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Objective: Animal models suggest that the development of
psychosis involves hyperactivity in the hippocampus that
drives increasedactivity in themidbrainandbasal ganglia. The
authors examined this hypothesis by measuring resting
perfusion in the hippocampus, basal ganglia, andmidbrain in
people at high risk of psychosis.

Method:Pseudo-continuousarterial spin labeling imagingwas
used to measure resting regional cerebral blood flow (rCBF) in
52 individuals at ultra-high risk for psychosis and in 27 healthy
volunteers. The severity of psychotic symptoms was assessed
using theComprehensiveAssessment ofAt-RiskMental States.
The ultra-high-risk subjects were reassessed after a mean of
17 months, using the same measures as at baseline.

Results: At baseline, relative to healthy volunteers, ultra-
high-risk subjects showed elevated rCBF in the hippocam-
pus, basal ganglia, andmidbrain. In theultra-high-risk sample

overall, at follow-up, symptomatic improvement and re-
duced rCBF in the hippocampus and ventral striatum were
observed. Subjects whose symptoms had resolved such that
they no longer met ultra-high-risk criteria showed a longi-
tudinal reduction in left hippocampal rCBF that was not
evident in subjects who remained in a high-risk state or had
become psychotic.

Conclusions: A high risk for psychosis was associated with
increased resting activity in the hippocampus, midbrain, and
basal ganglia. Subsequent resolution of the high-risk state
was linked to a normalization of activity in these regions.
These findings are consistent with animal models that pro-
pose that psychotic symptoms may be generated when
hippocampal hyperactivity drives hyperactivity in regions
involved in subcortical dopamine signaling.
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Recent investigations using animal models suggest that the de-
velopment of psychosis is associated with increased resting
activity in the hippocampal region, and that this is linked to an
increase in efferent activity in local glutamatergic neurons
that project to the basal ganglia and midbrain (1), elevating
activity in areas responsible for dopamine signaling (2, 3). An-
imal models would thus predict that, prior to the onset of psy-
chosis in humans, resting activity may be elevated in the
hippocampus,midbrain, and striatum(4).Neuroimaging studies
in people at high risk of developing psychosis have yet to ex-
plicitly test this hypothesis (4). However, in subjects at high risk
for psychosis, the volume of the hippocampal region is reduced
(5, 6), local resting blood volume is increased (7), and the hip-
pocampal response to a range of cognitive tasks is altered (8, 9).
Furthermore, high-risk subjects also show elevated dopamine
function in themidbrain and the striatum (8, 10), as well as a
perturbation in the normal relationship between activation
in the hippocampus and striatal dopamine function (11).

Thefirst aimof thepresent studywas to test thehypothesis
that subjects at ultra-high risk for psychosis would show

increased resting state regional cerebral bloodflow (rCBF) in
the hippocampus, basal ganglia, and midbrain.Wemeasured
rCBF,whichprovides an indirectmeasureofneuronal function
(12), using pseudo-continuous arterial spin labeling (pCASL).
Measurements of rCBF show the intimate relationship be-
tween neuronal activity and the control of blood supply, a
process known as neurovascular coupling (13), and provide an
indirectbuthighlycorrelatedmeasureofneuronal function(12).

Our second aim was to examine the relationship between
rCBF in these regions and longitudinal changes in the severity
of psychotic symptoms. There is marked heterogeneity in the
clinical course of ultra-high-risk subjects after presentation
(14, 15), with a substantial proportion improving to the extent
that they no longer meet criteria for an ultra-high-risk state.
In other cases the presenting symptoms persist or progress
to the extent that there is a first episode of frank psychosis
(15). Our second hypothesis was that changes in the severity
of psychotic symptoms following presentation would be re-
lated to longitudinal changes in the level of resting perfusion
in the hippocampus, basal ganglia, and midbrain.
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METHOD

