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Association of Structural Magnetic Resonance Imaging Measures
With Psychosis Onset in Individuals at Clinical High Risk
for Developing Psychosis
An ENIGMA Working Group Mega-analysis
ENIGMA Clinical High Risk for Psychosis Working Group

IMPORTANCE The ENIGMA clinical high risk (CHR) for psychosis initiative, the largest pooled
neuroimaging sample of individuals at CHR to date, aims to discover robust neurobiological
markers of psychosis risk.

OBJECTIVE To investigate baseline structural neuroimaging differences between individuals
at CHR and healthy controls as well as between participants at CHR who later developed a
psychotic disorder (CHR-PS+) and those who did not (CHR-PS−).

DESIGN, SETTING, AND PARTICIPANTS In this case-control study, baseline T1-weighted
magnetic resonance imaging (MRI) data were pooled from 31 international sites participating
in the ENIGMA Clinical High Risk for Psychosis Working Group. CHR status was assessed using
the Comprehensive Assessment of At-Risk Mental States or Structured Interview for
Prodromal Syndromes. MRI scans were processed using harmonized protocols and analyzed
within a mega-analysis and meta-analysis framework from January to October 2020.

MAIN OUTCOMES AND MEASURES Measures of regional cortical thickness (CT), surface area,
and subcortical volumes were extracted from T1-weighted MRI scans. Independent variables
were group (CHR group vs control group) and conversion status (CHR-PS+ group
vs CHR-PS− group vs control group).

RESULTS Of the 3169 included participants, 1428 (45.1%) were female, and the mean
(SD; range) age was 21.1 (4.9; 9.5-39.9) years. This study included 1792 individuals at CHR and
1377 healthy controls. Using longitudinal clinical information, 253 in the CHR-PS+ group,
1234 in the CHR-PS− group, and 305 at CHR without follow-up data were identified.
Compared with healthy controls, individuals at CHR exhibited widespread lower CT measures
(mean [range] Cohen d = −0.13 [−0.17 to −0.09]), but not surface area or subcortical volume.
Lower CT measures in the fusiform, superior temporal, and paracentral regions were
associated with psychosis conversion (mean Cohen d = −0.22; 95% CI, −0.35 to 0.10).
Among healthy controls, compared with those in the CHR-PS+ group, age showed a stronger
negative association with left fusiform CT measures (F = 9.8; P < .001; q < .001) and left
paracentral CT measures (F = 5.9; P = .005; q = .02). Effect sizes representing lower CT
associated with psychosis conversion resembled patterns of CT differences observed in
ENIGMA studies of schizophrenia (ρ = 0.35; 95% CI, 0.12 to 0.55; P = .004) and individuals
with 22q11.2 microdeletion syndrome and a psychotic disorder diagnosis (ρ = 0.43;
95% CI, 0.20 to 0.61; P = .001).

CONCLUSIONS AND RELEVANCE This study provides evidence for widespread subtle,
lower CT measures in individuals at CHR. The pattern of CT measure differences in those in
the CHR-PS+ group was similar to those reported in other large-scale investigations of
psychosis. Additionally, a subset of these regions displayed abnormal age associations.
Widespread disruptions in CT coupled with abnormal age associations in those at CHR
may point to disruptions in postnatal brain developmental processes.

JAMA Psychiatry. 2021;78(7):753-766. doi:10.1001/jamapsychiatry.2021.0638
Published online May 5, 2021.
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T he clinical high-risk (CHR) paradigm is a widely used
framework to investigate mechanisms underlying psy-
chosis vulnerability. Help-seeking individuals who do

not meet diagnostic criteria for a psychotic disorder but typi-
cally present with subthreshold psychotic symptoms and ac-
cumulating risk factors are considered at CHR for developing
psychosis.1 An estimated 18% to 20% of individuals at CHR
develop a psychotic disorder within 2 years of identification,2

although conversion rates vary, likely due to heterogeneous
recruitment and sampling strategies as well as interventions
applied.3 However, despite decades of research, the nature of
morphometrical differences associated with psychosis con-
version remains largely unknown. Here, we aim to address this
question by combining all available structural neuroimaging
data in CHR to date in an attempt to better understand group
differences associated with psychosis risk and conversion in
this population.

