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Background: Brain volume alterations in those at clinical
high risk (CHR) of psychosis have been reported in many
studies. However, the association between these alterations
and the longitudinal trajectory of changes in symptoms and
functioning remains unexplored.

Study Design: T1-weighted magnetic resonance imaging
(MRI) scans were acquired from 226 CHR and 65 healthy
controls (HC) recruited from the EU-GEI high-risk
study. Five a priori regions of interest were examined
and segmented using FreeSurfer: total gray matter (GM)
volume, anterior cingulate cortex (ACC), hippocampus,
fusiform gyri, and insula. Brain volumes in the CHR
and HC groups were compared at baseline. In the CHR
group, linear mixed models were used to investigate the
association between baseline brain volume and longitudinal
changes in positive symptoms, negative symptoms, and

functioning over a 2-year follow-up period. We also
compared CHR participants who later transitioned to
psychosis (CHR-T, n=48) and those who did not (CHR-
NT, »=178) in terms of their trajectory of symptoms and
functioning.

Study Results: Compared with HC, CHR participants
had lower total GM and fusiform volume at baseline.
Lower total GM and hippocampus volume at baseline
were associated with higher levels of positive symp-
toms at baseline and follow-up in CHR individuals, and
lower baseline hippocampus volume also predicted future
transition. CHR-T and CHR-NT individuals demon-
strated distinct symptoms and functioning trajectories over
time.

Conclusion: Our findings suggest that CHR individuals
show baseline differences in brain structure compared to
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HC, which may also predict changes in positive symptoms
over the subsequent 2 years.

Key words: sMRI; psychosis; clinical high risk; gray mat-
ter volume.

Introduction

Approximately 20%-30% of individuals at clinical high
risk (CHR) for psychosis transition to psychosis within 3
years after first clinical presentation, making this period
a crucial phase for early detection and intervention.':
Neuroimaging techniques, including structural magnetic
resonance imaging (MRI), have been applied in previous
studies aiming to identify biomarkers in CHR associated
with future transition.* However, the clinical outcome of
CHR is more complex than a dichotomous classification
of transition/non-transition,* and few studies investigat-
ing how brain structure may be associated with other
outcomes, such as role functioning and different types of
symptoms.

Gray matter (GM) abnormalities in CHR at first pre-
sentation have been reported in by a number of stud-
ies.”” The Enhancing Neuro Imaging Genetics Through
Meta-Analysis (ENIGMA) consortium pooled a large
sample of MRI scans from CHR individuals and used
FreeSurfer to examine subcortical volumes and cortical
thickness (CT). The study found that individuals with
CHR exhibited widespread reductions in CT compared
to healthy controls (HC), although these changes were
small in magnitude.’ Furthermore, the authors reported
that lower fusiform, superior temporal, and paracentral
CT were associated with transition to psychosis.’

While transition to psychosis is a critical clinical
outcome, other changes in symptoms and functioning
also strongly impact CHR individuals.® For example,
Polari et al.’ examined trajectories of symptoms in a
large group of CHR individuals, and classified these as:
transition, recovery, remission, recurrence, no remission
or relapse; thus, transition was only one of the trajectories
and occurred in a minority (16%) of the participants.
Furthermore, while CHR transition criteria focus on
positive symptoms, negative symptoms are common in
CHR and are associated with poor outcomes and long-
term disability.'” Therefore, rather than simply studying
biomarkers for predicting transition to psychosis, it
is important to examine biomarkers linked to future
trajectories of symptoms and functioning.

A small number of neuroimaging studies have iden-
tified markers associated with clinical outcomes other
than transition; however, these studies measured clinical
variables at a single follow-up point rather than deter-
mining how these clinical measures changed over time.
Cropley et al."' found that among CHR individuals who
did not transition to psychosis, those with persistent
attenuated symptoms determined at follow-up showed
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reduced GM volume in small clusters in frontal and
temporal regions. Additionally, lower GM volume at
baseline was correlated with more positive, negative,
and anxiety symptoms and worse functioning at follow-
up. In a previous VBM study of the EU-GEI High
Risk sample, poor functioning at the participants’ last
follow-up was associated with lower baseline striatum
volume.'”? The anterior cingulate cortex (ACC), part
of the limbic system, plays a key role in connecting
subcortical regions (such as the hypothalamus and
nucleus accumbens) and cortical regions (including insula
and orbitofrontal cortex) and has been linked to negative
symptoms in psychosis.”*'* The insula together with
ACC are important nodes of the salience network!'
where structural and functional abnormalities have been
associated with both positive and negative symptoms.'*!8
However, the association between baseline brain structure
and measures of trajectory of symptoms and functional
changes recorded at multiple timepoints over time has
not been studied. Including additional timepoints allows
a better characterization of the trajectory of clinical
measures and also improves statistical power.