Participants
The study received National
Research Ethics Service ap-
proval, and all participants
gave written informed con-
sent to participate. Seventy-
nine subjects (52 subjects
at ultra-high risk of psycho-
sis and 27 healthy compari-
son subjects) participated in
the baseline imaging study.
Ultra-high-risk subjectswere
recruited via OASIS (Out-
reach and Support in South
London [16]). The ultra-high-
riskdiagnosiswasmade using
the Comprehensive Assess-
ment ofAt-RiskMental States
(CAARMS) (17). Subjects met
one or more of the following
criteria: attenuated psychotic
symptoms; brief, limited, intermittent psychotic symptoms
(ahistoryofoneormoreepisodesof frankpsychoticsymptoms
that resolved spontaneously within 1 week in the past year);
or a recent decline in function, together with either the
presenceofschizotypalpersonalitydisorderora familyhistory
of psychosis in a first-degree relative. At baseline, seven ultra-
high-risk subjects were being treated with low dosages of
antipsychoticmedication(fivewere takingquetiapine,onewas
taking risperidone, and one was taking olanzapine).

Healthy comparison subjects (N=27) were recruited from
the local community. Participants who had a history of
psychiatric disorders or who were receiving prescription
medications were excluded from the study. None of the
comparison subjects had a history of neurological illness, or
drug or alcohol dependence as specified in DSM-IV. All
subjects had an estimated premorbid IQ in the normal range
as assessed using the National Adult Reading Test (18).
Anxiety was measured with the Hamilton Anxiety Rating
Scale (HAM-A) (19), and subjects were asked to provide
information on tobacco use (cigarettes per day) and canna-
bis use (0=no use, 1=experimental use, 2=occasional use,
3=moderate use, 4=severe use). Twelve participants (eight
ultra-high-risk subjects and four comparison subjects) who
underwent scanning at baseline were left-handed (assessed
using the Annett Handedness Scale [20]). The participants’
demographic characteristics are reported in Table 1.

Follow-Up Imaging and Clinical Assessment
Forty-five subjects (30 ultra-high-risk subjects and 15 com-
parison subjects) participated in the follow-up study. In
ultra-high-risk subjects, follow-up MRI scans occurred on
average 16.85months (SD=4.2months; range=12–27months)
after their baseline scanning (Table 2). Follow-up clinical

assessment data were available for all ultra-high-risk sub-
jects. At follow-up, two ultra-high-risk subjects were treat-
ed with low dosages of antipsychotics (both were taking
quetiapine). During the follow-upperiod, twoultra-high-risk
subjects made a transition to psychosis, according to CAARMS
criteria (17). An additional 16 subjects no longer met criteria
for being at ultra-high risk at follow-up (CAARMS positive
subscale score of ,5).

pCASL Protocol and Image Preprocessing
To maximize the correspondence between regional perfu-
sion and neuronal activity, we acquired the pCASL images
after a long (1.5 second)postlabelingdelay, so as to ensure that
the data reflected the component of capillary microcircula-
tion because this is most closely associated with neuronal
function (12). pCASL acquisition parameters and pCASL
imagepreprocessingprocedures are explained indetail in the
data supplement that accompanies the online edition of this
article.

Statistical Analysis
To enhance sensitivity, statistical analyses of rCBF data were
performedusing the“randomise”programimplementedwithin
theFMRIBSoftwareLibraryversion5.0 (http://www.fmrib.ox.
ac.uk/fsl).Randomiseusesanonparametricpermutation–based
approach (21) to infer statistical significance against a null
data set generated by random permutation (membership
5,000 times). We tested for significant rCBF group effects in
the comparison group and in the ultra-high-risk group at
baseline and at the follow-up time points. Voxel-wise whole
brain analyses of baseline and follow-up rCBF data are re-
ported in the online data supplement. Regions of interest
were specified to assess regional rCBF within the left and

TABLE 1. Participant Demographic, Clinical, and Medication Data at Baselinea

Measure
Ultra-High-Risk
Group (N=52)

Comparison
Group (N=27) Analysis

Mean SD Mean SD Statistic p

Age (years) 22.37 4.4 24.10 4.80 t=1.85 0.07
IQ 101.78 11.4 109.70 11.10 t=2.79 ,0.01
Years of school 11.92 1.10 12.69 0.74 t=2.93 ,0.01
Years of postsecondary education 0.82 1.50 2.11 1.69 t=3.53 ,0.01
Cigarettes per day 5.30 6.90 2.03 2.03 t=–2.28 0.02
GAF score 57.61 9.00 82.72 7.50 t=12.00 ,0.01
CAARMS
Total score 40.02 18.00 1.76 2.90 t=–14.62 ,0.01
Positive score 7.44 3.70 0.26 0.85 t=–12.69 ,0.01
Negative score 8.48 4.40 0.46 0.90 t=–12.00 ,0.01

