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Increased striatal dopaminergic activity and decreased pre-
frontal functioning have been reported in individuals at clini-
cal high risk (CHR) for psychosis. Abnormal metabolic rate
might affect resting-state cerebral blood flow (rCBF) in the
respective regions. Here, we examined if striatal and prefron-
tal rCBF differ between patients with CHR, first-episode
psychosis (FEP), chronic schizophrenia-spectrum disorder
(SZ) and controls. Two cohorts with a total of 122 partici-
pants were included and analyzed separately: 32 patients
with SZ and 31 healthy controls (HC) from the University
Hospital of Psychiatry, and 59 patients from the Bern Early
Recognition and Intervention Center (29 with CHR, 12
with FEP, and 18 clinical controls [CC]). Ultra-high risk
criteria were assessed with the Structured Interview for
Psychosis-Risk Syndromes, basic symptom criteria with the
Schizophrenia Proneness Instrument. rCBF was measured
with pseudo-continuous arterial spin labeling 3T-Magnetic
Resonance Imaging. Striatal rCBF was significantly
increased and prefrontal rCBF significantly decreased in the
SZ. group compared to HC group and in the CHR and FEP
groups compared to CC group. Striatal rCBF correlated sig-
nificantly with positive symptom scores in SZ and CHR. An
inverse correlation between striatal and frontal rCBF was
found in controls (HC, CC), but not in patient groups (SZ,
FEP, CHR). This is the first study to demonstrate increased
neuronal activity within the striatum, but reduced prefrontal
activity in patients with CHR, FEP, and SZ compared to the
respective controls. Our results indicate that alterations in
striatal and prefrontal rCBF are reflecting metabolic abnor-
malities preceding the onset of frank psychosis.
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Introduction

Early detection and intervention in individuals with ini-
tial signs of emerging psychosis is regarded as a promis-
ing strategy to reduce the burden of psychotic disorders.!
To this aim, 2 complementary sets of clinical high risk
(CHR; henceforth used as superordinate term) criteria
were developed?®: One are the “ultra-high risk” (UHR)
criteria* that include attenuated and brief intermittent
psychotic symptoms, as well as a combination of genetic
risk factors and recent significant functional decline and
aim to detect an imminent risk of transition to psychosis.
The other are the “basic symptom” (BS) criteria®”’ “cog-
nitive-perceptive basic symptoms” (COPER) and “cog-
nitive disturbances” (COGDIS) that constitute of subtle
subjective symptoms assumed to present the most imme-
diate expression of the neurobiological processes under-
lying the development of psychoses and aim to detect a
risk of psychoses as early as possible in the assumed pro-
dromal phase.®

In vivo research on CHR states for psychosis indi-
cated increased presynaptic striatal dopamine synthe-
sis in patients with CHR as compared to controls.’!
Furthermore, we recently reported an increase in abnor-
mal involuntary movements in children and adolescents
with CHR symptoms, which might reflect early striatal
dysfunctions.''? An increase in the metabolic rate could
also affect resting-state cerebral blood flow (rCBF) in the
respective regions.'* The arterial spin labeling (ASL) mag-
netic resonance imaging (MRI) signal is directly linked to
rCBF and provides a quantitative and absolute measure
of rCBEF, reflecting the level of neuronal activity.!*!® The
ASL technique has successfully been used to measure
global differences in rCBF between healthy individuals
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and patients with schizophrenia,'®' to characterize psy-
chotic psychopathological phenomena'® % and to analyze
functional connectivity.!*? Recently, increased rCBF in
the basal ganglia was reported in patients with chronic
schizophrenia'® and with CHR.?

The striatum has extensive structural and func-
tional connections to the frontal cortex® via cortico-
striato-thalamo-cortical circuitries and is particularly
involved in motor and complex cognitive functioning.?!-?
Decreased prefrontal activity*>* paralleled by neurocog-
nitive impairments®* and abnormal prefrontal rCBF*2
have consistently been demonstrated in chronic schizo-
phrenia. Importantly, dopaminergic activity in the stria-
tum has been inversely related to prefrontal functioning
in patients with schizophrenia’*® and individuals with
CHR.¥ However, the interaction between striatal and
prefrontal cortex (PFC) neuronal activity in individuals
at the beginning of the psychotic disorder, namely indi-
viduals with CHR, is still poorly understood.

