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Introduction: The impact of the clinical high-risk for psychosis (CHR-P) construct 
is dependent on accurately predicting outcomes. Individuals with brief limited 
intermittent psychotic symptoms (BLIPS) have higher risk of developing a first 
episode of psychosis (FEP) compared to individuals with attenuated psychotic 
symptoms (APS). Supplementing subgroup stratification with information from 
candidate biomarkers based on neurobiological parameters, such as resting-
state, regional cerebral blood flow (rCBF), may help refine risk estimates. Based 
on previous evidence, we hypothesized that individuals with BLIPS would exhibit 
increased rCBF compared to APS in key regions linked to dopaminergic pathways.

Methods: Data from four studies were combined using ComBat (to account for 
between-study differences) to analyse rCBF in 150 age- and sex-matched subjects 
(n = 30 healthy controls [HCs], n = 80 APS, n = 20 BLIPS and n = 20 FEP). Global gray 
matter (GM) rCBF was examined in addition to region-of-interest (ROI) analyses 
in bilateral/left/right frontal cortex, hippocampus and striatum. Group differences 
were assessed using general linear models: (i) alone; (ii) with global GM rCBF as a 
covariate; (iii) with global GM rCBF and smoking status as covariates. Significance 
was set at p < 0.05.

Results: Whole-brain voxel-wise analyses and Bayesian ROI analyses were also 
conducted. No significant group differences were found in global [F(3,143) = 1,41, 
p = 0.24], bilateral frontal cortex [F(3,143) = 1.01, p = 0.39], hippocampus 
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[F(3,143) = 0.63, p = 0.60] or striatum [F(3,143) = 0.52, p = 0.57] rCBF. Similar null 
findings were observed in lateralized ROIs (p > 0.05). All results were robust to 
addition of covariates (p > 0.05). No significant clusters were identified in whole-
brain voxel-wise analyses (p > 0.05FWE). Weak-to-moderate evidence was found for 
an absence of rCBF differences between APS and BLIPS in Bayesian ROI analyses.

Conclusion: On this evidence, APS and BLIPS are unlikely to be neurobiologically 
distinct. Due to this and the weak-to-moderate evidence for the null hypothesis, 
future research should investigate larger samples of APS and BLIPS through 
collaboration across large-scale international consortia.

KEYWORDS

clinical high risk for psychosis, brief limited intermittent psychotic symptoms, 
attenuated psychosis syndrome, arterial spin labelling, neuroimaging

Introduction

Psychotic disorders are prevalent, with an estimated 23.6 million 
cases worldwide, (1) and are associated with substantial clinical, 
personal, economic and societal burden (2). Under standard care, 
treatment is not initiated until the first episode of psychosis (FEP), 
which is associated with suboptimal clinical outcomes (2). Preventive 
approaches, such as intervening during the clinical high risk for 
psychosis (CHR-P) state (3), can alter the course of the disorder, 
improve long-term outcomes and reduce burden (2, 4).

To target interventions for CHR-P individuals at the highest risk of 
developing psychosis, accurate prediction of FEP onset is essential. 
Clinical interviews can be used to determine whether individuals meet 
CHR-P criteria, but while these have high specificity (i.e., adept at ruling 
out psychosis risk) their sensitivity is sub-optimal (i.e., many of those 
meeting CHR-P criteria will not develop psychosis) (5–7). For those who 
do meet CHR-P criteria, there is some refinement of prognostic risk 
prediction through the three CHR-P subgroups [attenuated psychotic 
symptoms (APS), brief limited intermittent psychotic symptoms (BLIPS) 
and genetic risk and deterioration (GRD)]. BLIPS is a relatively 
uncommon subgroup (10% of all CHR-P individuals) (8), where 
individuals experience a psychotic episode that spontaneously resolves 
within a week without antipsychotic treatment (9). BLIPS carry the 
highest level of psychosis risk (38% transition to psychosis within 2 
years)(8) compared to APS (85% of CHR-P individuals; of whom 24% 
transition within 2 years) (8) and GRD (5% of CHR-P individuals; of 
whom 8% transition within 2 years) (8). However, it is currently not 
possible to stratify using clinical criteria beyond this, limiting the ability 
to accurately predict outcomes.

For more effective risk stratification, information is needed from 
additional sources, particularly from those directly relating to 
underlying neuropathology (i.e., biomarkers) as these will likely 
capture different elements of disorder progression. Alterations in 
frontal, hippocampal and striatal functioning reliably appear, persist 
and progress from the CHR-P state (10–15) to FEP (15–19) and 
chronic schizophrenia (13, 15, 20–22). Capturing these 
neurobiological changes could be informative in refining estimates of 
psychosis risk and enhancing risk stratification. Given the associated 
increase in psychosis risk estimates (23), we hypothesize that BLIPS 
may display more pronounced neurobiological differences compared 
to APS and GRD. However, there are currently no published studies 

investigating neurobiological differences between CHR-P subgroups 
due to the high prevalence of APS individuals in CHR-P samples.

Pseudo-continuous arterial spin labelling (ASL) allows for indirect 
measurement of regional, resting neuronal activity through regional 
cerebral blood flow (rCBF) (24), a potential biomarker for psychosis 
onset (10–12, 15). This approach exploits the intimate relationship 
between neuronal activity and its regional blood supply as a result of 
the phenomenon of neurovascular coupling. Modern pCASL 
sequences such as the one used in this study, are even more sensitive 
to neurovascular coupling as they can be tailored to reflect arterial 
blood flow from the vascular domain (arterioles and capillaries), 
where this phenomenon occurs.

CHR-P individuals display elevated dopamine signaling in the 
midbrain and striatum (25–28), as well as an altered relationship between 
hippocampal activation and striatal dopamine functioning (29, 30). This 
may in part stem from hippocampal gray matter abnormalities that have 
been consistently shown in CHR-P and FEP (31–34). CHR-P individuals 
display increased striatal rCBF and reduced frontal rCBF compared to 
clinical controls (15), with striatal rCBF correlating with attenuated 
positive symptom scores in CHR-P individuals (15). Similarly, CHR-P 
individuals have elevated rCBF in hippocampus and basal ganglia (10, 
11), with hippocampal hyper-metabolism thought to drive downstream 
striatal dopamine dysfunction—a core mechanism underlying psychotic 
symptoms (13, 35, 36). There is evidence of hippocampal rCBF 
decreasing over time in CHR-P individuals who subsequently remitted 
from the CHR state (10). Additionally, there is a strong correlation 
between hippocampal rCBF and prefrontal GABA levels in CHR-P 
individuals who transition to psychosis, with no correlation in those who 
do not transition (12).

There are also distinct neurobiological differences between 
medicated and unmedicated FEP patients, with medicated patients 
showing increased rCBF in the striatum and reduced rCBF in the 
frontal cortex compared to clinical controls (15), while unmedicated 
FEP show reduced rCBF in the frontal cortex and no change in striatal 
rCBF compared to healthy controls (37).

Due to the low proportion of CHR-P individuals who meet BLIPS 
criteria in CHR-P samples, there has been difficulty in recruiting 
samples that are large enough to be sufficiently powered to investigate 
differences in rCBF between APS and BLIPS. Therefore, in this study, 
we combined data from four studies to investigate differences in global 
and regional rCBF between CHR-P subgroups. Due to the very small 
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proportion of individuals meeting GRD criteria and this subgroup 
having psychosis risk that is not significantly different from HCs (8), 
analyses were restricted to APS and BLIPS subgroups. As rCBF in 
frontal, hippocampal and striatal regions appear to positively correlate 
with psychosis risk (10, 14, 24, 25), we expected rCBF in these regions 
in BLIPS individuals to be  higher than in APS. As secondary 
hypotheses, we expected healthy controls (HCs) to have reduced rCBF 
in these regions compared to APS and BLIPS, with FEP patients 
having reduced rCBF compared to HCs, APS and BLIPS.

Methods

Participants

A total of 150 individuals were recruited across four studies 
conducted at the Institute of Psychiatry, Psychology & Neuroscience, 
King’s College London between 2008 and 2020 
(Supplementary Figures S1, S2) (10, 37, 38). While several published 
papers have analyzed data that overlaps with our sample (10, 37, 38), 
the current combined analyses investigating the BLIPS subgroup, by 
means of newly available software designed for the combination of 
data from several studies, is new. Due to the relative low frequency of 
BLIPS compared to other groups, HC, APS and FEP individuals were 
age- and sex-matched to BLIPS participants.

