doi:
10.1016/j.biopsych.2016.12.030

Buckholtz, J. W., Meyer-Lindenberg, A., Honea, R. A., Straub, R. E., Pezawas, L., Egan, M.

F., ... Callicott, J. H. (2007). Allelic variation in RGS4 impacts functional and structural
connectivity in the human brain. J Neurosci, 27(7), 1584-1593. doi:
10.1523/JINEUROSCI.5112-06.2007

Busatto, G. F. (2013). Structural and functional neuroimaging studies in major depressive
disorder with psychotic features: a critical review. Schizophr Bull, 39(4), 776-786. doi:

10.1093/schbul/sbt054



74

Calafato, M. S., Thygesen, J. H., Ranlund, S., Zartaloudi, E., Cahn, W., Crespo-Facorro, B., . ..
Bramon, E. (2018). Use of schizophrenia and bipolar disorder polygenic risk scores to
identify psychotic disorders. Br J Psychiatry, 213(3), 535-541. doi: 10.1192/bjp.2018.89

Calhoun, V. D., & Sui, J. (2016). Multimodal fusion of brain imaging data: A key to finding the
missing link(s) in complex mental illness. Biol Psychiatry Cogn Neurosci Neuroimaging,
1(3), 230-244. doi: 10.1016/j.bpsc.2015.12.005

Cao, H., Dixson, L., Meyer-Lindenberg, A., & Tost, H. (2016). Functional connectivity measures
as schizophrenia intermediate phenotypes: advances, limitations, and future directions.
Curr Opin Neurobiol, 36, 7-14. doi: 10.1016/j.conb.2015.07.008

Carter, C. S., Bearden, C. E., Bullmore, E. T., Geschwind, D. H., Glahn, D. C., Gur,R. E., ...
Weinberger, D. R. (2017). Enhancing the Informativeness and Replicability of Imaging
Genomics Studies. Biol Psychiatry, 82(3), 157-164. doi: 10.1016/j.biopsych.2016.08.019

Cavelti, M., Kircher, T., Nagels, A., Strik, W., & Homan, P. (2018). Is formal thought disorder
in schizophrenia related to structural and functional aberrations in the language network?
A systematic review of neuroimaging findings. Schizophr Res, 199, 2-16. doi:
10.1016/j.schres.2018.02.051

Chang, M., Womer, F. Y., Edmiston, E. K., Bai, C., Zhou, Q., Jiang, X, . . . Wang, F. (2018).
Neurobiological Commonalities and Distinctions Among Three Major Psychiatric
Diagnostic Categories: A Structural MRI Study. Schizophr Bull, 44(1), 65-74. doi:
10.1093/schbul/sbx028

Chen, C. H., Suckling, J., Lennox, B. R., Ooi, C., & Bullmore, E. T. (2011). A quantitative meta-
analysis of fMRI studies in bipolar disorder. Bipolar Disord, 13(1), 1-15. doi:

10.1111/j.1399-5618.2011.00893.x



75

Chen, J., Calhoun, V. D., Lin, D., Perrone-Bizzozero, N. I., Bustillo, J. R., Pearlson, G.D., . ..
Liu, J. (2019). Shared Genetic Risk of Schizophrenia and Gray Matter Reduction in
6p22.1. Schizophr Bull, 45(1), 222-232. doi: 10.1093/schbul/sby010

Choi, S. W., & O'Reilly, P. F. (2019). PRSice-2: Polygenic Risk Score software for biobank-
scale data. Gigascience, 8(7). doi: 10.1093/gigascience/giz082

Clementz, B. A., Sweeney, J. A., Hamm, J. P., lvleva, E. |., Ethridge, L. E., Pearlson, G. D, . ..
Tamminga, C. A. (2016). Identification of Distinct Psychosis Biotypes Using Brain-
Based Biomarkers. Am J Psychiatry, 173(4), 373-384. doi:
10.1176/appi.ajp.2015.14091200

Cotovio, G., Talmasov, D., Barahona-Correa, J. B., Hsu, J., Senova, S., Ribeiro, R., . . . Fox, M.
D. (2020). Mapping mania symptoms based on focal brain damage. J Clin Invest, 130(10),
5209-5222. doi: 10.1172/JC1136096

Cross-Disorder Group of the Psychiatric Genomics, C. (2013). Identification of risk loci with
shared effects on five major psychiatric disorders: a genome-wide analysis. Lancet,
381(9875), 1371-1379. doi: 10.1016/S0140-6736(12)62129-1

Cross-Disorder Group of the Psychiatric Genomics, C., Lee, S. H., Ripke, S., Neale, B. M.,
Faraone, S. V., Purcell, S. M., . . . International Inflammatory Bowel Disease Genetics, C.
(2013). Genetic relationship between five psychiatric disorders estimated from genome-
wide SNPs. Nat Genet, 45(9), 984-994. doi: 10.1038/ng.2711

Dazzan, P., Arango, C., Fleischacker, W., Galderisi, S., Glenthoj, B., Leucht, S., . . . McGuire, P.
(2015). Magnetic resonance imaging and the prediction of outcome in first-episode
schizophrenia: a review of current evidence and directions for future research. Schizophr

Bull, 41(3), 574-583. doi: 10.1093/schbul/sbv024



76

Dell'osso, L., Carmassi, C., Rucci, P., Ciapparelli, A., Paggini, R., Ramacciotti, C. E., . ..
Marazziti, D. (2009). Lifetime subthreshold mania is related to suicidality in
posttraumatic stress disorder. CNS Spectr, 14(5), 262-266.

Dell'Osso, L., Del Grande, C., Gesi, C., Carmassi, C., & Musetti, L. (2016). A new look at an old
drug: neuroprotective effects and therapeutic potentials of lithium salts. Neuropsychiatr
Dis Treat, 12, 1687-1703. doi: 10.2147/NDT.S106479

Derogatis, L. R., & Cleary, P. A. (1977). Factorial invariance across gender for the primary
symptom dimensions of the SCL-90. Br J Soc Clin Psychol, 16(4), 347-356. doi:
10.1111/5.2044-8260.1977.tb00241.x

Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., . . . Killiany,
R. J. (2006). An automated labeling system for subdividing the human cerebral cortex on
MRI scans into gyral based regions of interest. Neuroimage, 31(3), 968-980. doi:
10.1016/j.neuroimage.2006.01.021

Dezhina, Z., Ranlund, S., Kyriakopoulos, M., Williams, S. C. R., & Dima, D. (2019). A
systematic review of associations between functional MRI activity and polygenic risk for
schizophrenia and bipolar disorder. Brain Imaging Behav, 13(3), 862-877. doi:
10.1007/s11682-018-9879-z

Di Sero, A., Jorgensen, K. N., Nerland, S., Melle, I., Andreassen, O. A., Jovicich, J., & Agartz, .
(2019). Antipsychotic treatment and basal ganglia volumes: Exploring the role of
receptor occupancy, dosage and remission status. Schizophr Res, 208, 114-123. doi:
10.1016/j.schres.2019.04.002

Dickstein, D. P., Milham, M. P., Nugent, A. C., Drevets, W. C., Charney, D. S., Pine,D. S., &

Leibenluft, E. (2005). Frontotemporal alterations in pediatric bipolar disorder: results of a



77

voxel-based morphometry study. Arch Gen Psychiatry, 62(7), 734-741. doi:
10.1001/archpsyc.62.7.734

Dima, D., & Breen, G. (2015). Polygenic risk scores in imaging genetics: Usefulness and
applications. J Psychopharmacol, 29(8), 867-871. doi: 10.1177/0269881115584470

Doan, N. T., Kaufmann, T., Bettella, F., Jorgensen, K. N., Brandt, C. L., Moberget, T., . ..
Westlye, L. T. (2017). Distinct multivariate brain morphological patterns and their added
predictive value with cognitive and polygenic risk scores in mental disorders.
Neuroimage Clin, 15, 719-731. doi: 10.1016/j.nicl.2017.06.014

Drabant, E. M., Hariri, A. R., Meyer-Lindenberg, A., Munoz, K. E., Mattay, V. S., Kolachana, B.
S., ... Weinberger, D. R. (2006). Catechol O-methyltransferase val158met genotype and
neural mechanisms related to affective arousal and regulation. Arch Gen Psychiatry,
63(12), 1396-1406. doi: 10.1001/archpsyc.63.12.1396

Duan, K., Chen, J., Calhoun, V. D., Jiang, W., Rootes-Murdy, K., Schoenmacker, G., . . . Liu, J.
(2020). Sparse parallel independent component analysis and its application to identify
linked genomic and gray matter alterations underlying working memory impairment in
attention-deficit/hyperactivity disorder. bioRxiv.

