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Background: Early psychosis in first-episode psychosis
(FEP) and clinical high-risk (CHR) individuals has been
associated with alterations in mean regional measures of
brain morphology. Examination of variability in brain
morphology could assist in quantifying the degree of brain
structural heterogeneity in clinical relative to healthy con-
trol (HC) samples. Methods: Structural magnetic res-
onance imaging data were obtained from CHR (n = 71),
FEP (n = 72), and HC individuals (n = 55). Regional brain
variability in cortical thickness (CT), surface area (SA),
and subcortical volume (SV) was assessed with the coef-
ficient of variation (CV). Furthermore, the person-based
similarity index (PBSI) was employed to quantify the sim-
ilarity of CT, SA, and SV profile of each individual to
others within the same diagnostic group. Normative mod-
eling of the PBSI-CT, PBSI-SA, and PBSI-SV was used
to identify CHR and FEP individuals whose scores deviated
markedly from those of the healthy individuals. Results:
There was no effect of diagnosis on the CV for any regional
measure (P > .38). CHR and FEP individuals differed sig-
nificantly from the HC group in terms of PBSI-CT (P <
.0001), PBSI-SA (P < .0001), and PBSI-SV (P = .01).
In the clinical groups, normative modeling identified 32
(22%) individuals with deviant PBSI-CT, 12 (8.4%) with
deviant PBSI-SA, and 21 (15%) with deviant PBSI-SV;
differences of small effect size indicated that individuals
with deviant PBSI scores had lower 1Q and higher psycho-
pathology. Conclusions: Examination of brain structural
variability in early psychosis indicated heterogeneity at the
level of individual profiles and encourages further large-
scale examination to identify individuals that deviate mark-
edly from normative reference data.

Key words: early psychosis/brain morphology/heterogen
eity/coefficient of variation/person-based similarity index

Introduction

Schizophrenia is a major mental illness that presents
with positive (ie, delusions, hallucinations, disorganiza-
tion of speech, and behavior) and negative (ie, decreased
motivation and diminished expressiveness) symptoms
and cognitive impairment.!> The syndromal expres-
sion of schizophrenia is often preceded by attenuated or
time-limited forms of positive symptoms,* often associ-
ated with neurocognitive abnormalities.*® Individuals
with such presentations are considered clinical high-risk
(CHR) cases because they carry a high risk of syndromal
transition.” Neuroimaging has been extensively used to
identify alterations in brain organization associated with
schizophrenia and CHR states. Associations between
structural changes and syndromal schizophrenia prima-
rily involve widespread reductions in cortical thickness
(CT) and subcortical volume (SV) that are present as
early as at the first-episode psychosis (FEP).® 13 Structural
brain findings in CHR studies overlap partially with
those observed in syndromal cases and mainly involve re-
ductions in hippocampal/parahippocampal areas, and in
medial prefrontal regions.'* "’

The findings reported above reflect case-control differ-
ences in the mean values of the morphological measures
assessed and do not capture inter-individual variability
in brain morphology.'*?* For example, a large meta-
analysis has found that the degree of variability in mor-
phological measures in patients with schizophrenia was
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higher in the temporal cortex, the thalamus, and the
putamen and lower in the anterior cingulate cortex.'®
More recently, there have been attempts to measure the
degree of deviation of each patient’s brain structural
data against a normative reference dataset. Wolfers
et al.>! estimated voxel-level deviation in each patient
with schizophrenia as a function of the z-score from the
corresponding mean of a group of healthy individuals
(HI) who represented the normative reference sample.
Kochunov and colleagues® used a similar approach but
with regional measures of CT and SV as the units of
analysis. Both studies reported individual-level varia-
tions in specific regions in the context of general overlap
between individual- and group-level brain structural de-
viation in schizophrenia.