HCs (N = 30) were recruited from the local community as part of 
three studies conducted at King’s College London 
(Supplementary Figure S1). Participants who were receiving 
prescription medications, had a history of psychiatric disorders, 
neurological illness or substance use disorder as specified in DSM-IV, 
were acutely intoxicated (assessed with alcohol breathalyser and urine 
drug screen) on the day of scanning, or had any contraindications to 
magnetic resonance imaging (MRI) were excluded from the study.

Help-seeking CHR-P individuals (APS and BLIPS; N = 100) aged 
18–35 were recruited from four specialist early detection services: 
Outreach and Support in South London (OASIS) (39), Tower Hamlets 
Early Detection Service (THEDS), West London early intervention 
service and Cambridge shire and Peterborough Assessing Managing 
and Enhancing Outcomes (CAMEO). Both OASIS and THEDS are 
part of the Pan-London Network for Psychosis Prevention (PNP) (40). 
CHR-P status was determined using the Comprehensive Assessment 
of At-Risk Mental States (CAARMS) 12/2006 criteria (41). CHR-P 
subjects met criteria for either: (a) APS or, (b) BLIPS, (psychotic 
episode lasting < 1 week, remitting without treatment), both coupled 
with functional decline. Individuals were excluded if there was a 
history of previous psychotic disorder (with the exception of BLIPS, 
some of whom may meet acute and transient psychotic disorder 
criteria) (42) or manic episode, neurological disorder or current 
substance use disorder, estimated IQ < 70, acute intoxication (assessed 
with alcohol breathalyser and urine drug screen) on the day of 
scanning, and any contraindications to MRI. History of Axis 
I disorder(s) was not an exclusion criterion due to the transdiagnostic 
nature of the CHR-P state and the high prevalence of such diagnoses 
within these populations (43). CHR-P individuals were followed-up 
to assess potential transition to psychosis with the CAARMS, where 
possible, or using electronic health records.

FEP subjects (n = 20) were recruited from first episode psychosis 
teams within South London and Maudsley NHS Foundation Trust and 

Central and West London NHS Trust. To avoid the confounding 
effects of antipsychotics on CBF (44, 45), individuals recruited were 
antipsychotic naïve/free (where any prior antipsychotic treatment it 
was at most 4 weeks in total across the lifetime). Inclusion criteria for 
the FEP group were: psychotic disorder according to ICD-10 criteria; 
(46) in first episode of illness; no current antipsychotic treatment; and 
no antipsychotic treatment within the last 6 weeks for oral 
antipsychotics or 6 months for long-acting injectable antipsychotics 
(47, 48).

Ethical approval for all four studies was obtained from the 
National Health Service UK Research Ethics Committee, and all 
participants provided written informed consent to participate 
according to the Declaration of Helsinki.

Design, materials, procedure

For descriptive purposes, we  also collected information on 
medication history, tobacco and cannabis use, as well as global 
functioning using the Global Assessment of Functioning (GAF) (49).

Magnetic resonance imaging acquisition 
and image processing

A total of 93 subjects (HCs n = 20, APS n = 59, BLIPS n = 14) were 
scanned with a General Electric Signa HDX 3 Tesla scanner (General 
Electric, Waukesha, Wisconsin, United States), using an 8-channel 
head coil as part of the NEUTOP and PROD studies 
(Supplementary Methods S1). A total of 27 subjects (APS n = 21, 
BLIPS n = 6) were scanned with a General Electric Discovery MR750 
3 Tesla scanner (General Electric, Waukesha, Wisconsin, U) using a 
32-channel head coil as part of the BRC-UHR study 
(Supplementary Methods S2). The remaining 30 subjects (HCs n = 10, 
FEP n = 20) were scanned with a General Electric Discovery MR750 
3 Tesla scanner (General Electric, Waukesha, Wisconsin, 
United States), using a 12-channel head coil as part of the TR-FEP 
study (Supplementary Methods S3). In all cases, measurement of 
rCBF was carried out using a 3D pseudo-continuous Arterial Spin 
Labelling (3D-pCASL) sequence. This is the recommended method 
for CBF mapping by MRI, with an efficient four-pulse background 
suppression module to minimize static tissue signal, mitigating 
against any effects of subject motion (50). During data acquisition, 
participants were asked to maintain their gaze on a centrally-placed 
fixation cross. Full details of 3D-pCASL acquisition parameters and 
procedures are presented in Supplementary Methods S1–S3.

ASL data were pre-processed using the Automatic Software for 
ASL Processing (ASAP) 2.0 toolbox (51) running in Statistical 
Parametric Mapping version 12 (SPM12)1 and Matlab R2015b. (1) the 
origin of rCBF and 3D T1-weighted images were realigned; (2) 3D 
T1-weighted images were segmented using SPM segmentation to 
generate a binary mask including only brain tissues; (3) rCBF maps 
were co-registered to the corresponding 3D T1-weighted images; (4) 
a rough skull strip was performed on the rCBF map using FSL BET 

1 https://www.fil.ion.ucl.ac.uk/spm/
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(52) (Brain Extraction Tool; −f = 0.4) to remove the majority of extra-
cerebral signal with the rest removed by multiplication of the “brain 
only” binary mask, obtained in step 2, with the rCBF map in the space 
of the T1 image; and (5) T1-weighted scans and skull-stripped rCBF 
maps were spatially normalized to MNI avg152 standard space. 
Finally, rCBF maps were spatially smoothed using a 6 mm Gaussian 
smoothing kernel.

Because the rCBF data were acquired in four different studies 
across three scanners, ComBat2 (53–55) was used to harmonize the 
respective datasets across studies. The ComBat algorithm removes 
variation induced by scanner differences, while preserving between-
subject biological variability through using an empirical Bayes 
framework (53–55). The algorithm estimates an empirical statistical 
distribution for the additive and multiplicative effects of scanner by 
assuming that all voxels share the same common distribution across 
ROIs, while maintaining the effects of biological covariates. Once this 
is calculated, the additive error terms can be derived and the data can 
be harmonized. Two advantages of this approach over other methods 
are that it improves the removal of scanner effects in datasets with 
small sample sizes, and does not make any assumptions about the 
neuroimaging technique being used (53, 56). This approach has been 
previously validated in the ENIGMA SCZ (57) and CHR-P (58) 
datasets. It has been shown that ComBat is superior to other 
harmonization techniques (e.g., global scaling, RAVEL) as it improves 
the replicability of voxels associated with biological covariates, 
improves statistical power, is robust to small sample sizes and recovers 
true effect sizes in imaging data (53). An important consideration is 
that ComBat can only maintain effects of measured and included 
biological covariates. If an important biological covariate is not 
measured or not included in the ComBat algorithm, this effect will not 
be preserved and may impact our ability to detect significant group 
differences. In order to preserve between-subject variability, the 
analysis included age, sex and group as covariates. The ComBat 
procedure was performed at an ROI-level for ROI analyses and at a 
voxel-wise level for voxel-wise analyses.

Statistical analysis

Sociodemographic, clinical and substance use 
data

Differences between HC, APS, BLIPS and FEP were investigated 
using Fisher’s exact test for categorical variables due to small expected 
values in the contingency tables. General linear models were used for 
continuous variables to assess the effect of group on the variable 
of interest.

Global cerebral blood flow
To measure global rCBF signal, we used the ASAP toolbox to 

extract average rCBF values from a gray matter mask for each subject 
in standard space. The ICBM-152 mask was obtained from the 
DARTEL toolbox in SPM and thresholded to contain voxels with 
a > 0.25 probability of being gray matter. All subsequent analyses were 
conducted with and without global rCBF as covariate.

2 https://github.com/Jfortin1/ComBatHarmonization

Region-of-interest analyses
Group effects on bilateral and lateralized frontal, hippocampal 

and striatal regional rCBF were determined using an ROI approach. 
ROIs were defined anatomically in MNI space using the 
cytoarchitectonic probabilistic atlas (59) as implemented in the 
Anatomy toolbox (60) in SPM. Mean regional rCBF values for the ROI 
were extracted for each subject using ASAP toolbox. Outliers were 
detected using Rosner’s test and removed. Outliers in rCBF values 
(2.52% of all values; n = 9 datapoints in HC; n = 17 APS; n = 0 BLIPS 
and n = 6 FEP) were replaced using multivariate imputation by 
chained equations (MICE) using the mice package (version 3.13.0) 
(61), following confirmation that values were missing completely at 
random (MCAR) using Little’s MCAR test.

Analyses of global gray matter and all ROIs (bilateral and 
lateralized frontal cortex, hippocampus and striatum) were conducted 
using general linear models to assess the effect of group on rCBF. All 
six contrasts (HC vs. APS, HC vs. BLIPS, HC vs. FEP, APS vs. BLIPS, 
APS vs. FEP, BLIPS vs. FEP) were of interest. As a second step, global 
rCBF smoking status, age and sex were added to the model as 
covariates (except for global gray matter rCBF, which just included 
smoking status, age and sex as covariates). As a third step, as 
antipsychotic medication is known to affect rCBF (44, 45), 
supplementary analyses were conducted with any subject with 
previous (i) antipsychotic exposure and (ii) antidepressant exposure 
removed from the model.

