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ABSTRACT

Individuals at Clinical High Risk for Psychosis (CHR-P) demonstrate heterogeneity in clinical
profiles and outcomes features. However, the extent of neuroanatomical heterogeneity in the
CHR-P state is largely undetermined. We aimed to quantify the neuroanatomical heterogeneity
in structural magnetic resonance imaging measures of cortical surface area (SA), cortical
thickness (CT), subcortical volume (SV), and intracranial volume (ICV) in CHR-P individuals
compared with healthy controls (HC), and in relation to subsequent transition to a first episode
of psychosis. The ENIGMA CHR-P consortium applied a harmonized analysis to
neuroimaging data across twenty-nine international sites, including 1 579 CHR-P individuals
and 1 243 HC, offering the largest pooled CHR-P neuroimaging dataset to date. Regional
heterogeneity was indexed with the Variability Ratio (VR) and Coefficient of Variation (CV)
ratio applied at the group-level. Personalised estimates of heterogeneity of SA, CT and SV
brain profiles were indexed with the novel Person-Based Similarity Index (PBSI), with two
complementary applications. First, to assess the extent of within-diagnosis similarity or
divergence of neuroanatomical profiles between individuals. Second, using a normative
modelling approach, to assess the ‘normativeness’ of neuroanatomical profiles in individuals
at CHR-P. CHR-P individuals demonstrated no greater regional heterogeneity after applying
FDR corrections. However, PBSI scores indicated significantly greater neuroanatomical
divergence in global SA, CT and SV profiles in CHR-P individuals compared with HC.
Normative PBSI analysis identified 11 CHR-P individuals (0.70%) with marked deviation
(>1.5 SD) in SA, 118 (7.47%) in CT and 161 (10.20%) in SV. Psychosis transition was not
significantly associated with any measure of heterogeneity. Overall, our examination of
neuroanatomical heterogeneity within the CHR-P state indicated greater divergence in
neuroanatomical profiles at an individual level, irrespective of psychosis conversion. Further

large-scale investigations are required of those who demonstrate marked deviation.



Key words: psychosis, clinical high risk, CHR-P, ultra  -high risk, UHR, magnetic resonance

imaging, log-variability ratio, heterogeneity, homogeneity, person-based similarity index



INTRODUCTION

The Clinical High-Risk state for Psychosis (CHR-P)! describes individuals who are at an
increased risk of later developing psychosis and can benefit from early intervention, usually
implemented in specialised clinics that are emerging worldwide.?® Individuals at CHR-P
accumulate various risk factors for psychosis*® and have about fifty-fold increased risk of
transitioning to a First Episode of Psychosis (FEP) compared to healthy controls (HC).® The
CHR-P state consists of several subgroups, each with varying clinical profiles: Attenuated
Psychotic Symptoms (APS), Brief Limited Intermittent Psychotic Symptoms (BLIPS) and/or
genetic vulnerability accompanied by a deterioration in functioning (GRD).”~® Furthermore,
individuals at CHR-P have a highly variable risk enrichment!® and substantial clinical
heterogeneity in initial symptoms, functional status, transition to psychosis, and remission or
persistence of symptoms.'*® In fact, this observed heterogeneity in clinical and outcome
features has been a source of ongoing criticism of the CHR-P paradigm.*”® Such heterogeneity
poses a challenge to determining treatment responsivity and the prediction of longitudinal

outcomes.

Substantial research efforts have focused on the identification of neuroanatomical
abnormalities in individuals at CHR-P, investigated with structural Magnetic Resonance
Imaging (sMRI).2*%* For example, the Enhancing Neurolmaging Genetics through Meta-
Analysis (ENIGMA)?® consortium recently established the CHR-P Working Group?® offering
the largest pooled structural neuroimaging CHR-P dataset to date. The working group
identified widespread deficits in cortical thickness in those at CHR-P compared with HC,
which was associated with transition to psychosis.?° As such, there have been similar efforts to
harness the findings of neuroanatomical deficits to improve the detection of cases and the

prediction of transition to a FEP.%-2 However, to date, no reliable neuroanatomical biomarkers



have been established, raising the hypothesis of underlying heterogeneity in MRI-based

estimates of morphometry and associated neurobiological profiles within the CHR-P state.?®3°

Emerging statistical measures have made it easier to investigate group-level or personalised
estimates of variability in neuroanatomical measures. Heterogeneity within specific anatomical
regions can be quantified using the Variability Ratio (VR) or Coefficient of Variation (CV)
ratio,! which have been used to demonstrate greater group-level variability (i.e., heterogeneity)
in volumetric measures of the putamen, temporal lobe, thalamus and third ventricle, and lower
variability (i.e., homogeneity) in the anterior cingulate cortex of patients with schizophrenia
compared to HC.%2 Furthermore, a recent meta-analysis which investigated variability across a
narrow subset of structural volumetric brain regions, indexed with the VR, reported no
significant differences between individuals at CHR-P and HC, or between those who
subsequently transitioned to psychosis and those who did not.3® Taken together, these findings

suggest that variability, as measured by VR, is not significantly different in CHR-P vs. HC.

However, these results stand in contrast to studies that use alternative indices of variability.
The Person-Based Similarity Index (PBSI) yields a personalised metric representing inter-
subject correlations of neuroanatomical profiles,3¢ and has received recent attention in the
context of psychiatric samples, including individuals with bipolar disorder®=3¢ and
schizophrenia.®® The PBSI was recently compared between CHR-P (n=71), FEP (n=72) and
HC (n=55),* revealing heterogeneity at a personalised level in CHR-P samples. Further, those
demonstrating most marked deviation also demonstrated generally lower 1Q and poorer
psychopathology.®” These findings are in contrast with the former meta-analytic findings.®
However, these incongruities may be explained by the discrepant indices applied, the narrow

focus of the brain regions studied meta-analytically®® and/or the relatively small sample



recruited for the PBSI investigations.3” Taken together, the existing literature offers an
ambiguous picture of neuroanatomical heterogeneity in the CHR-P state; as such, further

investigations are warranted.