We have previously addressed the issue of inter-
individual variability in patients with established diagnosis
using two different measures; the coefficient of variation
(CV) of regional brain morphometry and the person-
based similarity index (PBSI).>*% The CV is a measure
of dispersion that quantifies the degree of variability in
relation to the mean of a sample. As prior literature in-
vestigated inter-individual variability in schizophrenia at
the level of brain regions, the CV was used here to test
for the effect of diagnosis on brain regional variance. By
contrast, the PBSI does not focus on regional brain meas-
ures but provides a personalized estimate of the similarity
of the neuroimaging profile of each participant to that
of the other members of a study sample (figure 1). The
PBSI can be used in two ways; it can quantify the simi-
larity of a patient’s brain imaging profile to that of other
patients with the same disorder or it can be used to yield
normative estimates by quantifying the similarity of each
patient’s profile to that of HI. The former is a measure of
within-diagnosis similarity in neuroimaging profiles and
the latter is a measure of the normativeness of a patient’s
profile. We have previously shown that the PBSI for CT,
but not SV, was increased in patients with schizophrenia
while the CV did not show case-control differences.”
Application of the PBSI to cortical gyrification measures
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from an independent sample also demonstrated higher
variability in patients with schizophrenia than HI with
higher deviation from normative values in patients being
associated with greater cognitive deficits.?

In the current study, we expand this line of inquiry to
CHR and FEP individuals to test whether variability in
their brain structural profiles and in regional brain meas-
ures was higher than that of HI and explore the functional
significance of increased variability if present. To achieve
this, we leveraged structural magnetic resonance imaging
(sMRI) data from CHR and FEP individuals to generate
PBSI and CV scores for CT, surface area (SA), and SV;
these neuroimaging phenotypes were considered sepa-
rately on the basis of different genetic determinants,? %
age-related trajectories,** and our prior findings.?**

Methods

Sample

The study sample comprised 71 CHR, 72 FEP, and 55
HI. The current analyses are based on previously pub-
lished MRI data from the same sample.”” The CHR-
and FEP individuals were recruited at the Universitidren
Psychiatrische Kliniken (UPK), University of Basel,
Basel, Switzerland. All participants provided written
informed consent, and the study was approved by the
local ethics committee (Ethikkommission Nordwest-und
Zentralschweiz).

All participants were assessed by experienced psychiat-
rists in a detailed personal interview.

According to the Basel Screening Instrument for
Psychosis (BSIP*), the CHR individuals fulfilled one or
more of the following criteria: (1) prepsychotic category:
attenuated psychotic symptoms (APS) or brief limited in-
termittent psychotic symptoms (BLIPS) according to cri-
teria by Yung et al.?*; (2) genetic risk category: genetic risk
in combination with two or more other risk factors such
as social decline; (3) unspecific risk category: a certain
combination of risk factors according to the BSIP. APS
were defined as a score of 2 or 3 on the Brief Psychiatric
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Fig. 1. Computation of the person-based similarity index. (A) The regional imaging measures (R) of each subject are concatenated into
a single vector (S) representing their imaging profile for that measure set; (B) all possible pairwise correlation coefficients between the
profile (Si) of each subject and that of the other subjects are calculated; (C) the person-based similarity index (PBSI) of subject, is the
average of all pairwise correlations between subject. and all other subjects in the same group.
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Rating Scale (BPRS?*) hallucination item or a score of 3
or 4 on BPRS items for unusual thought content or suspi-
ciousness over a minimum of 1 week. BLIPS were defined
as having a score of 4 or higher on the BPRS hallucina-
tion item or a score of 5 or higher on BPRS items for
unusual thought content, suspiciousness, or conceptual
disorganization, with each symptom lasting <1 week be-
fore resolving spontaneously.