HAM-A score 11.20 6.05 0.55 0.62 t=–8.8 ,0.01

N % N % Statistic p

Antipsychotic medicationb 7 13.5
Male 23 44.2 10 37.0 z=–0.61 0.54
Right-handed 44 84.6 23 85.1 z=–0.06 0.94

a GAF=Global Assessment of Functioning Scale; CAARMS=Comprehensive Assessment of At-Risk Mental States; HAM-
A=Hamilton Anxiety Rating Scale. Two participants in the ultra-high-risk group used cannabis, as did one participant in
the comparison group.

b Five participants were taking quetiapine, one was taking risperidone, and one was taking olanzapine.
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right medial hippocampus and subiculum, the putamen,
caudate, and pallidum (combined in a “basal ganglia” region
of interest), and the midbrain, which were anatomically
defined for each subject by subcortical segmentation using
the FIRST tool in the FMRIB Software Library (22). Sub-
cortical masks were normalized using the nonlinear nor-
malization parameters from the FMRIB Nonlinear Image
Registration Tool (see the online data supplement) and were
averaged to create study-specific masks of the hippocampus,
basal ganglia, and midbrain.

All statistical comparisons had a threshold of p,0.05 and
were corrected using the family-wise error within the
threshold-free cluster enhancement (23). Mean rCBF values
(mL/100 g/min310) were extracted from the anatomically
defined regions of interest described above, at both baseline
and follow-up, to test forgroupand longitudinal effects (using
analysis of covariance [ANCOVA]) and symptomassociations
usingunivariate analyses (SPSS, version21, IBM,Armonk,N.Y.)
so that covariates of no interest could be included (see below).
As antipsychotic medication is known to affect rCBF (24),
supplementary analyseswere conductedwith the ultra-high-
risk subjects receiving antipsychotic medication removed
from the ANCOVA.

Covariates. For all whole-brain and region-of-interest anal-
yses, the following covariates were included in statistical
models: age, gender, global rCBF, HAM-A score, and ciga-
rettes per day. For analysis of global rCBF effects, age, gender,
HAM-A score, and cigarettes per day were included as
covariates in statistical models. HAM-A score was included

as a covariate of no interest because it has been shown that
anxiety can have systematic effects on CBF (25, 26). Signif-
icant results were reported at p,0.05.

RESULTS

Symptoms and rCBF at Baseline
Demographic, clinical, and medication data at baseline are
reported inTable 1.The twogroupsdidnotdiffer significantly
in gender or handedness, but the comparison subjects
were significantly older on average than the ultra-high-
risk participants and had a higher mean premorbid IQ.
The ultra-high-risk participants smoked more cigarettes
and had fewer years of education on average, and they
differed from the comparison group on all clinical measures.

Global rCBF at baseline. At baseline, mean global gray matter
rCBF was significantly greater in the ultra-high-risk group
relative to the comparison group (53.40, SD=9.80; com-
pared with 49.67, SD=9.32; mL/100 g/min respectively),
with age and gender included as covariates (F=4.12, df=78,
p=0.04).

This difference remained significantwhen ultra-high-risk
participants receiving antipsychotic medication were re-
moved from the analysis (F=4.67, df=71, p=0.03), but not after
HAM-A score and number of cigarettes per day were in-
cluded as covariates (F=1.48, df=77, p=0.22). Whole brain
voxel-wise analysis of baseline rCBF data (comparing the
comparison subjects with the ultra-high-risk subjects) is
reported in the data supplement.