In the present study, our first aim was to investigate
whether rCBF in the striatum serves as a biomarker for
psychosis. For this, we tracked rCBF abnormalities in
the striatum in patients with CHR, first-episode psycho-
sis (FEP), and chronic schizophrenia-spectrum patients
(SZ), expecting to find an increase in striatal rCBF in all
3 groups as compared to the respective clinical (CC) and
healthy controls (HC). We assumed that abnormal rCBF
in striatum would be correlated in particular with CHR
and positive symptoms in patients with psychosis and
increased psychosis risk.*** Our second aim was to inves-
tigate fronto-striatal interactions by additionally measur-
ing the rCBF in the PFC. Here, we tested if abnormal
prefrontal rCBF was already present in FEP and CHR

Table 1. Sociodemographic and Clinical Characteristics of Samples
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and hypothesized to find negative correlations between
rCBF in striatal and prefrontal areas in patient groups
and controls.

Methods

Sample and Assessments

Two sample groups with a total of 122 participants with
ASL-MR scans were investigated (table 1). The first sam-
ple (n = 63) of SZ (n = 32) and HC (n = 31) from the
University Hospital of Psychiatry, Bern; and the second
sample of 59 patients from the Bern Early Recognition
and Intervention Center (FETZ Bern), consisting of
patients with CHR (n = 29), FEP (n = 12), and nonpsy-
chotic/non-CHR CC (n = 18). The local ethics committee
approved the study. Written informed consent was pro-
vided by all participants and, by parents of minors in the
FETZ sample (n = 28). All procedures contributing to
this work comply with the ethical standards of the rel-
evant national and institutional committees on human
experimentation, and with the Helsinki Declaration of
1975, as revised in 2008.

Sample 1: The SZ and HC Groups

In the SZ group, 29 were diagnosed with chronic schiz-
ophrenia and 3 with chronic schizoaffective disorder
according to the International Classification of Diseases
(ICD) 10. Inclusion criteria were a clinical diagnosis
of schizophrenia or schizoaffective disorder accord-
ing to ICD-10 (F20, F25), age between 18 and 65 years,
right-handedness and medication-resistant auditory
verbal hallucinations. Diagnoses of schizophrenia or

Sample 1 Sample 2

SZ,n=32 HC,n=31 CHR,n=29 FEP,n=12 CC n=18 Test-Value P
Age in years; mean = SD 41.6 134 394+123 193x48 20.7+6.4 19054 F(4,121) =339 <.001*
Sex; % male 56% 48% 41% 50% 67% ¥ (4)=33 514
rCBF GM; mean = SD 67.8+74 69.7+6.8 71.9 £ 15.0 71.1+132 699+ 12.1 F(4,121)=0.58 .677
CPZ; mean = SD 497+2.1 0x0 0.14 £ 0.67 0.28+0.89 0.16 £0.66 F(4,121) =729 <.001*
SOFAS; mean * SD — — 66.4+10.9 488 £13.8 634195 F(2,58) =10.05 .001*
PANSS total; mean £ SD 76.6 + 174 — — — — — —
PANSS positive score; mean £ SD  19.6 £ 6.7 — — — — — —
PANSS negative score; mean £ SD  19.7 £ 6.0 — — — — — —
PsyRats; mean £ SD 400*+11.3 — — — — — —
SIPS total; mean = SD — — 27.9 £10.5 — — — —
SIPS positive score; mean = SD — — 8.8+4.0 — — — —
SIPS negative score; mean = SD — — 8.3+6.0 — — — —

Note: SZ, schizophrenia, HC, healthy controls, CHR, clinical high-risk, FEP, first-episode psychosis, CC, clinical controls; rCBF GM,
resting-state cerebral blood flow in gray matter in ml/100g/min; SIPS, Structured Interview for Prodromal Syndromes; SOFAS, Social
and Occupational Functioning Assessment Scale, CPZ, chlorpromazine equivalents (in mg X 100); PANSS, Positive and Negative
Symptom Scale; PsyRats, Psychotic symptom rating scale; SIPS, Structured Interview for Psychosis-Risk Syndromes. Test value referring