Dusi, N., De Carlo, V., Delvecchio, G., Bellani, M., Soares, J. C., & Brambilla, P. (2019). MRI
features of clinical outcome in bipolar disorder: A selected review: Special Section on
"Translational and Neuroscience Studies in Affective Disorders”. Section Editor, Maria
Nobile MD, PhD. This Section of JAD focuses on the relevance of translational and
neuroscience studies in providing a better understanding of the neural basis of affective

disorders. The main aim is to briefly summaries relevant research findings in clinical



78

neuroscience with particular regards to specific innovative topics in mood and anxiety
disorders. J Affect Disord, 243, 559-563. doi: 10.1016/j.jad.2018.05.066

Ellison-Wright, 1., & Bullmore, E. (2010). Anatomy of bipolar disorder and schizophrenia: a
meta-analysis. Schizophr Res, 117(1), 1-12. doi: 10.1016/j.schres.2009.12.022

Elvsashagen, T., Westlye, L. T., Boen, E., Hol, P. K., Andreassen, O. A., Boye, B., & Malt, U. F.
(2013). Bipolar 11 disorder is associated with thinning of prefrontal and temporal cortices
involved in affect regulation. Bipolar Disord, 15(8), 855-864. doi: 10.1111/bdi.12117

Erk, S., Meyer-Lindenberg, A., Schnell, K., Opitz von Boberfeld, C., Esslinger, C., Kirsch, P., . ..
Walter, H. (2010). Brain function in carriers of a genome-wide supported bipolar disorder
variant. Arch Gen Psychiatry, 67(8), 803-811. doi: 10.1001/archgenpsychiatry.2010.94

Esslinger, C., Walter, H., Kirsch, P., Erk, S., Schnell, K., Arnold, C., . . . Meyer-Lindenberg, A.
(2009). Neural mechanisms of a genome-wide supported psychosis variant. Science,
324(5927), 605. doi: 10.1126/science.1167768

Euesden, J., Lewis, C. M., & O'Reilly, P. F. (2015). PRSice: Polygenic Risk Score software.
Bioinformatics, 31(9), 1466-1468. doi: 10.1093/bioinformatics/btu848

Faerden, A., Friis, S., Agartz, |., Barrett, E. A., Nesvag, R., Finset, A., & Melle, 1. (2009).
Apathy and functioning in first-episode psychosis. Psychiatr Serv, 60(11), 1495-1503.
doi: 10.1176/appi.ps.60.11.1495

10.1176/ps.2009.60.11.1495

Faerden, A., Nesvag, R., Barrett, E. A., Agartz, |, Finset, A., Friis, S., . . . Melle, 1. (2008).
Assessing apathy: the use of the Apathy Evaluation Scale in first episode psychosis. Eur

Psychiatry, 23(1), 33-39. doi: 10.1016/j.eurpsy.2007.09.002



79

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav Res
Methods, 39(2), 175-191.

Feighner, J. P., Robins, E., Guze, S. B., Woodruff, R. A., Jr., Winokur, G., & Munoz, R. (1972).
Diagnostic criteria for use in psychiatric research. Arch Gen Psychiatry, 26(1), 57-63.

First, M. B., Gibbon, M. (2004). Comprehensive Handbook of Psychological Assessment (S.
Hilsenroth MJ, D.L. Ed. Vol. 2: Personality Assessment). Hoboken, NJ, US: John Wiley
& Sons Inc.

Fornito, A., Malhi, G. S., Lagopoulos, J., Ivanovski, B., Wood, S. J., Saling, M. M., . .. Yucel,
M. (2008). Anatomical abnormalities of the anterior cingulate and paracingulate cortex in
patients with bipolar | disorder. Psychiatry Res, 162(2), 123-132. doi:
10.1016/j.pscychresns.2007.06.004

Fornito, A., Yucel, M., Wood, S. J., Bechdolf, A., Carter, S., Adamson, C., . . . Pantelis, C.
(2009). Anterior cingulate cortex abnormalities associated with a first psychotic episode
in bipolar disorder. Br J Psychiatry, 194(5), 426-433. doi: 10.1192/bjp.bp.107.049205

Fullerton, J. M., & Nurnberger, J. I. (2019). Polygenic risk scores in psychiatry: Will they be
useful for clinicians? F1000Res, 8. doi: 10.12688/f1000research.18491.1

Garety, P. A., & Freeman, D. (2013). The past and future of delusions research: from the
inexplicable to the treatable. Br J Psychiatry, 203(5), 327-333. doi:
10.1192/bjp.bp.113.126953

Gollub, R. L., Shoemaker, J. M., King, M. D., White, T., Ehrlich, S., Sponheim, S. R, . ..

Andreasen, N. C. (2013). The MCIC collection: a shared repository of multi-modal,



80

multi-site brain image data from a clinical investigation of schizophrenia.
Neuroinformatics, 11(3), 367-388. doi: 10.1007/s12021-013-9184-3

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata, L. B., . . . Etkin,
A. (2015). Identification of a common neurobiological substrate for mental illness. JAMA
Psychiatry, 72(4), 305-315. doi: 10.1001/jamapsychiatry.2014.2206

Gottesman, 11, & Gould, T. D. (2003). The endophenotype concept in psychiatry: etymology and
strategic intentions. Am J Psychiatry, 160(4), 636-645. doi: 10.1176/appi.ajp.160.4.636

Grama, S., Willcocks, 1., Hubert, J. J., Pardinas, A. F., Legge, S. E., Bracher-Smith, M., . . .
Caseras, X. (2020). Polygenic risk for schizophrenia and subcortical brain anatomy in the
UK Biobank cohort. Transl Psychiatry, 10(1), 309. doi: 10.1038/s41398-020-00940-0

Grande, 1., Berk, M., Birmaher, B., & Vieta, E. (2016). Bipolar disorder. Lancet, 387(10027),
1561-1572. doi: 10.1016/S0140-6736(15)00241-X

Guo, J. Y., Ragland, J. D., & Carter, C. S. (2019). Memory and cognition in schizophrenia. Mol
Psychiatry, 24(5), 633-642. doi: 10.1038/s41380-018-0231-1

Gupta, C. N., Calhoun, V. D., Rachakonda, S., Chen, J., Patel, V., Liu, J., ... Turner, J. A.
(2015). Patterns of Gray Matter Abnormalities in Schizophrenia Based on an
International Mega-analysis. Schizophr Bull, 41(5), 1133-1142. doi:
10.1093/schbul/sbul77

Han, K. M., De Berardis, D., Fornaro, M., & Kim, Y. K. (2019). Differentiating between bipolar
and unipolar depression in functional and structural MRI studies. Prog
Neuropsychopharmacol Biol Psychiatry, 91, 20-27. doi: 10.1016/j.pnpbp.2018.03.022

Hanford, L. C., Nazarov, A., Hall, G. B., & Sassi, R. B. (2016). Cortical thickness in bipolar

disorder: a systematic review. Bipolar Disord, 18(1), 4-18. doi: 10.1111/bdi.12362



81

Hansen, C. F., Torgalsboen, A. K., Melle, 1., & Bell, M. D. (2009). Passive/apathetic social
withdrawal and active social avoidance in schizophrenia: difference in underlying
psychological processes. J Nerv Ment Dis, 197(4), 274-277. doi:
10.1097/NMD.0b013e31819dbd36