FEP individuals fulfilled criteria for acute psychotic
disorder according to the International Statistical
Classification of Diseases and Related Health Problems,
10th Revision (ICD-10*) or the Diagnostic and
Statistical Manual of Mental Disorders (Fourth Edition)
(DSM-IV?¥) but not yet for schizophrenia. Inclusion re-
quired a score of 4 or higher on the BPRS hallucination
item or a score of 5 or higher on BPRS items for unusual
thought content, suspiciousness, or conceptual disorgan-
ization. The symptoms must have occurred at least sev-
eral times a week and persisted for more than 1 week.

HI had no personal lifetime psychiatric disorder and
no family history of any psychiatric disorder. No history
of a psychiatric illness, head trauma, neurologic illness,
serious medical or surgical illness, or substance abuse. All
participants were screened to exclude head trauma, neu-
rological or medical disorders, and substance abuse (as
defined in the ICD-10), insufficient German language flu-
ency, and 1Q < 70, as measured with the Mehrfachwahl-
Wortschatz Test Form B (MWT-B).

In all participants, psychopathology and function were
respectively rated with the 24-item BPRS and the Global
Assessment of Functioning (GAF??). As used in other
studies with CHR and FEP individuals,**' and cognitive

Table 1. Characteristics of the Diagnostic Groups

PSBI in Early Psychosis

neuroscience research,** the General Performance Test
(Leistungspriifsystem [LPS], Scale 3*) was used to assess
nonverbal 1Q estimates in terms of fluid (abstract rea-
soning) intelligence, which resulted from total raw score
of correctly solved tasks. The LPS is a standardized, valid,
and highly reliable measurement of 14 different subtests,
which are related to Thurstone’s primary mental abilities.*®
Information about medication was recorded in the clin-
ical samples (table 1 and Supplementary Material). CHR
individuals were followed up for a mean (SD) follow-up
period of 3.8 (3.2) years. During this period, 16 CHR in-
dividuals transitioned to schizophrenia. Thirty CHR in-
dividuals have been classified according to the presence
of the prepsychotic category (APS and/or BLIPS), 11
according to the mixed category (prepsychotic + genetic
risk category), 6 according to genetic risk category, and
8 according to the unspecific risk category. Subgroup in-
formation was not available for CHR 16 individuals. FEP
patients were not followed up and received routine care
within the general psychiatric services.

Neuroimaging

Whole-brain three-dimensional T, -weighted images were
acquired in all participants on the same MAGNETOM
VERIO 3T scanner (Siemens, Erlangen, Germany)
using an identical acquisition sequence (Supplementary
Material). Following standard preprocessing, cortical re-
construction based on the Desikan atlas*’ and volumetric
segmentation of subcortical regions was performed using
the Freesurfer 6.0 automated pipeline (https://surfer.nmr.
mgh.harvard.edu/fswiki/recon-all/). The steps included

Healthy Individuals,
N=55

Clinical High-Risk In-
dividuals, N =71

First-Episode Psychosis
Individuals, N =72

Demographic features

Age (y), mean (SD), range 26 (3.91), 19-39

Sex (M/F) 25/30
Years of education, mean (SD) 14.65 (2.81)
Nonverbal IQ (abstract reasoning), norma- n/a
tive values

Clinical

BPRS, mean (SD) 24.16 (0.56)

GAF 91.92 (4.47)
Duration of untreated illness (DUI), mo, n/a
mean (SD)
Duration of untreated psychosis (DUP), mo, n/a
mean (SD)
Antipsychotics, N (%) n/a
Antidepressants, N (%) n/a
Transitions to psychosis, N (%) n/a

Neuroimaging
Intracranial volume (ml)

16,320,49.09 (119,683)

25 (5.36), 18-42 26 (6.80), 18-42

48/23 51/21
13.85 (2.57) 13.21 (2.92)
110.72 (14.32) 108.46 (16.96)

37.85 (8.47) 49.90 (12.81)
60.81 (13.57) 57.44 (15.69)
n/a 52.95 (69.20)
n/a 25.29 (28.92)
0 33 (46)
22(31) 13 (18)
16 (22.53) n/a

16,478,57.18 (158,596) 16,247,55.58 (156,330)