A large body of work has used structural magnetic reso-
nance imaging (sMRI) to investigate morphometric brain dif-
ferences in individuals at CHR.4-20 However, the extent to
which characteristic baseline (ie, when participants are ini-
tially ascertained and assessed at a first study visit) structural
neuroimaging differences exist between those at CHR who later
develop a psychotic disorder (CHR-PS+) compared with those
who do not (CHR-PS−) is debated. Many studies failed to
find baseline differences between these 2 groups,4,14,21,22 al-
though a meta-analysis16 and multicenter study23 found lower
prefrontal and temporal volumes or cortical thickness mea-
sured by MRI (which we will refer to as CT) in individuals at
CHR who developed a psychotic disorder. High attrition rates
in samples of individuals at CHR24 coupled with low psycho-
sis conversion rates2,25 often yielded insufficient power to de-
tect between-group structural brain differences. Moreover,
small sample sizes can be associated with inflated effect sizes,26

so effect sizes of prior studies that found structural brain dif-
ferences in individuals at CHR may be overestimated. Al-
though multisite consortia aim to address these challenges,
to our knowledge, the largest published sMRI studies to date
included fewer than 50 individuals at CHR who later devel-
oped a psychotic disorder.21,23 Furthermore, it is currently un-
known whether group differences are robust enough to pre-
dict outcomes.

Importantly, many participants at CHR are adolescents or
young adults, a time frame associated with psychosis onset.27,28

Prefrontal-temporal brain regions, which are typically impli-
cated in psychosis, show protracted developmental courses
continuing through adolescence,29,30 suggesting that mor-
phometric differences associated with psychosis risk vary with
age. Indeed, there are developmental influences on psy-
chotic symptom presentation,31 perhaps driven by differ-
ences in regional brain changes. It is not fully understood how
age-related patterns in brain morphometry in individuals at
CHR differ from normal development. Thus, using a develop-
mental framework to examine whether morphometric
differences in individuals at CHR are influenced by age may
provide important insights into mechanisms associated with
psychosis risk and the stability of neuroimaging measures
associated with psychosis risk across development.

Finally, to our knowledge, it is unknown whether base-
line brain differences associated with future conversion to psy-
chosis resemble those observed in other large-scale psycho-
sis studies. Understanding whether morphometric differences
in individuals at CHR overlap with those observed in individu-
als who have schizophrenia32,33 and individuals with a ge-
netic subtype of psychosis34,35 will provide insights into con-
vergent or distinct differences across the psychosis spectrum.

To address these questions, we founded the Enhancing
Neuro Imaging Genetics Through Meta-Analysis (ENIGMA)
Clinical High Risk for Psychosis Working Group in 2018. Using
baseline sMRI data and longitudinal clinical information from
31 sites, this study addressed the following questions:
1. Do participants at CHR and healthy controls differ in CT,

surface area (SA), and/or subcortical volumes?
2. Is there a neuroanatomic signature associated with future

transition to a psychotic disorder (CHR-PS+ group vs
CHR-PS− group vs control group)?

3. Do structural neuroimaging measures identified in aims 1
and 2 display group differences in age associations sugges-
tive of abnormal developmental trajectories?

4. Is the pattern of morphometric alteration associated with
psychosis conversion similar to that observed in other
ENIGMA studies of psychosis?

Methods
Participants
We included 1792 individuals at CHR, including 253 in the
CHR-PS+ group, 1234 in the CHR-PS− group, and 305 without
follow-up data, and 1377 healthy controls from 31 sites par-
ticipating in the ENIGMA Clinical High Risk for Psychosis
Working Group (Table). Participants met the Comprehensive
Assessment of At-Risk Mental States (CAARMS; n = 821) or
Structured Interview for Prodromal Syndromes (SIPS; n = 971)
CHR criteria (eMethods in the Supplement). Site-specific in-
clusion and exclusion criteria are detailed in eTable 1 in the
Supplement. All sites obtained local institutional review board
approval prior to data collection. Informed written consent was

Key Points
Question How are brain morphometric features associated with
later psychosis conversion in individuals at clinical high risk (CHR)
for developing psychosis?