Hare, S. M., Ford, J. M., Ahmadi, A., Damaraju, E., Belger, A., Bustillo, J., . . . Functional
Imaging Biomedical Informatics Research, N. (2017). Modality-Dependent Impact of
Hallucinations on Low-Frequency Fluctuations in Schizophrenia. Schizophr Bull, 43(2),
389-396. doi: 10.1093/schbul/sbw093

Hare, S. M., Law, A. S., Ford, J. M., Mathalon, D. H., Ahmadi, A., Damaraju, E., . .. Turner, J.
A. (2018). Disrupted network cross talk, hippocampal dysfunction and hallucinations in
schizophrenia. Schizophr Res, 199, 226-234. doi: 10.1016/j.schres.2018.03.004

Hartberg, C. B., Jorgensen, K. N., Haukvik, U. K., Westlye, L. T., Melle, 1., Andreassen, O. A.,
& Agartz, 1. (2015). Lithium treatment and hippocampal subfields and amygdala volumes
in bipolar disorder. Bipolar Disord, 17(5), 496-506. doi: 10.1111/bdi.12295

Hashimoto, R., Ohi, K., Yamamori, H., Yasuda, Y., Fujimoto, M., Umeda-Yano, S., . . . Takeda,
M. (2015). Imaging genetics and psychiatric disorders. Curr Mol Med, 15(2), 168-175.

Hegarty, C. E., Foland-Ross, L. C., Narr, K. L., Sugar, C. A., McGough, J. J., Thompson, P. M.,
& Altshuler, L. L. (2012). ADHD comorbidity can matter when assessing cortical
thickness abnormalities in patients with bipolar disorder. Bipolar Disord, 14(8), 843-855.
doi: 10.1111/bdi.12024

Hibar, D. P., Stein, J. L., Renteria, M. E., Arias-Vasquez, A., Desrivieres, S., Jahanshad, N., . . .
Medland, S. E. (2015). Common genetic variants influence human subcortical brain

structures. Nature, 520(7546), 224-229. doi: 10.1038/nature14101



82

Hibar, D. P., Westlye, L. T., Doan, N. T., Jahanshad, N., Cheung, J. W., Ching, C.R. K, . ..
Andreassen, O. A. (2018). Cortical abnormalities in bipolar disorder: an MRI analysis of
6503 individuals from the ENIGMA Bipolar Disorder Working Group. Mol Psychiatry,
23(4), 932-942. doi: 10.1038/mp.2017.73

Hibar, D. P., Westlye, L. T., van Erp, T. G., Rasmussen, J., Leonardo, C. D., Faskowitz, J., . . .
Andreassen, O. A. (2016). Subcortical volumetric abnormalities in bipolar disorder. Mol
Psychiatry, 21(12), 1710-1716. doi: 10.1038/mp.2015.227

Himberg, J., Hyvarinen, A., & Esposito, F. (2004). Validating the independent components of
neuroimaging time series via clustering and visualization. Neuroimage, 22(3), 1214-1222.
doi: 10.1016/j.neuroimage.2004.03.027

Hozer, F., & Houenou, J. (2016). Can neuroimaging disentangle bipolar disorder? J Affect
Disord, 195, 199-214. doi: 10.1016/j.jad.2016.01.039

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D. S., Quinn, K., . .. Wang, P. (2010).
Research domain criteria (RDoC): toward a new classification framework for research on
mental disorders. Am J Psychiatry, 167(7), 748-751. doi:
10.1176/appi.ajp.2010.09091379

Isobe, M., Miyata, J., Hazama, M., Fukuyama, H., Murai, T., & Takahashi, H. (2016).
Multimodal neuroimaging as a window into the pathological physiology of schizophrenia:
Current trends and issues. Neurosci Res, 102, 29-38. doi: 10.1016/j.neures.2015.07.009

Ivleva, E. 1., Bidesi, A. S., Thomas, B. P., Meda, S. A., Francis, A., Moates, A. F., . .. Tamminga,
C. A. (2012). Brain gray matter phenotypes across the psychosis dimension. Psychiatry

Res, 204(1), 13-24. doi: 10.1016/j.pscychresns.2012.05.001



83

Ivleva, E. I., Clementz, B. A., Dutcher, A. M., Arnold, S. J., Jeon-Slaughter, H., Aslan, S., . ..
Tamminga, C. A. (2016). Brain Structure Biomarkers in the Psychosis Biotypes: Findings
From the Bipolar-Schizophrenia Network for Intermediate Phenotypes. Biol Psychiatry.
doi: 10.1016/j.biopsych.2016.08.030

Jang, S. K., Choi, H. I, Park, S., Jaekal, E., Lee, G. Y., Cho, Y. I, & Choi, K. H. (2016). A Two-
Factor Model Better Explains Heterogeneity in Negative Symptoms: Evidence from the
Positive and Negative Syndrome Scale. Front Psychol, 7, 707. doi:
10.3389/fpsyg.2016.00707

Janssens, A. (2019). Validity of polygenic risk scores: are we measuring what we think we are?
Hum Mol Genet, 28(R2), R143-R150. doi: 10.1093/hmg/ddz205

Jiang, W., Andreassen, O. A., Agartz, I., Lagerberg, T. V., Westlye, L. T., Calhoun, V. D., &
Turner, J. A. (2020). Distinct structural brain circuits indicate mood and apathy profiles
in bipolar disorder. Neuroimage Clin, 26, 101989. doi: 10.1016/j.nicl.2019.101989

Jiang, W., King, T. Z., & Turner, J. A. (2019). Imaging Genetics Towards a Refined Diagnosis
of Schizophrenia. Front Psychiatry, 10, 494. doi: 10.3389/fpsyt.2019.00494

Jorgensen, K. N., Nesvag, R., Gunleiksrud, S., Raballo, A., Jonsson, E. G., & Agartz, I. (2016).
First- and second-generation antipsychotic drug treatment and subcortical brain
morphology in schizophrenia. Eur Arch Psychiatry Clin Neurosci, 266(5), 451-460. doi:
10.1007/s00406-015-0650-9

Kaplan, R. D., Szechtman, H., Franco, S., Szechtman, B., Nahmias, C., Garnett, E. S., . ..
Cleghorn, J. M. (1993). Three clinical syndromes of schizophrenia in untreated subjects:
relation to brain glucose activity measured by positron emission tomography (PET).

Schizophr Res, 11(1), 47-54.



84

Kapur, S. (2003). Psychosis as a state of aberrant salience: a framework linking biology,
phenomenology, and pharmacology in schizophrenia. Am J Psychiatry, 160(1), 13-23.
doi: 10.1176/appi.ajp.160.1.13

Kaufmann, T., van der Meer, D., Doan, N. T., Schwarz, E., Lund, M. J., Agartz, I., . .. Westlye,
L. T. (2019). Common brain disorders are associated with heritable patterns of apparent
aging of the brain. Nat Neurosci, 22(10), 1617-1623. doi: 10.1038/s41593-019-0471-7

Kay, S. R., Fiszbein, A., & Opler, L. A. (1987). The positive and negative syndrome scale
(PANSS) for schizophrenia. Schizophr Bull, 13(2), 261-276.