to differences across all groups.
*Significant at P < .05.
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schizoaffective disorder were established on the basis of
unstructured clinical interviews and review of psychiat-
ric history by 2 independent psychiatrists. All patients
had medication-resistant positive psychotic symptoms
(eg, auditory hallucinations, delusions, and ego distur-
bances). Therapy refractoriness was defined as having
no response to at least 2 antipsychotic treatments in
recommended dosages, each administered for at least 8
weeks. Medications remained unchanged since 2 weeks
prior to the study. Exclusion criteria were history of
epileptic seizures, signs of elevated neuronal activity
by electroencephalography, MR contraindications and
medical disorders other than schizophrenia or schizoaf-
fective disorder. Substance misuse in the 4 weeks before
treatment was ruled out by a urinary drug screen before
treatment. Psychopathological assessments consisted of
the Positive and Negative Symptom Scale (PANSS),*
and the Psychotic Symptom Rating Scale (PsyRats).*!
Patients with SZ were on antipsychotic medication in rec-
ommended dosages and were moderately ill with a mean
PANSS score of 76.6 (table 1). The 31 HC were matched
for age and sex; thus, no differences between SZ and HC
groups were found in age or sex (supplementary table
Sla).

Sample 2: The FEP, CHR, and CC Groups

A CHR state was defined either by the presence of any
UHR and/or BS criteria. For UHR criteria, the Structured
Interview for Psychosis-Risk Syndromes (SIPS)** was used
to assess the presence of attenuated psychotic symptoms
(APS; any SIPS positive (P) item with a score between 3
and 5), brief intermittent psychotic symptoms (BIPS; any
SIPS P item with a score of 6), and genetic risk and func-
tional decline. For BS criteria, the Schizophrenia Proneness
Instrument, Adult version (SPI-A),* was used for adults,
the Schizophrenia Proneness Instrument, Child & Youth
Version (SPI-CY),* for minors. All 14 BS included in
COPER and COGDIS were evaluated. Of the 29 patients
with CHR, 1 fulfilled BIPS, 20 APS, 14 COGDIS, and 19
COPER criteria in various combinations (supplementary
table S1b). The 12 patients with FEP were diagnosed with
brief psychotic disorder (F23, n = 4), paranoid schizo-
phrenia (F20.0, n = 4), schizophreniform disorder (F20.8,
n = 2), and unspecified psychosis (F29, n = 2). The CC who
did not fulfill CHR criteria or have psychosis were mainly
diagnosed with affective disorders (44%) according to the
Mini-International Neuropsychiatric Interview for adults
and its version for children (supplementary table S3).#
The symptom-independent current global level of psy-
chosocial functioning was estimated using the Social and
Occupational Functioning Assessment Scale (SOFAS).%
Interviewers received an intensive 3-month training prior
to the start of the study. Further supervision of ratings was
provided by E.S.-L.
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With regard to neurocognitive domains frequently
reported to be impaired in CHR states and linked to con-
version,** verbal memory and learning were examined
with the German version of the Auditory Verbal Learning
Test,* spatial working memory with the Subject-Ordered
Pointing Task,* verbal fluency with the Regensburger
Word Fluency Test,”' processing speed with the Digit
Symbol Test,”> and the Trail-Making Test (TMT), Part
A.3 Part B of the TMT was used to assess set-shifting
as one of the domains of executive functions. Premorbid
verbal intelligence was assessed with the Peabody Picture
Vocabulary Test.>* Percentiles on age-adjusted norms
were used in all subjects. Neurocognitive deficits were
defined relative to normative data provided for each test
as (1) more than 1 SD below the mean, (2) a ¢ score below
40, or (3) a percentile below 16.

No significant differences among the CHR, FEP,
and CC groups were detected in age and sex; however,
patients with FEP showed significant lower psychosocial
functioning as measured with the SOFAS (supplemen-
tary table S1b). The cognitive test results did not reveal
differences between groups (supplementary table S2).

No difference among the groups was detected in chlor-
promazine equivalents (100 mg/d) within Sample 2 (sup-
plementary table S1b); however, a difference was detected
within Sample 1 (supplementary table S1a) and across all
groups (F=72.9; P <.001) due to the higher score in the
SZ group (see supplementary table S4 for comedications
of each subject). Additionally, in Sample 2, evaluation
of handedness, level of nicotine, alcohol and cannabis
consumption (0 = no use, 1 = experimental use, 2 = occa-
sional use, 3 = moderate use, 4 = severe use) revealed no
group differences (¥*(6) < 5.1, P > .54).