The current study aimed to (1) investigate the associa-
tion between baseline GM volume and the trajectories of
positive, negative symptoms and functioning, as well as
future transition to psychosis, (2) provide additional evi-
dence for the regional brain volume differences at baseline
between CHR individuals and HC from a prospectively
collected international sample; finally, as transition status
is the most common outcome in MRI studies rather
than the trajectory of symptoms and functioning, we also
wanted to (3) further explore the trajectory difference
in positive, negative symptoms and functioning between
individuals who later transition to psychosis (CHR-T)
and those who do not (CHR-NT) in our sample regardless
of MRI data.

Methods
Study Design and Participants

The “European Network of National Schizophrenia
Networks studying Gene-Environment Interactions”
(EU-GEI) high-risk study is a prospective longitudinal
multicenter study of CHR individuals."” MRI scans of
CHR individuals were prospectively obtained from 9
sites (London, Amsterdam, The Hague, Basel, Cologne,
Melbourne, Vienna, Copenhagen, Paris), and HC were
recruited from a subset of these sites (London, Amster-
dam, The Hague, and Melbourne). Ethical approval for
EU-GEI study was obtained from the local research ethics
committee of each participating site, and participants
gave written informed consent to take part in the study.
CHR participants were help-seeking individuals iden-
tified by each early detection center who met at least one
of the CHR criteria assessed by Comprehensive Assess-
ment of At-Risk Mental States (CAARMS?), namely:



Vulnerability Group, Attenuated Psychotic Symptoms, or
Brief Limited Psychotic Symptoms. HC participants were
recruited using GP lists, national postal address files, and
website advertisements. Participants who met the follow-
ing criteria were excluded: (1) past or present diagnosis
of a psychotic disorder, determined by CAARMS and
the Structured Clinical Interview for DSM-IV Disorders
(SCID-1V); (2) past or present neurological disorder; (3)
symptoms explained by substance abuse or dependency;
(4) contraindication to an MRI scan or unwillingness to
provide blood/saliva sample, or (5) estimated IQ < 60. HC
participants were also excluded if they met CHR criteria.

In the present study, data were acquired from 226 CHR
and 65 HC individuals included in the EU-GEI high-
risk study, and 48 (21.2%) of the 226 CHR individu-
als transitioned to psychosis (CHR-T) during follow-up.
Participants were invited for an interview and an MRI
scan at baseline. At 12-month and 24-month follow-up
after the initial assessment, the CAARMS interview was
administered to determine whether the participant had
transitioned to psychosis. Five sites (London, Amster-
dam, The Hague, Paris, and Sao Paolo) also included
an additional follow-up at 6 months. Where possible,
sites extended follow-up for those who transitioned to
psychosis for up to 2 years after transition. When follow-
up interviews were not possible, clinical records were
used to determine if CHR participants had transitioned
to psychosis. 96% of CHR individuals completed their
last follow-up assessments within 2.5 years, while a small
number of CHR individuals had their last follow-up after
2.5 years.

Measurements and M RI Scans

The EU-GEI high-risk study collected multimodal data,
including clinical, neuropsychological, MRI, and genetic
data; hereafter, we describe the data included in the cur-
rent study.

Baseline social demographic characteristics were
collected according to the Medical Research Council
sociodemographic schedule.?’ Positive symptoms were
determined by the sum of the CAARMS positive
subscale, which comprises a global rating from 0 to
6 points in 4 domains: unusual thought content, non-
bizarre ideas, perceptual abnormalities, and disorganized
speech. Negative symptoms were assessed using the sum
of the Scale for the Assessment of Negative Symptoms
(SANS?), which includes 25 items with each item marked
on a 6-point scale. For 19 participants whom there was
missing data for 1 or 2 items, these scores were imputed
using the median of each relevant item. Participants who
had missing data for more than 2 items were excluded
from analyses using the SANS. Functioning was assessed
by the Global Assessment of Functioning (GAF?) scale.
The GAF score was split into symptoms and disability**
and the latter was used in our study to represent the
participants’ capacity to carry out everyday activities.
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All instruments were translated into the local language
at each site and back-translated to ensure accuracy.
Researchers responsible for interviewing participants
were required to complete a short online training course
for the CAARMS and GAF rating. Researchers were only
permitted to interview patients after they had achieved an
interrater reliability greater than 0.7.

