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Abstract

Background: Peripheral inflammation is implicated in schizophrenia, however, not all
individuals demonstrate inflammatory alterations. Recent studies identified inflammatory subtypes
in chronic psychosis with high inflammation having worse cognitive performance and

displaying neuroanatomical enlargement compared to low inflammation subtypes. It is unclear

if inflammatory subtypes exist earlier in the disease course, thus, we aim to identify inflammatory
subtypes in antipsychotic naive First-Episode Schizophrenia (FES).

Methods: 12 peripheral inflammatory markers, clinical, cognitive, and neuroanatomical
measures were collected from a naturalistic study of antipsychotic-naive FES patients. A
combination of unsupervised principal component analysis and hierarchical clustering was used
to categorize inflammatory subtypes from their cytokine data (17 FES High, 30 FES Low, and
33 healthy controls (HCs)). Linear regression analysis was used to assess subtype differences.
Neuroanatomical correlations with clinical and cognitive measures were performed using partial
Spearman correlations. Graph theoretical analyses were performed to assess global and local
network properties across inflammatory subtypes.

Results: The FES High group made up 36% of the FES group and demonstrated significantly
greater levels of IL1p, IL6, IL8, and TNFa compared to FES Low, and higher levels of IL1p and
IL8 compared to HCs. FES High had greater right parahippocampal, caudal anterior cingulate, and
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bank superior sulcus thicknesses compared to FES Low. Compared to HCs, FES Low showed
smaller bilateral amygdala volumes and cortical thickness. FES High and FES Low groups
demonstrated less efficient topological organization compared to HCs. Individual cytokines and/or
inflammatory signatures were positively associated with cognition and symptom measures.

Conclusions: Inflammatory subtypes are present in antipsychotic-naive FES and are associated
with inflammation-mediated cortical expansion. These findings support our previous findings in
chronic psychosis and point towards a connection between inflammation and blood-brain barrier
disruption. Thus, identifying inflammatory subtypes may provide a novel therapeutic avenue for
biomarker-guided treatment involving anti-inflammatory medications.

Keywords

first episode schizophrenia; cytokines; inflammation; subtypes; neuroimaging; graph theory;
connectome; cognition; symptoms

1. Introduction

Schizophrenia is debilitating, affecting ~3.5 million Americans, and it inflicts an estimated
annual economic burden of $155.7 billion (Wander, 2020). The disease is heterogeneous

in etiology, phenotypes, and biomarkers which makes it difficult to understand and treat.
Thus, there is a cardinal need for subtyping schizophrenia patients based on biosignatures to
reduce this heterogeneity; thereby providing more biologically homogenous groups.

One prominent theory in schizophrenia is the neuroinflammation hypothesis, which
proposes that schizophrenia is associated with increased levels of several pro-inflammatory
cytokines induced by a microglial response to various pathological processes in the brain
(Buckley, 2019; Monji et al., 2009). Post-mortem studies support this hypothesis, with a
recent meta-analysis showing an increase in expression of proinflammatory genes (IL18,
IL6, IL8, and TNFa) and protein levels (IL13 and TNFa.), as well as microglial density

in schizophrenia compared to healthy controls (HCs) (van Kesteren et al., 2017). An
alternative hypothesis in schizophrenia suggests there are deficits within brain microvascular
endothelial cells (BMEC) or choroid plexus epithelial cells (CPEC), which make up the
blood-brain barrier (BBB) and blood-cerebral spinal fluid (CSF) barrier respectively, and
help to protect the brain (Lizano et al., 2019; Pong et al., 2020). Thus, inherent alterations

in BMEC or CPEC function in schizophrenia may lead to BBB or blood-CSF leakage and
the activation of an inflammatory cascade involving the release of cytokines from BMECs
or CPECs themselves, as well as microglia and astroglia that are subsequently measurable in
the blood (Balusu et al., 2016; Pong et al., 2020).

Despite the convincing evidence implicating peripheral inflammation in schizophrenia,
increased cytokine levels are not evident in all individuals (Bishop et al., 2021). Instead,
peripheral inflammation is found within a subset of patients who are potentially linked

to poorer response to antipsychotic treatment (Bishop et al., 2021; Mondelli et al., 2015).
Previous studies, including our own, have identified this subtype from combinations of
post-mortem brain and peripheral inflammatory marker levels using clustering techniques,
and they estimated that approximately 30% to 50% of patients with schizophrenia may be
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classified into an elevated inflammatory subtype (Boerrigter et al., 2017; Fillman et al.,
2014; Lizano et al., 2020b). Additionally, the identification of inflammatory-based grouping
has been useful in other mental disorders. In depression, post hoc analysis showed that
individuals with elevated C-reactive protein levels (>5mg/L) had a significant improvement
in depressive symptoms and sleep quality after anti-inflammatory treatment with the TNFa
Antagonist, Infliximab (Raison et al., 2013; Weinberger et al., 2015). Such stratification

in schizophrenia using inflammatory biosignatures may also help identify subgroups of
individuals who could best respond to anti-inflammatory treatments, especially when they
do not respond to antipsychotics (Barbosa et al., 2021; Bishop et al., 2021).

A recent meta-analysis of 35 studies raised concerns regarding the validity of inflammatory
subgroups in antipsychotic-naive first-episode psychosis (FEP) (Pillinger et al., 2019). The
authors asserted that since there is less immune measure variability in FEP relative to

HCs that immune alterations are a core component of psychosis pathophysiology and not

a characteristic of a subgroup. This argument has many limitations, including diagnostic
heterogeneity in the FEP sample, moderate to high inconsistency between studies, small
sample sizes, poor assay sensitivity, and other confounders. Additionally, all studies in this
meta-analysis used unitary cytokine measures instead of a cytokine signature, the latter of
which is essential for understanding the complex interplay between inflammatory markers.