MRI Data Assessment and Analysis

MRI was conducted on 3.0-Tesla whole-body Siemens
MRI systems (Magnetom Trio [Sample 1] and Magnetom
Verio [Sample 2], Siemens Medical Systems) with a stand-
ard 12-channel radio frequency head coil. Participants
were told to rest in the MR scanner and stay awake with
their eyes closed. High-resolution 3-dimensional (3D)
structural MRI and ASL were acquired in 1 session.
T1-weighted 3D modified driven equilibrium Fourier
transform (MDEFT) scans were recorded (number of
slices, 176; matrix, 256 X 256; slice thickness, 1 mm; voxel
size, 1 X 1 X 1 mm?), and served as high-resolution 3D ana-
tomical templates for co-registration with the functional
data. A pseudocontinuous ASL (pCASL) technique was
used to measure rCBE.> In this gradient-echo echo-pla-
nar imaging sequence, interleaved images with and with-
out labeling were acquired (field of view, 220 mm?; matrix,
64 % 64; flip angle, 25°; tagging duration, 1600 ms; post-
labeling delay, 1250 ms; TR/TE, 4000 ms/13 ms; 100 vol-
umes). Fourteen axonal slices with 6 mm thickness and



1.5 mm gap were placed parallel to the anterior-posterior
commissure line covering the whole brain.

ASL data analysis was performed as described
in Homan et al.>® Briefly, we used aslm,*® based on
MATLAB (MATLAB version 8, release 14; MathWorks,
Inc.) and statistical parametric mapping (SPM 8,
Wellcome Department of Imaging Neuroscience,
London, England; www.fil.ion.ucl.ac.uk/spm8). All
data were screened for excessive motion and magnetic
resonance imaging artifacts. We calculated a flow-time
series by subtracting the labeling images from the con-
trol images and subsequently computed mean rCBF
images for each subject.’” Each subject’s T1 anatomy
was segmented into gray matter (GM) and white mat-
ter (WM). The mean ASL images were realigned and
co-registered to the GM-segmented T1 images. Motion
parameters of rCBF data demonstrated no group dif-
ferences (supplementary table S5). T1, GM, WM, and
ASL images were normalized to the SPM Montreal
Neurologic Institute (MNI) T1 template. ASL images
were spatially smoothed with a 3D 8-mm full-width at
the half-maximum Gaussian kernel. A correction for
GM volume was performed using GM segments as inclu-
sive masks. Data were z-transformed [z = (voxel rCBF —
global GM rCBF)/SD across individual brain voxels]
to remove sources of variance caused by differences in
the global mean rCBF, and a correction for GM was
performed using GM segments as inclusive masks. The
MRI analysis for the CHR, FEP, and CC groups and
for the SZ and HC groups was performed as described
above. Owing to the potentially influential sample dif-
ferences in age,”® chlorpromazine equivalents,” and the
known inter-scanner variability,®®! no direct compari-
son between the 2 samples was calculated.

Statistics

For behavior and sample characteristics, the frequencies
and percentages were compared by chi-square tests, the
means of normally distributed interval data by ANOVA
or independent ¢ tests, and the non-normally distributed
interval or ordinal data by Mann-Whitney U tests, using
SPSS 21.0.

For the MRI analysis, the SZ and HC groups were
compared voxel-wise, in independent ¢ tests, small vol-
ume corrected (SVC) for the regions of interest (ROI 1
striatum = caudate and putamen; ROI 2 PFC = supe-
rior, middle, inferior, medial frontal gyrus and anterior
cingulate; WFU Pickatlas, supplementary figure S1), and
family-wise error (FWE) corrected at P < .05.

For the comparison of the CHR, FEP, and CC groups,
a whole-brain, voxel-wise, 1-way ANOVA with group
(CHR, FEP, and CC) as covariate was calculated to reveal
group effects. Here, statistical significance was set at P
< .001, uncorrected, cluster size (CS) > 50. In the main
analysis, the CHR, FEP, and CC groups were compared
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independent ¢ tests, SVC for the ROIs and FWE cor-
rected at P < .05. Finally, striatal rCBF was extracted,
and ANOVA and subsequent post hoc ¢ tests were calcu-
lated using SPSS 21.0.

To evaluate the impact of age on striatal and prefron-
tal rCBF, the groups were split into individuals with age <
16 years and those with 216 years. Independent ¢ test was
calculated with rCBF as dependent variable and age group
as an independent variable for the total sample (n = 59)
and separated for diagnostic groups (CHR, FEP, and CC).