Findings In this case-control study including 3169 participants,
lower cortical thickness, but not cortical surface area or subcortical
volume, was more pronounced in individuals at CHR in a manner
highly consistent with thinner cortex in individuals with
established psychosis. Regions that displayed lower cortical
thickness in individuals at CHR who later developed a psychotic
disorder additionally displayed abnormal associations with age.

Meaning In this study, CHR status and later transition to psychosis
was robustly associated with lower cortical thickness; abnormal
age associations and specificity to cortical thickness may point to
aberrant postnatal brain development in individuals at CHR,
including pruning and myelination.
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obtained from every participant or the partici-
pant’s guardian for participants younger than
18 years. All studies were conducted in accor-
dance with the Declaration of Helsinki.36

Image Acquisition and Processing
A total of 31 sites contributed T1-weighted MRI
brain scans from 50 MRI scanners, including 42
3-T scanners and 8 1.5-T scanners (eTable 2 in
the Supplement). Scanners were manufac-
tured by Siemens (n = 23), Philips (n = 8), GE
(n = 18), and Toshiba (n = 1). A breakdown of the
number of scans obtained for those in the
CHR-PS+, CHR-PS−, and control groups for each
scanner is reported in eTable 3 in the Supple-
ment. After processing the data using Free-
surfer analysis software (eTable 2 in the
Supplement),37-39 we extracted 68 CT, 68 SA,
and 16 subcortical volume measures. We also
examined 3 global neuroimaging measures—
total intracranial volume (ICV), mean CT, and
total SA—resulting in 155 neuroimaging mea-
sures. We implemented the ENIGMA consor-
tium quality assessment pipeline.32-35,40,41

A priori power calculations are included in
eMethods in the Supplement.

Statistical Analyses
Group-Related and Conversion-Related
Differences in sMRI Metrics
We assessed group differences using general
linear models (GLMs) within a mega-analysis
framework, with each sMRI measure (ie, CT,
SA, or subcortical volume) as the dependent
variable and group (CHR or healthy control)
or conversion status (CHR-PS+, CHR-PS−, or
control) as the independent variable. We
included age, age2, sex, and estimated total
ICV as covariates in all models and corrected
for multiple comparisons (n = 155) using the
false discovery rate method.42 q Values less
than .05 were considered statistically signifi-
cant. Significance for P values for minimal-
effects testing was set at P < .05 and were
1-tailed; all other P and q values were
2-tailed. All analyses were conducted using
R version 3.6.3 (The R Foundation).

For all structural neuroimaging measures,
we calculated Cohen d effect sizes from the
GLMs between 2 (individuals at CHR vs healthy
controls) or 3 groups of interest (CHR-PS+ group
vs control group; CHR-PS+ group vs CHR-PS−
group; CHR-PS− group vs control group). Based
on recent work demonstrating that neuroCom-
Bat harmonization increases statistical power
within a mega-analytic framework,43 primary
analyses were conducted within a mega-
analysis framework using data that were cor-Ta
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rected for site and scanner associations
using neuroComBat harmonization.
Additional analyses were conducted to
assess the robustness of results obtained
using this approach (eMethods in the
Supplement). For all neuroimaging mea-
sures, we investigated sMRI differences
associated with the specific psychosis-
risk syndromes (eg, attenuated positive
symptom syndrome) (eMethods in the
Supplement).

To evaluate the stability of group and
conversionstatusdifferences,weperformed
analyses statistically controlling for
baselinepsychotropicmedicationexposure.
To assess site effects, we conducted jack-
knife resampling analyses, ie, iteratively re-
moving one site’s data and rerunning re-
spective analyses.44 sMRI measures that
failed to show a group or conversion status
association at a q value less than .05 in more
than 10% jackknife iterations (ie, 4 of 31
sites) were considered unstable.

To assess the meaningfulness of
obtained effect sizes, we used 2 analytic
approaches: equivalence testing (to
assess whether observed differences fell
within the upper and lower bounds of a
predefined smallest effect size of inter-
est, providing support for the absence of
a meaningful effect) and minimal-effects
testing (to assess whether observed
effects were greater than the same pre-
defined effect size).45 Upper and lower
bounds (representing the positive and
negative predefined smallest effect size
of interest) were set to a Cohen d of
0.15 and −0.15, respectively (eMethods
in the Supplement).