The rationale for elucidating neuroanatomical heterogeneity in the context of CHR is four-fold.
First, by examining neuroanatomical heterogeneity in CHR-P, we will gain a fuller
understanding of neuroanatomy of the CHR-P population, which allows us to better address
criticisms of the CHR-P paradigm which often centre around heterogeneity. Then, this
increased understanding may inform the development of precision and predictive models of
psychosis. Third, modelling neuroanatomical heterogeneity offers a unique opportunity to
identify individuals with potentially shared characteristics of importance. Finally, through
subgroup investigations stratified by clinical features, such as transition to psychosis status and
subgroup status (i.e. APS/BLIPS/GRD), we could identify clinical relevance associated with

neuroanatomical heterogeneity.

The ENIGMAZ?® consortium offers rich structural neuroimaging data across a diverse sample
at CHR-P,?° and therefore presents a unique opportunity to systematically address the issue of
heterogeneity in this population. Here, we aimed to apply both group-level and personalised
indices to investigate whether neuroanatomical heterogeneity differed significantly between; i)
individuals at CHR-P and HC, and ii) individuals at CHR-P who subsequently transitioned to
psychosis and those who did not. In line with the widely reported significant differences
between CHR-P and HC in mean neuroanatomical measures, we hypothesized that variance
will also significantly differ between the two groups. This assumption is directed by the
observation of heightened heterogeneity in other aspects of the CHR-P paradigm, the current

lack of successful biomarkers in the CHR-P field and the corresponding potential for discrepant



underpinning neurobiological processes. Specifically, we hypothesised that individuals at
CHR-P will demonstrate significantly increased heterogeneity in neuroanatomical measures,

as demonstrated by significantly higher VR effect sizes and significantly lower PBSI scores.

METHODS
This study was conducted according to the Reporting of studies Conducted using Observational

Routinely-collected health Data (RECORD) Statement®® (eTable I).

Participants

The ENIGMA CHR-P dataset amalgamated clinical and neuroimaging data from 29 sites,
comprising 1579 individuals meeting CHR-P criteria (according to Comprehensive
Assessment of At-Risk Mental States [CAARMS]® or the Structured Interview for Prodromal
Syndromes [SIPS]®4%) and 1243 HC participants. Longitudinal clinical data that measured
transition to psychosis, were also recorded (transition rate [n=226, 14.31%], follow-up duration
in months [mean=28.07, SD=32.50]). Each site obtained ethics committee approval prior to
data collection, and participants provided informed consent or assent prior to participation.
Further participant inclusion and exclusion criteria have been previously described,? and

sample discrepancies with the original ENIGMA CHR-P study are detailed in eFigurel.

MRI data acquisition and processing
The site-specific MRI acquisition parameters are summarised in eTable 2. All neuroimaging
data were processed according to FreeSurfer automated pipelines* 4 and the standardized

ENIGMA protocol (http://enigma.ini.usc.edu/protocols/imaging-protocols/). Briefly, the

FreeSurfer pipeline includes motion correction, automated Talairach transformation,* skull

stripping,*® segmentation of the subcortical white matter and gray matter volumetric
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structures,***’ and intensity normalisation.“® The ENIGMA quality control procedure identifies
outliers (+/- 2 SD from the mean) and includes visual inspection of all images to remove poorly
segmented regions, thus resulting in minor fluctuation in sample size for each ROI. The
application of this protocol yielded a total of 153 structural regions of interest (ROIs): 68
cortical variables measured by both Surface Area (SA) and Cortical Thickness (CT) according
to the Desikan-Killiany atlas®®, 16 Subcortical Volume (SV) variables and one measure of
Intracranial Volume (ICV). Participants with >5% missing ROIs were excluded from the

current analyses as this was deemed to be indicative of poor parcellation (eFigure 1).

Neuroimaging data were adjusted for scanner protocol and site using neuroComBat> (a
modified version of ComBat®?), a batch-adjustment method that relies on an empirical Bayes
framework to assess the influence of covariates of interest. The neuroimaging data were
adjusted prior to current analyses, as this approach is recommended by the tool developers for
optimal use, whilst controlling for group (CHR-P/HC), age and sex. NeuroComBat has
previously been validated on data derived from the ENIGMA protocol described above (in the
ENIGMA SCZ dataset)®? and allows for partially missing data.>® In previous work using this
dataset, we have empirically demonstrated that applying neuroComBat to the data reported
here leads to more precise estimates of effect sizes, both compared to non-neuroComBat-

corrected data and random-effects meta-analysis.?

Statistical analysis
All analyses were conducted within R v.4.0.3;% the VR analyses were conducted using the
metafor® and meta® packages. Effect sizes were previously reported for group differences in

each ROI between CHR-P/HC and transition status;° as such, the current analysis provides
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an in-depth exploration of neuroanatomical heterogeneity in this dataset using baseline

clinical and neuroimaging data and longitudinal clinical outcome data.

Variability Ratio and Coefficient of Variation
We applied the log-VR using the escalc() function; this statistical index has gained recent
attention as an indicator of inter-individual variability for various clinical factors, such as

treatment effect,31°® and is calculated according to the formula below:

_ O\ 1. (S 1 1
anR_ln(6C>_ln(?c)+2(np—l) 2n—1)

Where 6" and 6" are the unbiased estimates of population SDs; S, and S are the reported sample SDs;
np and nc are the sample sizes for CHR-P (or CHR-T/APS) and HC (or CHR-NT) groups, respectively.