For the SZ group, the association between striatal
rCBF and PANSS positive, negative and general symp-
toms were evaluated with Spearman rank correlations
(Bonferroni-corrected). For the CHR group, the associ-
ation between striatal rCBF and SIPS subscale scores,
ie, positive, negative, disorganized and general symp-
toms, was evaluated with Spearman rank correlations
(Bonferroni-corrected).

Finally, associations between striatal and prefrontal
rCBF (areas with most significant differences between
patient groups and controls) values were tested with
Spearman rank correlations in both samples. Results
were reported as significance at P < .05, 2-sided.

Results

Striatal rCBF in SZ and HC Groups

Total gray matter rCBF was not different among the
groups (table 1, figure 1A). The comparison of SZ vs
HC groups demonstrated significantly increased striatal
rCBF in the SZ group (P = .010, figure 1B, table 2, SVC
FWE corrected). rCBF values in the striatum did not cor-
relate with chlorpromazine equivalents in the SZ group
(r=.083, P =.662).

Striatal rCBF in CHR, FEP, and CC Groups

Whole-brain voxel-wise analysis revealed significant group
effects (P < .001, CS > 50, uncorrected) in the right puta-
men, insula, superior temporal gyrus, and left inferior and
middle frontal gyrus in Sample 2 (supplementary figure S2,
supplementary table S6). The direct voxel-wise comparisons
revealed significantly increased striatal rCBF in FEP group
(P = .043, figure 1C, table 2) and in CHR group (P = .004,
figure 1D, table 2) compared to CC group, respectively
(SVC FWE corrected). There was no significant difference
between the CHR and FEP groups (no significant voxels).
The ROI ANOVA confirmed a significant group effect
(F(59,2) = 8.45, P = .001) for the striatum, with post
hoc ¢ tests demonstrating increased striatal rCBF in the
CHR group (#(45) = 4.2, P < .001) and in FEP group
(1(28) = 2.4, P =.023) compared to the CC group, respec-
tively. No difference between CHR and FEP groups was
observed (#(39) = 0.9, P = .375, supplementary figure
S3). Seventeen patients in Sample 2 were younger than
16 years, 42 were older than 16 years. Age group had no
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FEP > CC

CHR > CC

Fig. 1. Cerebral blood flow in a representative subject and
results of group comparisons Results of the Arterial Spin
Labeling Analysis: (A) Gray matter resting-state cerebral blood
flow in a representative subject; (B) T-contrast, patients with
schizophrenia (SZ, n = 32) > healthy controls (HC, n = 31); (C)
T-contrast, patients with first-episode psychosis (FEP, n = 12)
> clinical controls (CC, n = 18); (D) T-contrast, clinical high-
risk patients (CHR, n = 29) > clinical controls (CC, n = 18);
small volume- and FWE-corrected for the region of interest
(striatum).
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significant impact on striatal rCBF, neither in the total
sample nor when separated as diagnostic groups (CHR,
FEP, and CC; supplementary table S7A).

Correlations Between Striatal rCBF and Symptoms in
SZ and CHR Groups

A significant positive association was detected in SZ
group between striatal rCBF and PANSS positive scores
(p = 0.617, P < .001, figure 2), but not with PANSS neg-
ative scores (p = 0.323, P = .071) or general symptoms
(p = 0.110, P = .549). A significant positive association
was also detected in CHR group between striatal rCBF
and SIPS positive symptom score (Spearman p = 0.602,
P = .001, figure 2), but not with scores of negative
(p =—0.129, P =.506), disorganized (p = 0.026, P = .894)
or general symptoms (p = 0.012, P = .973). Furthermore,
no significant correlation was found between striatal
rCBF and COPER (p = —0.208, P = .287) and COGDIS
sum score (p = —0.309, P = .110).

Frontal rCBF in SZ and HC Groups

The direct voxel-wise comparisons revealed significantly
reduced rCBF in SZ group in widespread frontal areas,
including the medial frontal gyrus (P = .012), extend-
ing to the anterior cingulate, the superior frontal gyrus
(P =.027) and the middle frontal gyrus (P = .041), extend-
ing to the inferior frontal gyrus as compared to HC (SVC
FWE corrected, figure 3A, table 3).