TABLE 2. Participant Demographic, Clinical, and Medication Data at Follow-Upa

Measure

Ultra-High-Risk
Baseline Subsample

Participating in
Follow-Up (N=30)

Ultra-High-Risk
at Follow-Up

(N=30)

Analysis
(Ultra-High-Risk
Baseline Versus
Follow-Up) p

Comparison
Subject Follow-Up
Subsample (N=15) Analysis

Mean SD Mean SD Mean SD Statistic p

Age (years) 21.50 3.60 23.10 3.50 23.87 5.10 t=1.81 0.07
IQ 104.10 11.32 110.14 7.30 t=1.82 0.08
Years of school 11.90 1.20 12.73 0.7 t=2.41 0.02
Years of postsecondary
education

0.83 1.50 1.80 1.30 t=2.08 0.04

GAF score 56.79 9.60 62.21 16.40 t=–1.78 0.08 81.73 9.40 t=8.21 ,0.01
CAARMS
Total score 42.04 16.00 24.44 22.43 t=3.9 ,0.01 2.00 3.20 t=–12.74 ,0.01
Positive score 7.56 3.95 5.33 5.10 t=2.49 0.02 0.47 1.10 t=–9.25 ,0.01
Negative score 8.67 3.75 2.84 3.59 t=6.4 ,0.01 0.25 0.50 t=–11.59 ,0.01

HAM-A score 10.8 7.00 6.2 8.80 t=3.8 0.04 0.51 0.60 t=5.78 ,0.01
Follow-up duration (months) 16.9 4.21 15.2 3.90 t=1.2 0.23

N % N % N % Statistic p

Antipsychotic medicationb 2 6.6 2 6.6
Male 15 50.0 4 26.6 z=–1.48 0.14
Right-handed 27 90.0 13 86.6 z=–0.33 0.74
Remission at follow-up 16 53.3
Nonremission at follow-up 14 46.6

a Ultra-high-risk data are compared with baseline data in the subsample that participated in follow-up study (column 1). GAF=Global Assessment of Functioning
Scale; CAARMS=Comprehensive Assessment of At-Risk Mental States; HAM-A=Hamilton Anxiety Rating Scale.

b Two participants were taking quetiapine.
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Regional rCBF at baseline. Relative to the
comparison group, the ultra-high-risk par-
ticipants showed increased rCBF in the hip-
pocampus, subiculum, putamen, pallidum, and
midbrain, bilaterally (Figure 1; see also Table S1
in the data supplement). These differences
remained significant after controlling for the
effects of global rCBF, age, gender, cigarettes
per day, and HAM-A score. There were no
significant correlations between regional rCBF
at baseline and CAARMS score (p.0.1 for all
regions of interest).

Symptoms and rCBF at Follow-Up
Demographic, clinical, andmedication data at
follow-up are reported in Table 2. Follow-up
rCBF scans occurred after a mean of 16.9
months from baseline in the ultra-high-risk
group (N=30) and 15.2 months in the com-
parison group (N=15). The ultra-high-risk and
comparison subjects who participated in the
follow-up phase did not differ significantly in
age, gender, ethnicity, handedness, or pre-
morbid IQ. Across all ultra-high-risk subjects,
there was a significant decrease in the
CAARMS positive, negative, and total scores
relative to the scores at baseline (Table 2).
However, within this group, symptomatic
outcome was heterogeneous. Sixteen par-
ticipants no longer met ultra-high-risk cri-
teria at follow-up and were categorized as a
symptomatic remission subgroup (ultra-high
risk–remission). In contrast, 14 ultra-high-
risk subjects still had attenuated psychotic
symptoms at follow-up, and the symptoms in
two participants had increased to the extent
that they had frank psychosis. These subjects
were categorized as a nonremission subgroup
(ultra-high risk–nonremission; see Table 3).

Global gray matter rCBF. At follow-up there
was no significant group difference in global
gray matter rCBF (F=0.09, df=44, p=0.76). There was a sig-
nificant effect of time point for global gray matter rCBF
(F=5.09, df=38, p=0.04), with all subjects showing reduced
rCBF at follow-up. There also was a significant interaction
effect between group and time point (F=3.62, df=38, p=0.03),
with subjects in theultra-high-risk–remissiongroupshowing
a significant longitudinal reduction in global gray matter
rCBF (t=2.7, df=14, p=0.02) that was not evident in either the
ultra-high-risk–nonremission group (t=2.0, df=15, p=0.10) or
the comparison group (t= 2.1, df=14, p=0.09).