Structural 3 T MRI scans were acquired using the
Alzheimer’s Disease Neuroimaging Initiative (ADNI-
2) protocol (Table S1). The ADNI-2 protocol has been
specifically designed for multicenter studies to reduce
heterogeneity by keeping cerebral gray and white matter
contrast consistent between centers, even with different
scanner manufacturers.” The varying acquisition param-
eters for each site from the ADNI-2 protocol (Table S1)
reflected the need for different parameters at each scanner
to ensure harmonization across the different scanners.
All structural images were processed using FreeSurfer
v6.0.0 cross-sectional pipeline (https://freesurfer.net/).
We have previously demonstrated excellent reliability
of ADNI scans and the FreeSurfer pipeline.” Quality
assessment was performed for all structural images using
the ENIGMA Cortical QC Protocol (http://enigma.usc.
edu), including checking internal cortical segmentation
and externally checking anatomical boundaries. 7 partic-
ipants were excluded due to organic brain abnormalities,
artifacts, or poor scan quality (Figure S1). Regions of
interest were carefully selected a priori based on meta-
analytical evidence from psychosis, schizophrenia, and
CHR MRI studies. A global measure of total GM volume
was chosen as meta-analyses have shown widespread
involvement of the cortex.?”* In addition, we chose 4 sub-
regions which have consistently shown volume reductions
with large effect sizes; the ACC,?-*- fusiform gyrus,**3
insula®-*! and hippocampus.®?7-%

Statistical Analysis

All statistical analyses were performed in STATA MP18
(StataCorp. 2023. Stata Statistical Software: Multiple
Core Release 18. College Station, TX).

Baseline sociodemographic data between CHR and
HC, and between individuals who transitioned (CHR-T)
or did not transition (CHR-NT), were compared using
chi-squared or Mann—Whitney U tests as appropriate.

Total and regional GM volumes (in milliliters) at base-
line were compared between CHR and HC using multi-
ple linear regression with GM volume as the dependent
variable. The case—control analysis was limited to the four
sites that recruited both CHR and HC groups. Models
were fitted for each region of interest and statistically
adjusted for age at baseline, scanner, total intracranial
volume, ethnicity, and sex. The model was adjusted for
scanner rather than site because the Amsterdam and The
Hague sites both used the same scanner, and the scanner
was changed during the study (see Table S1).
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To investigate the impact of baseline brain volumes on
the longitudinal trajectory over 4 timepoints (baseline, 6-
month, 12-month, and 24-month) of positive symptoms,
negative symptoms, and global functioning in CHR indi-
viduals, linear mixed models (LMM) were fitted for each
region of interest. LMMs include both fixed and random
effects, allowing repeated measures within participants to
be modeled without requiring assessments to occur at
identical intervals.*® Fixed effects estimate the variables
of interest, while random effects account for variability
across different levels. In this analysis, symptoms and
functioning served as dependent variables and brain vol-
ume, time (defined as years from the baseline assessment),
and their interaction were included as the fixed effects of
interest. The model was a 2-level hierarchical linear model
with random intercepts at the participant level (to account
for within-subject correlation across repeated measures)
and the site level (to account for between-site variabil-
ity). The default covariance structure for the STATA
“mixed” command (independent structure) was applied.
Additionally, all models were adjusted for age at baseline,
sex, and ethnicity by including these as fixed effects of
no interest. The interaction between time and baseline
brain volume was initially included in the model and
subsequently eliminated if the interaction effect was not
significant.’ Not all participants attended every follow-
up assessment or scan, leading to missing data; however,
LMM is able to incorporate missing data and include
values that are recorded at different time points.

Logistic regression was applied to determine whether
brain structure abnormalities at baseline were associated
with later transition to psychosis (CHR-T vs. CHR-NT).
Models for each region of interest were controlled for
age at baseline, site, ethnicity, and sex. To further explore
psychopathology of CHR in our sample, we fitted LM Ms
to investigate the difference in positive and negative symp-
toms, and global functioning between CHR-T and CHR-
NT groups in the absence of MRI data. In these models,
group (CHR-T vs CHR-NT), time, and their interaction
were considered the fixed effects of interest, and we con-
trolled for age at baseline, sex, and ethnicity. The random
effects were the same as mentioned above.