All ROI analyses were conducted using R version 3.6.3, with the 
“Emmeans” package (version 1.5.2–1) (62) used to calculate the 
estimated marginal mean contrasts. Alpha was set at p < 0.05.

Whole brain voxel-wise analyses
For completeness, we performed voxel-wise whole brain analyses 

in SPM12. Global gray matter rCBF was entered as a covariate. The 
following post-hoc contrasts were used: HC < APS; APS < BLIPS and 
BLIPS <FEP. Cluster-level inference was used (cluster forming 
threshold: p < 0.005 uncorrected); clusters were reported as significant 
at p < 0.05 using FWE correction in SPM, with analyses restricted to 
gray matter tissue using a binarized gray matter mask.

Bayesian region-of-interest analyses
Bayesian ROI analyses were conducted to improve understanding 

of potential null findings between APS and BLIPS groups. This 
approach allows for greater discrimination between “absence of 
evidence” and “evidence of absence” than frequentist statistics. 
Bayesian independent samples t-tests were used to compare rCBF in 
each ROI between APS and BLIPS. As our primary interest in these 
Bayesian analyses was to characterize potential null findings, an 
increase in Bayes factor (BF) in our analyses corresponds to an 
increase in evidence in favor of the null hypothesis (no differences in 
rCBF between APS and BLIPS). We  used Jeffreys’ classification 
scheme (63) to interpret BF, with BF < 0.1 providing strong evidence 
for the alternative hypothesis; 0.1 < BF < 0.333 providing moderate 
evidence for an alternative hypothesis; 0.333 < BF < 1 providing weak 
evidence for an alternative hypothesis: 1 < BF < 3 providing weak 
evidence for the null hypothesis; 3 < BF < 10 providing moderate 
evidence for the null hypothesis; BF > 10 providing strong evidence for 
the null hypothesis. All Bayesian analyses were implemented in JASP 
(version 0.16.3), using the default uninformative priors from 
the software.
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Results

Demographics

N = 30 HCs were recruited alongside n = 80 APS subjects, n = 20 
BLIPS subjects and n = 20 FEP subjects. There were no significant 
differences in distribution of ethnicities between the groups (p = 0.47). 
The groups differed in clinical characteristics (Table 1). Psychotic, 
anxiety and depressive symptom severity was significantly higher in 
CHR-P subjects compared to HCs (p < 0.001). All groups were 
significantly different from each other in respect to global functioning 
(p < 0.001) with FEP subjects having the lowest GAF scores, followed 
by APS, BLIPS and HC, respectively.

n = 12 APS (15.0%) and n = 2 BLIPS (10.0%) were confirmed to 
have developed a psychotic disorder over follow-up (mean time to 
transition = 22.8 months; SD = 22.6). A higher proportion of APS 
subjects were daily tobacco smokers compared to HCs (p = 0.049). 

There were additionally significant differences in frequency of 
cannabis use between groups (p = 0.029). Sociodemographic, clinical 
and substance use descriptors are presented in Table 1. Percentage of 
missing values are presented in Supplementary Table S1.

Global gray matter regional cerebral blood 
flow

No significant differences were found in global GM rCBF 
[F(3,143) = 1.408, p = 0.243] between HCs, APS, BLIPS, and FEP (Figure 1; 
Supplementary Table S2). These null findings were robust to the addition 
of smoking status as a covariate (p > 0.05; Supplementary Figure S3; 
Supplementary Tables S2–S4). There were additionally no differences seen 
in main models when individuals with previous antipsychotic exposure 
were excluded or when individuals with previous antidepressant exposure 
were excluded (p > 0.05, Supplementary Tables S11, S12).

TABLE 1 Participant sociodemographic, clinical and substance use characteristics.

HC (n = 30) APS (n = 80) BLIPS (n = 20) FEP (n = 20) Statistic, p

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Sociodemographic Age, years 23.0 (4.08) 23.16 (4.37) 23.15 (4.48) 23.40 (4.06) F(3,143) = 0.026, p = 0.99

Sex; n (%) p = 1

Male 27 (90.0%) 72 (90.0%) 18 (90.0%) 18 (90.0%)

Female 3 (10.0%) 8 (10.0%) 2 (10.0%) 2 (10.0%)

Ethnicity; n (%) p = 0.47

White 18 (60.0%) 48 (60.0%) 10 (50.0%) 8 (40.0%)

Black 4 (13.3%) 14 (17.5%) 3 (15.0%) 5 (25.0%)

Asian 3 (10.0%) 4 (5.0%) 1 (5.0%) 3 (15.0%)

Mixed 2 (6.7%) 6 (7.5%) 1 (5.0%) 3 (15.0%)

Missing 3 (10.0%) 8 (10.0%) 5 (25.0%) 1 (5.0%)

Clinical CAARMS positivea 0.2 (0.76) 9.88 (3.96) 9.90 (5.22) NA F(2,110) = 50.45, p < 0.001

PANSS positive 7.1 (0.32) NA NA 18.8 (6.86) F(1,28) = 28.52, p < 0.001

GAF 84.94 (11.39) 60.53 (10.91) 72.46 (13.51) 45.85 (14.29) F(3,124) = 58.01, p < 0.001

Previous antidepressant 

exposure; n (%)

0 (0.0%) 37 (46.0%) 2 (10.0%) 1 (5.0%) p < 0.001

Previous antipsychotic 

exposure; n (%)

0 (0.0%) 11 (13.8%) 1 (5.0%) 12 (60.0%) p < 0.001

Substance use Tobacco use, daily 

smoker; n (%)

6 (20%) 34 (42.5%) 7 (35.0%) 6 (30.0%) p = 0.044

Cannabis use, ever used; 

n (%)

17 (56.7%) 40 (50.0%) 7 (35.0%) 14 (70.0%) p = 0.16

No use 12 (40%) 32 (40.0%) 8 (40.0%) NA

Experimental use 13 (43.3%) 10 (12.5%) 3 (15.0%) NA

Occasional use 1 (3.3%) 13 (16.3%) 2 (10.0%) NA

Moderate use 3 (10%) 14 (17.5%) 2 (10.0%) NA

Heavy use 0 (0.0%) 3 (3.8%) 0 (0.0%) NA

Missing 1 (3.3%) 8 (10.0%) 5 (25.0%) NA

aSum of the global (severity) ratings for positive subscale items (P1-P4) of the CAARMS. 
APS, attenuated psychotic symptoms; BLIPS, brief limited intermittent psychotic symptoms; CAARMS, comprehensive assessment of at risk mental states; FEP, first episode psychosis; GAF, 
global assessment of functioning; HC, healthy controls; PANSS, positive and negative syndrome scale.
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Region-of-interest regional cerebral blood 
flow

No significant differences were found in regional rCBF in bilateral 
frontal cortex [F(3,143) = 1.012, p = 0.389], bilateral hippocampus 
[F(3,143) = 0.625, p = 0.600], or bilateral striatum [F(3,143) = 0.522, 
p = 0.668] between HCs, APS, BLIPS and FEP (Figure  1; 
Supplementary Table S1). No significant differences were seen in 
regional rCBF in the left or right-lateralized frontal cortex, 
hippocampus or striatum (p > 0.05; Supplementary Tables S5, S8; 
Supplementary Figure S3).

These null findings were robust to the addition of (i) global rCBF 
alone; (ii) global rCBF, smoking status, age and sex as covariates 
(p > 0.05; Supplementary Figure S3; Supplementary Tables S2–S10). 
There were additionally no differences seen in main models when 
individuals with previous antipsychotic exposure (n = 11 APS; n = 1 
BLIPS; n = 12 FEP) were excluded or when individuals with previous 

antidepressant exposure (n = 37 APS; n = 2 BLIPS; n = 1 FEP) were 
excluded (p > 0.05, Supplementary Tables S11, S12).

Whole brain voxel-wise analyses

No significant group effects were identified in whole-brain rCBF 
analyses (pFWE > 0.05).