To address this subgrouping issue, our group recently used a data-driven approach for
categorizing chronic psychosis spectrum patients into high and low inflammatory subtypes
and found that 36% of psychosis probands had elevated levels of a peripheral inflammatory
signature (Lizano et al., 2020b). Individuals with psychasis in the high inflammatory
subtype had significantly greater cortical thicknesses and larger subcortical volumes than
individuals with psychosis in the low inflammatory subtype. It was hypothesized that

these findings could reflect the disruption of the BBB. Furthermore, the high inflammatory
subtype performed worse on visuospatial working memory and inhibitory behavioral control
than those in the low inflammatory subtype, but there were no clinical symptom differences.
This study demonstrated the potential to expand the battery of blood-based biomarkers and
guided anti-inflammatory therapy tailored to the patient’s peripheral inflammatory signature.

Similar to inflammatory signatures, investigating single cortical structural abnormalities
between HCs and probands may not be as informative as studying whole-brain connectivity
to quantify brain topological networks. Extensive studies have found an abnormal
topological organization of structural and functional brain networks in schizophrenia across
various disease states (Bassett et al., 2008; Fornito et al., 2012; Rubinov and Bullmore,
2013; Sheffield et al., 2017; Zhang et al., 2015). However, no study to date has examined the
impact of inflammatory subtypes on brain structural topological networks.

Since the previous inflammatory subtype findings (Cai et al., 2020; Catts et al., 2014;
Fillman et al., 2013, 2014, 2016; Lizano et al., 2020b; Zhang et al., 2016) could have

been confounded by illness chronicity, antipsychotic medications, and lifestyle habits (i.e.
diet/exercise), (Brown et al., 1999; Dickerson et al., 2007; Ferrante, 2007; Pollmécher et al.,
2000; Stubbs et al., 2016), we test the replicability of the inflammatory subtype hypothesis
in an antipsychotic-naive first-episode schizophrenia (FES) population. We hypothesize that
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elevated inflammatory subtypes exist in the antipsychotic-naive FES population and that the
high inflammatory group would display greater brain thickness and volume measures as well
as demonstrate less efficient topological organization compared to the low inflammatory
group and HCs.

2. Methods
2.1. Participants

This study included 47 FES and 33 HC individuals. Participants were recruited from the
Western Psychiatric Institute Clinic and local communities in Pittsburgh from 1996 to
2004, and they provided written informed consent or assent. This study was approved by
the University of Pittsburgh and VA Pittsburgh Healthcare System (VAPH) Institutional
Review Board. The FES participants were diagnosed with schizophrenia via the SCID
for DSM-IV and confirmed by senior diagnosticians within 1 year of study entry (Bell,
1994). General exclusion criteria included significant head injury, neurological/medical
illness, prior antipsychotic exposure, mental retardation, or no current substance abuse or
dependence. Exclusion criteria for HCs included a history of mental illness. Further details
regarding recruitment and assessments methods were previously described (Hoang et al.,
2021; Keshavan et al., 2003; Lizano et al., 2016). Sociodemographic information for FES
and HCs is presented in Supplementary Table 1, and it is similar to the sample reported
in our previous report (Lizano et al., 2016). The two groups did not significantly differ in
age, sex, race, or handedness, but there was a trend level effect for socioeconomic status
(p=0.06).

2.2. Clinical and Cognition Measures

The Buchanan-Heinrich Neurological Evaluation Scale (NES) (Buchanan and Heinrichs,
1989; Lizano et al., 2020a) and Wisconsin Card Sorting Test (WCST) (Kongs, S.K.,
Thompson, L.L., Iverson, G.L., Heaton, R.K., 2000) used to measure soft neurological
soft signs and cognitive shifting, respectively. The Hollingshead Four-Factor Index
(“Hollingshead Four-Factor Index of Socioeconomic Status (SES-Child) — Nathan Kline
Institute - Rockland Sample documentation,” 1975) and Edinburgh Handedness Inventory
(Oldfield, 1971) assessed for parental socioeconomic status and handedness, respectively.
In FES patients, symptom severity was measured using the Scale for the Assessment

of Positive Symptoms (SAPS) and Negative Symptoms (SANS) (Andreasen, 1990), the
Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1962). Depression was
measured using the Hamilton Depression Rating Scale (HAM-D) (Hamilton, 1960). Lastly,
functioning was assessed via the Clinical Global Impression (CGI) (Haro et al., 2003) and
Global Assessment of Functioning (GAF) (Endicott et al., 1976).

2.3. Peripheral Marker Assaying and Processing

Available peripheral markers for this study cohort included IL1, IL6, IL8, IL10, IL12/
IL23p40, IFNy, TNFa, sFlt-1, BDNF, bFGF, PIGF, and VEGF) and we have previously
published case control comparisons using these markers (Lizano et al., 2016). These markers
were obtained from blood samples after an overnight fast. The samples were centrifuged at
4°C for 20 mins at 2,000 x g and the remaining supernatant (plasma) was collected. The
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samples were deidentified, aliquoted, and frozen at =80 °C. Plasma marker concentrations
were determined using Meso Scale Discovery (MSD) Multi-Array Technology. Data were
reported as the absolute concentration in the plasma, lower limit of detection (LLOD),

or quantity not sufficient (QNS). Technicians performed assays without knowledge of the
participants’ clinical statuses. Markers with values below the LLOD were censored and
QNS values were not included in the analyses. Since the marker data were not normally
distributed, natural log-transformation was performed. Further details regarding plasma
collection and cytokine quality control are outlined in our previous study (Lizano et al.,
2016).