To adjust for multiple comparisons, we used false
discovery rate (FDR) correction. All 50 P-values from
the baseline analysis and main fixed effects of LMM
were included in the correction. All P-values reported are
uncorrected; however, we indicate which are significant
after FDR correction with an asterisk.

Sensitivity Analyses

A small number (n=20) of CHR participants received
antipsychotic treatment, which is thought to have an
impact on brain structure.’”* We therefore conducted
a sensitivity analysis, repeating all analyses above after
excluding participants who had used antipsychotics. A
separate FDR correction was performed, including all
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p-values in the antipsychotics’ sensitivity analyses. In
the EU-GEI high-risk study, the Childhood Trauma
Questionnaire (CTQ¥) was administered to obtain
childhood adversity information. In the current sample,
CHR individuals experienced more childhood trauma
compared to HC, which could be a possible confounder.
We therefore conducted an additional sensitivity analysis
including total CTQ score (range from 25 to 125) as a
covariate when comparing baseline brain volume between
CHR and HC. When examining the association between
baseline brain volumes and positive symptoms, we per-
formed a sensitivity analysis excluding CHR individuals
who transitioned, and this was only undertaken for brain
regions associated with transition to psychosis. Finally,
when examining the relationship between transition
status and the trajectory of symptoms and functioning,
we conducted a sensitivity analysis excluding symptom
and functioning measures after the point of transition.

Results

Sample Characteristics

226 CHR and 65 HC participants from the EU-GEI high
risk study who had a baseline MRI scan that passed
quality control were included in the analyses. The number
of CHR individuals in the MRI comparison to HC was
smaller (n =159 CHR) because we only included the 4
sites that recruited HC to ensure the analysis was not con-
founded by scanner. When we examined clinical variables
in the CHR group, all sites were included with n =226
CHR. Table 1 contains data from the entire sample while
Table S2 includes the subset of 4 sites that recruited HCs.
In both the whole sample and the sub-sample of 4 sites,
there was no significant difference in sex, age or ethnicity,
however HC had significantly more years of education
and there were significant group differences in socioe-
conomic status (Table 1 and Table S2). During follow-
up, 48 individuals in the CHR group transitioned into
psychosis. There was no significant difference in baseline
demographics between those who later transitioned to
psychosis (CHR-T, n = 48) and those who did not (CHR-
NT, n=178) except for socioeconomic status (P = .039)
and a higher proportion of antipsychotic users in the
CHR-T group (P =.004, Table S3).

Baseline Brain Volume Differences between CHR and HC

At baseline, CHR individuals had significantly lower total
GM and fusiform gyrus volume than HC. There was
no significant difference between CHR and HC in ACC,
hippocampus or insula volume (Table 2).

Association of Baseline Brain Volumes on Longitudinal
Symptoms and Later Transition in CHR

For the 226 CHR individuals with symptom ratings, 53
were assessed at 1 time point only, 65 were assessed at 2
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CHR (n=226) HC (n=65) ¥3uU P
Sex female (%) 108 (48%) 31 (48%) 0.0002 989
Ethnicity (White/Black/Other) 163/22/41 42/10/13 1.963 .375
Age 22.58+£0.32 22.954+0.51 0.955 .340
Years in education® 14.494+0.22 16.08 £0.35 3.99 <.001
Father’s socioeconomic status at participants’ 66/62/60 30/20/5 12.501 .002
birth (Salariat/Intermediate/Working Class)®
CTQ* 49.234+1.04 34.44 +£1.33 -7.703 <.001
Current cannabis use, 7 (%)4 64 (37%) 18 (42%) 0.412 521
Antipsychotic use, n (%)° 20 (9%)
Baseline SANS' 20.24 +14.12
Baseline CAARMS positive 10.09 +4.12
Baseline GAF disability” 54.52+12.33

Abbreviations: CHR: clinical high risk; HC: healthy control 2 Years in education is available for 199 CHR and 64 HC; PFather’s
socioeconomic status is available for 181 CHR and 55 HC; °CTQ: the Childhood Trauma Questionnaire, baseline data is available for 211
CHR and 64 HC; 4Current cannabis use is available for 175 CHR and 43 HC; ®Antipsychotic use is available for 217 CHR; "SANS: The
Scale for the Assessment of Negative Symptoms, baseline data is available for 219 CHR; eCAARMS: Comprehensive Assessment of
At-Risk Mental States, baseline data available for 225 CHR; "GAF disability: Global Assessment of Functioning, baseline data is
available for 222 CHR. Bold values (e.g., P < 0.001) indicate statistically significant results.