Bayesian region-of-interest analyses

Moderate support for the null hypothesis (no difference in rCBF 
between APS and BLIPS) was seen in bilateral frontal cortex 
(BF01 = 3.05), right frontal cortex (BF01 = 3.36), right hippocampus 
(BF01 = 3.01) and left striatum (BF01 = 3.05; Figure 2). Weak support for 
the null hypothesis was seen in global gray matter (BF01 = 2.94), left 

A B

C D

FIGURE 1

Plots showing mean bilateral ROI rCBF values within each group. Dots represent individual participants’ mean rCBF values. Boxplots show median 
values and interquartile ranges. Violin plots highlight the distribution of rCBF values within each group. Diamonds show group mean CBF values and 
95%CIs. (A) Global CBF. (B) Frontal. (C) Hippocampus. (D) Striatum. CBF, cerebral blood flow; HC, healthy controls; APS, attenuated psychotic 
symptoms; BLIPS, brief limited intermittent psychotic symptoms; FEP, first episode psychosis.
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frontal cortex (BF01 = 2.42), bilateral hippocampus (BF01 = 2.10), left 
hippocampus (BF01 = 1.83), bilateral striatum (BF01 = 2.87) and right 
striatum (BF01 = 2.74; Figure 2).

Discussion

To our knowledge, this is the largest neuroimaging dataset of 
CHR-P individuals meeting BLIPS criteria to date, and was achieved 
by combining data from four independently conducted studies. As 
such, this is the first study to compare rCBF between APS and BLIPS 
in order to investigate the potential of rCBF for risk stratification of 
CHR-P. However, our results do not provide evidence that rCBF, 
whether based on global gray matter, within ROIs strongly implicated 
in psychosis pathophysiology or within whole-brain voxel-wise 
analyses, is able to discriminate between BLIPS and APS at a group 
level. There are also no differences between these groups and HCs and 
FEP, in contrast to previous findings (10, 11, 37). In fact, these findings 
present moderate-to-weak evidence for no rCBF differences between 
APS and BLIPS across all ROIs.

Our results suggest that the APS and BLIPS CHR-P subgroups 
may not be neurobiologically distinct in terms of rCBF. However, the 
evidence for the null hypothesis ranges between ROIs from weak (e.g., 
left hippocampus) to moderate (e.g., right frontal cortex) so our 
findings may not be conclusive. The weakest evidence was for rCBF in 
the left hippocampus, which has been most strongly implicated in 
neurobiological contrasts between CHR-P and HCs (10–12). Previous 
research investigating neurobiological differences between subgroups 
of the CHR-P population have been mixed. For example longitudinal 
hippocampal rCBF changes are associated with remission from the 

CHR-P state (10) but baseline hippocampal rCBF does not appear to 
be associated with transition to psychosis (12). This may indicate that 
trajectories of rCBF may be more predictive of clinical outcomes, 
rather than baseline values alone. Similarly, assessing rCBF alone may 
not be sufficient for distinguishing CHR-P subgroups. For example, 
the interaction between prefrontal GABA levels and hippocampal 
rCBF is significantly different in CHR-P individuals who transition 
and those who do not (12). Data from additional time points or 
imaging modalities could allow for greater discrimination between 
CHR-P sub-populations, including APS and BLIPS.

Sociodemographic differences between our sample and those of 
previous studies may account for some differences in the results. As 
BLIPS is a less common CHR-P subgroup compared to APS, all 
matching between subgroups was in relation to the BLIPS sample. 
This means that the characteristics of HC, APS and FEP included 
in this study were selected to match the BLIPS cohort and are 
therefore not necessarily representative of their underlying 
populations. For example, despite the proportion of males 
historically being generally similar across APS and BLIPS (8, 23, 42, 
64), due to one study (contributing n = 6 BLIPS; 30% of the total 
sample) only recruiting males, 90% of our BLIPS sample was male, 
which is substantially higher compared to previous studies (closer 
to 50%) (10–12, 15). While greater proportion of males is associated 
with greater psychosis risk in BLIPS samples (65), this is also the 
case in CHR-P more broadly (66). Enrichment of psychosis risk 
through other sociodemographic factors outside of CHR-P 
subgroup (e.g., migrant status, childhood trauma, urbanicity, 
parental severe mental illness, etc) (67) could have reduced the 
likelihood of finding evidence of neurobiological between-group 
differences and may reduce generalisability more broadly. Sex can 

FIGURE 2

Summary of Bayesian analyses. 0.333 < Bayes Factor (BF) < 1, Weak evidence for the alternative hypothesis (H1; BLIPS rCBF > APS rCBF); 1 < BF < 3, Weak 
evidence for the null hypothesis (H0; no difference between APS rCBF and BLIPS rCBF); 3 < BF < 10, Moderate evidence for the null hypothesis (H0; no 
difference between APS rCBF and BLIPS rCBF).
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similarly impact rCBF, with rCBF generally higher across all brain 
structures in females compared to males (68). By matching groups 
for age and sex, our analyses reduced the potential impact of sex, as 
well as age effects (68). While explicit matching has not been used 
in previous CHR-P research, age and sex have consistently been 
included in sensitivity analyses as covariates and significant 
differences between CHR-P and HCs in rCBF were retained (10–12, 
15). Moreover, differences in rCBF remained non-significant when 
sex was included in the model, emphasizing that sex likely did not 
impact our results.

Two of the most robust predictors of psychosis onset in CHR-P 
individuals are attenuated positive psychotic symptom severity and 
global functioning at baseline, but the pattern of presentation varies 
between APS and BLIPS (66). The acute onset and spontaneous 
resolution of BLIPS frank psychotic symptoms (42) could have 
impacted rCBF levels, reducing the likelihood of finding differences 
between BLIPS and APS. While BLIPS experience positive psychotic 
symptoms at higher severity than the attenuated positive psychotic 
symptoms experienced by APS individuals, these are experienced for 
1 week or less before spontaneously resolving (42). The BLIPS 
individuals were scanned after this period of frank psychotic 
symptoms had resolved, as indicated by the similarity of CAARMS 
scores between APS and BLIPS subjects. This is further emphasized 
by the significantly higher levels of functioning, as measured by the 
GAF, seen in BLIPS compared to APS subjects in this study. The 
dynamic nature of rCBF combined with its associations with symptom 
severity (69) and medication effects (44), which can also fluctuate, 
mean that scans performed at different times may result in altered 
perfusion. For example, greater differences may be seen in rCBF if 
participants were scanned at the peak of symptom severity, however, 
this would be  ethically and logistically challenging. It also could 
be argued that despite remission from full psychosis that BLIPS still 
have a greater risk of transition compared to APS so finding 
neurobiological differences, such as rCBF, would still be plausible. In 
addition, many BLIPS individuals also experience attenuated 
psychotic symptoms, meeting criteria for both BLIPS and APS. Such 
individuals were considered to be solely BLIPS in these analyses. These 
factors may contribute to the observed similarities between APS and 
BLIPS in terms of rCBF.

Low rates of transition to FEP could also dilute potential 
differences in perfusion between APS and BLIPS subgroups. While 
expected transition rates are 24 and 38% in APS and BLIPS, 
respectively, (23) only 15% of APS individuals and 10% of BLIPS 
individuals in our sample developed a psychotic disorder over 
follow-up. Due to the demands of the study procedures, it may be that 
the recruited CHR-P individuals were less severely unwell than the 
CHR-P population average. The low transition rate may have reduced 
potential differences in rCBF between APS and BLIPS and limited our 
ability to explore any putative relationship between baseline rCBF and 
subsequent transition.

Despite the large overall sample, the power was still limited, 
particularly for the BLIPS subgroup. The literature base exploring 
rCBF in CHR-P individuals is not yet extensive with only a few 
papers published (10–12, 15). Due to this and the weak-to-moderate 
evidence for the null hypothesis and fluctuations in neurobiology 
over the timecourse of the CHR-P state, future research should aim 
to investigate larger samples of BLIPS and APS with multiple 
imaging modalities acquired at multiple time points, which can 

be  achieved through collaboration and harmonization of data 
through large scale international consortia, e.g., HARMONY 
incorporating NAPLS (70), PRONIA (71), PSYSCAN (72), and 
ENIGMA (73). Similarly, recruitment of BLIPS could be improved 
through expanding CHR-P detection efforts to other brief psychotic 
conditions (e.g., acute and transient psychotic disorders and brief 
psychotic episodes), which all have significant overlap with BLIPS 
(65, 74–77). More consistent changes in cerebral perfusion in 
psychosis have been seen in studies measuring cerebral blood 
volume (CBV) compared to rCBF; (78) this may be a promising 
avenue to explore in future research. A potential limitation of our 
study may arise from the use of slightly different 3D pCASL 
acquisition protocols (see Supplementary Methods S1–S3). Since the 
data originate from multiple studies spanning several years, 
improvements made to the 3D pCASL pulse sequence allowed us to 
use a longer post-labelling delay in a relatively small number of the 
datasets acquired at a later stage (n = 27; 18%). Thus, there may 
be  slightly different sensitivity to tissue perfusion in those data, 
although we used ComBat to mitigate against this. Moreover, due to 
a lack of harmonization between study protocols, we were limited in 
terms of available covariates (e.g., differences in instruments to 
assess anxiety meant we were unable to include this in statistical 
models, despite anxiety showing effects on rCBF in past research) 
(79, 80). However, the current analysis is focused on clinical 
prediction which needs methods that are robust to between-site 
differences in scanners, local methodologies, participant populations 
and other factors. Further to this, our groups were defined on the 
basis of investigating potential differences between BLIPS and the 
other groups. We  therefore cannot conclude that there are no 
differences between all groups, only that we were unable to find a 
statistically significant difference between BLIPS and the 
other groups.