Note: BPRS, 24-item Brief Psychiatric Rating Scale; GAF, Global Assessment of Functioning; SD, standard deviation.
Information on 1Q was available in 43 clinical high-risk and 43 first-episode psychosis individuals.
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removal of non-brain tissue using a hybrid watershed/
surface deformation procedure,® automated Talairach
transformation, segmentation of the subcortical white
matter and deep gray matter volumetric structures®-*
intensity normalization,® tessellation of the boundary
between the gray and white matter, automated topology
correction,’> and surface deformation following inten-
sity gradients to optimally place the gray/white matter
boundaries and gray/cerebrospinal fluid borders at the
location where the greatest shift in intensity defines the
transition to the other tissue class. This process yielded
an estimate of intracranial volume (ICV), 68 measures
of CT, 68 measures of cortical SA, and 14 SV meas-
ures (supplementary table S1). Results were visually in-
spected and statistically evaluated for outliers following
standardized ENIGMA protocols for cortical and sub-
cortical structures (http://enigma.ini.usc.edu/protocols/
imaging-protocols/) and outlier removal was performed
with the code provided by the ENIGMA Consortium
(http://enigma.ini.usc.edu/protocols/imaging-protocols/)
and continued if the regional value was not in a range
of +3.5 SDs. From the initial dataset, 25 subjects (6 FEP,
14 CHR, and 5 HI) had to be excluded based on poor
brain segmentation. Among them, 11 subjects revealed
statistical outliers (supplementary table S2). After outlier
removal, the final dataset consisted of 71 CHR, 72 FEP,
and 55 HI.

Variability in Brain Regional Morphometry in CHR-
and FEP Individuals

We calculated the CV for each regional neuroimaging
measure separately in the CHR, FEP, and HI. In each
group separately, the CV of each brain regional measure

was calculated as CV = AZDM, where Mean denotes the
mean of each regional measure and SD its standard de-
viation. Statistical differences in regional CV between di-
agnostic groups were evaluated using the asymptotic test
for the equality of CV,* implemented using the cvequality

version 0.2.0 in R-cran.

Computation of PBSIs

PBSI scores were computed separately for cortical thick-
ness (PBSI-CT), cortical surface area (PBSI-SA), and
subcortical volumes (PBSI-SV) in accordance with our
previous work.?2 The neuroimaging features used for
computing the PBSI-CT comprised 68 measures of CT,
the PBSI-SA comprised 68 measures of cortical SA,
and the PBS-SV comprised 14 measures of subcortical
regions (supplementary table S1). Figure 1 outlines the
steps involved in the calculation of PBSI which are the
same regardless of the specific imaging phenotype: (i)
the neuroimaging features were concatenated to gen-
erate the respective person-specific neuroimaging profile;
(i1) Spearman’s correlation coefficient p were computed
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between the neuroimaging profile of each individual and
the corresponding profiles of the other members of the
group of interest. This process generates n—1 coefficients
per individual, where 7 is the total number of individ-
uals in the group; (iii) in each individual, the correlation
coefficients generated in the previous step were averaged
to yield their PBSI score; a higher PBSI score indicates
greater similarity in the neuroimaging profiles of that in-
dividual and those of other members of the group. The
MATLAB function used to compute the PBSI score is
available at: https://www.mathworks.com/matlabcentral/
fileexchange/69158-similarityscore.

Within-Group PBSI

Using the procedure described above, we calculated
PBSI scores for each imaging phenotype by comparing
the neuroimaging profile of each participant to other
participants in the same group. For instance, for each
CHR individual, we calculated their PBSI score for cor-
tical thickness (CHR-PBSI-CT), surface area (CHR-
PBSI-SA), and subcortical volume (CHR-PBSI-SV),
each of which quantifies the similarity of that CHR in-
dividual to the corresponding profiles of all other CHR
individuals. The same has been done for the FEP and
healthy control (HC) group separately.