Group and Conversion-Related Differences
in sMRI Age Associations
We used general additive models
(GAMs)46,47 to model group and conver-
sion status differences in the association
between age and sMRI measures
(eMethods in the Supplement). First, we
examined the interaction between group
(individuals at CHR vs healthy controls)
and age in the 56 neuroimaging mea-
sures that differed at a q value less than .05
between healthy controls and individu-
als at CHR. Next, we conducted GAM
analyses on the 4 sMRI measures on which
the CHR-PS+, CHR-PS−, and control groups
differed from each other (ie, left paracen-
tral CT, right paracentral CT, left fusiform
CT, right superior temporal CT) in analy-Ta
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ses of psychosis conversion. We examined the associations of
baseline age and group/conversion status as well as the inter-
action between the 2 variables. Sex and estimated ICV were
included as covariates. Similar to previous work examining age
associations during adolescent development,48,49 we re-
stricted our sample’s age range to 12 to 25 years (eTable 4 in
the Supplement). Details on post hoc analyses for significant
interaction associations are provided in the eMethods in
the Supplement.

Comparison of Psychosis Conversion Effect Sizes With Findings
of Other ENIGMA Studies
We computed Spearman rank correlations to assess the ex-
tent to which the pattern of observed effect sizes (Cohen d for
CHR-PS+ and CHR-PS− groups vs control group) correlated with
the pattern found in prior psychosis studies, specifically the
ENIGMA Schizophrenia Working Group (individuals with
schizophrenia vs healthy controls)32,33 and ENIGMA 22q11.2
Deletion Syndrome Working Group (individuals with 22q11.2
deletion syndrome with psychosis vs those with 22q11.2 de-
letion syndrome without psychosis).34,35 As a control, we com-
pared the effect sizes of the CHR-PS+ group and CHR-PS− group
vs control group with the effect sizes of the major depressive
disorder (MDD) group vs control group published by the
ENIGMA Major Depressive Disorder Working Group (eMethods
in the Supplement).40,41

Results
Sample Characteristics
Of the 3169 included participants, 1428 (45.1%) were female,
and the mean (SD; range) age was 21.1 (4.9; 9.5-39.9) years
(Table). Intelligence quotient (IQ) comparisons between
healthy controls and individuals at CHR are reported in eTable 5
in the Supplement. Within each site, baseline IQ measures were
largely similar in all participants at CHR, including those in the
CHR-PS+ group, CHR-PS− group, and participants at CHR with-
out follow-up information (eTable 6 in the Supplement). For
symptom measures, participants at CHR without follow-up
data had less severe baseline positive, negative, and disorga-
nized symptoms on the SIPS compared with participants in the
CHR-PS+ and CHR-PS− groups (eTable 7 in the Supplement).
Compared with the CHR-PS+ and CHR-PS− groups, those with-
out follow-up data had less severe cognitive changes on the
CAARMS (eTable 7 in the Supplement). Few participants at
CHR reported typical (less than 1%) and/or atypical (12.4%)
antipsychotic medication use (eTable 8 in the Supplement).

CT in Participants at CHR vs Healthy Controls
In neuroComBat-harmonized GLM mega-analyses, partici-
pants at CHR had smaller global neuroimaging measures com-
pared with healthy controls (estimated ICV: Cohen d = −0.13;
95% CI, −0.20 to −0.06; mean CT: Cohen d = −0.18; 95% CI,
−0.25 to −0.11; total SA: Cohen d = −0.15; 95% CI, −0.22 to
−0.08). We also observed significant group associations in 53
additional GLMs (eTable 9 in the Supplement). The largest
group associations were observed for widespread lower CT in

individuals at CHR vs healthy controls (42 of 68 compari-
sons; Cohen d range, −0.17 to −0.09) (Figure 1A; eTable 9 and
eFigure 1 in the Supplement). Few subcortical (3 of 16) and SA
(8 of 68) group differences were observed. No group × sex in-
teractions were detected.

We present results of possible confound analyses, includ-
ing ICV, medication and site associations, equivalence test-
ing, and results of neuroComBat harmonization in eTables 10
to 13 and eFigures 1 and 2 in the Supplement. No sMRI mea-
sures were uniquely sensitive to psychosis-risk syndrome
(eResults and eTables 14 to 17 in the Supplement).