This calculation was conducted across each ROl to compare baseline variability in regional
neuroanatomical measures between CHR-P and HC in the first instance, and then between
CHR-P individuals who transitioned to FEP (CHR-T) and those who did not (CHR-NT). CHR-
P participants who were lost to follow-up (n=258) were not included in the latter investigation
(eFigure 1). We also conducted further exploratory applications limited to those meeting APS
subgroup criteria compared with HC. Due to the low prevalence of the BLIPS and GRD
subgroup (see Table 1) and the corresponding high volume of ROI’s under investigation, it was

not feasible to conduct analyses limited to these two subgroups, respectively.

The log-VR was back-transformed into linear scale (VR) to aid interpretation of the results.
Therefore, a VR of 1 indicates equal variability in neuroanatomical measures between groups.
A VR >1 suggests greater variability in the CHR-P group (or CHR-T and APS, respectively),

whereas a VR <1 indicates less variability in the CHR-P group. The VR (with 95% confidence

12



intervals) for each ROI were then summarized in forest plots according to SA, CT, SV and
ICV. Given the high number of ROI tests conducted, we calculated p-value adjustments using
the False Discovery Rate (FDR)®" approach, applied to all of the ROI’s as one vector at Once.

As such, the forest plots report both the uncorrected and corrected p-values.

Previous research within the ENIGMA CHR dataset identified between-group mean
differences of structural magnetic resonance imaging (SMRI) measures.?’ As the log variability
ratio (log-VR) is not scaled to the mean, we conducted a supplementary calculation of the log
Coefficient of Variation (log-CV) ratio index, which offers a mean-scaled metric of variability
between two groups and is calculated according to the formula below.®! In instances in which
the CHR-P population (or CHR-T/APS groups) demonstrate lower mean sMRI values
compared with the HC population (or CHR-NT), the log-VR offers the more conservative test
of our hypotheses. However, in instances of larger mean values in the CHR-P population or
the transition to psychosis group, the log-CV offers the more conservative test. As previous
research in this dataset largely described lower mean values across SMRI measures in the CHR-
P population, particularly regarding measures of CT,?° we calculated the log-CV to supplement

the findings of the primary log-VR analyses.

In CVR=1 efp/’fp): (SP/’:‘P) e ek
& n<0c/xc i Sc/xc +2(np—l) 2(’7(—1)

Where X, and X. are the reported means for the CHR-P (or CHR-T/APS) and HC (or CHR-NT) groups.

Finally, we conducted sensitivity analyses on ROI’s demonstrating significant effects in the
primary analyses, to better elucidate whether identified effects might be better explained in part
by factors associated with suboptimal study design as opposed to meaningful neurobiological
mechanisms. These analyses included leave-one-out resampling to investigate site effects

13



(eMethods 1), and supplementary testing on an age-, sex-, and site-matched sample (eMethods

2) to control for other potential sources of heterogeneity.

Person-Based Similarity Index

The personalised estimates of inter-individual variability were investigated using the PBSI,
calculated according to the formula below, for each SA, CT and SV profiles.®*" The process
for calculating the PBSI scores begins with concatenating the respective regional measures into
vectors that represent the profile of each specific brain phenotype; PBSI-SA, PBSI-CT and
PBSI-SV, respectively. This produces a simplified, personalised index for each phenotypic
neuroanatomical profile. This index can then be used in one of two ways; first, to quantify how
similar an individuals’ brain profile is to that of other individuals with the same clinical profile
or disorder (within-diagnosis or within-group). Second, to quantify how similar an individuals’
brain profile is respective to a normative estimate, i.e. the average of the healthy control group

(normativeness).*’

PBSI; = —=%,.; cor(yi,))
The PBSI of the it individual is the average correlation between his/her brain measures (yi) and the brain

measures of any other individual of the reference sample (y;, for j#i).

(i) Within-group reference: The PBSI-SA, PBSI-CT and PBSI-SV were calculated separately
for the CHR-P and HC individuals and thus represent the degree of within-group similarity in
these profiles. Within each group, and for each brain phenotype, Spearman correlation
coefficients were computed between the neuroanatomical profile of each participant and the
profiles of each other member of the same group. The average of these coefficients for each
participant yielded their respective PBSI score for each brain phenotype. A higher PBSI score
(closer to 1) indicates greater similarity in the neuroanatomical profile of an individual to other

members of the same group, while a lower score indicates greater deviance in their
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neuroanatomical profile. Group-level comparisons of PBSI-SA, PBSI-CT and PBSI-SV were
then conducted between CHR-P and HC using Welch’s t-test to examine whether psychosis-

risk states were associated with greater within-group variability.

(i) Normative reference: Next, the respective neuroanatomical profiles of each CHR-P
individual were correlated with the corresponding profiles of the members of the HC group,
for each brain phenotype. The resulting PBSI scores thus represent the degree of deviation from
the ‘normative’ range and were transformed into z-scores (PBSI-CT-Z, PBSI-SA-Z, and PBSI-
SV-Z). We set >1.5 SD as a threshold to identify individuals at CHR-P who most markedly

deviated from the normative neuroanatomical profile, in line with previous work. %’

In both PBSI analyses, we also investigated the potentially moderating effects of transition
status (CHR-T/CHR-NT), subgroup status (APS/BLIPS/GRD), antipsychotic exposure, and
overall baseline psychopathology (total CAARMS/SIPS severity z-scores, eMethods 3) on

PBSI scores. All multivariable regression models were applied, adjusting for age and sex.