Normative Modeling Using the PBSI

The PBSI scores for CT, cortical SA, and SV of each
CHR- and each FEP individual were expressed in z-scores,
representing their deviation from the corresponding
mean of the HC group. These values are denoted as
Z-PBSI-CT, Z-PBSI-SA, and Z-PSBI-SV. Then, we ap-
plied a threshold of >1.5 SD to identify CHR- and FEP
individuals whose neuroanatomical profile was markedly
deviant from that of the healthy group. We used ¢ test to
compare total BPRS and IQ scores (abstract reasoning)
between CHR and FEP individuals who showed marked
deviation in Z-PBSI-CT, Z-PBSI-SA, and Z-PBSI-SV (as
defined above) compared with those who did not. The
term normative is used here in a narrow sense and simply
refers to the data from the HC group.

Statistical Analyses

The PBSI scores for CT, SA, and SV were not nor-
mally distributed according to the Shapiro-Wilk test.
Accordingly, nonparametric tests were used in the ana-
lyses. We conducted the following analyses: (i) we used
the Kruskal-Wallis test with Monte Carlo two-tailed P
values (which accommodate both smaller samples and
non-normal variable distribution) to identify group dif-
ferences in the mean PBSI scores for each imaging phe-
notype. Significant results were followed up with pairwise
Mann-Whitney U test; (ii) we quantified the contribution
of each neuroimaging measure to their respective PBSI
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by using the leave-one-out approach; this entailed recal-
culating the PBSI-CT, PBSI-SA, and PBSI-SV scores for
each individual within each diagnostic group after leaving
out one discrete regional neuroimaging measure at a time.
The relationship between nonverbal 1Q (abstract rea-
soning), BPRS, and GAF with the PBSI-CT, PBSI-SA,
and PBSI-SV in each clinical group was examined using
the Spearman’s correlation coefficient.

The effect of medication on each PBSI score was
examined using the Mann-Whitney U test, in which med-
ication was binarised (on/off antipsychotics) and (on/off
antidepressants). As shown in table 1, no CHR individual
was on antipsychotic medication.

The threshold for statistical significance was adjusted
for multiple testing across all analyses using false dis-
covery rate; when uncorrected P values are shown these
are denoted asp .

Results

Sample Characteristics

There were no group differences in age (p, . = .12) (and
therefore this variable was not modeled as covariate),
but there was an over-representation of males in the two

Cortical Thickness

Surface Area

Subcortical Volume

2 4 6 8 10 RN 2 4

coe

6 8

PSBI in Early Psychosis

clinical groups (x> = 14.00; p_ = .001); sex was there-
fore modeled as a covariate in further analyses. There
was a marginal group difference in education (F = 16.50,
p,.. = -06) accounted for by the HI having more years of
education than the clinical groups. There were no differ-
ences in nonverbal 1Q (abstract reasoning) between the
two clinical groups (F = 1.39, p_ = .24) and no effect of
sex (p,,. = -49) or sex by group interactions (p, = .47).
GAF scores were comparable between the clinical groups,
which differed from HI (F = 90.46; p < .0001); there
was no effect of sex (p . = .60) or sex by group interac-
tion (p,, = .73). All three groups differed from each other
in terms of total BPRS scores (F = 106.60, p < .0001)
with no effect of sex (p, = .20) or sex by group interac-
tion (p._ = .87).

unc

Variability in Brain Regional Morphometry in CHR-
and FEP Individuals

Interrogation of neuroanatomical variability at the level
of regional measures of CT, SA, and SV using the CV
did not identify any significant differences between the
diagnostic groups (all p > .38) (figure 2). Across diag-
nostic groups, the highest numerical values were noted

012K 2 4 8

8 10 12

Fig. 2. Regional coefficient of variation in clinical high-risk (CHR), first-episode psychosis (FEP), and healthy individuals. Panels A, B,
and C visualize the coefficient of variation of each regional measure of cortical thickness, surface area, and subcortical volume in CHR-,
FEP-, and healthy individuals (HI), respectively; no statistically significant effect of diagnosis was detected across groups.
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for cingulate CT and SA bilaterally and for the volume of
the nucleus accumbens, also bilaterally.