Association of Paracentral, Fusiform, and Superior Temporal
CT With Psychosis Conversion
A total of 48 structural neuroimaging measures exhibited a sig-
nificant overall association with psychosis conversion status
in GLM mega-analyses using neuroComBat harmonized data
(Figure 1B; eTable 18 and eFigure 3 in the Supplement). Most
significant differences were observed for CT measures (n = 37).
Within these 48 regions, we conducted pairwise GLMs be-
tween the CHR-PS+ and control groups, CHR-PS− and control
groups, and CHR-PS+ and CHR-PS− groups. Of these 48 re-
gions, the CHR-PS+ group differed from the CHR-PS− and con-
trol groups on 4 neuroimaging measures.

Compared with the control and CHR-PS− groups, the
CHR-PS+ group exhibited lower CT in bilateral paracentral,
right superior temporal, and left fusiform regions (mean
Cohen d of 4 sMRI measures = −0.22; 95% CI, −0.35 to 0.10).
Similar findings were observed for the left superior temporal
and right fusiform regions. Moreover, the CHR-PS+ and CHR-
PS− groups exhibited thinner cortex in bilateral paracentral,
superior temporal, and fusiform regions compared with the
control group (Figure 2). Using minimal-effects testing, we
observed that effect sizes for bilateral paracentral (left hemi-
sphere: z = −2.43; P = .02; right hemisphere: z = −1.86;
P = .06), right superior temporal (z = −2.29; P = .02), and left
fusiform (z = −2.00; P = .05) in the CHR-PS+ group vs the
control group were all greater than 0.15, except for the right
paracentral region, underscoring the presence of notable
group differences.

In all remaining comparisons of regions that exhibited a
statisticallysignificantassociationwithpsychosisconversionsta-
tus, the CHR-PS+ and CHR-PS− groups significantly differed from
the control group at P < .05. However, the CHR-PS+ group did
not differ from the CHR-PS− group in any remaining comparisons
(eTable18intheSupplement).Weobservednoconversionstatus
× sex interactions, and results remained stable when length
of follow-up period was included as a covariate.

We present results of confound analyses (medication, site
associations, equivalence testing) in the eResults, eTables 19
to 21, and eFigure 2 in the Supplement. There were no statis-
tically significant psychosis risk syndrome × conversion sta-
tus interactions (eResults and eTable 22 in the Supplement).

Age Associations in CHR-PS+ and CHR-PS− Groups
Compared With Control Group
In GAM analyses, we observed no statistically significant group
× ageinteractionsforthe56neuroimagingmeasuresthatdiffered
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between individuals at CHR and healthy controls (eTable 23 in
the Supplement). We then conducted GAM analyses on the 4
sMRI measures on which the CHR-PS+ group displayed lower CT
comparedwiththeCHR-PS−andcontrolgroupsinpsychosiscon-
version group analyses. These sMRI measures were left paracen-
tral CT, right paracentral CT, left fusiform CT, and right superior
temporalCT.Twomeasuresdisplayedasignificantpsychosiscon-
version status × age interaction. For each group × age interaction
analysis, we assessed group differences in age associations
(ie, CHR-PS+ group vs control group, CHR-PS− group vs control
group, and CHR-PS+ group vs CHR-PS− group).

In left fusiform, the association of age with CT differed
between the CHR-PS+ group and control group (F = 9.8;
P < .001; q < .001) and the CHR-PS− group and control group
(F = 8.7; P < .001; q < .001) (Figure 2A) but not between the
CHR-PS+ group and CHR-PS− group (F = 1.3; P = .31; q = .45).
Between ages 12 and 16 years, those in the control group

showed a stronger negative association of age with CT com-
pared with those in the CHR-PS+ and CHR-PS− groups.
Although the interaction was not statistically significant, a
similar pattern emerged for the right fusiform CT (Figure 3A;
eTable 24 in the Supplement).