Table 2. Comparison of Brain Volumes of CHR vs HC at Baseline

CHR (n=159) HC (n=65)

Brain volume (ml) Brain volume (ml) b 95% CI P

mean+ SD mean + SD
Total GM 664.923 +5.642 692.983 +8.473 -13.99 -23.52 to -4.45 .004 =2
ACC 8.517+0.125 8.988 +0.194 -0.350 -0.710 t0 0.010 .057
Hippocampus 8.408 £0.063 8.608 £+ 0.091 -0.155 -0.331 to 0.021 .084
Fusiform gyrus 20.133+0.221 21.300£0.391 -0.663 -1.272 to -0.054 .033
Insula 14.660 £0.138 15.243 £0.243 -0.383 -0.782t0 0.016 .060

*P < .05 after false discovery rate correction; *Corrected P = .008; CHR: clinical high risk; HC: healthy control; GM: gray matter;
ACC: anterior cingulate cortex. Models adjusted for age, scanner, ethnicity, total intracranial volume and sex. Bold values (e.g.,

P < 0.001) indicate statistically significant results.

timepoints, 75 were assessed at 3 timepoints and 33 were
assessed at 4 timepoints.

No significant interaction effect between baseline brain
volume and time was observed, indicating that there was
no time-related change associated with baseline brain vol-
ume. There was a significant effect of baseline total GM
volume and hippocampus volume on CAARMS positive
symptoms (Table 3, Figure S2), indicating that lower total
GM and hippocampus volumes at baseline were asso-
ciated with higher CAARMS positive symptoms scores
over follow-up assessments, when controlling for time.
Time effects were significant for all regions, indicating
that positive symptoms improved over time when brain
volumes were held constant.

No significant association was observed between base-
line brain volumes and negative symptoms (Table S4), or
global functioning Table S5). Time effects were significant
for both scales, indicating that both negative symptoms
and functioning improved over time.

Logistic regression showed that baseline hippocampus
volume was associated with later transition (Odds ratio:

0.588, P = .041, 95% CI: 0.353 to 0.979), indicating
that CHR individuals with higher baseline hippocam-
pus volume were less likely to transition into psychosis
(Table 4).

Effect of Transition Status on Longitudinal Symptom
Ratings

To further explore longitudinal change in symptoms and
functioning between CHR-T and CHR-NT, we examined
positive, negative symptoms, and global functioning.
This analysis was in the absence of neuroimaging data
and included 226 individuals (178 CHR-NT and 48
CHR-T, Figure S3). Transition status had a significant
main effect on SANS (P = .038) and GAF (P =
.048), indicating that CHR-T individuals exhibited more
negative symptoms and worse functioning compared
to CHR-NT individuals. No difference was observed
in CAARMS positive symptoms. A significant time
effect was found for all three measures (all P < .001),
which was potentially driven by the larger CHR-NT
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Table 3. Association of Baseline Brain Volumes on the Trajectory of Positive Symptoms in CHR Individuals Using Linear Mixed Models

CAARMS positive symptoms

Brain Volume (mL)

Estimated between-individual effect of baseline brain

Estimated between-individual effect of time (per

volume 1 year follow-up)

b 95% CI P b 95% CI P
Total GM -0.010 -0.019 to -0.001 029 -1.284 -1.641 to -0.927 <.001*>
ACC -0.108 -0.423 t0 0.208 .504 -1.293 -1.650 to -0.936 <.001*>
Hippocampus -1.109 -1.740 to -0.477 001+ -1.278 -1.634 to -0.921 <.001*>
Fusiform gyrus -0.187 -0.397 t0 0.023 .080 -1.287 -1.643 t0 -0.930 <.001*P
Insula -0.246 -0.545 t0 0.053 107 -1.292 -1.648 to -0.935 <.001*°

*p<.05 after false discovery rate correction; *Corrected P = .002; *Corrected P = .002; CAARMS: Comprehensive Assessment of
At-Risk Mental States; GM: total gray matter volume; ACC: anterior cingulate. Bold values (e.g., P < 0.001) indicate statistically

significant results.