RESULTS

Sample characteristics

Following quality control procedures (eFigure 1), the final sample consisted of 1 579 CHR-P
participants (mean age=20.63 [SD=4.60], 47.37% females) and 1 243 HC participants (mean
age=22.32 [SD=4.96], 44.73% females) across 29 sites. Table 1 provides a detailed sample
summary. Of the CHR-P participants, 1 248 also had longitudinal clinical data; the length of
follow-up ranged from 1-194 months (mean=28.07 [SD=32.50], median=18.00). eTable 3

provides a detailed comparison of the CHR-T and CHR-NT groups.
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Variability Ratio and Coefficient of Variation

CHR-P compared with HC

Regional SA: Whilst the CHR-P group demonstrated a trend towards greater variability
compared to the HC group in measures of cortical SA in the right lateral orbitofrontal region
(VR=1.08, 95% CI: 1.02-1.14), left lateral orbitofrontal region (VR=1.08, 95% CI: 1.02-1.13)
and right rostral middle-frontal region (VR=1.07, 95% ClI: 1.02-1.13), these observations did
not survive FDR adjustments. No SA regions demonstrated significantly greater homogeneity

in CHR-P (Figure. 1). These trends were confirmed in CV analyses (eFigure 2).

Regional CT: There was a trend towards greater heterogeneity in CHR-P compared to HC in
the right cuneus (VR=1.08, 95% CI:1.03-1.14), right inferior-temporal region (VR=1.08,
95% CI:1.02-1.14), left middle-temporal region (VR=1.07, 95% CI:1.02-1.13), right precentral
region (VR=1.07, 95% CI:1.00-1.15, p=.01) and left pars opercularis (VR=1.07, 95% CI: 1.02-
1.13). Again, these observations did not remain statistically significant after applying FDR
corrections. No regions demonstrated greater homogeneity in CHR-P compared to HC (Figure.

2). Supplementary CV analyses (eFigure 3) supported these findings.

Regional SV: There was a numerical trend towards higher heterogeneity in CHR-P compared
to HC individuals in the left hippocampus (VR=1.07, 95% CI: 1.01-1.13), notwithstanding
FDR corrections (Figure 3). Supplementary CV (eFigure 4) analyses corroborated these

findings.

ICV: No significant differences in ICV heterogeneity or homogeneity were observed between

CHR-P and HC, indexed with either the VR (eFigure 5) or CV (eFigure 6).
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CHR-T compared with CHR-NT

CHR-P individuals who transitioned to psychosis did not demonstrate significantly greater
heterogeneity or homogeneity in regional neuroanatomical measures compared with
individuals who did not transition to psychosis, as indexed by both the VR and CV (eFigures

7-14).

APS compared with HC

Individuals meeting criteria for the APS subtype demonstrated a trend towards greater SA
heterogeneity in the left lateral orbitofrontal region (VR = 1.07, 95% CI: 1.01-1.14) compared
with HC (eFigure 15), but no regions survived FDR correction for multiple comparisons. No

other significant regions were identified in VR or CV analyses (eFigures 16-22).

Person-Based Similarity Index

Within-group PBSI: There was greater within-group variability in all neuroanatomical profiles
in the CHR-P group compared to the HC group based on significantly lower PBSI-SA
(t(2642)= -5.39, p<.01), PBSI-CT (t(2788)= -9.11, p<.01), and PBSI-SV scores (t(2733)= -
4.34, p<.01) (Figure 4). PBSI-CT scores were substantially lower than PBSI-SA and PBSI-SV
(Figure 4), signalling greater divergence specifically in CT profiles. There were no significant
associations between PBSI scores and transition or subgroup status, baseline psychopathology
(all p>.12), or current typical or atypical antipsychotic use on PBSI-SA or PBSI-CT scores.
There was a slight association of typical antipsychotic use with PBSI-SV scores, albeit not

surviving the stricter significance threshold (b=-0.02, t(1220)=-2.017, p=.04).

Normative PBSI: Of the 1,579 CHR-P participants, 11 (0.70%) demonstrated marked deviation

in PBSI-SA-Z scores, 118 (7.47%) in PBSI-CT-Z and 161 (10.20%) in PBSI-SV-Z (Figure 5).
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Of these participants, 17 demonstrated marked deviation in more than one phenotypic profile,
and just one participant in all three phenotypic profiles. There were no significant associations
between normative PBSI scores and transition or subgroup status, or baseline psychopathology
(all p>.18). A significant association with typical antipsychotic use was identified for the PBSI-
SV-Z scores (b=-0.84, t(1220)=-2.191, p=.03), with antipsychotic use being associated with
greater deviations from PSBI-SV-Z. No association with antipsychotic use was identified with

PBSI-SA-Z or PBIS-CT-Z scores.

DISCUSSION

We conducted a large-scale investigation of neuroanatomical heterogeneity in a help-seeking
population meeting CHR-P criteria. To summarise, we observed a trend towards regional
heterogeneity (as measured by the variability ratio) in a cluster of frontal, temporal and
hippocampal regions that failed to reach statistical significance after correction for multiple
comparisons. However, Person-Based Similarity Index (PBSI) analyses, a novel measure of
inter-individual variability, indicated greater divergence in global neuroanatomical profiles of
SA, CT and SV in CHR-P compared with HC. Importantly, however, the proportion of CHR-
P individuals with significantly deviant PBSI scores was low. Moreover, none of the variability

metrics examined showed significant associations with transition to psychosis.

Our first key finding was an observed trend towards heightened heterogeneity in individuals at
CHR-P in a cluster of frontal, temporal and hippocampal regions compared with HC. This
result is in line with the fine-grained and localised alterations typically observed in the CHR-P
state. Existing literature has identified structural,?°8-% functional,?>®° and neurocognitive®!
alterations in frontal and medial-frontal regions in the CHR-P state,2°8%° and further

highlighted these as potentially important regions in the pathophysiology of psychosis.?%:°8-60
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Similarly, aberrations in temporal?6°°%62 and hippocampal regions?5°%63-% have also been
identified in CHR-P and have been implicated as core regions in the transition to psychosis. To
observe localised heterogeneity in these regions might signal discrepant neurobiological
processes associated with psychosis-risk states (or with psychosis conversion in subsequent
CHR-T/CHR-NT analyses), which may ultimately prove useful for stratification purposes in
interventional research. However, all observed effect sizes were small (1.06-1.08) and these
findings did not survive the FDR correction for multiple comparisons. Furthermore, no
significant effects of transition to psychosis were identified. These results are consistent with
a recent meta-analysis which applied the VR across a smaller subset of volumetric regions
similarly identified no significant regions of increased variability in CHR-P.3® Equally, a
previous study which compared CHR-P (n=71) and HC (n=55), indexed with the CV metric,
found no evidence of regional increases in variability in CHR-P,%” demonstrating the robustness
of these findings. Taken together, these findings, in combination with ours, suggest that
regional neuroanatomical variability in the CHR-P state is not significantly different from

healthy controls.