Age associations in the left paracentral CT differed be-
tween the CHR-PS+ group and the control group (F = 5.9;
P = .005; q = .02) (Figure 2B) but not between the CHR-PS−
group and control group (F = 0.2; P = .68; q = .74) or the CHR-
PS+ group and CHR-PS− group (F = 1.9; P = .18; q = .45). Among
individuals aged 12 to 15.8 years, those in the control group
showed a stronger negative association of age with CT com-
pared with those in the CHR-PS+ group. The association of age
with CT did not differ between the CHR-PS− group and con-
trol group (F = 0.2; P = .69; q = .74). This pattern of results was
not observed for the right paracentral CT (Figure 3B; eTable 24
in the Supplement). We found no significant age × conver-

Figure 1. Effect Sizes for Mega-analysis of Group and Conversion Status

A Effect sizes for healthy controls vs individuals at CHR

B Effect sizes for healthy controls vs CHR-PS+ vs CHR-PS–
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A, The top row reflects the results of the overall general linear model. A deeper purple indicates a greater group association (healthy controls vs individuals at clinical
high risk [CHR]) in this region. We observed the greatest group associations in cortical thickness measures. The second row indicates the pairwise effect sizes for
healthy controls vs individuals at CHR in regions that were statistically significant (q < .05) in the overall comparison (top row). Regions that were not statistically
significant in the overall comparison are gray. Compared with healthy controls, individuals at CHR exhibited lower cortical thickness across the cortex. Red indicates
that healthy controls had a larger value compared with individuals at CHR for this region. B, The top row reflects the results of the overall general linear model.
A deeper purple indicates a greater conversion status association (control group vs individuals at CHR who later developed a psychotic disorder [CHR-PS+] vs
individuals at CHR who did not later develop a psychotic disorder [CHR-PS−]) in this region. The second and third rows indicate the pairwise effect sizes for the
control group vs CHR-PS+ group and CHR-PS− group vs CHR-PS+ group, respectively. Pairwise comparisons are presented in regions that were statistically
significant (q < .05) in the overall comparison (top row). Regions that were not statistically significant in the overall comparison are gray. Regions in which the
CHR-PS+ group had lower cortical thickness compared with the control group and the CHR-PS− group are highlighted in yellow.
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sion status interactions for the superior temporal CT (Figure 3C;
eTable 24 in the Supplement); all groups showed negative
associations of age with CT.

CT in the ENIGMA CHR Group Compared With Other
ENIGMA Working Groups
eFigure 4 in the Supplement provides a visual overview of CT
differences in the CHR-PS+ group, individuals with schizo-
phrenia (using published data from the ENIGMA Schizophre-
nia Working Group32,33), and individuals with 22q11.2 dele-
tion syndrome and a psychotic disorder (using published
data from the ENIGMA 22q11.2 Deletion Syndrome Working
Group34,35).

The overall pattern of baseline CT differences in the
CHR-PS+ group relative to the control group was significantly
correlated with that observed in individuals with schizophre-
nia (ρ = 0.35; 95% CI, 0.12 to 0.55; P = .004) and in individu-
als with 22q11.2 deletion syndrome and psychosis (ρ = 0.43;
95% CI, 0.20 to 0.61; P = .001) (eFigure 4 in the Supplement).
CT differences in the CHR-PS+ group relative to the control
group were not correlated with CT differences observed in in-
dividuals with MDD (ρ = −0.03), and the slopes for the corre-
lation between (1) CT differences in the CHR-PS+ group and
individuals with schizophrenia and (2) CT differences in the
CHR-PS+ group and individuals with MDD were significantly
different (Steiger z = 2.06; P = .008).

No significant correlations were observed for SA (schizo-
phrenia: ρ = −0.03; 22q11.2 deletion syndrome with psycho-
sis: ρ = −0.06) (eFigures 5 and 6 in the Supplement). Subcor-
tical volume differences in the CHR-PS+ group relative to the
control group were correlated with those observed in indi-
viduals with schizophrenia (ρ = 0.54; P = .03). A similar non-
significant correlation was observed for the correlation analy-
sis involving individuals with 22q11.2 deletion syndrome
and psychosis (ρ = 0.46; P = .07) (eFigures 5 and 6 in the

Supplement). Associations involving CHR-PS− vs control CT,
SA, and subcortical volume differences were similar to those
reported here (eResults in the Supplement).