2.4. Exploratory Factor Analysis

Similar to our previous inflammatory subtyping paper across the psychosis spectrum
(Lizano et al., 2020b), we performed a principal component analysis (PCA) followed by
hierarchical clustering to identify subtypes in this FES study. A similar set of markers used
in Lizano et al. were also investigated in this study except for C-reactive protein (CRP),

Cda, TNFp, and VEGFD, which were not available (Lizano et al., 2020b). This study
included PIGF, bFGF, and BDNF, which were not part of our original study. In brief, a

PCA of 12 inflammatory markers was conducted across the entire sample to reduce the
dimension of variables for the subsequent clustering task. We selected the first five principal
components (PCs) because they can explain more than 75% of total variance using the
Kaiser rule and elbow method. Similarities in PC scores were tested using a two-sample t-
test between FES and controls. Due to sample size limitations in HCs, hierarchical clustering
was only performed in the FES group using PC scores from the PCA. A dissimilarity

matrix was calculated to quantify the Euclidean distance between every pair of subjects. The
agglomerative coefficient for the average, single, complete, or Wards method was calculated
to determine the optimal number of PC scores or combination of PC scores to include in

the dimensional feature space, and the highest agglomerative score was used to identify

the optimal clustering solution. The optimal number of clusters was confirmed using the
Silhouette method.

2.5. Structural Neuroimaging Acquisition and Processing

Structural T1 MPRAGE (1.5T GE Sigha HDX) scans were available for a subset

of participants (16 FES and 14 HCs). Regional brain volumes were measured with
three-dimensional spoiled gradient recall acquisition in the steady-state pulse sequence,
which obtained 2.6-mm thick contiguous axial images (echo time=20 msec, repetition
time=40 msec, acquisition matrix=256x192, field of view=20 cm, flip angle=10°).
Automated brain segmentation was performed using FreeSurfer software (version 6.0,
http://surfer.nmr.mgh.harvard.edu/) and Desikan-Killiany atlas (Desikan et al., 2006)).
Scans were assessed for artifacts followed by first-level auto-reconstruction to register the
scans into standard space and for skull stripping. Images were edited to remove dura,
sinuses, and blood vessels. Second and third-level auto-reconstructions were performed
to extract cortical thickness and subcortical volume measurements. Cortical gray matter
thicknesses for 28 bilateral brain regions (banks of the superior temporal sulcus, caudal
anterior cingulate, caudal middle frontal, cuneus, entorhinal, inferior parietal, isthmus
cingulate, lateral occipital, lingual, middle temporal, parahippocampal, paracentral, pars
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opercularis, pars orbitalis, pars triangularis, pericalcarine, post central, posterior cingulate,
precentral, precuneus, rostral middle frontal, superior frontal, superior parietal, superior
temporal, supramarginal, temporal pole, transverse temporal, insula) and subcortical
volume measurements for 7 bilateral subcortical regions (accumbens, amygdala, caudate,
hippocampus, pallidum, putamen, and thalamus) were chosen based on their associations
with peripheral inflammatory markers (Fillman et al., 2016; Goff et al., 2018; Lizano et al.,
2020b; Pillai et al., 2016). Total intracranial volume (ICV) was also extracted for covarying
purposes when examining volume measures.

2.6. Statistical Analysis

2.7.

Statistical analyses were performed using R statistical software (version 4.0.3). Power
calculation could not be performed since a study of this kind does not exist in un-medicated
FES. Also, our prior study could not be used for calculating power since the studies differed
in regards to age, duration of illness, diagnosis, and medication status. However, from

the literature and our own study we predicted that approximately 35% of the population
would be categorized into the high inflammatory group (Cai et al., 2020; Catts et al., 2014;
Fillman et al., 2016, 2014, 2013; Lizano et al., 2020b; Zhang et al., 2016). Demographic
and clinical variables were assessed using chi-squared tests, t-tests, or analysis of variance
(ANQOVA). Univariate ANOVAs were used to test moderator effects of age, sex, race,
handedness, socioeconomic status, and duration of illness on peripheral markers, PC scores,
as well as cortical thickness and subcortical volumes measures. Based on these sensitivity
analyses, we included age, sex, and race (African Americans, Caucasians, and others) as
covariates for the analysis of peripheral markers and PC loadings, while age, sex, race,
socioeconomic status, and handedness were used for cortical thickness analyses. ICV was
used in addition to the abovementioned covariates for subcortical volume analyses. The
clinical and cognition measures were covaried for age, sex, and race. Group differences
were computed using general linear models while controlling for confounding variables.
Multiple comparison correction was performed using the Benjamini Hochberg method, and
the significance threshold (denoted as “q”) was set at <0.1 (Benjamini and Hochberg, 1995).
Covariate adjusted Cohen’s d effect sizes were reported. Partial Spearman correlations were
performed between natural log-transformed peripheral markers/PC loadings and structural,
cognition, and clinical measures within and between diagnostic groups (FES High, FES
Low, and HCs).