Kempton, M. J., Geddes, J. R., Ettinger, U., Williams, S. C., & Grasby, P. M. (2008). Meta-
analysis, database, and meta-regression of 98 structural imaging studies in bipolar
disorder. Arch Gen Psychiatry, 65(9), 1017-1032. doi: 10.1001/archpsyc.65.9.1017

Kendler, K. S. (2016). Phenomenology of Schizophrenia and the Representativeness of Modern
Diagnostic Criteria. JAMA Psychiatry, 73(10), 1082-1092. doi:
10.1001/jamapsychiatry.2016.1976

Knochel, C., Stablein, M., Prvulovic, D., Ghinea, D., Wenzler, S., Pantel, J., . . . Oertel-Knochel,
V. (2016). Shared and distinct gray matter abnormalities in schizophrenia, schizophrenia
relatives and bipolar disorder in association with cognitive impairment. Schizophr Res,
171(1-3), 140-148. doi: 10.1016/j.schres.2016.01.035

Kompus, K., Westerhausen, R., & Hugdahl, K. (2011). The "paradoxical” engagement of the
primary auditory cortex in patients with auditory verbal hallucinations: a meta-analysis of
functional neuroimaging studies. Neuropsychologia, 49(12), 3361-3369. doi:

10.1016/j.neuropsychologia.2011.08.010



85

Konigorski, S., Wang, Y., Cigsar, C., & Yilmaz, Y. E. (2018). Estimating and testing direct
genetic effects in directed acyclic graphs using estimating equations. Genet Epidemiol,
42(2), 174-186. doi: 10.1002/gepi.22107

Koutsouleris, N., Gaser, C., Jager, M., Bottlender, R., Frodl, T., Holzinger, S., . . . Meisenzahl, E.
M. (2008). Structural correlates of psychopathological symptom dimensions in
schizophrenia: a voxel-based morphometric study. Neuroimage, 39(4), 1600-1612. doi:
10.1016/j.neuroimage.2007.10.029

Krug, A., Krach, S., Jansen, A., Nieratschker, V., Witt, S. H., Shah, N. J., . . . Kircher, T. (2013).
The effect of neurogranin on neural correlates of episodic memory encoding and retrieval.
Schizophr Bull, 39(1), 141-150. doi: 10.1093/schbul/sbr076

Lan, M. J., Chhetry, B. T., Oquendo, M. A., Sublette, M. E., Sullivan, G., Mann, J. J., & Parsey,
R. V. (2014). Cortical thickness differences between bipolar depression and major
depressive disorder. Bipolar Disord, 16(4), 378-388. doi: 10.1111/bdi.12175

Lawrie, S. M., O'Donovan, M. C., Saks, E., Burns, T., & Lieberman, J. A. (2016a). Improving
classification of psychoses. Lancet Psychiatry, 3(4), 367-374. doi: 10.1016/S2215-
0366(15)00577-5

Lawrie, S. M., O'Donovan, M. C., Saks, E., Burns, T., & Lieberman, J. A. (2016b). Towards
diagnostic markers for the psychoses. Lancet Psychiatry, 3(4), 375-385. doi:
10.1016/S2215-0366(16)00021-3

Lebow, M. A., & Chen, A. (2016). Overshadowed by the amygdala: the bed nucleus of the stria
terminalis emerges as key to psychiatric disorders. Mol Psychiatry, 21(4), 450-463. doi:

10.1038/mp.2016.1



86

Lichtenstein, P., Yip, B. H., Bjdgk, C., Pawitan, Y., Cannon, T. D., Sullivan, P. F., & Hultman, C.
M. (2009). Common genetic determinants of schizophrenia and bipolar disorder in
Swedish families: a population-based study. The Lancet, 373(9659), 234-239. doi:
10.1016/s0140-6736(09)60072-6

Liddle, P. F., Friston, K. J., Frith, C. D., Hirsch, S. R., Jones, T., & Frackowiak, R. S. (1992).
Patterns of cerebral blood flow in schizophrenia. Br J Psychiatry, 160, 179-186.

Liu, J., Pearlson, G., Windemuth, A., Ruano, G., Perrone-Bizzozero, N. 1., & Calhoun, V. (2009).
Combining fMRI and SNP data to investigate connections between brain function and
genetics using parallel ICA. Hum Brain Mapp, 30(1), 241-255. doi: 10.1002/hbm.20508

Luo, N., Sui, J., Chen, J., Zhang, F., Tian, L., Lin, D., ... Jiang, T. (2018). A Schizophrenia-
Related Genetic-Brain-Cognition Pathway Revealed in a Large Chinese Population.
EBioMedicine, 37, 471-482. doi: 10.1016/j.ebiom.2018.10.009

Lyoo, I. K., Sung, Y. H., Dager, S. R., Friedman, S. D., Lee, J. Y., Kim, S. J., . .. Renshaw, P. F.
(2006). Regional cerebral cortical thinning in bipolar disorder. Bipolar Disord, 8(1), 65-
74. doi: 10.1111/j.1399-5618.2006.00284.x

Maggioni, E., Bellani, M., Altamura, A. C., & Brambilla, P. (2016). Neuroanatomical voxel-
based profile of schizophrenia and bipolar disorder. Epidemiol Psychiatr Sci, 25(4), 312-
316. doi: 10.1017/S2045796016000275

Maj, C., Tosato, S., Zanardini, R., Lasalvia, A., Favaro, A., Leuci, E., . . . Bocchio-Chiavetto, L.
(2020). Correlations between immune and metabolic serum markers and
schizophrenia/bipolar disorder polygenic risk score in first-episode psychosis. Early

Interv Psychiatry, 14(4), 507-511. doi: 10.1111/eip.12906



87

Maller, J. J., Thaveenthiran, P., Thomson, R. H., McQueen, S., & Fitzgerald, P. B. (2014).
Volumetric, cortical thickness and white matter integrity alterations in bipolar disorder
type I and 11. J Affect Disord, 169, 118-127. doi: 10.1016/j.jad.2014.08.016

Marin, R. S., Biedrzycki, R. C., & Firinciogullari, S. (1991). Reliability and validity of the
Apathy Evaluation Scale. Psychiatry Res, 38(2), 143-162.

Markota, M., Coombes, B. J., Larrabee, B. R., McElroy, S. L., Bond, D. J., Veldic, M., . ..
Biernacka, J. M. (2018). Association of schizophrenia polygenic risk score with manic
and depressive psychosis in bipolar disorder. Transl Psychiatry, 8(1), 188. doi:
10.1038/s41398-018-0242-3

McDonald, C., Zanelli, J., Rabe-Hesketh, S., Ellison-Wright, 1., Sham, P., Kalidindi, S., . . .
Kennedy, N. (2004). Meta-analysis of magnetic resonance imaging brain morphometry
studies in bipolar disorder. Biol Psychiatry, 56(6), 411-417. doi:
10.1016/j.biopsych.2004.06.021

Meda, S. A, Ruano, G., Windemuth, A., O'Neil, K., Berwise, C., Dunn, S. M., . . . Pearlson, G.
D. (2014). Multivariate analysis reveals genetic associations of the resting default mode
network in psychotic bipolar disorder and schizophrenia. Proc Natl Acad Sci U S A,
111(19), E2066-2075. doi: 10.1073/pnas.1313093111

Meda, S. A., Wang, Z., lvleva, E. I, Poudyal, G., Keshavan, M. S., Tamminga, C. A., ...
Pearlson, G. D. (2015). Frequency-Specific Neural Signatures of Spontaneous Low-
Frequency Resting State Fluctuations in Psychosis: Evidence From Bipolar-
Schizophrenia Network on Intermediate Phenotypes (B-SNIP) Consortium. Schizophr

Bull, 41(6), 1336-1348. doi: 10.1093/schbul/sbv064



88

Mennigen, E., Jiang, W., Calhoun, V. D., van Erp, T. G. M., Agartz, I., Ford, J. M., ... Turner, J.
A. (2019). Positive and general psychopathology associated with specific gray matter

reductions in inferior temporal regions in patients with schizophrenia. Schizophr Res, 208,

242-249. doi: 10.1016/j.schres.2019.02.010
Meyer-Lindenberg, A., & Weinberger, D. R. (2006). Intermediate phenotypes and genetic

mechanisms of psychiatric disorders. Nat Rev Neurosci, 7(10), 818-827. doi:
10.1038/nrn1993
Mitchell, R. L., Elliott, R., Barry, M., Cruttenden, A., & Woodruff, P. W. (2004). Neural
response to emotional prosody in schizophrenia and in bipolar affective disorder. Br J
Psychiatry, 184, 223-230.
Mohnke, S., Erk, S., Schnell, K., Schutz, C., Romanczuk-Seiferth, N., Grimm, O., . .. Walter, H.
(2014). Further evidence for the impact of a genome-wide-supported psychosis risk

variant in ZNF804A on the Theory of Mind Network. Neuropsychopharmacology, 39(5),