However, application of the PBSI offered a somewhat contrasting conclusion. The within-
diagnosis PBSI estimates revealed significantly lower scores across global SA, CT and SV
amongst individuals at CHR-P, compared with HC. These findings signal greater divergence
in neuroanatomical profiles within the CHR-P state across all three phenotypic measures. This
finding is largely consistent with previous research which identified lower PBSI-CT and PBSI-
SV scores in individuals at CHR-P compared with HC.®” Notably, higher variability in CT
profiles was also reported in another sample of patients with schizophrenia compared to HC.3¢
These findings suggest that higher inter-individual variability in cortical and subcortical

phenotypes is a consistent feature both at the at-risk stage and after the onset of FEP. This is
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also particularly interesting within the context of previous findings in the ENIGMA CHR-P
dataset of widespread CT deficits, and warrants further investigation of variance specifically

in CT phenotypes across the psychosis spectrum.

Crucially, normative modelling of the PBSI also identified a sub-sample of CHR-P individuals
who demonstrated marked deviation in reference to a ‘normative’ neuroanatomical profile. The
identification of deviations from normative modelling is becoming increasing popular in
psychiatry, and may aid in the classification of distinct subgroups.®-="57 Although <1% of the
sample displayed markedly ‘deviant’ PBSI-SA scores, this rose to 7.47% for PBSI-CT and
10.20% for PBSI-SV scores, suggesting that approximately 7-10 out of 100 CHR-P individuals
have markedly deviant neuroanatomical profiles in SV or CT compared to HC. Together, the
PBSI findings indicate the potential utility of examining personalised indexes as opposed to
employing group-level estimations of variance. However, the observed heterogeneity in CHR-
P individuals was not significantly associated with severity of baseline attenuated psychotic
psychopathology, subgroup allocation (APS/BLIPS/GRD) or transition to psychosis. These
findings suggest that neuroanatomical variability is not linked to the clinical features we

examined.

The lack of an association between heterogeneity and transition to psychosis may reflect the
challenges we face when of employing dichotomous diagnostic criteria — particularly as
psychosis-risk is associated with various transdiagnostic outcomes.® At this time, we were
unable to assess the link between neuroanatomical heterogeneity and other longitudinal clinical
outcomes, such as psychosocial functioning, non-psychotic psychopathology or persistence of
attenuated symptoms. However, harmonization of additional outcome measures is an ongoing

endeavour of the ENIGMA CHR working group; therefore, in the future we plan to examine
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how neuroanatomical heterogeneity is associated with other measures. Given the prevalence
and variability of these alternative outcomes in the CHR-P state,%® it will be important to
assess whether these hold greater associations with neuroanatomical variability in order to
better address the clinical relevance of neuroanatomical heterogeneity. In this respect, it may
be especially pertinent to investigate the subgroup of individuals at CHR-P who markedly
deviated from the ‘norm’ in the PBSI analyses. Furthermore, there was substantial variation in
follow-up duration between sites. As such, it is possible that the presence of individuals at
CHR-P that were classified as ‘no transition’ - yet who may have developed psychosis
following their final data contributions - may have reduced our power to detect group

differences.

There are also further methodological limitations to consider. First, the validity of the VR as
an index of heterogeneity has been debated, particularly within the context of other clinical
factors, such as individual treatment response and subgroup effects.” Whilst we performed
additional individual-level PBSI analyses to supplement the VR analyses, the indices produced
somewhat conceptually discrepant findings. These discrepancies may be underpinned by the
group-level approach of the VR index as opposed to the individual-level PBSI scores, or
alternatively due to the nature of the PBSI scores which capture overall patterns of
neuroanatomical heterogeneity as opposed to specific regional patterns. It is possible that
adopting a global approach offers a more powerful examination of heterogeneity compared to
a region-by-region approach. Nevertheless, these current findings corroborate existing
literature which reported significant differences in variability of neuroanatomical profiles with
the application of PBSI scores,® and a lack thereof with a regional group-level VR* or CV*’
approach. However, the current findings also necessitate further validation and critical

appraisal of the various indices of heterogeneity. Heterogeneity has recently become a mainstay
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focus of clinical research — particularly in psychiatry — and it is imperative to systematically
compare the statistical performance of the relevant indices in order to develop a gold standard

framework for addressing questions of variance.

Second, we were also unable to control for further potentially confounding factors, such as
substance use. Given the potential impact of alcohol, tobacco and cannabis use on
neuroanatomical profiles in CHR-P,”>" it will be important to assess these features as this
consortium continues to develop and expand. Future research should also continue to explore
heterogeneity within the CHR-P paradigm, both within neurobiological bases and other
characteristics. The elucidation of such sources of heterogeneity will be essential in order to

improve prognostic research paradigms in this population.’