In conclusion, we have found weak-to-moderate evidence for 
an absence of difference in global GM, frontal, hippocampal and 
striatal rCBF between APS and BLIPS. Moreover, we did not find 
differences in rCBF between BLIPS and HCs or FEP either in 
whole-brain voxel-wise analysis or ROIs. These results suggest that 
rCBF alone may not be  suitable for risk stratification in 
CHR-P individuals.

Data availability statement

The datasets presented in this article are not readily available 
because at the time the data was collected it was not routine for 
participants to be asked for their consent to share data publicly, so this 
permission was not obtained. Whilst we are in favor of data being 
open access, no supporting data is available for this study. Requests to 
access the datasets should be  directed to DO (dominic.a.oliver@
kcl.ac.uk).

Ethics statement

The studies involving human participants were reviewed and 
approved by National Health Service UK Research Ethics Committee. 
The patients/participants provided their written informed consent to 
participate in this study.

https://doi.org/10.3389/fpsyt.2023.1092213
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
mailto:dominic.a.oliver@kcl.ac.uk
mailto:dominic.a.oliver@kcl.ac.uk


Oliver et al. 10.3389/fpsyt.2023.1092213

Frontiers in Psychiatry 09 frontiersin.org

Author contributions

PA, AE, PM, and PF-P: conceptualization. DO, CD, FZ, PS, AD, 
AC, HB, MA, and NC: data processing. DO, FZ, and PS: data analysis. 
DO: writing–original draft. All authors: interpretation and writing–
review and editing. All authors contributed to the article and approved 
the submitted version.

Funding

This study was supported by Wellcome Trust grants to PF-P 
(215793/Z/19/Z) and OH (094849/Z/10/Z), Medical Research Council 
(MRC) grants to PM (G0700995) and OH (MC_A656_5QD30_2135), 
a Maudsley Charity grant (No. 666) to OH, and the National Institute 
for Health Research (NIHR) Biomedical Research Centre (BRC) at 
South London and Maudsley NHS Foundation Trust and King’s 
College London (PM, OH, and PF-P).

Acknowledgments

We thank the radiographers of the Centre for Neuroimaging 
Sciences who conducted the MRI scans.

Conflict of interest

SJ has received honoraria for educational talks given for 
Lundbeck, Janssen, and Sunovion. OH has received 

investigator-initiated research funding from and/or participated in 
advisory/speaker meetings organized by Angelini, Autifony, Biogen, 
Boehringer-Ingelheim, Eli Lilly, Heptares, Global Medical 
Education, Invicro, Janssen, Lundbeck, Neurocrine, Otsuka, 
Sunovion, Recordati, Roche and Viatris/Mylan. OH has a patent for 
the use of dopaminergic imaging. OH is a part-time employee and 
stockholder of Lundbeck A/S. PF-P has received research funds or 
personal fees from Lundbeck, Angelini, Menarini, Sunovion, 
Boehringer Ingelheim, Mindstrong, Proxymm Science, outside the 
current study.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1092213/
full#supplementary-material

References
 1. Collaborators GDS 2013. Global, regional, and national incidence, prevalence, and 

years lived with disability for 301 acute and chronic diseases and injuries in 188 
countries, 1990-2013: a systematic analysis for the global burden of disease study 2013. 
Lancet. (2015) 386:743–800. doi: 10.1016/S0140-6736(15)60692-4

 2. Fusar-Poli, P, McGorry, PD, and Kane, JM. Improving outcomes of first-episode 
psychosis: an overview. World Psychiatry. (2017) 16:251–65. doi: 10.1002/wps.20446

 3. Fusar-Poli, P. The clinical high-risk state for psychosis (CHR-P) version II 
schizophrenia. Bulletin. (2017) 43:44–7. doi: 10.1093/schbul/sbw158

 4. Fusar-Poli, P, Correll, CU, Arango, C, Berk, M, Patel, V, and Ioannidis, JPA. 
Preventive psychiatry: a blueprint for improving the mental health of young people. 
World Psychiatry. (2021) 20:200–21. doi: 10.1002/wps.20869

 5. Fusar-Poli, P, Rutigliano, G, Schultze-Lutter, F, Bonoldi, I, Borgwardt, S, 
Riecher-Rössler, A, et al. At risk or not at risk? A meta-analysis of the prognostic 
accuracy of psychometric interviews for psychosis prediction. World Psychiatry. (2015) 
14:322–32. doi: 10.1002/wps.20250

 6. Oliver, D, Kotlicka-Antczak, M, Minichino, A, Spada, G, McGuire, P, and 
Fusar-Poli, P. Meta-analytical prognostic accuracy of the comprehensive assessment of 
at risk mental states (CAARMS): the need for refined prediction. Eur Psychiatry. (2018) 
49:62–8. doi: 10.1016/j.eurpsy.2017.10.001

 7. Oliver, D, Arribas, M, Radua, J, Salazar de Pablo, G, De Micheli, A, Spada, G, et al. 
Prognostic accuracy and clinical utility of psychometric instruments for individuals at 
clinical high-risk of psychosis: a systematic review and meta-analysis. Mol Psychiatry. 
(2022) 7:3670–8. doi: 10.1038/s41380-022-01611-w

 8. Fusar-Poli, P, Salazar de Pablo, G, Correll, CU, Meyer-Lindenberg, A, Millan, MJ, 
Borgwardt, S, et al. Prevention of psychosis: advances in detection, prognosis, and 
intervention. JAMA Psychiat. (2020) 77:755–65. doi: 10.1001/jamapsychiatry.2019.4779

 9. Yung, AR, McGorry, PD, McFarlane, CA, Jackson, HJ, Patton, GC, and Rakkar, A. 
Monitoring and care of young people at incipient risk of psychosis. Schizophr Bull. 
(1996) 22:283–303. doi: 10.1093/schbul/22.2.283

 10. Allen, P, Chaddock, CA, Egerton, A, Howes, OD, Bonoldi, I, Zelaya, F, et al. 
Resting hyperperfusion of the hippocampus, midbrain, and basal ganglia in people at 

high risk for psychosis. Am J Psychiatry. (2016) 173:392–9. doi: 10.1176/appi.
ajp.2015.15040485

 11. Allen, P, Azis, M, Modinos, G, Bossong, MG, Bonoldi, I, Samson, C, et al. 
Increased resting hippocampal and basal ganglia perfusion in people at ultra-high risk 
for psychosis: replication in a second cohort. Schizophr Bull. (2018) 44:1323–31. doi: 
10.1093/schbul/sbx169

 12. Modinos, G, Şimşek, F, Azis, M, Bossong, M, Bonoldi, I, Samson, C, et al. 
Prefrontal GABA levels, hippocampal resting perfusion and the risk of psychosis. 
Neuropsychopharmacology. (2018) 43:2652–9. doi: 10.1038/s41386-017-0004-6

 13. Schobel, SA, Chaudhury, NH, Khan, UA, Paniagua, B, Styner, MA, Asllani, I, et al. 
Imaging patients with psychosis and a mouse model establishes a spreading pattern of 
hippocampal dysfunction and implicates glutamate as a driver. Neuron. (2013) 78:81–93. 
doi: 10.1016/j.neuron.2013.02.011

 14. Modinos, G, Allen, P, Zugman, A, Dima, D, Azis, M, Samson, C, et al. Neural 
circuitry of novelty salience processing in psychosis risk: association with clinical 
outcome. Schizophr Bull. (2020) 46:670–9. doi: 10.1093/schbul/sbz089

 15. Kindler, J, Schultze-Lutter, F, Hauf, M, Dierks, T, Federspiel, A, Walther, S, et al. 
Increased striatal and reduced prefrontal cerebral blood flow in clinical high risk for 
psychosis. Schizophr Bull. (2018) 44:182–92. doi: 10.1093/schbul/sbx070

 16. Jauhar, S, McCutcheon, R, Borgan, F, Veronese, M, Nour, M, Pepper, F, et al. The 
relationship between cortical glutamate and striatal dopamine in first-episode 
psychosis: a cross-sectional multimodal PET and magnetic resonance spectroscopy 
imaging study. Lancet Psychiatry. (2018) 5:816–23. doi: 10.1016/
S2215-0366(18)30268-2