Frontal rCBF in CHR, FEP, and CC Groups

Significantly reduced rCBF was found in FEP group in
the middle and superior frontal gyrus (P = .012, figure 3B,
table 3) and in CHR group in the inferior and middle fron-
tal gyrus (P = .034, figure 3C, table 3) compared to CC
group, respectively (SVC FWE corrected). There was no
significant difference between the CHR and FEP groups.
Age group had no significant impact on prefrontal rCBE,
neither in the total sample nor when separated as diagnos-
tic groups (CHR, FEP, and CC; supplementary table S7B).

Correlations Between Striatal and Frontal rCBF

A significant inverse correlation between striatal rCBF
and frontal rCBF was found in sample 1 (total group,
p = —0.376, P = .002, supplementary figure S4A), and
when separated into diagnostic subgroups, in HC
(p = —0.489, P = .005), but not in SZ (p = —0.076,
P = .678). Additionally, a significant inverse correlation
was also found in sample 2 (total group, p = —0.322,
P = .013, supplementary figure S4B), and when sep-
arated, in CC (p = —0.564, P = .015), but not in FEP
(p =—0.014, P = .966) or CHR (p = 0.114, P = .557).
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Table 2. Striatal Cerebral Blood Flow in Patients with Schizophrenia, Clinical High Risk, First-Episode Psychosis and Controls

Voxel-Wise Analysis, Small Volume (Striatum) and FWE-Corrected

Contrast x/ylz CS Location t (df) P
SZ > HC 4/4/6 9 Caudate head and body 4.4 (61) .010
SZ <HC — — — — —
FEP > CC 8/12/12 55 Caudate head 3.81(28) .043
FEP < CC — — — — —
CHR > CC 30/-6/8 46 Putamen 4.6 (45) .004
CHR < CC — — — — —
FEP vs CHR — — — — —

Note: Significant differences in resting-state cerebral blood flow (rCBF, z-transformed) between patients with Schizophrenia (SZ) and
Healthy Controls (HC), and between Clinical High Risk (CHR), First-Episode Psychosis (FEP) and Clinical Controls (CC); ¢ tests.
rCBF in SZ, CHR and FEP groups was increased as compared to controls in the striatum (Caudate Head, Body, and Putamen). CS,
cluster size, ¢, t value; df, degrees of freedom; P = P value, x/y/z coordinates according to MNI stereotactic space, Cluster size > 5;

FWE-corrected.

A Schizophrenia

CBF Striatum z-transformed

T T T T
20,00 2500 3000 3500

PANSS positive score

T T
1000 15.00

B Psychosis Risk

CBF Striatum z-transformed

T T
o 5 10 15 20
SIPS positive score

Fig. 2. Correlation of symptoms and striatal cerebral blood flow in patients with schizophrenia and those with clinical high risk

for psychosis Results of the correlation analysis between Positive and Negative Symptom Scale (PANSS) positive scores and mean
resting-state cerebral blood flow (rCBF, z-transformed) in the striatum of patients with schizophrenia (A) and Structured Interview for
Prodromal Syndromes (SIPS) positive score and rCBF in the striatum of patients at clinical high risk for psychosis (B). A significant
positive correlation was detected between rCBF and positive symptom scores (Schizophrenia: Spearman p = 0.617, n = 32, P <.001;
Psychosis Risk: Spearman p = 0.602, P = .001, n = 29, 2-sided). Lines represent the linear effect and 95% Cls.

Discussion

This is the first study to demonstrate increased rCBF in
the striatum and decreased rCBF in the PFC of CHR,
FEP and SZ groups.

The striatum is among the most intensively studied
brain areas in schizophrenia research and is in the center
of the “dopamine hypothesis.”®* A recent version of the
dopamine hypothesis suggests that interaction among
multiple neurodevelopmental incidents results in dopa-
mine dysregulation via increased presynaptic dopamine
synthesis that is linked to psychosis spectrum disorders,
and results in modification of appraisal of stimuli and
aberrant salience.” More importantly, studies have dem-
onstrated the direct relation between striatal dopaminergic
activity and rCBFE.1*%% Our results replicate and extend
previous findings® by showing that striatal rCBF is con-
sistently increased from CHR stages to FEP and chronic
schizophrenia. Additionally, we found a strong association

between SIPS positive scores and striatal rCBF of patients
with CHR, supporting the link between striatal dopamin-
ergic activity, rTCBF and positive psychotic symptoms.*

One recent study reported increased rCBF in the stria-
tum, midbrain, and the hippocampus in individuals with
CHR.” However, compared to that study, we also evalu-
ated BS. Several studies have reported benefits of com-
bining UHR and BS criteria resulting in earlier detection
and increased predictive value.®>% Despite their clinical
recognition, neurobiological research has only just begun
considering the neural correlates of BS.® Our study did
not detect an association among rCBF and COPER or
COGDIS scores when focusing on striatal regions. As BS
are a heterogeneous set of symptoms comprising percep-
tion, affect, drive, and cognition, future research should
investigate neurophysiological signatures of BS on large-
scale brain networks.