Table 4. Associations between Baseline Brain Volumes and Later Transition

CHR-T (n=178)

CHR-NT (n=48)

Brain volume (ml) Brain volume (ml) Odds ratio 95% CI P
mean + SD mean+ SD
Total GM 673.907 +10.526 670.138 +5.385 0.997 0.990 to 1.004 .380
ACC 8.5324+0.241 8.665+0.117 0.894 0.699 to 1.143 371
Hippocampus 8.233+0.099 8.487 +£0.063 0.588 0.353t0 0.979 041
Fusiform gyrus 20.453 £0.386 20.243£0.213 0.989 0.847 to 1.155 .890
Insula 14.786 £ 0.280 14.776 £0.136 0.897 0.712 to 1.131 .358

*P < .05 after false discovery rate correction; CHR-T: participants who later transitioned to psychosis; CHR-NT: participants who did
not transition; GM: gray matter; ACC: anterior cingulate cortex. Models adjusted for age, site, ethnicity and sex. Bold values (e.g., P <

0.001) indicate statistically significant results.

group improving in symptoms and functioning over
time. Finally, there was a significant interaction effect of
transition status x time, for positive symptoms, negative
symptoms, and functioning (all P < .007). This result
showed that CHR-T individuals experienced worsening
symptoms and global functioning over time, while CHR-
NT individuals tended to improve (see Figure 1 and
Table S6).

Sensitivity Analyses

We re-ran all analyses excluding 20 CHR (11 CHR-NT
and 9 CHR-T) participants who had used antipsychotics
at baseline and additional 9 CHR (5 CHR-NT and 4
CHR-T) participants with missing medication history
data. The results still showed significant smaller total GM
volume in CHR participants (b = 13.640, 95% CI: -23.464
to -3.816, P =.007, Table S7). The previous reductions for
the fusiform gyrus were no longer significant but showed
a trend finding (P =.055). Regarding the baseline volume
and its association with symptoms and functioning trajec-
tory, the association between baseline hippocampus vol-
ume and positive symptoms remained significant, but this
was no longer the case for total GM volume. In addition,
we observed a new interaction effect between baseline

ACC volume and time, indicating that individuals with
higher baseline ACC volume were likely to have reduced
positive symptom score over time (Table S8). No signifi-
cant impact of baseline brain volume on SANS or GAF
was observed as before (Tables S9 and S10). No volumet-
ric difference was observed between CHR-T and CHR-
NT (Table S11), however, the different trajectories of
CAARMS positive symptom, SANS and GAF between
transition and non-transition participants remained con-
sistent with the main analyses (Table S12).

When CTQ was included as a covariate in the model
when comparing CHR to HCs, it was a significant pre-
dictor (P = .025) only when comparing baseline fusiform
gyrus volume between CHR and HC. When we adjusted
for CTQ there was no longer a statistical difference at
fusiform gyrus volume between the 2 groups (b =-0.242,
96% CI: -0.953 to 0.470, p=.503). As CTQ was not a
significant predictor (and therefore not a confounder) for
the other brain regions, we did not perform an adjustment
for these analyses.

We first examined the association between baseline
hippocampus volume and longitudinal CAARMS pos-
itive severity score in those who did not transition to
psychosis, to avoid the potential impact of transition,
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Figure 1. Linear Mixed Model for CAARMS Positive (a), SANS (b)
and GAF (c) from Baseline to 2.5 Years of Follow-Up. SANS: The
Scale for the Assessment of Negative Symptoms; CAARMS: Com-
prehensive Assessment of At-Risk Mental States; GAF: Global
Assessment of Functioning; CHR-T: Individuals who transitioned
to psychosis during follow-up; CHR-NT: Individuals who did not
transition to psychosis during follow-up.

and the results were similar (for between-individual effect
of baseline hippocampus volume 6 =-0.89, P =.011). We
also examined the trajectory difference in positive and
negative symptoms and global functioning and removed
all assessments recorded in CHR-T individuals after
transition; all CHR-NT timepoints were retained. 48
(out of 105) observations were excluded for CAARMS
positive symptoms; 51 (out of 106) observations were
excluded for SANS; 44 (out of 99) observations were
excluded for GAF. A significant time x transition status
for SANS (b=6.930, 95% CI: 3.378 to 13481, P =
.038) remained as seen in the main analysis, but there

Schizophrenia Bulletin, 2025, Vol. 00, No. 00

was no longer a significant trajectory difference in
CAARMS positive symptoms or GAF (Table S13 and
Figure S4).