Within-Group PBSI

The descriptive statistics are shown in table 1. Outlier
detection based at 3 SDs for the corresponding mean
for each PBSI in each group identified 5 individuals for
PBSI-CT (2 CHR, 2 FEP, and 1 HI), 3 individuals for
PBSI-SA (one from each group), and 4 individuals for
PBSI-SV (2 CHR, 1 FEP, and 1 HI). Exclusion of these
individuals did not alter the results. There was a sig-
nificant effect of diagnosis on the PBSI scores for CT
(Kruskal-Wallis H = 37.46, Monte Carlo P < .0001);
pairwise follow-up tests showed that CHR-PBSI-CT
and FEP-PBSI-CT were both lower compared with the
HI-PBSI-CT (figure 3). There was a significant effect
of diagnosis on the PBSI scores for SV (Kruskal-Wallis
H = 8.20, Monte Carlo P = .017); pairwise follow-up
tests showed that CHR-PBSI-SV and FEP-PBSI-SV
were both lower compared with the HI-PBSI-SV
(figure 3). The PBSI scores for SA also showed a sig-
nificant effect of diagnosis (Kruskal-Wallis H = 22.39,
Monte Carlo P < .0001); pairwise follow-up tests
showed that CHR-PBSI-SV values were lower than
HI-PBSI-SA values while FEP-PBSI-SA values were
higher than HI-PBSI-SA values (figure 3). In all the
above analyses, there was no effect of sex (P > .54)
or sex by group interaction (P > .10). Results did not
change after removing the six CHR subjects with only
a genetic risk.

There were no significant associations between any
PBSI score with 1Q, BPRS, and GAF (Spearman’s p
range |.06-.18|, all p, > .10). There was no difference
in any of the PBSI scores between those patients who
were prescribed psychotropics (either antipsychotics or

antidepressants) and those that were not (Mann-Whitney
Utest,p, . > 4).

There were no significant group differences in the re-
gional contributions to either the cortical or subcortical
PBSI (supplementary figures S1-S5; supplementary table
S3).

Normative Modeling Using the PBSI

Normative PBSI scores inform about the degree to which
the neuroanatomical profile of CHR and FEP individ-
uals is similar to that of healthy participants. The two
clinical groups did not differ from each other in terms
of their normative PBSI scores for CT or SV (Mann-
Whitney U test, p, . > .73). However, the Z-PBSI-SA was
higher in FEP than in CHR individuals (Mann-Whitney
Utest,p = .04).

We identified 32 (22%) individuals with deviant
Z-PBSI-CT scores (of whom 8 were CHR and 24 were
FEP), 12 (8.4%) with deviant Z-PBSI-SA scores (of whom
6 were CHR and 6 were FEP), and 21 (15%) with deviant
Z-PBSI-SV scores (of whom 12 were CHR and 9 were
FEP); 2 individuals were deviant in both cortical and SA
PBSI, 4 individuals had deviant values in both subcor-
tical and CT indices and none for all other combinations.

All those with deviant Z-PBSI-CT, Z-PBSI-SA, and
Z-PBSI-SV scores had higher total BPRS scores; those
with deviant Z-PBSI-CT and Z-PBSI-SV also had lower
nonverbal 1Q (abstract reasoning) (figure 4). However,
the effect size of these differences was small (Cohen’s d =
0.3) and they did not reach statistical significance (p >
.30). CHR individuals who transitioned to psychosis were
not over-represented in those with deviant Z-PBSI-CT,
Z-PBSI-SA, and Z-PBSI-SV (p . > .60). Also, no risk
subgroup was over-represented in the deviant group for
CT, SA, and SV (P > .22).