Future Directions

Given these limitations, there are a range of next steps to further elucidate neuroanatomical
heterogeneity in the CHR-P paradigm. First, as the ENIGMA CHR-P Working Group
continues to develop and expand, it would be interesting to incorporate genomic data to assess
the genetic contributions to population variability in neuroimaging phenotypes, such as the
schizophrenia polygenic risk score,” as well as assessing the association of neuroanatomical
heterogeneity with alternative clinical and functional outcomes outside of transition to
psychosis. Finally, once longitudinal neuroimaging data becomes available, it will also be
important to assess the longitudinal stability of the neuroanatomical heterogeneity findings

here.
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Conclusions

In the largest pooled neuroimaging sample of individuals at CHR-P to date, we identified an
absence of significantly greater regional heterogeneity compared with HC, despite an emerging
trend towards greater fronto-temporal and hippocampal heterogeneity in CHR-P. These
findings persist irrespective of longitudinal transition to psychosis. Subsequent application of
a personalised PBSI score revealed significantly greater divergence in global neuroanatomical
profiles in CHR-P, and further, a small subgroup (approximately 10%) of individuals at CHR-
P who demonstrate markedly divergent neuroanatomical profiles of SA, CT and SV respective
to a normative profile. Further clinical investigation of this subgroup is required in light of the

limited clinical variables currently available.
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Table 1. Sample Characteristics for the Clinical-High Risk for Psychosis (CHR-P) and the
Healthy Control (HC) groups.

CHR-P (N=1 579) HC (N=1 243)
Age in years, mean (SD) 20.63 (4.60) 22.32 (4.96)
Sex, M/F 831/748 687/556
Transition to psychosis, % 14.31 NA
Follow-up duration in months, 28.07 (32.50) NA
mean (SD)
Typical antipsychotics, n (%) 15 (0.95%) NA
Atypical antipsychotics, n (%) 216 (13.68%) NA
Total severity symptoms CAARMS: 10.34 (4.03) NA
score?, mean (SD) SIPS: 10.93 (4.66)

Subgroups®, n (%) APS:1 177 (74. 54%) NA

BLIPS: 46 (2.91%)
GRD: 90 (5. 70%)
APS/GRD: 129 (8.17%)
APS/BLIPS: 27 (1.71%)
BLIPS/GRD: 2 (0.13%%)
APS/BLIPS/GRD: 7
(0.44%)
Unknown: 101 (6.40%%)

3243 participants had neither the CAARMS nor SIPS assessment scores provided. PAPS: Attenuated
Psychotic Symptoms; BLIPS: Brief Limited Intermittent Psychotic Symptoms; GRD: Genetic and Risk
Deterioration Syndrome; some participants met criteria for more than one subgroup.
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Figure 1. Forest Plot of the Variability Ratio (VR) of Cortical Surface Area (SA) Measures
in CHR-P Compared with Healthy Controls.