1196-1205. doi: 10.1038/npp.2013.321
Molina, V., Galindo, G., Cortes, B., de Herrera, A. G., Ledo, A., Sanz, J., . . . Hernandez-

Tamames, J. A. (2011). Different gray matter patterns in chronic schizophrenia and
chronic bipolar disorder patients identified using voxel-based morphometry. Eur Arch
Psychiatry Clin Neurosci, 261(5), 313-322. doi: 10.1007/s00406-010-0183-1
Morch-Johnsen, L., Nerland, S., Jorgensen, K. N., Osnes, K., Hartberg, C. B., Andreassen, O.
A., ... Agartz, . (2018). Cortical thickness abnormalities in bipolar disorder patients

with a lifetime history of auditory hallucinations. Bipolar Disord, 20(7), 647-657. doi:

10.1111/bdi.12627



89

Morch-Johnsen, L., Nesvag, R., Faerden, A., Haukvik, U. K., Jorgensen, K. N., Lange, E. H., . ..
Agartz, 1. (2015). Brain structure abnormalities in first-episode psychosis patients with
persistent apathy. Schizophr Res, 164(1-3), 59-64. doi: 10.1016/j.schres.2015.03.001

Morch-Johnsen, L., Nesvag, R., Jorgensen, K. N., Lange, E. H., Hartberg, C. B., Haukvik, U.
K., ...Agartz, I. (2017). Auditory Cortex Characteristics in Schizophrenia: Associations
With Auditory Hallucinations. Schizophr Bull, 43(1), 75-83. doi: 10.1093/schbul/sbw130

Mothersill, O., Morris, D. W., Kelly, S., Rose, E. J., Fahey, C., O'Brien, C., . .. Donohoe, G.
(2014). Effects of MIR137 on fronto-amygdala functional connectivity. Neuroimage, 90,
189-195. doi: 10.1016/j.neuroimage.2013.12.019

Musliner, K. L., Mortensen, P. B., McGrath, J. J., Suppli, N. P., Hougaard, D. M., Bybjerg-
Grauholm, J., . . . Bipolar Disorder Working Group of the Psychiatric Genomics, C.
(2019). Association of Polygenic Liabilities for Major Depression, Bipolar Disorder, and
Schizophrenia With Risk for Depression in the Danish Population. JAMA Psychiatry,
76(5), 516-525. doi: 10.1001/jamapsychiatry.2018.4166

Musliner, K. L., Seifuddin, F., Judy, J. A., Pirooznia, M., Goes, F. S., & Zandi, P. P. (2015).
Polygenic risk, stressful life events and depressive symptoms in older adults: a polygenic
score analysis. Psychol Med, 45(8), 1709-1720. doi: 10.1017/S0033291714002839

Nenadic, I., Gaser, C., & Sauer, H. (2012). Heterogeneity of brain structural variation and the
structural imaging endophenotypes in schizophrenia. Neuropsychobiology, 66(1), 44-49.
doi: 10.1159/000338547

Nery, F. G., Monkul, E. S., & Lafer, B. (2013). Gray matter abnormalities as brain structural

vulnerability factors for bipolar disorder: A review of neuroimaging studies of



90

individuals at high genetic risk for bipolar disorder. Aust N Z J Psychiatry, 47(12), 1124-
1135. doi: 10.1177/0004867413496482

Nesvag, R., Jonsson, E. G., Bakken, I. J., Knudsen, G. P., Bjella, T. D., Reichborn-Kjennerud,
T.,...Andreassen, O. A. (2017). The quality of severe mental disorder diagnoses in a
national health registry as compared to research diagnoses based on structured interview.
BMC Psychiatry, 17(1), 93. doi: 10.1186/s12888-017-1256-8

Nesvag, R., Lawyer, G., Varnas, K., Fjell, A. M., Walhovd, K. B., Frigessi, A., . . . Agartz, .
(2008). Regional thinning of the cerebral cortex in schizophrenia: effects of diagnosis,
age and antipsychotic medication. Schizophr Res, 98(1-3), 16-28. doi:
10.1016/j.schres.2007.09.015

Noordermeer, S. D. S., Luman, M., Weeda, W. D., Buitelaar, J. K., Richards, J. S., Hartman, C.
A., ... Oosterlaan, J. (2017). Risk factors for comorbid oppositional defiant disorder in
attention-deficit/hyperactivity disorder. Eur Child Adolesc Psychiatry, 26(10), 1155-1164.
doi: 10.1007/s00787-017-0972-4

O'Donovan, M. C., Craddock, N., Norton, N., Williams, H., Peirce, T., Moskvina, V., . ..
Molecular Genetics of Schizophrenia, C. (2008). Identification of loci associated with
schizophrenia by genome-wide association and follow-up. Nat Genet, 40(9), 1053-1055.
doi: 10.1038/ng.201

Padmanabhan, J. L., Tandon, N., Haller, C. S., Mathew, I. T., Eack, S. M., Clementz, B. A, ...
Keshavan, M. S. (2015). Correlations between brain structure and symptom dimensions
of psychosis in schizophrenia, schizoaffective, and psychotic bipolar I disorders.

Schizophr Bull, 41(1), 154-162. doi: 10.1093/schbul/sbu075



91

Palaniyappan, L., & Cousins, D. A. (2010). Brain networks: foundations and futures in bipolar
disorder. J Ment Health, 19(2), 157-167. doi: 10.3109/09638230903469129

Palaniyappan, L., Maayan, N., Bergman, H., Davenport, C., Adams, C. E., & Soares-Weiser, K.
(2015). Voxel-based morphometry for separation of schizophrenia from other types of
psychosis in first episode psychosis. Cochrane Database Syst Rev(8), CD011021. doi:
10.1002/14651858.CD011021.pub2

Paulus, F. M., Bedenbender, J., Krach, S., Pyka, M., Krug, A., Sommer, J., . . . Jansen, A. (2014).
Association of rs1006737 in CACNALC with alterations in prefrontal activation and
fronto-hippocampal connectivity. Hum Brain Mapp, 35(4), 1190-1200. doi:
10.1002/hbm.22244

Paulus, F. M., Krach, S., Bedenbender, J., Pyka, M., Sommer, J., Krug, A., . .. Jansen, A. (2013).
Partial support for ZNF804A genotype-dependent alterations in prefrontal connectivity.
Hum Brain Mapp, 34(2), 304-313. doi: 10.1002/hbm.21434

Pearlson, G. D., Clementz, B. A., Sweeney, J. A., Keshavan, M. S., & Tamminga, C. A. (2016).
Does Biology Transcend the Symptom-based Boundaries of Psychosis? Psychiatr Clin
North Am, 39(2), 165-174. doi: 10.1016/j.psc.2016.01.001

Pearlson, G. D., Liu, J., & Calhoun, V. D. (2015). An introductory review of parallel
independent component analysis (p-ICA) and a guide to applying p-ICA to genetic data
and imaging phenotypes to identify disease-associated biological pathways and systems
in common complex disorders. Front Genet, 6, 276. doi: 10.3389/fgene.2015.00276

Peralta, V., & Cuesta, M. J. (2017). Motor Abnormalities: From Neurodevelopmental to
Neurodegenerative Through "Functional” (Neuro)Psychiatric Disorders. Schizophr Bull,

43(5), 956-971. doi: 10.1093/schbul/sbx089



92

Potkin, S. G., Turner, J. A., Brown, G. G., McCarthy, G., Greve, D. N., Glover, G. H., . . . Fbirn.
(2009). Working memory and DLPFC inefficiency in schizophrenia: the FBIRN study.
Schizophr Bull, 35(1), 19-31. doi: 10.1093/schbul/sbn162