Network Construction and Analyses

Topological properties of brain networks were calculated using the Brain Analysis using
Graph Theory (BRAPH) software (http://braph.org/) (Mijalkov et al., 2017). Graph theory
is an advanced mathematical framework used for the study of pair-wise relations between
interacting elements (Bollobas and Thomason, 1985). A graph theory analysis yields a
connectivity matrix that reveals the relationships among nodes via edges. In this study, the
cortical thicknesses and subcortical volumes from 70 brain regions noted above served as
nodes in the network analysis. The nodes were adjusted for age, sex, race, socioeconomic
status, handedness, and ICV (volumes only) prior to graph analyses. Edges between these
nodes were computed by Pearson correlations, with negative correlations set to zero.
Analyses were performed on binary undirected graphs, while controlling for the number
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of connections, across the initial range of densities from 5% to 40% with an accretion

of 1%. Small-worldness was computed by non-parametric permutation tests with 1000
permutations. The density range used was from 0.19 to 0.40 for HC versus FES High,
from 0.14 to 0.40 for HC versus FES Low, and from 0.19 to 0.40 for FES Low versus

FES High. These ranges were chosen based on the small-worldness scalar value (o) >

1, ensuring that the network exhibit small-worldness properties for the selected density
ranges (Watts and Strogatz, 1998; Zhang et al., 2020). To assess for significant differences
between groups, non-parametric permutation tests with 10,000 permutations were utilized
to compute global measures (average degree, characteristic path length, global efficiency,
local efficiency, clustering coefficient, transitivity, modularity, and assortativity coefficient)
to assess the topology of the whole-brain network, as well as nodal measures (degree, path
length, global efficiency nodes, local efficiency nodes, clustering nodes, between centrality,
closeness centrality, and participation) to determine nodal network measures. Significant
results were defined as having one-tailed p-value <0.05 across at least 3 or more densities.
See supplementary text for descriptions of the global and nodal measures.

Nodal measures were categorized into functional units of /integration, segregation, and
centrality (Rubinov and Sporns, 2010). Functional /ntegration quantifies the brain’s ability
to rapidly synthesize information across various neuroanatomical regions, and it could

be measured by path length and global efficiency. Path length was chosen as the

primary measure of integration, and it is inversely related to global efficiency. Functional
segregation measures the brain’s ability for specialized processing to occur within densely
interconnected groups of brain regions and is comprised of the local efficiency and
clustering coefficient measures. Centrality provides a measure of important brain hubs

and is comprised of degree, closeness centrality, betweenness centrality, and participation.
Significant nodal measures are reported if they have at least two significant nodal measures
in the same groupings (segregation, integration, or centrality) as well as overlapping density
ranges.

3. Results
3.1. PC Analysis using Peripheral Markers

These analyses resulted in five PCs, each with different magnitude loadings of the
inflammatory markers (Figure 1a). For example, PC1 had greater loading for 1L10, IL1p,
IL6, IL8, TNFa, PIGF, VEGF, bFGF, sFlt-1, and BDNF, with smaller loading magnitudes
for IFN-y and 1L12/1L23p40. None of the five PCs significantly differed between FES
and HCs (Figure 1b), which was expected since we previously showed that there were no
peripheral marker differences between FES and HCs (Lizano et al., 2016).

3.2. Peripheral Marker Data Subtyping

Unsupervised hierarchical clustering was performed in FES using PC1 through PC5 and a
combination of PCs. The sum of PC1 and PC4 scores provided the highest agglomerative
score (Ward’s method coefficient = 0.95). A two-cluster solution was defined as optimal for
defining relatively homogenous subgroups based on hierarchical clustering with a Silhouette
score of 0.46 (Figure 1c, 1d). This method categorized 36% of FES patients into the elevated
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inflammation subtype (FES High), which is similar to prior estimates (Boerrigter et al.,
2017; Fillman et al., 2016, 2014, 2013; Lizano et al., 2020b). The resulting sample size
included 80 participants: 17 FES High [36%], 30 FES Low [64%], and 33 HCs (Figure
le). The FES High, FES Low, and HC groups did not significantly differ in age, sex, race,
handedness, or socioeconomic status. Also, the FES High group did not significantly differ
in duration of illness compared to the FES Low group (Table 1).

3.3. Peripheral Marker Group Comparisons by Subtype

The FES High group had significantly elevated levels of IL1p (d=1.12, g=0.003), IL6
(d=1.15, g=0.009), IL8 (d=1.59, g=0.0001), and TNFa (d=0.97, g=0.010) compared to
FES Low as well as higher levels of IL1p (d=1.12, g=0.015) and IL8 (d=0.96, g=0.015)
compared to HCs (Figure 2). There were no significant group differences in cytokine levels
between FES Low and HCs, but overall, cytokines levels were lower in the FES Low
group (Figure 2). The mean and standard deviation for each peripheral marker by group
are presented in Supplementary Table 2. From this table, it is important to note that how
large the difference is between the FES high group and HC group for IL1p, IL6, IL8 and
TNFa. Another important observation is how much lower the standard deviation is in the
FES Low and HC groups compared to the FES high group. These data help to demonstrate
that in the FES group there is a potentially sizable difference that exists within FES groups.
Since socioeconomic status was trending between the inflammatory subtypes, a post hoc
analysis was performed using socioeconomic status as an additional covariate and the results
remained the same (data not shown). The HC group was not stratified into inflammatory
subtypes due to the limited sample size.

3.4. Peripheral Marker Relationships with Structural MRI, Cognition, and Symptoms

Correlations between the peripheral markers or PCs with brain structural measures in the
HC, FES, FES Low, and FES High groups are demonstrated in the chord diagrams for
relationships that were significant at a p-value < 0.05 (Figure 3). HCs were observed to
have more positive associations between PCs or peripheral markers and brain structures,
particularly in the frontal, cingulate, parietal, temporal, and occipital regions. In the overall
FES group, there were more inverse correlations between the PCs or inflammatory markers
and brain structures, particularly in the frontal, parietal, occipital, and subcortical regions,
and these effects were primarily impacted by the FES Low group in the frontal and parietal
regions. However, in the FES High group PC1, bFGF, IL1p, and IL6 were positively
correlated to the right rostral middle frontal region. Details regarding the r-values, p-values,
and g-values of these associations are outlined in Supplementary Table 3.