 17. Baglivo, V, Cao, C, Mwangi, B, Bellani, M, Perlini, C, Lasalvia, A, et al. 
Hippocampal subfield volumes in patients with first-episode psychosis. Schizophr Bull. 
(2018) 44:552–9. doi: 10.1093/schbul/sbx108

 18. Sauras, R, Keymer, A, Alonso-Solis, A, Díaz, A, Molins, C, Nuñez, F, et al. 
Volumetric and morphological characteristics of the hippocampus are associated with 
progression to schizophrenia in patients with first-episode psychosis. Eur Psychiatry. 
(2017) 45:1–5. doi: 10.1016/j.eurpsy.2017.06.006

https://doi.org/10.3389/fpsyt.2023.1092213
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1092213/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1092213/full#supplementary-material
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1002/wps.20446
https://doi.org/10.1093/schbul/sbw158
https://doi.org/10.1002/wps.20869
https://doi.org/10.1002/wps.20250
https://doi.org/10.1016/j.eurpsy.2017.10.001
https://doi.org/10.1038/s41380-022-01611-w
https://doi.org/10.1001/jamapsychiatry.2019.4779
https://doi.org/10.1093/schbul/22.2.283
https://doi.org/10.1176/appi.ajp.2015.15040485
https://doi.org/10.1176/appi.ajp.2015.15040485
https://doi.org/10.1093/schbul/sbx169
https://doi.org/10.1038/s41386-017-0004-6
https://doi.org/10.1016/j.neuron.2013.02.011
https://doi.org/10.1093/schbul/sbz089
https://doi.org/10.1093/schbul/sbx070
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1093/schbul/sbx108
https://doi.org/10.1016/j.eurpsy.2017.06.006


Oliver et al. 10.3389/fpsyt.2023.1092213

Frontiers in Psychiatry 10 frontiersin.org

 19. Briend, F, Nelson, EA, Maximo, O, Armstrong, WP, Kraguljac, NV, Lahti, AC, et al. 
Hippocampal glutamate and hippocampus subfield volumes in antipsychotic-naive first 
episode psychosis subjects and relationships to duration of untreated psychosis. Transl 
Psychiatry. (2020) 10:137. doi: 10.1038/s41398-020-0812-z

 20. Schobel, SA, Lewandowski, NM, Corcoran, CM, Moore, H, Brown, T, 
Malaspina, D, et al. Differential targeting of the CA1 subfield of the hippocampal 
formation by schizophrenia and related psychotic disorders. Arch Gen Psychiatry. (2009) 
66:938–46. doi: 10.1001/archgenpsychiatry.2009.115

 21. Malaspina, D, Harkavy-Friedman, J, Corcoran, C, Mujica-Parodi, L, Printz, D, 
Gorman, JM, et al. Resting neural activity distinguishes subgroups of schizophrenia 
patients. Biol Psychiatry. (2004) 56:931–7. doi: 10.1016/j.biopsych.2004.09.013

 22. Heckers, S, and Konradi, C. Hippocampal pathology in schizophrenia In: NR 
Swerdlow, editor. Behavioral neurobiology of schizophrenia and its treatment, vol. 4. 
Berlin Heidelberg: Springer (2010). 529–53. doi: 10.1007/7854_2010_43

 23. Fusar-Poli, P, Cappucciati, M, Borgwardt, S, Woods, SW, Addington, J, Nelson, B, 
et al. Heterogeneity of psychosis risk within individuals at clinical high risk: a meta-
analytical stratification. JAMA Psychiat. (2016) 73:113–20. doi: 10.1001/
jamapsychiatry.2015.2324

 24. Liu, TT, and Brown, GG. Measurement of cerebral perfusion with arterial spin 
labeling: part 1. Methods J Int Neuropsychol Soc. (2007) 13:517–25. doi: 10.1017/
S1355617707070646

 25. Allen, P, Luigjes, J, Howes, OD, Egerton, A, Hirao, K, Valli, I, et al. Transition to 
psychosis associated with prefrontal and subcortical dysfunction in ultra high-risk 
individuals. Schizophr Bull. (2012) 38:1268–76. doi: 10.1093/schbul/sbr194

 26. Howes, OD, Montgomery, AJ, Asselin, M-C, Murray, RM, Valli, I, Tabraham, P, 
et al. Elevated striatal dopamine function linked to prodromal signs of schizophrenia. 
Arch Gen Psychiatry. (2009) 66:13. doi: 10.1001/archgenpsychiatry.2008.514

 27. Egerton, A, Chaddock, CA, Winton-Brown, WT, Bloomfield, MB, Bhattacharyya, S, 
Allen, P, et al. Presynaptic striatal dopamine dysfunction in people at ultra-high risk for 
psychosis: findings in a second cohort. Biol Psychiatry. (2013) 74:106–12. doi: 10.1016/j.
biopsych.2012.11.017

 28. Girgis, RR, Slifstein, M, Brucato, G, Kegeles, LS, Colibazzi, T, Lieberman, JA, et al. 
Imaging synaptic dopamine availability in individuals at clinical high-risk for psychosis: 
a [11C]-(+)-PHNO PET with methylphenidate challenge study. Mol Psychiatry. (2021) 
26:2504–13. doi: 10.1038/s41380-020-00934-w

 29. Valli, I, Stone, J, Mechelli, A, Bhattacharyya, S, Raffin, M, Allen, P, et al. Altered 
medial temporal activation related to local glutamate levels in subjects with 
prodromal signs of psychosis. Biol Psychiatry. (2011) 69:97–9. doi: 10.1016/j.
biopsych.2010.08.033

 30. Stone, JM, et al. Altered relationship between hippocampal glutamate levels and 
striatal dopamine function in subjects at ultra-high risk of psychosis. Biol Psychiatry. 
(2010) 68:599–602. doi: 10.1016/j.biopsych.2010.05.034

 31. Borgwardt, SJ, Howes, OD, Egerton, A, Kambeitz, J, Allen, P, Lythgoe, DJ, et al. 
Regional gray matter volume abnormalities in the at risk mental state. Biol Psychiatry. 
(2007) 61:1148–56. doi: 10.1016/j.biopsych.2006.08.009

 32. Brunner, G, Gajwani, R, Gross, J, Gumley, AI, Krishnadas, R, Lawrie, SM, et al. 
Hippocampal structural alterations in early-stage psychosis: specificity and relationship 
to clinical outcomes. NeuroImage: Clinical. (2022) 35:103087. doi: 10.1016/j.
nicl.2022.103087

 33. Hinney, B, Walter, A, Aghlmandi, S, Andreou, C, and Borgwardt, S. Does 
hippocampal volume predict transition to psychosis in a high-risk group? A meta-
analysis. Front Psychiatry. (2021) 11:614659. doi: 10.3389/fpsyt.2020.614659

 34. Zikidi, K, Gajwani, R, Gross, J, Gumley, AI, Krishnadas, R, Lawrie, SM, et al. Gray-
matter abnormalities in clinical high-risk participants for psychosis. Schizophr Res. 
(2020) 226:120–8. doi: 10.1016/j.schres.2019.08.034

 35. Lodge, DJ, and Grace, AA. Hippocampal dysregulation of dopamine system 
function and the pathophysiology of schizophrenia. Trends Pharmacol Sci. (2011) 
32:507–13. doi: 10.1016/j.tips.2011.05.001

 36. Howes, OD, and Kapur, S. The dopamine hypothesis of schizophrenia: version 
III--the final common pathway. Schizophr Bull. (2009) 35:549–62. doi: 10.1093/schbul/
sbp006

 37. Selvaggi, P, Jauhar, S, Kotoula, V, Pepper, F, Veronese, M, Santangelo, B, et al. 
Reduced cortical cerebral blood flow in antipsychotic-free first-episode psychosis and 
relationship to treatment response. Psychol Med. (2022) 11:2288. doi: 10.1017/
S0033291722002288

 38. Davies, C, Paloyelis, Y, Rutigliano, G, Cappucciati, M, De Micheli, A, 
Ramella-Cravaro, V, et al. Oxytocin modulates hippocampal perfusion in people at 
clinical high risk for psychosis. Neuropsychopharmacology. (2019) 44:1300–9. doi: 
10.1038/s41386-018-0311-6

 39. Fusar-Poli, P, Spencer, T, De Micheli, A, Curzi, V, Nandha, S, McGuire, P, et al. 
Outreach and support in South-London (OASIS) 2001-2020: twenty years of early 
detection, prognosis and preventive care for young people at risk of psychosis. Eur 
Neuropsychopharmacol. (2020) 39:111–22. doi: 10.1016/j.euroneuro.2020.08.002