Discussion
We conducted, to our knowledge, the largest multisite neuroim-
aging investigation to date in participants at CHR, examining
baseline structural neuroimaging measures associated with later
transition to psychosis. We found widespread lower CT in indi-
viduals at CHR, consistent with previously reported CT differ-
encesinindividualswithanestablishedpsychoticdisorder.Com-
pared with those in the CHR-PS− and control groups, at baseline,
those in the CHR-PS+ group exhibited thinner cortex in bilateral
paracentral, right fusiform, and left superior temporal regions,
with effect sizes significantly greater than what we considered
to be meaningful a priori. Our results were robust to associations
of medication exposure, sex, site, and length of follow-up period.
Findings from this international effort suggest that conversion
to psychosis among those at CHR is associated with lower CT
at baseline.

We identified widespread regional lower CT in individu-
als at CHR compared with healthy controls. Lower CT has been
observed in individuals with schizophrenia as well as other psy-
chiatric disorders.32,40,50 Importantly, the overall pattern of
lower CT in those in the CHR-PS+ and CHR-PS− groups re-
sembled that observed in individuals with schizophrenia and
individuals with 22q11.2 deletion syndrome and a psychotic
disorder but not in individuals with MDD. For the CHR-PS+
group, correlations with CT differences in individuals with
schizophrenia were significantly greater than the association
observed with CT differences in individuals with MDD. Taken
together, our results suggest that the overall constellation of
reported CT differences in individuals at CHR resembles the

Figure 2. Bar Graphs for Regions in Which Individuals at Clinical High Risk Who Later Developed a Psychotic Disorder (CHR-PS+) Had Lower Cortical
Thickness Compared With Those Who Did Not Later Develop a Psychotic Disorder (CHR-PS−) and Healthy Controls
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Figure 3. Age Associations of Regions That Exhibited an Association of Conversion Status
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general pattern of CT differences observed in individuals
with schizophrenia and genetic disorders associated with psy-
chosis and thus suggest that widespread thinner cortex in in-
dividuals at CHR may be associated with their increased risk
of psychosis.

We also found that lower CT in paracentral, superior
temporal, and fusiform regions was associated with psycho-
sis conversion; individuals in the CHR-PS+ group exhibited
significantly lower CT than those in the CHR-PS− group and
control group in these regions. Lower baseline CT and/or vol-
ume in these regions has previously been reported in indi-
viduals at CHR who later developed a psychotic disorder17,18

(data not used here). Furthermore, longitudinal CT
decreases in these regions have been associated with transi-
tion to psychosis in those at CHR.6,19,20 The magnitude of
altered CT in individuals in the CHR-PS+ group in the
paracentral, superior temporal, and fusiform regions was
highly consistent with findings in individuals with
schizophrenia,33,51,52 and lower fusiform and paracentral CT
has been observed in individuals who hear voices but do not
have a diagnosis of schizophrenia.53 Given that both help-
seeking and non–help-seeking individuals on the psychosis
spectrum exhibit alterations in these regions, CT in the para-
central, superior temporal, and fusiform areas may display a
dose-response association with psychosis risk. While this
interpretation also aligns with our observation that CT in
these regions differed between the CHR-PS+, CHR-PS−, and
control groups (with the lowest CT for those in the CHR-PS+
group), this explanation remains speculative in light of the
cross-sectional nature of the data.

Consistent with previous CHR studies examining base-
line neuroimaging associations with later conversion to
psychosis,17 we did not observe widespread subcortical vol-
ume or SA differences associated with later psychosis transi-
tion. Taken together, these results suggest that CT reductions
may be among the most widespread, robust, and specific
morphometric changes associated with psychosis risk and
conversion compared with SA or subcortical volume.

An intriguing pattern of findings emerged from the psy-
chosis conversion × age analyses. Compared with the control
group, the CHR-PS+ and CHR-PS− groups exhibited signifi-
cantly lower paracentral and fusiform region CT among
those aged 12 to 16 years. Our analyses investigating age-
associated rates of change (estimated using cross-sectional
data) seemed to indicate a steeper decline in slope for those
in the control group during this time frame, which reached a
plateau in adulthood. However, those in the CHR-PS− group
displayed a slower decline, and results in the CHR-PS+ group
were indicative of a reduced or delayed rate of change. Rela-
tive to the normative timetable in healthy controls, these
findings may suggest an accelerated developmental decrease
in paracentral and/or fusiform CT in the CHR-PS+ and CHR-
PS− groups, with the greatest declines occurring in the
CHR-PS+ group. If indeed normative CT decreases during
adolescence represent a period of specialization (where
higher-level systems that contribute to adult outcomes are
formed54,55), lower CT, most apparent in those in the CHR-
PS+ group, could reflect impairments in optimal specializa-

tion. However, these observations are speculative, and the
veracity of these patterns will be most accurately captured
with longitudinal analyses that encompass a wide age range
(eg, early childhood through adulthood).