Discussion

In the present study, we examined baseline brain volume
differences between CHR individuals and HCs, as well
as the association between baseline brain volumes and
symptoms, functioning, and transition over a 2-year
follow-up. We found that CHR individuals exhibited
lower total GM volume compared to HCs, as well
as reduced volume in fusiform gyrus, with the total
GM volume differences surviving FDR correction for
multiple comparisons. Additionally, we observed that
CHR individuals with lower total GM and hippocampus
volume at baseline had higher CAARMS positive score
in general, with the result for the hippocampus volume
remaining significant after FDR correction. Lower
hippocampus volume at baseline was also found to be
predictive of transition. Excluding patients who had
used antipsychotics at baseline or were missing data
had a minor impact on the results and suggested that
the ACC might predict changes in positive symptom
severity in non-medicated CHR individuals. To the best
of our knowledge, this is the first report of baseline brain
volumes being associated with positive symptom severity
over time in CHR individuals. Finally, we report that
those within the CHR group who later transitioned to
psychosis showed a worsening trajectory of positive &
negative symptoms and functioning. Excluding observa-
tions recorded after transition lessened these effects and
only the difference in trajectory of negative symptoms
remained significant.

Baseline Brain Volume Differences between CHR and HC

We chose brain regions based on previous literature,
and our findings of CHR volume reductions align with
a number of previous studies. Lower fusiform volume
in CHR individuals compared to HC is supported
by a North American Prodrome Longitudinal Study
(NAPLS) paper® as well as a meta-analysis by Ding
et al.*> The ENIGMA CHR study did not investigate
total GM volume; however, it revealed significantly
reduced ICV, mean CT, and total surface area.” When
we controlled for childhood trauma, the fusiform gyrus
volume was not significantly different between CHR
and HC. Childhood trauma was not taken into account
in the CHR studies mentioned above; however, studies
investigating childhood trauma and brain structure have
revealed that higher CTQ scores have been associated
with lower fusiform volume*' and surface area.*” These
results suggest that childhood trauma may need to
be taken into consideration when investigating brain
structures in CHR.
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Association of Baseline Brain Volumes on Longitudinal
Symptoms and Later Transition in CHR

Our results indicate that CHR individuals with lower
total GM and hippocampus volume at baseline may
experience more severe positive symptoms, with the
hippocampus finding being more robust as it survived
correction for multiple comparisons. Over the entire
CHR sample, positive symptoms improved over time;
however, those with lower baseline hippocampus volume
consistently had more positive symptoms compared to
their peers. The impact of baseline brain volumes on
symptom trajectory using LMMs in CHR individuals has
not been extensively reported. However, other analysis
methods have found some support for these findings,
for example, a longitudinal study by Ho et al.*® also
reported reduced hippocampal subfield volumes in those
who had persistent sub-clinical symptoms or transitioned,
compared to those who remitted. Conversely, a cross-
sectional study of CHR individuals by Sasabayashi et al.*
did not observe any association between subcortical
brain volumes, including the hippocampus, and positive
symptoms. Padmanabhan et al.*® reported decreased
total GM volume was associated with increased positive
symptoms in a combined sample of patients with
schizophrenia, schizoaffective, and bipolar disorder. The
association reported by Padmanabhan et al. diminished
when medication was controlled for, which was consistent
with our study, where no correlation between total
GM and positive symptoms was found after removing
individuals with antipsychotic usage. Thus, while it
appears that there may be a weak medication-dependent
association with total GMYV, the hippocampal finding was
more robust.

When comparing baseline GM volume between CHR -
T and CHR-NT, there are heterogeneous results in previ-
ous studies. The ENIGMA CHR study found widespread
lower CT, but did not find any subcortical volume dif-
ference between CHR-T and CHR-NT?®. The Shanghai-
At-Risk-for-Psychosis (SHARP) Study analyzed partic-
ipants who transitioned after 1 year of follow-up and
found that CHR-T individuals had reduced baseline CT
of the banks of superior temporal sulcus, Heschl’s gyrus,
and pars triangularis.*® Our results only showed a signifi-
cant finding for hippocampal volume, but the P-value was
close to the threshold and was associated with a small
effect size. This mirrors other reported findings for CHR-
T vs CHR-NT comparisons for brain structure, which
tend to have a small effect size.*’ Although the hip-
pocampus abnormalities have been reported in a number
of structural and functional MRI studies in schizophre-
nia, there is a lack of robust evidence that it can predict
transition to psychosis.®® In our study, individuals with
lower hippocampal volume also had higher CAARMS
positive scores throughout the follow-up period; thus, low
hippocampal volume may be a marker for later transi-
tion and persistent positive symptoms. However, as the
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MRI data included in this analysis were baseline-only, we
could not characterize within-person structural change
over time, and further longitudinal studies with large
samples may be required to confirm whether regional
structure change interacts with symptom trajectory and
precedes transition.