Regional rCBF. The ultra-high-risk group overall showed a
significant reduction in rCBF relative to baseline in the left
hippocampus (Figure 2A; see also Table S1 in the online data

supplement), in the left putamen/pallidum, and in the cau-
date bilaterally (Figure 2B; see also Table S1 in the data
supplement). In the comparison group, the difference in
rCBF between the baseline and follow-up scans was non-
significant in all regions of interest (see Table S1 in the data
supplement). Within the ultra-high-risk group at follow-up,
right basal ganglia region-of-interest rCBF was associated
with a longitudinal improvement in psychotic symptoms
(F=7.60, df=29, p=0.01) (Figure 2C). There was also a sig-
nificant interaction between the effects of symptomatic
outcome subgroup (ultra-high risk–remission compared
with ultra-high risk–nonremission) and time point in the left
hippocampus (F=4.31, df=25, p=0.04). In this region, the
ultra-high-risk–remission subgroup showed a significant

FIGURE 1. Increased Resting Perfusion in Ultra-High-Risk Subjects Relative to
Healthy Comparison Subjects at Baselinea

A. Hippocampus (Bilateral hippocampus and subiculum)

B. Basal ganglia (Bilateral ventral putamen and pallidum)

C. Midbrain (Bilateral substantia nigra/superior colliculus)

a Ultra-high-risk participants showed greater perfusion than comparison subjects in (A)
hippocampus, (B) basal ganglia, and (C) midbrain regions of interest (p,0.05 family-wise
error). The left side of the brain is shown on the left side of the maps.
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longitudinal reduction in rCBF (F= 17.95, df=11, p,0.01) that
was not evident in the subjects with persistent symptoms
(F=1.6, df=10, p=0.22) (Figure 2D).

DISCUSSION

Our first hypothesis was confirmed; in subjects at ultra-high
risk for psychosis, rCBF within the hippocampus, basal
ganglia, and midbrain was significantly greater than in
healthy comparison subjects. Although therewere also group
differences in global gray matter rCBF, these were not sig-
nificant after controlling for group differences in anxiety
levels and tobacco use (27, 28), while group differences in
regional perfusion remained significant after global rCBFand
other potentially confounding variables were included as
covariates.

Our regional predictions were based on rodent models of
psychosis that propose that increased excitatory activity
in the hippocampus drives increased subcortical dopamine
function through effects on the midbrain and striatum (29).
While there is extensive evidence from experimental studies
in animals to support this model (4, 29–31), relatively few
neuroimaging studies have sought to explicitly examine it in
humans (4). In the present study, we observed elevated rCBF
in the hippocampus and subiculum extending to the anterior
hippocampus, theventralputamenandpallidum,and thepart
of the midbrain that includes the substantia nigra. This re-
gional distribution of increased perfusion corresponds to
the network of areas implicated in animal models of psy-
chosis (3, 8, 32). Regions within this putative network have
also been identified in previous neuroimaging studies of
ultra-high-risk subjects as sites of reduced gray matter
volume (6), increased resting bloodvolume (33), and altered
activation during cognitive tasks (8, 9), while dopamine
function has been found to be elevated in the midbrain and
striatum (34).

Our second prediction was
that changes in the severity
of psychotic symptoms in
ultra-high-risk subjects fol-
lowing clinical presentation
would be related to longitu-
dinal changes in rCBF in the
same subjects. The ultra-high-
risk sample as awhole showed
a symptomatic improvement,
along with a concurrent lon-
gitudinal reduction in rCBF
in the hippocampus and cau-
date bilaterally and in the left
putamen. This is consistent
with evidence that increased
activity in subcortical areas
involved in dopaminergic sig-
naling underlies the genera-
tion of psychotic symptoms

(29). More interestingly, although the overall severity of
symptoms in the ultra-high-risk group improved, the pat-
tern of symptomatic change within the sample was mark-
edly heterogeneous; in about half of those followed up, there
was a reduction in symptoms such that they no longer met
criteria for an ultra-high-risk state (i.e., they were in re-
mission). In contrast, the symptoms in the other half of this
group either persisted or worsened, in some cases to the
point where they became frankly psychotic. Comparison of
these two subgroups revealed that there was a greater
longitudinal reduction in hippocampal rCBF in those
who entered remission than in those who did not. This
finding is in line with previous neuroimaging data linking
alterations in medial temporal structure and function
with an adverse clinical outcome in high-risk subjects
(5, 6, 8).