Qi, S., Bustillo, J., Turner, J. A., Jiang, R., Zhi, D., Fu, Z., . .. Sui, J. (2020). The relevance of
transdiagnostic shared networks to the severity of symptoms and cognitive deficits in
schizophrenia: a multimodal brain imaging fusion study. Transl Psychiatry, 10(1), 149.
doi: 10.1038/s41398-020-0834-6

Qi, S., Sui, J., Chen, J., Liu, J., Jiang, R., Silva, R., . .. Calhoun, V. D. (2019). Parallel group
ICA+ICA: Joint estimation of linked functional network variability and structural
covariation with application to schizophrenia. Hum Brain Mapp, 40(13), 3795-3809. doi:
10.1002/hbm.24632

Ramirez, F., Moscarello, J. M., LeDoux, J. E., & Sears, R. M. (2015). Active avoidance requires
a serial basal amygdala to nucleus accumbens shell circuit. J Neurosci, 35(8), 3470-3477.
doi: 10.1523/JNEUROSCI.1331-14.2015

Ranlund, S., Calafato, S., Thygesen, J. H., Lin, K., Cahn, W., Crespo-Facorro, B., . . . Bramon, E.
(2018). A polygenic risk score analysis of psychosis endophenotypes across brain
functional, structural, and cognitive domains. Am J Med Genet B Neuropsychiatr Genet,
177(1), 21-34. doi: 10.1002/ajmg.h.32581

Rasetti, R., Sambataro, F., Chen, Q., Callicott, J. H., Mattay, V. S., & Weinberger, D. R. (2011).
Altered cortical network dynamics: a potential intermediate phenotype for schizophrenia
and association with ZNF804A. Arch Gen Psychiatry, 68(12), 1207-1217. doi:

10.1001/archgenpsychiatry.2011.103



93

Ratnanather, J. T., Cebron, S., Ceyhan, E., Postell, E., Pisano, D. V., Poynton, C. B, . . . Barta, P.
E. (2014). Morphometric differences in planum temporale in schizophrenia and bipolar
disorder revealed by statistical analysis of labeled cortical depth maps. Front Psychiatry,
5, 94. doi: 10.3389/fpsyt.2014.00094

Reus, L. M., Shen, X., Gibson, J., Wigmore, E., Ligthart, L., Adams, M. J., . . . MclIntosh, A. M.
(2017). Association of polygenic risk for major psychiatric illness with subcortical
volumes and white matter integrity in UK Biobank. Sci Rep, 7, 42140. doi:
10.1038/srep42140

Rihmer, Z., Akiskal, K. K., Rihmer, A., & Akiskal, H. S. (2010). Current research on affective
temperaments. Curr Opin Psychiatry, 23(1), 12-18. doi:
10.1097/YCO0.0b013e32833299d4

Rimol, L. M., Hartberg, C. B., Nesvag, R., Fennema-Notestine, C., Hagler, D. J., Jr., Pung, C.
J., ... Agartz, I. (2010). Cortical thickness and subcortical volumes in schizophrenia and
bipolar disorder. Biol Psychiatry, 68(1), 41-50. doi: 10.1016/j.biopsych.2010.03.036

Rimol, L. M., Nesvag, R., Hagler, D. J., Jr., Bergmann, O., Fennema-Notestine, C., Hartberg, C.
B.,...Dale, A. M. (2012). Cortical volume, surface area, and thickness in schizophrenia
and bipolar disorder. Biol Psychiatry, 71(6), 552-560. doi:
10.1016/j.biopsych.2011.11.026

Rissanen, J. (1978). Modeling by Shortest Data Description. Automatica, 14, 465-471.

Robins, E., & Guze, S. B. (1970). Establishment of diagnostic validity in psychiatric illness: its
application to schizophrenia. Am J Psychiatry, 126(7), 983-987. doi:

10.1176/ajp.126.7.983



94

Sabri, O., Erkwoh, R., Schreckenberger, M., Owega, A., Sass, H., & Buell, U. (1997).
Correlation of positive symptoms exclusively to hyperperfusion or hypoperfusion of
cerebral cortex in never-treated schizophrenics. Lancet, 349(9067), 1735-1739. doi:
10.1016/S0140-6736(96)08380-8

Sagar, R., & Pattanayak, R. D. (2017). Potential biomarkers for bipolar disorder: Where do we
stand? Indian J Med Res, 145(1), 7-16. doi: 10.4103/ijmr.IJMR_1386_16

Salman, M. S, Du, Y., Lin, D., Fu, Z., Fedorov, A., Damaraju, E., . .. Calhoun, V. D. (2019).
Group ICA for identifying biomarkers in schizophrenia: 'Adaptive' networks via spatially
constrained ICA show more sensitivity to group differences than spatio-temporal
regression. Neuroimage Clin, 22, 101747. doi: 10.1016/j.nicl.2019.101747

Schizophrenia Psychiatric Genome-Wide Association Study, C. (2011). Genome-wide
association study identifies five new schizophrenia loci. Nat Genet, 43(10), 969-976. doi:
10.1038/ng.940

Schizophrenia Working Group of the Psychiatric Genomics, C. (2014). Biological insights from
108 schizophrenia-associated genetic loci. Nature, 511(7510), 421-427. doi:
10.1038/nature13595

Schmitz, N., Hartkamp, N., Kiuse, J., Franke, G. H., Reister, G., & Tress, W. (2000). The
Symptom Check-List-90-R (SCL-90-R): a German validation study. Qual Life Res, 9(2),
185-193. doi: 10.1023/a:1008931926181

Schwab, S. G., & Wildenauer, D. B. (2013). Genetics of psychiatric disorders in the GWAS era:
an update on schizophrenia. Eur Arch Psychiatry Clin Neurosci, 263 Suppl 2, S147-154.

doi: 10.1007/s00406-013-0450-z



95

Schwarz, E., Tost, H., & Meyer-Lindenberg, A. (2016). Working memory genetics in
schizophrenia and related disorders: An RDoC perspective. Am J Med Genet B
Neuropsychiatr Genet, 171B(1), 121-131. doi: 10.1002/ajmg.b.32353

Segall, J. M., Turner, J. A, van Erp, T. G., White, T., Bockholt, H. J., Gollub, R. L., . .. Calhoun,
V. D. (2009). Voxel-based morphometric multisite collaborative study on schizophrenia.
Schizophr Bull, 35(1), 82-95. doi: 10.1093/schbul/sbn150

Selvaraj, S., Arnone, D., Job, D., Stanfield, A., Farrow, T. F., Nugent, A. C., . . . MclIntosh, A. M.
(2012). Grey matter differences in bipolar disorder: a meta-analysis of voxel-based
morphometry studies. Bipolar Disord, 14(2), 135-145. doi: 10.1111/5.1399-
5618.2012.01000.x

Sengupta, S. M., MacDonald, K., Fathalli, F., Yim, A., Lepage, M., lyer, S., . . . Joober, R.
(2017). Polygenic Risk Score associated with specific symptom dimensions in first-
episode psychosis. Schizophr Res, 184, 116-121. doi: 10.1016/j.schres.2016.11.039

Shahab, S., Mulsant, B. H., Levesque, M. L., Calarco, N., Nazeri, A., Wheeler, A. L., . ..
Voineskos, A. N. (2018). Brain structure, cognition, and brain age in schizophrenia,
bipolar disorder, and healthy controls. Neuropsychopharmacology. doi: 10.1038/s41386-
018-0298-z

Shinozaki, G., & Potash, J. B. (2014). New developments in the genetics of bipolar disorder.
Curr Psychiatry Rep, 16(11), 493. doi: 10.1007/s11920-014-0493-5

Silver, M., Montana, G., Nichols, T. E., & Alzheimer's Disease Neuroimaging, I. (2011). False
positives in neuroimaging genetics using voxel-based morphometry data. Neuroimage,