Effect of Transition Status on Longitudinal Symptom
Ratings

We further explored the course of clinical symptoms and
global functioning between those who transitioned to
psychosis and those who did not. We found the CHR-
NT group had less severe positive and negative symp-
toms as well as improved functioning during the 2-year
period. This trajectory of symptoms is consistent with
Velthorst et al.* who showed that positive and negative
symptoms, as well as functioning, improved over time
in CHR-NT individuals. Furthermore, a meta-analysis
by Salazar de Pablo et al.® reported improvements in
attenuated psychotic symptoms, negative symptoms, and
functioning in a CHR-NT group. However, heterogeneity
within CHR-NT is evident. In NAPLS-3, 3 symptom
trajectories were identified: remission, partial remission,
and persistent.’! Conversely, in the CHR-T group, we
reported that symptoms and functioning remained stable
or worsened slightly over time. Previous studies have
examined the trajectories of symptoms and function-
ing in CHR-T individuals; Hengartner et al.”? recorded
functioning, positive and negative symptoms, while Tran
et al.® focused on negative symptoms. Both these stud-
ies showed an initial improvement over time in CHR-
T individuals, which tended to level off. However, the
heterogeneity in even CHR-NT was not easy to capture.
When we included only assessments before transition,
the significant trajectory difference remained consistent
for SANS, but no significant difference was observed in
CAARMS positive symptoms or GAF. This suggested
that negative symptoms have the potential of being an
early indicator for later transition. However, around half
of the observations were excluded in the CHR-T group,
and the remaining assessments were mostly within 1 1-
year follow-up, which reduced the power of the analysis.
Nevertheless, our results suggest that short-term change
in symptoms might be a potential sign for the progression
and an indicator for early intervention.

Limitations, Strengths, and Conclusion

Our study has some limitations. Firstly, for the positive
symptom score we summed the CAARMS positive global
ratings, which focus on the severity of symptoms, but
we did not include duration and frequency of symp-
toms as these measures had more missing data. Sec-
ondly, as is common in longitudinal studies, our sample
experienced attrition as participants were less likely to
attend follow-up sessions. This can introduce attrition



bias into the results; to examine this further, we examined
whether baseline demographics differed from participants
who attended only baseline, or 2, 3, and 4 assessments.
There was no difference in sex (P = .81), age at baseline
(P =.054), CAARMS (p = .61), SANS (P =.39) or GAF
(P = .97) but there were statistical differences in ethnicity
(P =.04) and years in education (P =.0001). Lower years
education have been associated with attrition in a number
of other longitudinal studies,* however the reasons for
this are still unclear.® Thirdly, this study only compared
brain structure of CHR vs HC and CHR-T vs CHR-
NT at baseline. Longitudinal MRI scans would clarify if
changes in brain structure in the early phases of those
at risk of psychosis may lead to better predictions of
symptoms and functioning. Fourthly, when considering
antipsychotics we conducted a sensitivity analysis exclud-
ing individuals using this medication and also those with
missing medication data. However, residual confounding
is a possibility and could occur when antipsychotic use
was not accurately recalled by the participant. Lastly,
CHR and HC were significantly different in term of their
father’s socioeconomic status and years of education.
However, the latter could be a downstream influence, as
CHR individuals may be less likely to participate in higher
education because of their symptoms. As socioeconomic
status was different between the groups, we considered
including it as a covariate in an additional sensitivity
analysis. However, we determined that socioeconomic
status did not have a significant effect on any of the brain
volumes of interest, so this sensitivity analysis was not
included. In terms of strengths, the present study is a mul-
ticenter international study with diverse sites, so the sam-
ple is more representative globally. The sample size is rea-
sonably large, increasing the statistical power of the analy-
ses. Finally, all sites used ADNI-2 MRI sequences, which
have been specifically developed for muti-center studies,
and provided a standard, consistent protocol across sites
for imaging analysis.

To conclude, our findings suggest that baseline regional
brain volume could serve as an indicator for the persis-
tence of positive symptoms and the future transition to
psychosis in a sub-set of CHR individuals. We further
demonstrate reduced total and regional GM volume in
CHR individuals compared to HC at baseline. Future
longitudinal MRI studies in CHR individuals will be
crucial to further understand the progression of brain
structure and its interaction with psychotic symptoms
and functioning.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin online.
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