P<0.0001 P<0.01 P<0.06
P<0.0001 _P<002 P<0.007
0.9 0.99 0.99 ’i‘
o \ 3 b Y o .
.;_'I.'“ *:#., o l ¥ & &
2 -‘-1.' ehD  JdEs I £ ? ¥
a M kg i s [} . L =
£ g ke o °
s Wy T ® =
s || '- I ; W E
Fos r ’ gu.sa y I o6 { 3
o a n L
0 o & [
m [+2]
-8 o
o7 0.97 0.93
Healthy CHR FEP Healthy CHR FEP Healthy CHR FEP
Group Group Group Group Group  Group Group Group Group

Fig. 3. Person-based similarity index (PBSI) for cortical thickness, surface area, and subcortical volume in clinical high-risk (CHR), first-
episode psychosis (FEP), and healthy individuals. Violin plots of the PBSI for cortical thickness, surface area, and subcortical volume in
the CHR-, FEP-, and healthy individuals. Statistically significant differences for all PBSI measures were noted between the healthy group

and each of the clinical groups.
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Fig. 4. Nonverbal IQ (abstract reasoning) and psychopathology as a function of deviation from the normative person-specific similarity
index (PBSI) for cortical thickness, surface area, and subcortical volumes. Left panel: Mean and SD in nonverbal IQ (abstract reasoning)
of the clinical high-risk and first-episode psychosis individuals whose PBSI scores for either cortical thickness (PBSI-CT) or subcortical
volume (PBSI-SV) deviated by >1.5 SD from the corresponding indices of the healthy group; Right panel: Mean and SD of the total
scores of the Brief Psychiatric Rating Scale (BPRS) of the clinical high-risk and first-episode psychosis individuals whose PBSI-CT, or
PBSI-SV or PBSI for surface area (PBSI-SA) deviated by >1.5 SD from the corresponding indices of the healthy group; group differences
were not statistically significant. Note: PBSI-CT, blue color; PBSI-SA, green color; PBSI-SV, purple color; SD, vertical black line.

Discussion

This study examined for the first time variability in brain
morphology in CHR and FEP individuals at the level
of each brain regional measure and at the level of brain
structural profiles. Regional variation was measured using
the CV, a measure of dispersion of the regional morpho-
metric measures within each sample. This measure did
not differentiate between diagnostic groups. Variability
in brain structural profiles was assessed using the PBSI,
which is a personalized estimate of the similarity between
the cortical and subcortical profiles of a CHR or FEP
individual to that of other individuals in the same group.
The PBSI scores for CT and SV were significantly lower
in both clinical groups compared with the control sample,
indicating greater heterogeneity; this was not the case for
cortical SA, where heterogeneity was greater in CHR but
lower in FEP individuals. In addition, with respect to the
healthy participants who served as a normative reference
group, PBSI scores of about 8%-22% individuals with
early psychosis showed marked deviation from the con-
trol group and a tendency for lower nonverbal 1Q (ab-
stract reasoning) and higher psychopathology.

Variability in Brain Regional Morphometry in CHR-
and FEP Individuals

Brugger and Howes!® conducted a meta-analysis of 108
studies that reported cortical and SV measures in pa-
tients with syndromal schizophrenia and HCs to derive
an estimate of group differences in regional variability.
They found that the volume of the amygdala, thal-
amus, putamen, and the temporal cortex showed greater

variability in patients while the volume of the anterior
cingulate showed greater variability in HCs. A more re-
cent study in a large sample of schizophrenia patients
extended this finding by showing increased heterogeneity
in frontotemporal thickness and area.”” In the present
study, the diagnostic groups did not differ in terms of the
CV in any morphometric measure; in addition, both the
thickness and SA of the anterior cingulate showed the
highest numerical variability across all diagnostic groups.
It is possible that diagnostic differences in the CV in indi-
vidual brain regions are not present in early psychosis but
come about later, either because of disease chronicity it-
self or through the effect of factors associated with chro-
nicity such as medication exposure and poor quality of
life. Alternatively, diagnostic differences in brain regional
variation may be subtle regardless of disease-stage and
can only be reliably detected using meta-analytic methods
or large samples.