The neuroanatomic pattern of group differences and age-
associated disruptions observed in individuals at CHR may pro-
vide important insights into mechanisms underlying in-
creased risk of psychosis. Preclinical models56,57 and recent
genome-wide association studies58 suggest that genetic vari-
ants associated with SA are linked to the regulation of neural
progenitor cells during fetal development, while genetic mark-
ers associated with CT are associated with regulatory pro-
cesses in adulthood. Thus, CT differences may be the end re-
sult of maladaptive maturation-related mechanisms that occur
during postfetal development, including proliferation, syn-
aptic pruning, and/or myelination.59-62 Thinner CT, particu-
larly in early adolescence (Figure 3), could reflect abnormal syn-
aptic plasticity or pruning, which have both been implicated
in in vitro schizophrenia models.63 Although excessive
synaptic pruning is one plausible explanation for thinner cortex
associated with psychosis transition, recent evidence
suggests that intracortical myelination and/or expression
of myelin-related genes may be mechanisms of cortical
t h i n n i ng . 6 4 , 6 5

To better understand neurobiological mechanisms underly-
ing psychosis transition in individuals at CHR, investigations
of concomitant measures of CT, macroscale white matter tracts,
and intracortical myelination are necessary. Finally, it is also
possible that lower CT is not a mechanism of psychosis and can
instead be attributed to environmental factors or social deter-
minants associated with psychosis,66,67 or that lower CT oc-
curs in response to other possible biological mechanisms
underlying psychosis (eg, hypothalamic-pituitary-adrenal
stress response68).

Even if CT reductions in individuals at CHR were robust,
effect sizes for between-group differences were nevertheless
small to moderate and accounted for approximately 1% of the
variance in comparisons between the CHR-PS+ and CHR-PS−
groups. The subtle nature of these morphometric differences
underscores the importance of adequate statistical power,
achievable only through large-scale multisite collaborations.
Consistent with recent work showing that schizophrenia poly-
genic risk scores only improved differentiation of individuals
in the CHR-PS+ group from controls (and not those in the
CHR-PS+ group from those in the CHR-PS− group),69 we an-
ticipate that baseline, univariate sMRI metrics will have a simi-
lar impact on psychosis risk prediction algorithms. Given the
logistic and financial challenges that MRI brings, the use of MRI
metrics in isolation may not be feasible or useful for psycho-
sis risk prediction. A viable solution may be to adopt sequen-
tial assessment frameworks, as recently implemented.70

Alternatively, sMRI differences may be a better predictor of
general psychopathology and would be better suited for trans-
diagnostic risk prediction models.71

Limitations
Our study had limitations. One limitation common to multi-
site studies is that data were collected from multiple scan-
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ners, although leave-1-out analyses suggest that site associa-
tions were not prominent. Second, this initial study focused
on baseline cross-sectional data and did not investigate pro-
gressive sMRI changes associated with psychosis conversion,
as identified in prior work.6,18-21,72 Additionally, CHR status
is associated with heterogeneous outcomes,73-75 and neuro-
imaging phenotypes may differentiate among variability in
psychosocial functioning and/or among other psychiatric di-
agnoses (eg, mood and anxiety disorders). These are two
future goals of the ENIGMA Clinical High Risk for Psychosis
Working Group, now that feasibility of this collaboration
has been established.

Conclusions

In the largest study of brain abnormalities in individuals at
CHR to date, we found robust evidence of a subtle, wide-
spread pattern of CT differences, consistent with observa-
tions in psychosis. The specificity of these differences to CT—as
well as age-associated deviations in regions sensitive to psy-
chosis conversion—may point to abnormal development pro-
cesses. These findings also point to age ranges (ie, early ado-
lescence) when morphometric abnormalities in individuals
at CHR might be greatest.
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