Neuroanatomical differences between FES subtypes are shown in Figure 4. Overall, FES
High displayed greater cortical thickness and subcortical volume compared to FES Low and
HCs. Specifically, FES High had higher thickness in the right parahippocampal (d=1.071,
p=0.019), right caudal anterior cingulate (d=1.195, p=0.042), and right bank superior
sulcus (d=1.450, p=0.007) compared to the FES Low group (Figure 4). Compared to

HCs, the FES Low group demonstrated reduced thickness in the right pars triangularis
(d=-0.763, p=0.043), right insula (d=—0.692, p=0.077), right bank superior sulcus
(d=-1.484, p=0.00016, g=0.028), left supramarginal (d=—0.734, p=0.053), left posterior
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cingulate (d=-0.735, p=0.049), left insula (d=—0.957, p=0.009), and left caudal middle
frontal (d=-0.677, p=0.085). Furthermore, the FES Low group had smaller volumes in
bilateral amygdala (right, d=-0.783, p=0.047; left, d=-0.675, p=0.092) compared to HCs.
FES High had reduced thickness in the left bank superior sulcus (d=-0.915, p=0.072),

left caudal middle frontal (d=-1.056, p=0.011), left lingual (d=—-0.792, p=0.060), left
insula (d=—0.805, p=0.048), but increased thickness in the right parahippocampal (d=1.430,
p=0.035) compared to HCs.

There were no significant relationships observed between inflammatory subtypes and soft
neurological signs, cognitive set shifting, or clinical outcomes as shown in Supplementary
Table 4. However, there were significant relationships between PCs or peripheral markers
with cognition or symptom measures, but these did not survive multiple comparison
corrections. Relationships between PC or peripheral markers and clinical or cognitive
measures in FES, FES High, and FES Low are outlined in Supplementary Table 5. The
observed correlations in the overall FES group were primarily driven by the FES Low
group with PC1+PC4 being associated with worse Clinical Global Impression total scores
(r=0.387, p=0.039) and Global Assessment of Functioning total scores (r=—0.376, p=0.042)
in FES Low, but not in the FES High group.

Brain Connectivity Group Comparisons

There were no significant global network property differences between HCs and FES High.
FES Low had a significantly lower local efficiency (global) across the 0.21-0.23 density
range compared to FES High. HCs displayed a significantly higher assortativity coefficient
(global) across the 0.37-0.40 density range compared to FES Low (data not shown).

Nodal network topologies for measures of integration (only path length depicted),
segregation, and centrality between inflammatory subtypes are shown in Figure 5. Overall,
the FES High group had the most regions with alterations, demonstrating less efficient
topological organization compared to the FES Low or HC group. Specifically, compared

to HCs, FES High displayed significantly greater measures of segregation in the left
pericalcarine and right posterior cingulate, but significantly worse measures in the left lateral
occipital, left inferior parietal, left superior parietal, left banks of superior temporal sulcus,
left precuneus, right superior parietal, and right postcentral. FES High had significantly
lower path length (higher global efficiency) in the left pericalcarine, but higher path length
(lower global efficiency) in the left rostral middle frontal region compared to HCs. FES high
had significantly higher centrality in the left lateral occipital, left pericalcarine, right superior
parietal, and right postcentral but significantly lower centrality in the left rostral middle
frontal and right paracentral compared to HCs (see Supplementary Table 6 for additional
details).

Compared to HCs, FEP Low exhibited significantly higher measures of segregation in the
left accumbens and left caudal anterior cingulate, but significantly worse measures in the left
precentral and right caudate. FES Low had significantly lower path length in the left insula
and bilateral caudate compared to HCs. FES Low display significantly higher measures of
centrality in the left precuneus, left insula, bilateral caudate, and right pars triangularis and
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significantly lower centrality in the right temporal pole compared to HCs (Supplementary
Table 5).

Compared to FES Low, FES High had significantly higher measures of segregation in the
left pericalcarine, left hippocampus, left caudal anterior cingulate, right parahippocampal,
right posterior cingulate gyrus, and right entorhinal, but significantly lower measures

of segregation in the left superior parietal, left pars orbitalis, right postcentral, right
temporal pole, and right thalamus. FES High had significantly lower path length in the
left pericalcarine, but higher path length in the right superior temporal compared to FES
Low. FES High had significantly higher measures of centrality in the left pericalcarine,
left supramarginal, left transverse temporal, left pars orbitalis, and right caudal anterior
cingulate, but lower measures of centrality in the right caudal middle frontal compared to
FES Low (Supplementary Table 5).

4. Discussion

To the best of our knowledge, this is the first study to investigate the multivariate
relationships of cytokines, brain morphology, and clinical measures by inflammatory
subtypes in an antipsychotic-naive FES population (Bishop et al., 2021). A strength of the
current study, is that it replicates inflammatory subtypes and the neuroanatomical findings
from our previous work (Lizano et al., 2020b). Additionally, we re-analyzed peripheral
marker data from our prior study, where we did not identify FES to HC differences (Lizano
et al., 2016), to demonstrate that subtypes of inflammation exist in FES, which is in line
with prior literature in chronic course psychosis (Cai et al., 2020; Fillman et al., 2016;
Martinuzzi et al., 2019; Perkins et al., 2015). By analyzing a panel of 12 peripheral
inflammatory markers via PC analysis and hierarchical clustering, 36% of FES were
classified in the elevated inflammatory subtype, which was consistent with the prevalence
rate previously reported using peripheral mMRNA, postmortem, and blood cytokine levels
(Boerrigter et al., 2017; Fillman et al., 2016, 2013; Lizano et al., 2020b). Peripheral

marker signatures were related to neuroanatomical abnormalities with the high inflammation
subtype displaying greater thickness in the right parahippocampal, right bank superior
sulcus, and right caudal anterior cingulate compared to individuals in the low inflammation
subtype, while the low inflammation subtype demonstrated pronounced reductions in
bilateral amygdala and widespread cortical regions compared to HCs. The FES High group
had greater centrality and a mix of high and low segregation and integration compared to
the FES Low group. While associations were identified between cytokines or PCs with
clinical measures, there were no significant subtype differences for any of the clinical
measures examined, which is consistent with our previous report (Lizano et al., 2020b). The
present findings support the presence of inflammatory subtypes in antipsychotic-naive FES
with neuroanatomical disruptions that may be explained by disruptions in the BBB. Future
independent replications are warranted to confirm this proof of concept as well as test for
preferential benefits from anti-inflammatory treatments in these subtypes.