Brain Region CHR-P N Control N Variability Ratio 95% Cl p-Value FDR Corrected
Rignt Lateral Orbito Frontal 1570 1238 —— 1.08 [1.02;1.14] 0.00 0.21
Left Lateral Orbito Frontal 1574 1239 — 1.08 [1.02;1.13] 0.01 0.21
Right Rostral Middle Frontal 1575 1240 —— 1.07 [1.02;1.13] 0.01 0.21
Left Superior Temporal 1566 1237 — 1.06 [1.00;1.11] 0.04 0.35
Left Temporal Pole 1575 1238 — 1.06 [1.00;1.11] 0.04 0.35
Right Superior Parietal 1574 1239 — 1.05 [1.00;1.11] 0.05 0.36
Right Caudal Middle Frontal 1572 1236 — 1.05 [1.00;1.11] 0.05 0.36
Right Medial Orbito Frontal 1573 1242 — 1.05 [1.00;1.11] 0.06 0.36
Left Middle Temporal 1569 1238 T 1.05 [1.00;1.11] 0.07 0.36
Right Precuneus 1576 1240 — 1.05 [0.99;1.10] 0.09 0.42
Left Posicentral 1566 1230 — 1.04 [0.99;1.10] 0.12 0.54
Left Pars Orbitalis 1578 1236 T 1.04 [0.99;1.10] 0.13 0.54
Left Insula 1573 1237 e 1.04 [0.99;1.10] 0.15 0.58
Right Posterior Cingulate 1573 1231 B s s 1.04 [0.98;1.09] 0.17 0.62
Left Fusiform 1572 1238 B s s 1.04 [0.98;1.09] 0.18 0.63
Left Medial Orbito Frontal 1574 1238 B s e 1.04 [0.98;1.09] 0.19 0.63
Left Lateral Occipital 1568 1242 — 1.03 [0.98;1.09] 0.24 0.66
Left Rostral Middle Frontal 1571 1237 —_ 1.03 [0.98;1.09] 0.25 0.66
Left Superior Parietal 1569 1239 B s 1.03 [0.98;1.09] 025 0.66
Right Superior Temporal 1571 1238 -1 1.03 [0.98;1.09] 0.25 0.66
Left Inferior Parietal 1570 1239 — 1.03 [0.98;1.09] 0.26 0.66
Right Middle Temporal 1574 1238 —_1 1.03 [0.98;1.09] 0.26 0.66
Left Gaudal Middle Frontal 1578 1241 —1 1.03 [0.98;1.09] 0.27 0.66
Right Cuneus 1559 1226 — 1.03 [0.98;1.09] 0.28 0.66
Left Precuneus 1574 1238 —— 1.03 [0.98;1.09] 0.28 0.66
Right Lateral Occipital 1570 1240 —_ 1.03 [0.98;1.09] 0.28 0.66
Right Inferior Parietal 1575 1233 —_— 1.03 [0.98;1.08] 0.29 0.66
Right Lingual 1567 1236 —_ 1.03 [0.98;1.08] 0.29 0.66
Left Pars Opercularis 1567 1233 —_—— 1.03 [0.98;1.08] 0.30 0.67
Right Superior Frontal 1573 1240 —_— 1.03 [0.97;1.08] 0.34 0.70
Right Isthmus Cingulate 1571 1235 —_— 1.02 [0.97;1.08] 0.41 0.76
Right Parahippocampal 1571 1229 —_—t 1.02 [0.97;1.08] 0.42 0.76
Left Enthorhinal 1567 1235 — 1.02 [0.97;1.08] 0.45 0.80
Right Enthorhinal 1564 1233 —_—r 1.02 [097;1.07] 048 0.83
Left Pars Triangularis 1573 1237 —_—r 1.02 [0.97;1.07] 0.50 0.83
Left Banks of the STS 1553 1226 —_— 1.02 [0.97;1.07] 051 0.83
Left Cuneus 1568 1228 — 1.02 [0.96;1.07] 0.53 0.84
Right Precentral 1568 1239 — 1.02 [0.96;1.07] 054 0.84
Left Parahippocampal 1570 1230 —_— 1.02 [0.96;1.07] 0.56 0.85
Right Insula 1578 1240 —_—t— 1.02 [0.96;1.07] 057 0.85
Right Temporal Pole 1571 1240 — 1.02 [0.96;1.07] 0.59 0.86
Right Frontal Pole 1575 1240 —— 1.01 [0.96;1.07] 0.61 0.88
Left Frontal Pole 1574 1238 — 1.01 [0.96;1.07] 0.66 0.90
Left Supramarginal 1569 1233 — 1.01 [0.96;1.07] 0.69 0.91
Right Caudal Anterior Cingulate 1570 1228 — 1.01 [0.96;1.06] 0.72 0.91
Right Supramarginal 1569 1237 — 1.01 [0.96;1.06] 0.72 0.91
Left Inferior Temporal 1573 1241 — 1.01 [0.96;1.06] 0.75 0.93
Left Precentral 1578 1237 — 1.01 [0.96;1.06] 0.76 0.93
Right Postcentral 1570 1236 — 1.01 [0.96;1.06] 0.80 0.95
Left Paracentral 1570 1237 — 1.01 [0.96;1.06] 0.81 0.95
Right Banks of the STS 1565 1237 — 1.01 [0.96; 1.06] 0.81 0.95
Left Superior Frontal 1575 1237 — 1.01 [0.95;1.06] 0.82 0.95
Right Fusiform 1574 1241 — 1.01 [0.95;1.06] 0.83 0.95
Right Inferior Temporal 1575 1244 — 1.01 [0.95;1.06] 0.85 0.95
Left Lingual 1572 1238 — 1.01 [0.95;1.06] 0.86 0.95
Right Pars Opercularis 1567 1232 — 1.00 [0.95;1.06] 0.89 0.95
Right Pars Orbitalis 1576 1239 — 1.00 [0.95;1.06] 0.89 0.95
Left Isthmus Cingulate 1568 1239 —— 1.00 [0.95;1.06] 0.94 0.97
Left Transverse Temporal 1559 1231 —— 1.00 [0.95;1.06] 0.98 0.99
Right Pars Triangularis 1573 1234 —— 1.00 [0.95;1.05] 0.99 0.99
Right Rostral Anterior Cingulate 1572 1239 — 1.00 [0.95;1.05] 0.96 0.98
Left Rostral Anterior Cingulate 1576 1241 — 1.00 [0.95;1.05] 095 0.97
Left Posterior Cingulate 1565 1233 —a 1.00 [0.95;1.05] 094 0.97
Right Pericalcarine 1558 1233 — 1.00 [0.94;1.05] 0.89 0.95
Left Pericalcarine 1568 1232 — 1.00 [0.94;1.05] 087 0.95
Right Transverse Temporal 1569 1232 — 0.99 [0.94;1.04] 0.72 0.91
Right Paracentral 1569 1238 — 0.99 [0.94;1.04] 061 0.88
Left Caudal Anterior Cingulate 1566 1226 —_— 0.96 [0.91;1.01] 0.15 0.58
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Figure 2. Forest Plot of the Variability Ratio (VR) of Cortical Thickness (CT) Measures in
CHR-P Compared with Healthy Controls.