Furthermore, by including FEP and chronic SZ,
potential longitudinal trajectories of striatal rCBF in
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FEP < CC

CHR<CC

Fig. 3. Cerebral blood flow in the frontal cortex — group
comparisons (A) T-contrast, patients with schizophrenia (SZ,

n = 32) < healthy controls (HC, n = 31); (B) T-contrast, patients
with first-episode psychosis (FEP, n = 12) < clinical controls (CC,
n = 18); (C) T-contrast, clinical high-risk patients (CHR, n = 29)
< clinical controls (CC, n = 18); small volume corrected for the
region of interest (frontal cortex).

the development from pre-psychotic risk stages to the
full-blown disease can be reasoned. The results of the
present study support the notion® that striatal rCBF is
impaired independent of the clinical stage. The specificity
of a psychosis biomarker demands that it effectively dif-
ferentiates patients with psychosis from healthy controls
but also from patients with other neuropsychiatric disor-
ders. The non-CHR clinical controls differed from con-
trols in the above-cited study,” as they were seeking for
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help for mental health problems. Besides CHR status the
clinical controls were closely matched to the CHR group
with respect to chlorpromazine equivalents, nicotine use,
additional psychiatric diagnoses, cognition and concomi-
tant medication—all of them factors that potentially
influence rCBF.

Several studies suggested that striatal activity and PFC
dysfunction are related in SZ and CHR conditions.?6-¥7:67:68
Decreased rCBF in frontal areas including the dorsolat-
eral prefrontal cortex (DLPFC) and the anterior cingu-
late have been demonstrated in schizophrenia.® Here, we
could replicate these findings in an independent chronic
schizophrenia cohort (sample 1). Additionally, we report
for the first time that rCBF decreases in PFC can be
backtracked to FEP and CHR stages and thus precede
the onset of full psychosis.

However, there were also differences between psychosis
groups with respect to localization of CBF abnormalities.
In SZ and FEP the local maximum was detected in the cau-
date head and body, whereas in CHR it was located in the
putamen. These differences are of interest, as the striatum
1s somatotopically organized with specific regions of the
striatum projecting to specific frontal areas.” The caudate
is heavily connected with the DLPFC and thus responsible
for executive functioning, incentive behavior and action
evaluation.” The putamen is connected with sensorimo-
tor areas and involved in sensory and motor processes, but
also in social and language-related functions.”

With regard to prefrontal rCBF, a reduction was found
in SZ and FEP in areas covering the DLPFC, whereas in
CHR rCBF decreases were mainly localized in the orbit-
ofrontal cortex. The latter is involved in decision making,
reward processing, planning, reasoning and encoding
long-term memory information.”” Thus our data broadly
confirm early reductions of neuronal activity in the PFC
but also suggest that DLPFC abnormalities unfold later
in disease development.

Importantly, the fronto-striatal rCBF abnormalities
detected in the present study correspond to previously
described networks.” Increased rCBF in caudate, concur-
rently with reduced rCBF in DLPFC as seen in our FEP
and SZ patients potentially interact to produce executive
dysfunctions. Increased rCBF in putamen in combina-
tion with inferior and orbitofrontal rCBF decreases could
contribute to deficits in social cognition, language-related
dysfunctions and motor symptoms as reported in subjects
with CHR."#"7 Future longitudinal studies will have to
clarify whether these rCBF abnormalities shift in localiza-
tion prior to psychosis conversion and, if so, a precise def-
inition of the time point of this shift would be of interest.