54(2), 992-1000. doi: 10.1016/j.neuroimage.2010.08.049



96

Simoes, B., Vassos, E., Shergill, S., McDonald, C., Toulopoulou, T., Kalidindi, S., . . . Prata, D.
(2020). Schizophrenia polygenic risk score influence on white matter microstructure. J
Psychiatr Res, 121, 62-67. doi: 10.1016/j.jpsychires.2019.11.011

Smeland, O. B., Frei, O., Fan, C. C., Shadrin, A., Dale, A. M., & Andreassen, O. A. (2019). The
emerging pattern of shared polygenic architecture of psychiatric disorders, conceptual
and methodological challenges. Psychiatr Genet, 29(5), 152-159. doi:
10.1097/YPG.0000000000000234

Soh, P., Narayanan, B., Khadka, S., Calhoun, V. D., Keshavan, M. S., Tamminga, C. A,, . ..
Pearlson, G. D. (2015). Joint Coupling of Awake EEG Frequency Activity and MRI Gray
Matter Volumes in the Psychosis Dimension: A BSNIP Study. Front Psychiatry, 6, 162.
doi: 10.3389/fpsyt.2015.00162

Sprooten, E., Gupta, C. N., Knowles, E. E., McKay, D. R., Mathias, S. R., Curran, J. E., . ..
Glahn, D. C. (2015). Genome-wide significant linkage of schizophrenia-related
neuroanatomical trait to 12g24. Am J Med Genet B Neuropsychiatr Genet, 168(8), 678-
686. doi: 10.1002/ajmg.bh.32360

Stahl, E. A., Breen, G., Forstner, A. J., McQuillin, A., Ripke, S., Trubetskoy, V., . .. Bipolar
Disorder Working Group of the Psychiatric Genomics, C. (2019). Genome-wide
association study identifies 30 loci associated with bipolar disorder. Nat Genet, 51(5),
793-803. doi: 10.1038/s41588-019-0397-8

Stegmayer, K., Strik, W., Federspiel, A., Wiest, R., Bohlhalter, S., & Walther, S. (2017).
Specific cerebral perfusion patterns in three schizophrenia symptom dimensions.

Schizophr Res, 190, 96-101. doi: 10.1016/j.schres.2017.03.018



97

Strakowski, S. M., Delbello, M. P., & Adler, C. M. (2005). The functional neuroanatomy of
bipolar disorder: a review of neuroimaging findings. Mol Psychiatry, 10(1), 105-116. doi:
10.1038/sj.mp.4001585

Strik, W., Stegmayer, K., Walther, S., & Dierks, T. (2017). Systems Neuroscience of Psychosis:
Mapping Schizophrenia Symptoms onto Brain Systems. Neuropsychobiology, 75(3), 100-
116. doi: 10.1159/000485221

Sui, J., Qi, S., van Erp, T. G. M., Bustillo, J., Jiang, R., Lin, D., ... Calhoun, V. D. (2018).
Multimodal neuromarkers in schizophrenia via cognition-guided MRI fusion. Nat
Commun, 9(1), 3028. doi: 10.1038/s41467-018-05432-w

Sullivan, P. F., Daly, M. J., & O'Donovan, M. (2012). Genetic architectures of psychiatric
disorders: the emerging picture and its implications. Nat Rev Genet, 13(8), 537-551. doi:
10.1038/nrg3240

Sullivan, P. F., Kendler, K. S., & Neale, M. C. (2003). Schizophrenia as a complex trait:
evidence from a meta-analysis of twin studies. Arch Gen Psychiatry, 60(12), 1187-1192.
doi: 10.1001/archpsyc.60.12.1187

Tamminga, C. A,, Ivleva, E. I, Keshavan, M. S., Pearlson, G. D., Clementz, B. A., Witte, B, . ..
Sweeney, J. A. (2013). Clinical phenotypes of psychosis in the Bipolar-Schizophrenia
Network on Intermediate Phenotypes (B-SNIP). Am J Psychiatry, 170(11), 1263-1274.
doi: 10.1176/appi.ajp.2013.12101339

Tan, H. Y., Chen, A. G., Kolachana, B., Apud, J. A., Mattay, V. S., Callicott, J. H., . ..
Weinberger, D. R. (2012). Effective connectivity of AKT1-mediated dopaminergic
working memory networks and pharmacogenetics of anti-dopaminergic treatment. Brain,

135(Pt 5), 1436-1445. doi: 10.1093/brain/aws068



98

Tandon, N., Nanda, P., Padmanabhan, J. L., Mathew, I. T., Eack, S. M., Narayanan, B., . . .
Keshavan, M. S. (2016). Novel gene-brain structure relationships in psychotic disorder
revealed using parallel independent component analyses. Schizophr Res. doi:
10.1016/j.schres.2016.10.026

Thimm, M., Kircher, T., Kellermann, T., Markov, V., Krach, S., Jansen, A., . . . Krug, A. (2011).
Effects of a CACNALC genotype on attention networks in healthy individuals. Psychol
Med, 41(7), 1551-1561. doi: 10.1017/S0033291710002217

Thompson, P. M., Ge, T., Glahn, D. C., Jahanshad, N., & Nichols, T. E. (2013). Genetics of the
connectome. Neuroimage, 80, 475-488. doi: 10.1016/j.neuroimage.2013.05.013

Thurin, K., Rasetti, R., Sambataro, F., Safrin, M., Chen, Q., Callicott, J. H., . . . Weinberger, D.
R. (2013). Effects of ZNF804A on neurophysiologic measures of cognitive control. Mol
Psychiatry, 18(8), 852-854. doi: 10.1038/mp.2012.134

Toulopoulou, T., Zhang, X., Cherny, S., Dickinson, D., Berman, K. F., Straub, R. E., . ..
Weinberger, D. R. (2019). Polygenic risk score increases schizophrenia liability through
cognition-relevant pathways. Brain, 142(2), 471-485. doi: 10.1093/brain/awy279

Townsend, J., & Altshuler, L. L. (2012). Emotion processing and regulation in bipolar disorder:
a review. Bipolar Disord, 14(4), 326-339. doi: 10.1111/j.1399-5618.2012.01021.x

Trotta, A., Murray, R. M., & MacCabe, J. H. (2015). Do premorbid and post-onset cognitive
functioning differ between schizophrenia and bipolar disorder? A systematic review and
meta-analysis. Psychol Med, 45(2), 381-394. doi: 10.1017/S0033291714001512

Turner, J. A., Calhoun, V. D., Michael, A., van Erp, T. G., Ehrlich, S., Segall, J. M., . . . Wang, L.
(2012). Heritability of multivariate gray matter measures in schizophrenia. Twin Res Hum

Genet, 15(3), 324-335. doi: 10.1017/thg.2012.1



99

Turner, J. A., Smyth, P., Macciardi, F., Fallon, J. H., Kennedy, J. L., & Potkin, S. G. (2006).
Imaging phenotypes and genotypes in schizophrenia. Neuroinformatics, 4(1), 21-49. doi:
10.1385/NI:4:1:21

van der Gaag, M., Cuijpers, A., Hoffman, T., Remijsen, M., Hijman, R., de Haan, L., . ..
Wiersma, D. (2006). The five-factor model of the Positive and Negative Syndrome Scale
I: confirmatory factor analysis fails to confirm 25 published five-factor solutions.
Schizophr Res, 85(1-3), 273-279. doi: 10.1016/j.schres.2006.04.001

van der Gaag, M., Hoffman, T., Remijsen, M., Hijman, R., de Haan, L., van Meijel, B., . ..
Wiersma, D. (2006). The five-factor model of the Positive and Negative Syndrome Scale
Il: a ten-fold cross-validation of a revised model. Schizophr Res, 85(1-3), 280-287. doi:
10.1016/j.schres.2006.03.021

van der Merwe, C., Passchier, R., Mufford, M., Ramesar, R., Dalvie, S., & Stein, D. J. (2019).
Polygenic risk for schizophrenia and associated brain structural changes: A systematic
review. Compr Psychiatry, 88, 77-82. doi: 10.1016/j.comppsych.2018.11.014

van Erp, T. G., Hibar, D. P., Rasmussen, J. M., Glahn, D. C., Pearlson, G. D., Andreassen, O.
A., ... Turner,J. A. (2016). Subcortical brain volume abnormalities in 2028 individuals
with schizophrenia and 2540 healthy controls via the ENIGMA consortium. Mol
Psychiatry, 21(4), 547-553. doi: 10.1038/mp.2015.63

van Erp, T. G. M., Walton, E., Hibar, D. P., Schmaal, L., Jiang, W., Glahn, D. C., . .. Turner, J.
A. (2018). Cortical Brain Abnormalities in 4474 Individuals With Schizophrenia and
5098 Control Subjects via the Enhancing Neuro Imaging Genetics Through Meta
Analysis (ENIGMA) Consortium. Biol Psychiatry, 84(9), 644-654. doi:

10.1016/j.biopsych.2018.04.023



100

van Haren, N. E., Bakker, S. C., & Kahn, R. S. (2008). Genes and structural brain imaging in
schizophrenia. Curr Opin Psychiatry, 21(2), 161-167. doi:
10.1097/YCO.0b013e3282f4f25b

van Harten, P. N., Walther, S., Kent, J. S., Sponheim, S. R., & Mittal, V. A. (2017). The clinical
and prognostic value of motor abnormalities in psychosis, and the importance of
instrumental assessment. Neurosci Biobehav Rev, 80, 476-487. doi:
10.1016/j.neubiorev.2017.06.007

Voineskos, A. N., Felsky, D., Wheeler, A. L., Rotenberg, D. J., Levesque, M., Patel, S., . ..
Malhotra, A. K. (2016). Limited Evidence for Association of Genome-Wide
Schizophrenia Risk Variants on Cortical Neuroimaging Phenotypes. Schizophr Bull,
42(4), 1027-1036. doi: 10.1093/schbul/sbv180

Walter, H., Schnell, K., Erk, S., Arnold, C., Kirsch, P., Esslinger, C., . . . Meyer-Lindenberg, A.
(2011). Effects of a genome-wide supported psychosis risk variant on neural activation
during a theory-of-mind task. Mol Psychiatry, 16(4), 462-470. doi: 10.1038/mp.2010.18

Walton, E., Hibar, D. P., van Erp, T. G. M., Potkin, S. G., Roiz-Santianez, R., Crespo-Facorro,
B., ... Ehrlich, S. (2018). Prefrontal cortical thinning links to negative symptoms in
schizophrenia via the ENIGMA consortium. Psychol Med, 48(1), 82-94. doi:
10.1017/S0033291717001283

Wang, D., Liu, S., Warrell, J., Won, H., Shi, X., Navarro, F. C. P., ... Gerstein, M. B. (2018).
Comprehensive functional genomic resource and integrative model for the human brain.
Science, 362(6420). doi: 10.1126/science.aat8464

Wang, Z., Meda, S. A., Keshavan, M. S., Tamminga, C. A., Sweeney, J. A,, Clementz, B. A,, . ..

Pearlson, G. D. (2015). Large-Scale Fusion of Gray Matter and Resting-State Functional



101

MRI Reveals Common and Distinct Biological Markers across the Psychosis Spectrum in
the B-SNIP Cohort. Front Psychiatry, 6, 174. doi: 10.3389/fpsyt.2015.00174

Ward, J., Lyall, L. M., Bethlehem, R. A. I., Ferguson, A., Strawbridge, R. J., Lyall, D. M., . ..
Smith, D. J. (2019). Novel genome-wide associations for anhedonia, genetic correlation
with psychiatric disorders, and polygenic association with brain structure. Transl
Psychiatry, 9(1), 327. doi: 10.1038/s41398-019-0635-y

Whalley, H. C., McKirdy, J., Romaniuk, L., Sussmann, J., Johnstone, E. C., Wan, H. L., . . . Hall,
J. (2009). Functional imaging of emotional memory in bipolar disorder and schizophrenia.
Bipolar Disord, 11(8), 840-856. doi: 10.1111/j.1399-5618.2009.00768.x

Whalley, H. C., Papmeyer, M., Sprooten, E., Lawrie, S. M., Sussmann, J. E., & Mclntosh, A. M.
(2012). Review of functional magnetic resonance imaging studies comparing bipolar
disorder and schizophrenia. Bipolar Disord, 14(4), 411-431. doi: 10.1111/].1399-
5618.2012.01016.x

White, L., Harvey, P. D., Opler, L., & Lindenmayer, J. P. (1997). Empirical assessment of the
factorial structure of clinical symptoms in schizophrenia. A multisite, multimodel
evaluation of the factorial structure of the Positive and Negative Syndrome Scale. The
PANSS Study Group. Psychopathology, 30(5), 263-274. doi: 10.1159/000285058

Wible, C. G, Lee, K., Molina, I., Hashimoto, R., Preus, A. P., Roach, B. J., . . . Fbirn. (2009).
fMRI activity correlated with auditory hallucinations during performance of a working
memory task: data from the FBIRN consortium study. Schizophr Bull, 35(1), 47-57. doi:
10.1093/schbul/sbn142

Williams, H. J., Norton, N., Dwyer, S., Moskvina, V., Nikolov, 1., Carroll, L., ... O'Donovan, M.

C. (2011). Fine mapping of ZNF804A and genome-wide significant evidence for its



102

involvement in schizophrenia and bipolar disorder. Mol Psychiatry, 16(4), 429-441. doi:
10.1038/mp.2010.36

Winkler, A. M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K., Fox, P. T., ... Glahn, D. C.
(2010). Cortical thickness or grey matter volume? The importance of selecting the
phenotype for imaging genetics studies. Neuroimage, 53(3), 1135-1146. doi:
10.1016/j.neuroimage.2009.12.028

Wolfers, T., Doan, N. T., Kaufmann, T., Alnaes, D., Moberget, T., Agartz, I, ... Marquand, A.
F. (2018). Mapping the Heterogeneous Phenotype of Schizophrenia and Bipolar Disorder
Using Normative Models. JAMA Psychiatry, 75(11), 1146-1155. doi:
10.1001/jamapsychiatry.2018.2467

Xu, L., Groth, K. M., Pearlson, G., Schretlen, D. J., & Calhoun, V. D. (2009). Source-based
morphometry: the use of independent component analysis to identify gray matter
differences with application to schizophrenia. Hum Brain Mapp, 30(3), 711-724. doi:
10.1002/hbm.20540

Yu, K., Cheung, C., Leung, M., Li, Q., Chua, S., & McAlonan, G. (2010). Are Bipolar Disorder
and Schizophrenia Neuroanatomically Distinct? An Anatomical Likelihood Meta-
analysis. Front Hum Neurosci, 4, 189. doi: 10.3389/fnhum.2010.00189

Yuksel, C., McCarthy, J., Shinn, A., Pfaff, D. L., Baker, J. T., Heckers, S., ... Ongur, D. (2012).
Gray matter volume in schizophrenia and bipolar disorder with psychotic features.
Schizophr Res, 138(2-3), 177-182. doi: 10.1016/j.schres.2012.03.003

Zak, N., Boen, E., Boye, B., Andreassen, O. A., Doan, N. T., Malt, U. F., . . . Elvsashagen, T.
(2019). Mood episodes are associated with increased cortical thinning: A longitudinal

study of bipolar disorder type Il. Bipolar Disord, 21(6), 525-538. doi: 10.1111/bdi.12771



103

Zhang, Z., Chen, X,, Yu, P., Zhang, Q., Sun, X., Gu, H., ... Chen, C. (2015). Evidence for the
contribution of NOS1 gene polymorphism (rs3782206) to prefrontal function in
schizophrenia patients and healthy controls. Neuropsychopharmacology, 40(6), 1383-

1394. doi: 10.1038/npp.2014.323



	Does imaging genetics reveal shared mechanisms behind psychotic symptom profile?
	Recommended Citation

	MANUSCRIPT TITLE