Previous ASL and positron emission tomography studies
of resting perfusion in schizophrenia have also described
elevated rCBF in striatal (35–37), midbrain, and hippocampal
(38) regions, although this has often been accompanied by
cortical reductions in rCBF, particularly in the prefrontal
cortex. In the present study, a supplementary analysis (see
the online data supplement) revealed increased, rather than
decreased, prefrontal cortex rCBF in ultra-high-risk subjects
relative to comparison subjects. Indeed, we did not find re-
ductions in rCBF in any region in our ultra-high-risk sample.
This contrast with findings of reduced resting prefrontal
cortex perfusion in established schizophrenia raises the
possibility that reduced prefrontal cortex rCBF may become
evident after the onset of the illness, perhaps as an effect of
treatment and/or as pathological mechanisms associated
with chronicity.

Although our longitudinal analyses focused on compari-
sons between subgroups of ultra-high-risk subjects who did
and did not show symptomatic improvement, there was also
a significant reduction in attenuated positive, negative, and

TABLE 3. Participant Demographic, Clinical, and Medication Data at Follow-Up (Ultra-High-Risk
Remission and Nonremission Subgroups)a

Measure
Ultra-High-Risk–Remission

Subgroup (N=16)
Ultra-High-Risk–Nonremission

Subgroup (N=14) p

Mean SD Mean SD

Age (years) 21.4 3.79 21.6 3.43 0.92
Follow-up duration (months) 17.78 3.85 15.74 4.45 0.20
IQ 104 11 103 11 0.70
Years of school 12.06 1.44 11.71 0.99 0.45
GAF score 71 11 53 16 0.01
CAARMS positive score 1.5 1.8 9.7 3.8 ,0.01
HAM-A score 10.2 8.33 11.5 5.56 0.65
Cigarettes per day 4.5 6.01 7.2 8.50 0.31

N % N %

Antipsychotic medication 1 6.2 1 7.1
Male 6 37.5 9 64.2 0.22
Right-handed 14 87.5 13 92.8 0.82

a GAF=Global Assessment of Functioning Scale; CAARMS=Comprehensive Assessment of At-Risk Mental States;
HAM-A=Hamilton Anxiety Rating Scale.
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total symptoms in the ultra-high-risk sample overall. This
suggests that the normalization of rCBF following pre-
sentation may be related to a longitudinal reduction in
symptom severity. The basis of widespread cortical and
subcortical hyperperfusion at baseline is beyond the scope
of the present study, but previous work in both experimen-
tal animals and ultra-high-risk subjects suggests that this
may reflect perturbations in cortical GABA and glutamate
function (1, 4, 33, 39). Although speculative, it is possible that
global hyperperfusion is seen in ultra-high-risk cases but
that the hypoperfusion abnormalities seen in established
schizophrenia are the consequence of excitotoxic effects
due to continual cortical disinhibition (33). This predic-
tion could be examined in longitudinal multimodal neuro-
imaging studies in ultra-high-risk cohorts.

Potential Limitations
Most of our ultra-high-risk subjects were medication-naive,
but aminority (sevenof52)hadbeen treatedwith lowdosages
of antipsychotic drugs, which could have altered the sever-
ity of psychotic symptoms and rCBF (24). However, the
number of medicated subjects was small, and they were
equally distributedbetween the twoultra-high-risk subgroups
with different clinical outcomes. Moreover, supplementary
analyses showed that the findings remained significant after
exclusion of the ultra-high-risk subjects who had received
antipsychotic medication. The proportion of the ultra-high-
risk sample who developed a first episode of psychosis during
follow-upwas small.However, themean follow-upperiodwas
17 months, and most transitions to psychosis occur within the
first 36 months (40), and some even later (41). Thus, it is

FIGURE 2. Differences in rCBF Measurements Between the Ultra-High-Risk and Healthy Comparison Groupsa
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a Ultra-high-risk subjects showeda longitudinal reduction in rCBF in the (A) left hippocampal and (B) left and right basal ganglia regionsof interest. PanelC
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possible thatmore subjects in the present samplewill develop
psychosis as the follow-up period is extended.

CONCLUSIONS

People at high risk for psychosis have increased resting
perfusion in the hippocampus, midbrain, and striatum, and
symptomatic remission in this group is associated with a
normalization of perfusion in these regions. The findings are
consistent with animal models that propose that psychotic
symptoms develop as a consequence of hyperactivity in the
hippocampus and striatum.
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