Finally, we calculated correlations between frontal
and striatal areas with significant differences in rCBF
between patient and controls groups. Consistent with
previous findings,*® we detected negative correlations
between frontal and striatal rCBF (in total samples 1 and
2). However, contrary to our expectations, these negative
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Table 3. Frontal Cerebral Blood Flow in Patients with Schizophrenia, Clinical High Risk, First-Episode Psychosis and Controls

Voxel-Wise Analysis, Small Volume (Frontal Cortex) and FWE-Corrected

Contrast x/ylz CS Location t (df) P

SZ <HC —2/50/-2 269 Medial frontal gyrus, Anterior cingulate, BA 10, BA 32, left 4.3 (61) .012
SZ <HC 28/42/20 215 Superior frontal gyrus, Middle frontal gyrus, BA 9, BA 10, right 4.5 (61) .027
SZ <HC —44/14/32 89 Middle and Inferior frontal gyrus, BA 9, BA 46, left 3.7 (61) .041
SZ > HC — — — — —
FEP < CC —18/44/28 40 Middle and Superior frontal gyrus, left 4.3 (28) .012
FEP > CC — — — — —
CHR <CC —24/36/-8 135 Inferior and Middle frontal gyrus, BA 11, BA 47, left 4.6 (45) .034
CHR > CC — — — — —
FEP vs CHR — — — — —

Note: Significant differences in resting-state cerebral blood flow (rCBF, z-transformed) between patients with Schizophrenia (SZ) and
Healthy Controls (HC), and between Clinical High Risk (CHR), First-Episode Psychosis (FEP) and Clinical Controls (CC); ¢ tests.
rCBF in SZ, CHR and FEP groups was decreased as compared to controls in the prefrontal cortex. CS, cluster size; ¢, ¢ value; df, degrees
of freedom; BA, Brodmann area; P, P-value; x/y/z coordinates according to MNI stereotactic space; FWE-corrected.

correlations were not found in patient groups, but only in
controls. Therefore, low striatal neuronal activity might
have beneficial effects enabling optimal PFC functioning
(and vice versa) in controls, whereas striatal and prefron-
tal areas become disconnected with higher striatal activity
and, thus, in psychosis and CHR groups—in a nonlinear
threshold effect. Nevertheless, based on the present data
we cannot exclude the possibility that frontal and striatal
rCBF abnormalities in our patient groups are due to basi-
cally unrelated pathological mechanisms.

As the CHR stages might evolve years before the first
incidence peak in young adulthood, it is important to
improve knowledge on pathophysiological alterations in
minors with CHR. A recent paper suggested an age cut-off
for APS of 16 years,” with younger individuals reporting
more perceptive APS with less functional impairment. If
the clinical significance and conversion rate*” are lower,
the association between APS and psychosis risk biomark-
ers might be weaker in the young. Nonetheless, our study
did not find significant differences in rCBF when sepa-
rated for age groups. This suggests that striatal and pre-
frontal rCBF are markers unaffected by age.

Despite the strengths of our study, such as the inclusion
of different stages of psychosis as well as healthy and clin-
ical controls, and the use of basic symptom criteria, some
limitations have to be considered. One is the sample size,
which, albeit comparable to other neuroimaging stud-
ies, 197677 did not allow for further subgroup analyses, eg,
between CHR groups with and without basic symptom cri-
teria. Moreover, the 2 samples were investigated with iden-
tical MRI sequences but on different scanners (Sample 1 on
Magnetom Trio, Sample 2 on Magnetom Verio), which lim-
its the comparability between the 2 samples. Furthermore,
antipsychotic use might have influenced rCBF, although
no differences in chlorpromazine equivalents among CHR,
FEP, and CC groups were detected in Sample 2. In Sample
1, patients with SZ were on standard doses of antipsychotic

medication while HCs were treatment-naive. Nevertheless,
a recent study indicated that increased striatal rCBF in
patients with SZ is not related to antipsychotic medication
in schizophrenia,'® which is in line with the presented study.
The age range is quite wide (18—65) for the SZ study. Age
can influence mean total grey matter CBF with younger
individuals showing higher CBE.*” However, CBF data
where z-transformed to adjust for mean CBF and there
were no age differences between groups within sample 1
and sample 2. Another limitation might be the cross-sec-
tional design of the study that strictly limits statements
related to the course of the disorder that is best studied in a
longitudinal intra-subject design.

To summarize, our results provide the first evidence
of increased neuronal activity within the striatum but
decreased neuronal activity in the PFC from the CHR
stage via FEP to chronic schizophrenia-spectrum dis-
order. The increase in striatal rCBF is related to more
severe positive symptoms in CHR and SZ. Given repli-
cation in future longitudinal studies, abnormal striatal
and prefrontal rCBF might, therefore, be considered as
additional predictors of psychosis in patients with CHR,
reflecting abnormal metabolic activity in CHR stages.
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