 40. Fusar-Poli, P, Estradé, A, Spencer, TJ, Gupta, S, Murguia-Asensio, S, Eranti, S, et al. 
Pan-London network for psychosis-prevention (PNP). Front Psych. (2019) 10:707. doi: 
10.3389/fpsyt.2019.00707

 41. Yung, AR, Yuen, HP, PD, MG, Phillips, LJ, Kelly, D, Olio, MD, et al. Mapping the 
onset of psychosis: the comprehensive assessment of at-risk mental states. Aust N Z J 
Psychiatry. (2005) 39:964–71. doi: 10.1080/j.1440-1614.2005.01714.x

 42. Fusar-Poli, P, Cappucciati, M, De Micheli, A, Rutigliano, G, Bonoldi, I, Tognin, S, 
et al. Diagnostic and prognostic significance of brief limited intermittent psychotic 
symptoms (BLIPS) in individuals at ultra-high risk. Schizophr Bull. (2017) 43:48–56. doi: 
10.1093/schbul/sbw151

 43. Fusar-Poli, P, Nelson, B, Valmaggia, L, Yung, AR, and McGuire, PK. Comorbid 
depressive and anxiety disorders in 509 individuals with an at-risk mental state: impact 
on psychopathology and transition to psychosis. Schizophr Bull. (2014) 40:120–31. doi: 
10.1093/schbul/sbs136

 44. Handley, R, Zelaya, FO, Reinders, AATS, Marques, TR, Mehta, MA, O'Gorman, R, 
et al. Acute effects of single-dose aripiprazole and haloperidol on resting cerebral blood 
flow (rCBF) in the human brain. Hum Brain Mapp. (2013) 34:272–82. doi: 10.1002/
hbm.21436

 45. Selvaggi, P, PCT, H, Dipasquale, O, Rizzo, G, Bertolino, A, Dukart, J, et al. 
Increased cerebral blood flow after single dose of antipsychotics in healthy volunteers 
depends on dopamine D2 receptor density profiles. NeuroImage. (2019) 188:774–84. doi: 
10.1016/j.neuroimage.2018.12.028

 46. World Health Organization. The ICD-10 classification of mental and behavioral 
disorders: Clinical descriptions and diagnostic guidelines World Health Organization 
(1992).

 47. Jauhar, S, Veronese, M, Nour, MM, Rogdaki, M, Hathway, P, Turkheimer, F, et al. 
The effects of antipsychotic treatment on presynaptic dopamine synthesis capacity in 
first-episode psychosis: a positron emission tomography study. Biol Psychiatry. (2019) 
85:79–87. doi: 10.1016/j.biopsych.2018.07.003

 48. Leucht, S, Winter-van Rossum, I, Heres, S, Arango, C, Fleischhacker, WW, Glenthøj, B, 
et al. The optimization of treatment and Management of Schizophrenia in Europe 
(OPTiMiSE) trial: rationale for its methodology and a review of the effectiveness of switching 
antipsychotics. Schizophr Bull. (2015) 41:549–58. doi: 10.1093/schbul/sbv019

 49. Aas, IHM. Guidelines for rating global assessment of functioning (GAF). Ann 
General Psychiatry. (2011) 10:2.

 50. Alsop, DC, Detre, JA, Golay, X, Günther, M, Hendrikse, J, Hernandez-Garcia, L, et al. 
Recommended implementation of arterial spin-labeled perfusion MRI for clinical 
applications: a consensus of the ISMRM perfusion study group and the European consortium 
for ASL in dementia. Magn Reson Med. (2015) 73:102–16. doi: 10.1002/mrm.25197

 51. Mato Abad, V, García-Polo, P, O’Daly, O, Hernández-Tamames, JA, and Zelaya, F. 
ASAP (automatic software for ASL processing): a toolbox for processing arterial spin 
labeling images. Magn Reson Imaging. (2016) 34:334–44. doi: 10.1016/j.mri.2015.11.002

 52. Smith, SM. Fast robust automated brain extraction. Hum Brain Mapp. (2002) 
17:143–55. doi: 10.1002/hbm.10062

 53. Fortin, JP, Parker, D, Tunç, B, Watanabe, T, Elliott, MA, Ruparel, K, et al. 
Harmonization of multi-site diffusion tensor imaging data. NeuroImage. (2017) 
161:149–70. doi: 10.1016/j.neuroimage.2017.08.047

 54. Fortin, JP, Cullen, N, Sheline, YI, Taylor, WD, Aselcioglu, I, Cook, PA, et al. 
Harmonization of cortical thickness measurements across scanners and sites. 
NeuroImage. (2018) 167:104–20. doi: 10.1016/j.neuroimage.2017.11.024

 55. Johnson, WE, Li, C, and Rabinovic, A. Adjusting batch effects in microarray 
expression data using empirical Bayes methods. Biostatistics. (2007) 8:118–27. doi: 
10.1093/biostatistics/kxj037

 56. Radua, J, Vieta, E, Shinohara, R, Kochunov, P, Quidé, Y, Green, MJ, et al. Increased 
power by harmonizing structural MRI site differences with the ComBat batch 
adjustment method in ENIGMA. NeuroImage. (2020) 218:116956. doi: 10.1016/j.
neuroimage.2020.116956

 57. van Erp, TGM, Hibar, DP, Rasmussen, JM, Glahn, DC, Pearlson, GD, ENIGMA 
Schizophrenia Working Group, et al. Subcortical brain volume abnormalities in 2028 
individuals with schizophrenia and 2540 healthy controls via the ENIGMA consortium. 
Mol Psychiatry. (2016) 21:547–53. doi: 10.1038/mp.2015.63

 58. Baldwin, H, Radua, J, Antoniades, M, Haas, SS, Frangou, S, Agartz, I, et al. 
Neuroanatomical heterogeneity and homogeneity in individuals at clinical high risk for 
psychosis. Transl Psychiatry. (2022) 12:297. doi: 10.1038/s41398-022-02057-y

 59. Amunts, K, Kedo, O, Kindler, M, Pieperhoff, P, Mohlberg, H, Shah, NJ, et al. 
Cytoarchitectonic mapping of the human amygdala, hippocampal region and entorhinal 
cortex: intersubject variability and probability maps. Anat Embryol. (2005) 210:343–52. 
doi: 10.1007/s00429-005-0025-5

 60. Eickhoff, SB, Stephan, KE, Mohlberg, H, Grefkes, C, Fink, GR, Amunts, K, et al. A 
new SPM toolbox for combining probabilistic cytoarchitectonic maps and functional 
imaging data. NeuroImage. (2005) 25:1325–35. doi: 10.1016/j.neuroimage.2004.12.034

 61. van Buuren, S, and Groothuis-Oudshoorn, K. Multivariate imputation by chained 
equations in R. J Stat Softw. (2011) 45:1–67. doi: 10.18637/jss.v045.i03

 62. Lenth, R. Emmeans: Estimated marginal means, aka least-squares means. (2020).

 63. Jeffreys, H. Theory of probability Clarendon Press; Oxford: Oxford University Press 
(1998).

 64. Fusar-Poli, P, de Micheli, A, Chalambrides, M, Singh, A, Augusto, C, and 
McGuire, P. Unmet needs for treatment in 102 individuals with brief and limited 

https://doi.org/10.3389/fpsyt.2023.1092213
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1038/s41398-020-0812-z
https://doi.org/10.1001/archgenpsychiatry.2009.115
https://doi.org/10.1016/j.biopsych.2004.09.013
https://doi.org/10.1007/7854_2010_43
https://doi.org/10.1001/jamapsychiatry.2015.2324
https://doi.org/10.1001/jamapsychiatry.2015.2324
https://doi.org/10.1017/S1355617707070646
https://doi.org/10.1017/S1355617707070646
https://doi.org/10.1093/schbul/sbr194
https://doi.org/10.1001/archgenpsychiatry.2008.514
https://doi.org/10.1016/j.biopsych.2012.11.017
https://doi.org/10.1016/j.biopsych.2012.11.017
https://doi.org/10.1038/s41380-020-00934-w
https://doi.org/10.1016/j.biopsych.2010.08.033
https://doi.org/10.1016/j.biopsych.2010.08.033
https://doi.org/10.1016/j.biopsych.2010.05.034
https://doi.org/10.1016/j.biopsych.2006.08.009
https://doi.org/10.1016/j.nicl.2022.103087
https://doi.org/10.1016/j.nicl.2022.103087
https://doi.org/10.3389/fpsyt.2020.614659
https://doi.org/10.1016/j.schres.2019.08.034
https://doi.org/10.1016/j.tips.2011.05.001
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1017/S0033291722002288
https://doi.org/10.1017/S0033291722002288
https://doi.org/10.1038/s41386-018-0311-6
https://doi.org/10.1016/j.euroneuro.2020.08.002
https://doi.org/10.3389/fpsyt.2019.00707
https://doi.org/10.1080/j.1440-1614.2005.01714.x
https://doi.org/10.1093/schbul/sbw151
https://doi.org/10.1093/schbul/sbs136
https://doi.org/10.1002/hbm.21436
https://doi.org/10.1002/hbm.21436
https://doi.org/10.1016/j.neuroimage.2018.12.028
https://doi.org/10.1016/j.biopsych.2018.07.003
https://doi.org/10.1093/schbul/sbv019
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1016/j.mri.2015.11.002
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/j.neuroimage.2017.08.047
https://doi.org/10.1016/j.neuroimage.2017.11.024
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1016/j.neuroimage.2020.116956
https://doi.org/10.1016/j.neuroimage.2020.116956
https://doi.org/10.1038/mp.2015.63
https://doi.org/10.1038/s41398-022-02057-y
https://doi.org/10.1007/s00429-005-0025-5
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.18637/jss.v045.i03