Within-Group PBSI

CHR and FEP individuals had lower PBSI scores for CT
and SV than the control sample. The findings with re-
gards to the PBSI for CT replicate our prior report in
two independent samples of patients with syndromal
schizophrenia (supplementary figure S6).> The lower
PBSI scores indicate greater dissimilarity in cortical and
subcortical profiles amongst CHR and FEP individuals
compared with HI. Notably, the PBSI scores for cortical
SA were higher than in the healthy group for FEP but not
for CHR individuals. The divergence of the PBSI-SA of
FEP individuals from the general pattern of lower PBSI
scores could be incidental but if true it would indicate that
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mechanisms leading to greater variability in syndromal
psychosis are mainly affecting CT.

The PBSI approach has the advantage of yielding per-
sonalized estimates of the degree of similarity of each
individual to the remainder of their group and can there-
fore be used to explore the potential mechanisms that re-
duce profile similarity. The PBSI index was not related
to medication exposure but other potential sources of
variability, such as genetic loading for schizophrenia or
early environmental adversity, were not examined. As
in our previous report,” the correlation between PBSI
scores and symptoms was not significant for any of the
imaging phenotypes; this indicates that variability in
brain morphology may not be directly linked to symp-
toms or that the relationship between PBSI and psycho-
pathology cannot be captured by linear models. Larger
future studies would be better suited in addressing these
questions.

Normative Modeling Using the PBSI

Although the neuroanatomical profiles of CHR and
FEP individuals generally showed higher variability
than HCs, only a minority had “deviant” PBSI scores.
Two prior studies that used normative modeling at the
level of regional brain morphology also found that only
a small proportion of patients with syndromal schiz-
ophrenia had statistically deviant values in reference
to normative data.?'> Here, deviance was most pro-
nounced regarding CT (22%), followed by SV (15%)
and SA (8.4%). The pattern on lower nonverbal 1Q
(abstract reasoning) and higher psychopathology in
CHR- and FEP individuals with deviant PBSI scores is
interesting and worth further investigation although the
small size of the current sample was insufficient to es-
tablish statistical significance. We note that in the study
of Janssen and colleagues,”® who calculated the PBSI
using gyrification data, those individuals with statisti-
cally deviant scores also had lower 1Q (general cognitive
performance) and a more unfavorable prognosis. We
infer that disease-related mechanisms seem to increase
divergence in brain morphology in psychosis but only a
minority of patients differ markedly from HI.

Limitations

The small sample size, although not atypical for single-
centre CHR and FEP studies, is an obvious limitation.
The results are, however, credible as they resonate with
findings in other studies using the PBSI, including studies
in schizophrenia patients. We focused on brain mor-
phology as it is arguably one of the most robust neuroim-
aging phenotypes. However, the methodological approach
outlined here could be used to examine variability in a
number of other neuroimaging phenotypes that were not
covered in this study. Although we described increased
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variability in the brain structural profiles in early psy-
chosis it was not possible to examine potential etiological
associations beyond medication.

Conclusion

We showed that early psychosis is associated with
increasing divergence in brain morphology but only a
minority of patients differ markedly from HI. Marked
divergence in brain morphological profiles, in particular,
CT is likely to identify a subgroup of CHR and FEP in-
dividuals with worse clinical outcomes such as transition
to psychosis or social and occupational impairments. If
applied to larger samples, our methodological approach
could enable both the identification of genetic and envi-
ronmental factors that increase morphological brain di-
vergence in early phases of psychosis and the improved
characterization of the clinical features, treatment re-
sponse, and prognosis of CHR and FEP individuals that
show marked deviance from normative data.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin.
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