Compared to our previous study (Lizano et al., 2020b), this replicated investigation had a
smaller sample size of HCs so we were not able to perform subtyping in this group. This
study also utilized a different set of PC than our previous report, and further elucidation is
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in the supplementary text. Moreover, several neuroanatomical regions overlapped with the
findings in our previous study: 1) greater right parahippocampal thickness in the Proband
High vs Proband Low group; the lower thickness in the bilateral insula, left caudal middle
frontal, right pars triangularis, as well lower bilateral amygdala volume in the Proband
Low vs HC group. Why these brain regions are particularly sensitive in both the FES and
psychosis probands (schizophrenia, schizoaffective, and bipolar 1 disorder with psychosis)
populations remains to be determined.

To expand upon our investigation of neuroanatomical alterations among FES High, FES
Low, and HCs, we analyzed the topographic connectivity using graph theory using both
global and nodal contexts. Globally, FES Low had significantly lower local efficiency across
the 0.21-0.23 density range compared to the FES High group. The local efficiency result
may be primarily driven by the left pericalcarine, right parahippocampal, and right posterior
cingulate as these regions were reported to have lower nodal local efficiency in FES Low
compared to the FES High group across similar density ranges. HCs were found to display
a significantly higher assortativity coefficient across the 0.37-0.40 density range compared
to the FES Low group. Since assortativity measures correlation between all nodal degrees,
positive assortativity, like in the HC group, suggest the presence of a resilient core of
mutually interconnected high-degree hubs. However, the low assortativity in the FES Low
group suggests the presence of widely distributed and vulnerable high-degree hubs.

For the constructed measures of segregation, integration, and centrality, overall, there

are more regions with altered measures of segregation and fewer regions with altered
measures of integration across all group comparisons. Particularly, there are two vulnerable
regions that displayed significant alterations across three measures: left pericalcarine and
right caudate. The pericalcarine is located in the occipital lobe where the primary visual
cortex (V1) is concentrated and cortical visual processing begins (Bedny et al., 2012).

The Enhancing Neuro Imaging Genetics Through Meta-Analysis (ENIGMA) study of 4474
schizophrenia patients and 5098 controls reported that the schizophrenia cohort exhibited
significantly thinner cortex in all brain regions, except for the bilateral pericalcarine region
(van Erp et al., 2018). Similar to this study, we did not find cortical thickness differences

in the pericalcarine across group comparisons, but we found that this region in FES High
had higher segregation and centrality network properties and lower path length than FES
Low and HCs. This suggests that the left pericalcarine is a visual hub with the ability to
process information within local circuits and stronger potential for integrating information
from various visual sources in FES High. Moreover, visual cortex morphology is also
influenced by systemic inflammation via brain microstructural and/or BBB changes (Pong
et al., 2020). Animal studies of maternal inflammation have identified significant changes
in neuronal, morphological, and electrophysiological properties of the primary visual cortex
in the exposed offspring (Gao et al., 2015). In healthy individuals, systemic inflammation
resulted in a rapid change in striate (V1) microstructure (Harrison et al., 2015). Also, there
is ample evidence suggesting that peripheral inflammatory markers are associated with both
psychosis (e.g. IL-1B, IL-6, TNFa, and CRP) (Fernandes et al., 2016; Goldsmith et al.,
2016; Lizano et al., 2016) and brain structural alterations (Cannon et al., 2015), which

may be in part due to BBB disruption (Cai et al., 2018). Additional support for BBB
disruption in the visual cortex comes from evidence of vascular degeneration of endothelial
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cells and astroglial processes in post-mortem schizophrenia brains (Uranova et al., 2010).
Furthermore, visual cortical alterations may result from systemic inflammation as opposed
to neuroinflammatory processes, which is supported by the absence of differences in glial
density (Rajkowska et al., 1998; Selemon et al., 1995) and reduced microglial and astrocytic
activity (Kurumaji et al., 1997) in the occipital cortex.

The second vulnerable region was the right caudate, which is a C-shaped subcortical
structure located near the center of the brain, neighboring the thalamus (Driscoll et al.,
2021). As part of the striatum, it plays a critical role in motivation, cognition, and
sensorimotor coordination (Grahn et al., 2008). In FEP, the volume of the caudate did not
significantly differ between patients and HCs (Crespo-Facorro et al., 2007; Scanlon et al.,
2014). Similarly, we did not find significant differences in caudate volume across group
comparisons, but we found that the right caudate in FES Low had lower segregation and
path length but higher centrality network properties than FES High and HCs. This may
indicate that the right caudate is a hub with a higher potential for combining information
from distributed brain regions but has reduced capacity for specialized processing within
nearby interconnected neuroanatomical regions in FES Low group. Prior research has shown
the right caudate volume to be decreased in fetal exposure to IL-8 among schizophrenia
cases but not controls (Ellman et al., 2010). The disruption in the balance between
integration and segregation in both the left pericalcarine and right caudate may lead to

less optimal connectivity in their membered networks, and thus, influenced the networks’
functions and contribute to the development of psychosis. The less optimal topological
organization may also underlie the progression that inflammation may inflict, thus impacting
brain regions in each group, and further investigations are warranted to understand this
underlying mechanism.