Brain Region CHR-P N Control N Variability Ratio 95% Cl p-Value FDR Corrected
Right Cuneus 1559 1235 —_— 1.08 [1.03;1.14] 0.00 0.21
Right Inferior Temporal 1565 1240 _— 1.08 [1.02;1.14] 0.00 0.21
Left Middle Temporal 1561 1239 — 1.07 [1.02;1.13] 0.01 0.21
Right Precentral 1563 1233 e e— 1.07 [1.02;1.13] 0.01 0.21
Left Pars Opercularis 1569 1239 —— 1.07 [1.01;1.13] 0.01 0.24
Right Middle Temporal 1569 1238 —_— 1.07 [1.01;1.12] 0.02 0.28
Right Precuneus 1568 1240 —_— 1.06 [1.01;1.12] 0.02 0.31
Right Pericalcarine 1556 1233 —_— 1.06 [1.01;1.12] 0.02 0.31
Right Caudal Middle Frontal 1572 1234 —— 1.06 [1.01;1.12] 0.03 0.35
Left Pars Triangularis 1573 1236 — 1.06 [1.00;1.11] 0.04 0.35
Right Enthorhinal 1566 1236 — 1.06 [1.00;1.11] 0.04 0.35
Left Rostral Anterior Cingulate 1560 1234 e E— 1.06 [1.00;1.11] 0.05 0.35
Left Enthorhinal 1562 1244 I — 1.06 [1.00;1.11] 0.05 0.35
Left Precentral 1568 1233 e — 1.05 [1.00;1.11] 0.05 0.35
Right Supramarginal 1563 1238 —— 1.05 [1.00;1.11] 0.05 0.35
Left Transverse Temporal 1569 1239 T— 1.05 [1.00;1.11] 0.06 0.36
Left Frontal Pole 1572 1232 T 1.05 [1.00;1.11] 0.07 0.37
Left Cuneus 1565 1235 T 1.05 [1.00;1.11] 0.07 0.37
Right Rostral Anterior Cingulate 1564 1237 T 1.05 [1.00;1.11] 0.08 0.37
Left Medial Orbito Frontal 1562 1236 T 1.05 [0.99;1.10] 0.08 0.40
Left Insula 1571 1242 - 1.04 [0.99;1.10] 0.13 0.54
Left Lingual 1567 1237 - 1.04 [0.99;1.10] 0.15 0.58
Right Fusiform 1574 1241 - 1.04 [0.98;1.09] 0.16 0.61
Right Banks of the STS 1567 1234 B e — 1.04 [0.98;1.09] 0.18 0.63
Left Lateral Occipital 1569 1240 e 1.04 [0.98;1.09] 0.19 0.63
Left Inferior Parietal 1572 1242 - 1.03 [0.98;1.09] 0.20 0.65
Left Pericalcarine 1564 1233 —_— 1.03 [0.98;1.09] 0.21 0.65
Right Paracentral 1570 1241 N e — 1.03 [0.98;1.09] 0.21 0.65
Right Inferior Parietal 1574 1236 —_ 1.03 [0.98;1.09] 0.24 0.66
Left Rostral Middle Frontal 1573 1240 —_ 1.03 [0.98;1.09] 0.24 0.66
Left Inferior Temporal 1563 1239 —_1 1.038 [0.98;1.09] 0.26 0.66
Left Superior Frontal 1572 1240 N B — 1.03 [0.98;1.09] 0.27 0.66
Left Superior Temporal 1565 1239 —_— 1.03 [0.98;1.08] 0.31 0.68
Right Lateral Occipital 1568 1241 o e 1.03 [0.97;1.08] 0.32 0.68
Left Posterior Cingulate 1568 1239 o s 1.03 [0.97;1.08] 0.32 0.69
Right Superior Temporal 1569 1236 e e — 1.03 [0.97;1.08] 0.34 0.70
Left Banks of the STS 1551 1232 — 1.03 [0.97;1.08] 0.35 0.71
Right Caudal Anterior Cingulate 1568 1238 — 1.02 [0.97;1.08] 0.37 0.73
Left Precuneus 1571 1236 — 1.02 [0.97;1.08] 0.39 0.75
Left Caudal Middle Frontal 1570 1238 —_— 1.02 [0.97;1.08] 0.41 0.76
Right Superior Parietal 1569 1240 —_— 1.02 [0.97;1.08] 0.41 0.76
Right Rostral Middle Frontal 1571 1239 e e e m— 1.02 [0.97;1.08] 0.42 0.76
Right Parahippocampal 1568 1239 — 1.02 [0.97;1.07] 0.48 0.83
Right Posterior Cingulate 1569 1234 —_— 1.02 [0.97;1.07] 0.49 0.83
Left Fusiform 1567 1242 — 1.02 [0.97;1.07] 0.50 0.83
Left Superior Parietal 1573 1240 — 1.02 [0.97;1.07] 0.51 0.83
Right Superior Frontal 1569 1243 — 1.02 [0.97;1.07] 0.53 0.84
Right Lingual 1564 1236 —_— 1.02 [0.96;1.07] 0.54 0.84
Left Supramarginal 1567 1235 —_— 1.02 [0.96;1.07] 0.55 0.85
Left Parahippocampal 1571 1239 — 1.02 [0.96;1.07] 0.57 0.85
Right Frontal Pole 1567 1234 — 1.01 [0.96;1.07] 0.65 0.90
Left Temporal Pole 1561 1237 e 1.01 [0.96;1.07] 0.65 0.90
Left Pars Orbitalis 1566 1240 — 1.01 [0.96;1.07] 0.66 0.90
Left Paracentral 1574 1238 —_—— 1.01 [0.96;1.07] 0.68 0.91
Right Temporal Pole 1568 1233 — 1.01 [0.96;1.07] 0.70 0.91
Left Isthmus Cingulate 1566 1233 — 1.01 [0.96;1.07] 0.70 0.91
Left Postcentral 1564 1228 — . 1.01 [0.96;1.07] 0.71 0.91
Right Pars Opercularis 1570 1236 — 1.01 [0.96;1.06] 0.76 0.93
Right Pars Orbitalis 1570 1238 — . 1.01 [0.96;1.06] 0.77 0.93
Right Insula 1569 1237 — 1.01 [0.95;1.06] 0.85 0.95
Right Pars Triangularis 1567 1236 — 1.01 [0.95;1.06] 0.86 0.95
Right Isthmus Cingulate 1562 1238 — 1.00 [0.95;1.06] 0.87 0.95
Right Medial Orbito Frontal 1567 1236 — e 1.00 [0.95;1.06] 0.90 0.95
Right Postcentral 1562 1237 — ey 1.00 [0.94;1.05] 0.87 0.95
Left Caudal Anterior Cingulate 1565 1239 — 0.99 [0.94;1.05] 0.82 0.95
Right Transverse Temporal 1569 1239 — 0.99 [0.94;1.04] 0.66 0.90
Right Lateral Orbito Frontal 1568 1236 —_— 0.98 [0.93;1.03] 0.46 0.81
Left Lateral Orbito Frontal 1572 1241 —T 0.98 [0.93;1.03] 0.37 0.73
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Figure 3. Forest Plot of the Variability Ratio (VR) of Subcortical Volume (SV) Measures in
CHR-P Compared with Healthy Controls.
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Figure 4. Violin Plots Comparing the Distribution of PBSI Scores between Individuals at CHR-P and Healthy Controls, across Surface Area
(PBSI_SA), Cortical Thickness (PBSI_CT), and Subcortical Volume (PBSI_SV); the mid-point indicates the group mean.

PBSI = Person Based Similarity Index; SA = Surface Area; CT = Cortical Thickness; SV = Subcortical Volume. All three phenotypes demonstrate significantly lower
similarity in PBSI profiles in the CHR-P group compared with healthy controls, across PBSI_SA (p<.01), PBSI_CT (p<.01), PBSI_SV (p<.01).
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Figure 5. A bar chart representing the percentage of the CHR-P sample who demonstrate
marked deviation from the ‘normative’ neuroanatomical profile.
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