Oliver et al. 10.3389/fpsyt.2023.1092213

Frontiers in Psychiatry 11 frontiersin.org

intermittent psychotic symptoms (BLIPS): implications for current clinical 
recommendations. Epidemiol Psychiatr Sci. (2020) 29:e67. doi: 10.1017/
S2045796019000635

 65. Provenzani, U, Salazar de Pablo, G, Arribas, M, Pillmann, F, and Fusar-Poli, P. 
Clinical outcomes in brief psychotic episodes: a systematic review and meta-analysis. 
Epidemiol Psychiatr Sci. (2021) 30:e71. doi: 10.1017/S2045796021000548

 66. Oliver, D, Reilly, TJ, Baccaredda Boy, O, Petros, N, Davies, C, Borgwardt, S, et al. 
What causes the onset of psychosis in individuals at clinical high risk? A meta-analysis 
of risk and protective factors. Schizophr Bull. (2019). doi: 10.1093/schbul/sbz039

 67. Radua, J, Ramella-Cravaro, V, JPA, I, Reichenberg, A, Phiphopthatsanee, N, 
Amir, T, et al. What causes psychosis? An umbrella review of risk and protective factors. 
World Psychiatry. (2018) 17:49–66. doi: 10.1002/wps.20490

 68. Alisch, JSR, Khattar, N, Kim, RW, Cortina, LE, Rejimon, AC, Qian, W, et al. Sex 
and age-related differences in cerebral blood flow investigated using pseudo-continuous 
arterial spin labeling magnetic resonance imaging. Aging. (2021) 13:4911–25. doi: 
10.18632/aging.202673

 69. Stegmayer, K, Strik, W, Federspiel, A, Wiest, R, Bohlhalter, S, Walther, S, et al. 
Specific cerebral perfusion patterns in three schizophrenia symptom dimensions. 
Schizophr Res. (2017) 190:96–101. doi: 10.1016/j.schres.2017.03.018

 70. Addington, J, et al. North American Prodrome longitudinal study (NAPLS 2): 
overview and recruitment. Schizophr Res. (2012) 142:77–82. doi: 10.1016/j.
schres.2012.09.012

 71. Koutsouleris, N, Kambeitz-Ilankovic, L, Ruhrmann, S, Rosen, M, Ruef, A, 
Dwyer, DB, et al. Prediction models of functional outcomes for individuals in the clinical 
high-risk state for psychosis or with recent-onset depression: a multimodal. JAMA 
Psychiat. (2018) 75:1156–72. doi: 10.1001/jamapsychiatry.2018.2165

 72. Tognin, S, van Hell, HH, Merritt, K, Winter-van Rossum, I, Bossong, MG, 
Kempton, MJ, et al. Towards precision medicine in psychosis: benefits and challenges of 
multimodal multicenter studies-PSYSCAN: translating neuroimaging findings from 

research into clinical practice. Schizophr Bull. (2020) 46:432–41. doi: 10.1093/schbul/
sbz067

 73. Thompson, PM, Jahanshad, N, Ching, CRK, Salminen, LE, Thomopoulos, SI, The 
ENIGMA Consortium, et al. ENIGMA and global neuroscience: a decade of large-scale 
studies of the brain in health and disease across more than 40 countries. Transl Psychiatry. 
(2020) 10:100. doi: 10.1038/s41398-020-0705-1

 74. Rutigliano, G, Merlino, S, Minichino, A, Patel, R, Davies, C, Oliver, D, et al. Long term 
outcomes of acute and transient psychotic disorders: the missed opportunity of preventive 
interventions. Eur Psychiatry. (2018) 52:126–33. doi: 10.1016/j.eurpsy.2018.05.004

 75. Minichino, A, Rutigliano, G, Merlino, S, Davies, C, Oliver, D, De Michel, A, et al. 
Unmet needs in patients with brief psychotic disorders: too ill for clinical high risk 
services and not ill enough for first episode services. Eur Psychiatry. (2019) 57:26–32. 
doi: 10.1016/j.eurpsy.2018.12.006

 76. Castagnini, AC, and Fusar-Poli, P. Diagnostic validity of ICD-10 acute and 
transient psychotic disorders and DSM-5 brief psychotic disorder. Eur Psychiatry. (2017) 
45:104–13. doi: 10.1016/j.eurpsy.2017.05.028

 77. Fusar-Poli, P, Salazar de Pablo, G, Rajkumar, RP, López-Díaz, A, Malhotra, S, 
Heckers, S, et al. Diagnosis, prognosis, and treatment of brief psychotic episodes: a 
review and research agenda. Lancet Psychiatry. (2022) 9:72–83. doi: 10.1016/
S2215-0366(21)00121-8

 78. Talati, P, Rane, S, Skinner, J, Gore, J, and Heckers, S. Increased hippocampal blood 
volume and normal blood flow in schizophrenia. Psychiatry Res Neuroimaging. (2015) 
232:219–25. doi: 10.1016/j.pscychresns.2015.03.007

 79. Mathew, RJ, Wilson, WH, Humphreys, D, Lowe, JV, and Wiethe, KE. Cerebral 
vasodilation and vasoconstriction associated with acute anxiety. Biol Psychiatry. (1997) 
41:782–95. doi: 10.1016/S0006-3223(96)00178-3

 80. Gur, RC, Gur, RE, Resnick, SM, Skolnick, BE, Alavi, A, Reivich, M, et al. The effect 
of anxiety on cortical cerebral blood flow and metabolism. J Cereb Blood Flow Metab. 
(1987) 7:173–7. doi: 10.1038/jcbfm.1987.40

https://doi.org/10.3389/fpsyt.2023.1092213
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1017/S2045796019000635
https://doi.org/10.1017/S2045796019000635
https://doi.org/10.1017/S2045796021000548
https://doi.org/10.1093/schbul/sbz039
https://doi.org/10.1002/wps.20490
https://doi.org/10.18632/aging.202673
https://doi.org/10.1016/j.schres.2017.03.018
https://doi.org/10.1016/j.schres.2012.09.012
https://doi.org/10.1016/j.schres.2012.09.012
https://doi.org/10.1001/jamapsychiatry.2018.2165
https://doi.org/10.1093/schbul/sbz067
https://doi.org/10.1093/schbul/sbz067
https://doi.org/10.1038/s41398-020-0705-1
https://doi.org/10.1016/j.eurpsy.2018.05.004
https://doi.org/10.1016/j.eurpsy.2018.12.006
https://doi.org/10.1016/j.eurpsy.2017.05.028
https://doi.org/10.1016/S2215-0366(21)00121-8
https://doi.org/10.1016/S2215-0366(21)00121-8
https://doi.org/10.1016/j.pscychresns.2015.03.007
https://doi.org/10.1016/S0006-3223(96)00178-3
https://doi.org/10.1038/jcbfm.1987.40

	Parsing neurobiological heterogeneity of the clinical high-risk state for psychosis: A pseudo-continuous arterial spin labelling study
	Introduction
	Methods
	Participants
	Design, materials, procedure
	Magnetic resonance imaging acquisition and image processing
	Statistical analysis
	Sociodemographic, clinical and substance use data
	Global cerebral blood flow
	Region-of-interest analyses
	Whole brain voxel-wise analyses
	Bayesian region-of-interest analyses

	Results
	Demographics
	Global gray matter regional cerebral blood flow
	Region-of-interest regional cerebral blood flow
	Whole brain voxel-wise analyses
	Bayesian region-of-interest analyses

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