There were several overlapping neuroanatomical regions between the structural and network
group comparisons. Compared to HCs, FES Low demonstrated a significant reduction

in the left insula thickness, and this region also experienced lower path length (higher

global efficiency) and higher centrality properties, suggesting enhanced nodal integration
and centrality despite having a smaller insular thickness. In regions that showed a significant
thickening by the FES High group compared to the FES Low group, the right caudal
anterior cingulate showed higher measures of centrality and segregation, and the right
parahippocampal thickness showed greater measures of segregation in the FES High group.
These findings suggest that enlargement of brain regions was associated with greater nodal
segregation and centrality. For further analyses on these structures, please refer to the
supplementary text. Studies examining the association between functional connectivity and
inflammation in psychosis remains limited. Recent studies in unmedicated people with
bipolar disorder Il identified that disrupted resting-state functional connectivity in the right
precentral gyrus and right insula were inversely correlated with the levels of IL8 and IL6,
respectively, suggesting that inflammation might play a role in functional network disruption
(Chen et al., 2020; Tang et al., 2021). Future directions should utilize multimodal and
multilayer connectome approaches to integrate structural and functional connectivity in the
context of inflammation in prodromal psychosis populations to enhance our understanding
of the causal role of inflammation in psychosis.
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The absence of observed relationships between inflammatory subtypes and cognition or
clinical symptoms may suggest that neuroanatomical features may be more sensitive to
alterations in an inflammatory response in the earlier stage of disease pathology and/ or
that neuroinflammation may be one potential mechanism in psychosis. Additionally, the
presence of PC1+PC4 correlations to clinical measures in the FES Low subtype, but not in
the FES High subtype may mean that lower loading on this variable was associated with
better functioning, including the improvement in GAF, in FES Low, but not in FES High.

The findings from this study can be examined through the lens of BBB properties.

For example, the BBB is a dynamic system, created by endothelial cells that form the

walls of the capillaries during fetal life and is well-formed by birth. Under normal
conditions, the BBB restricts the entry of most blood-derived factors into the brain, which
is necessary for proper neuronal development and homeostasis (Abbott et al., 2010). In
response to endogenous and exogenous invasions, microglia, or resident immune cells of
the central nervous system, are activated and initiate neuroinflammation (Kettenmann et
al., 2011). Consequently, peripheral inflammation may induce BBB disruption and increase
permeability, which allows for fluid to pass through the barrier and subsequently impact
brain volume and thickness (Kelly et al., 2021; Pasternak et al., 2009). This plausible
mechanism is applicable to the thickening observed in the FES High group and significant
thinning in the FES Low group, where low levels of peripheral inflammation may not
affect the BBB, resulting in gray matter loss. However, it is important to note that others
have found opposite relationships to our own, including high inflammation subtypes being
associated with lower pars opercularis volume (Fillman et al., 2016). This discrepancy could
be due to the fact that volume is comprised of thickness and surface area, and in this

work, we primarily report on thickness measures since they are generally associated with
neurodegenerative changes.

The present study has some limitations that require consideration when interpreting the
results. These include small sample size, cross-sectional data, unavailable data on CRP,

a strong marker of inflammation in FEP (Steiner et al., 2020) or tight junction proteins
(such as CLDN5, OCLN, Z01), absence of a validation sample, and unavailable data on
potentially confounding factors (storage days, sample set, hemolysis score, autoimmune
antibody levels, exposure to infectious agents, smoking, body mass index, medical
comorbidities, trauma, depression, anxiety, sleep-related issues, and status of prior substance
use) (de Jager et al., 2009; Leng et al., 2008; Raghava et al., 2021). Furthermore, as

HCs were not categorized based on their inflammatory profiles, we could not conclude
that elevated inflammation is a unique characteristic of FES, thereby is involved in the
pathology of FES. Regarding brain connectivity analyses, many graph-theoretic measures
were developed to study non-biological complex systems and have since been adapted

to neuroscientific ends. These measures had demonstrated behavioral and/ or clinical
significance in schizophrenia (Bassett et al., 2008; Lynall et al., 2010; Zalesky et al., 2011)
but the development of novel, neurobiologically principled measures that more accurately
capture the dynamics of information processing throughout the brain network will be an
important avenue of future work (Fornito et al., 2013).
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Highlights
. 36% of first episode schizophrenia patients were in the high inflammation
subtype
. The high inflammation subtype exhibited greater cortical thickness compared

to the low inflammation subtype

. The low inflammation subtype had lower cortical and subcortical measures
compared to controls

. Global and nodal network topological differences were found between
subtypes and controls

. Individual cytokines and inflammatory signatures were associated with
cognition and symptom measures
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Figure 1: Inflammatory Signatures and Subtypes:
(a) Heatmap showing Cohen’s d effect size for the principal component (PC) scores. Scores

with lower explained variance have smaller magnitude loadings. (b) Group comparisons
of PCs in First-Episode Schizophrenia (FES) and Healthy Controls (HC). (c) Hierarchical
clustering analysis with the height of each linkage in the dendrogram representing the
distance between the clusters joined by that link. (d) Visualization of the optimal number
of clusters using the Silhouette method. (e) Table showing that the high cytokine subgroup

made up 36% of the FES group.
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(PC) Contrasts comparing FES and HC

Principal Comp

Cohen’s d p-value
PC1 0.28 0.22
PC2 0.07 0.78
PC3 0.07 0.77
PC4 -0.19 041
PCS -0.35 0.13
PC1+PC4 0.17 0.47

Notes: Between group Cohen’s d and p-values for the First-Episode
Schizophrenia (FES) and Healthy Controls (HC) comparisons while
covarying for age, sex, and race.
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Cytokines Levels by Inflammatory Subtype
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Figure 2: Inflammatory Subtype Comparisons.
Pairwise contrasts of baseline cytokine levels between FES (First-Episode Schizophrenia)

High, FES Low, and HC (Healthy Control). Cohen’s d estimates were adjusted for age, sex,
and race.
*q < 0.05; **q < 0.01; ***q < 0.001.
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d) FES High

Right Rostral Middle

XN W

Figure 3: Gray matter thickness and subcortical volume correlations with inflammatory
phenotypes.

Chord diagrams showing correlations with p<0.05 between the principal components (PC),
peripheral markers, and brain structural measures in (a) Healthy Controls (HC, n=14),

(b) First-Episode Schizophrenia (FES, n=16), (c) FES Low (n=10), and (d) FES High
(n=6). PCs and peripheral markers were adjusted for age, sex, and race. Cortical thickness
measures were adjusted for A= age, sex, race, handedness, and socioeconomic status, and
subcortical volume were adjusted for A + intracranial volume. Red lines depict a negative
correlation and green lines depict a positive correlation.
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Inflammatory Subtype Neuroanatomical Distinctions
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Figure 4: Gray matter thickness and subcortical volume differences between inflammatory

subtypes.

Pairwise contrasts of gray matter cortical thickness variables between FES (First-Episode
Schizophrenia) High, FES Low, and HC (Healthy Control) subjects. Solid circles indicate
Cohen’s d, and solid lines indicate 95% confidence intervals. Regions represented are
significant in either or both group contrasts (p<0.1), and none survived multiple comparison
correction. Cohen’s d estimates were adjusted for age, sex, race, socioeconomic status, and
handedness. Sample size: 6 FES High, 10 FES Low, and 14 HC.
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1. HC vs 2. FES High

1. HC vs 2. FES Low

1. FES Low vs 2. FES High

Page 26

Measure of Segregation Measure of Integration Measure of Centrality
‘DW‘ o .OUER\
= b -
s
A, pees OAMCW
L 0 L
rec Blue circles: lower network properties in Group 1 vs 2
Orange circles: higher network properties in Group 1 vs
2
e N L
acAu aca - acau AU @CAUETP
Mf‘c -
e weri e
e
L
2 ons
L Gcc‘“ -
e T o &

wos oo

Figure 5: Nodal network topologies for measures of integration, segregation, and centrality in
inflammatory subtypes.

Segregation findings are reported for regions that had significant differences for both local
efficiency and clustering. /ntegration findings are reported for regions that had significant
differences for both path length and global efficiency (only path length findings are

shown here). Centrality findings are reported for regions that had significant differences
for two out of four properties including degree, betweenness, closeness, or participation.
Blue circles denote lower network property values in Group 1 vs Group 2; Orange

circles denote higher network property values in Group 1 vs Group 2. HC=healthy
controls; FES=First-episode schizophrenia; I=left; right; ACC=accumbens; BKS=banks
of superior temporal sulcus; CAS=caudal anterior cingulate; CAU=caudate; CMF=caudal
middle frontal; ENT=entorhinal; HIP=hippocampus; INS=insula; IP=inferior parietal;
LO=lateral occipital; PARAC=paracentral; PCG=posterior cingulate; PERI=pericalcarine;
PHIP=parahippocampal; POB=pars orbitalis; POC=precentral; PREC=precuneus; PT=pars
triangularies; RMF=rostral middle frontal, SP=superior parietal; ST=superior temporal;
SUPRA=supramarginal; TAL=thalamus; TP=temporal pole; TRANS=transverse temporal.
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Sociodemographic measures for inflammatory subtypes and HC groups

Table 1:

Page 27

Age, mean (sd)

Sex (Male/Female)

Race (AA/OT/CA)

Handedness (Left/Mixed/Right)
SES, mean (sd)

Duration of illness in years, mean (sd)
SANS, mean (sd)

SAPS, mean (sd)

HRSM24, mean (sd)
NESTOT13, mean (sd)

GAF, mean (sd)

CGI, mean (sd)

FESHighn=17 FESLown=30 HCn=33 2F p-value
24.3(9.3) 265 (8.7) 251(6.3) 0487 062
11/6 20/10 20/13 0.258 0.88
6/2/9 11/4/15 8/5/20 1.330 0.86
2/0/15 0/3/27 1/1/31 6.740 0.15
403 (13.6) 347 (12.0)  422(118) 3.040 005
3.0 (2.6) 3.1(47) - 0003 096
43.6 (11.4) 42.9 (10.0) - 0051  0.82
29.5 (16.0) 27.4(10.6) - 0283  0.60
19.5 (11.8) 21.2 (9.3) - 0300 059

7.5 (4.0) 76(4.2) 31(21) 16300 <0.001
33.5(12.8) 32.2(11.1) - 0146  0.70
4.6 (1.0) 4.8(0.7) - 0436 0513

Note: FES = First-Episode Schizophrenia; HC = Healthy Controls; sd = standard deviation; AA = African American; OT = Other; CA = Caucasian;
SES = socioeconomic status; SANS = Scale for the Assessment of Negative Symptoms Total Scores; SAPS = Scale for the Assessment of Positive
Symptoms Total Scores; HRSM24 = Hamilton Depression Rating Scale Scores for 24 Items; NESTOT13 = Neurological Evaluation Scale Total
Score; GAF = Global Assessment of Functioning Total Scores; CGI = Clinical Global Impression Total Scores.
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