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Summary In recent years, a growing literature has emerged examining the 
neurobiological correlates of clinical high risk (CHR) for psychosis. Using a range of 
neuroimaging techniques, alterations in brain function, structure and chemistry have 
been reported in CHR subjects. In this article, we provide an overview of studies that have 
used MRI, PET and multimodal imaging to examine neurobiological abnormalities in CHR 
subjects. These studies have shown that several abnormalities in brain neurophysiology, 
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An overview of functional, 
structural and neurochemical imaging studies in 
individuals with a clinical high risk for psychosis

Practice points
 � Attenuated psychotic symptoms are present during a prodromal phase that precedes florid psychosis.

 � Prodromal psychotics symptoms constitute a clinical high risk (CHR) for psychosis.

 � Increasingly, early intervention clinics establish CHR in an attempt to improve the course and outcome 
of psychosis.

 � Neuroimaging techniques are now being investigated to help identify those CHR individuals who are most at 
risk of developing psychosis.

 � Multimodal imaging that combines structural, functional and neurochemical techniques may be better able to 
identify those with greatest CHR compared with imaging in any single modality.

 � This research has shown alterations in brain structure, function and neurochemistry in CHR individuals that are 
similar to, but less severe than, those in patients with established psychosis.

 � Neurochemical imaging has shown alterations in brain dopamine, glutamate and serotonin systems in 
CHR individuals, suggesting that therapies that target these neurotransmitter systems may be useful in 
preventing psychosis.

 � There is some evidence that the extent of these structural, functional and neurochemical abnormalities may be 
predictive of psychosis, although further research in larger samples of CHR individuals is required.
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Over the last few decades, early clinical inter-
vention in patients with psychoses has become 
more widespread. In addition to early onset or 
first-episode clinics, a number of clinical serv-
ices aimed at preventative intervention have been 
established. Such services identify individuals 
who are experiencing prodromal symptoms 
characterized by attenuated psychotic symp-
toms such as hallucinations and delusions, a 
brief psychotic episode or a decline in social 
and occupational function coupled with famil-
ial risk [1–3]. Individuals meeting one or more 
of these criteria are considered to have a clinical 
high-risk (CHR) or an at-risk mental state [2,4]. 
In addition to putative clinical benefits associ-
ated with early identification and intervention, 
research into early and prodromal phases of the 
illness may provide important etiological find-
ings that are not confounded by long-term medi-
cation and/or chronicity. More importantly, as 
only approximately 20–30% of CHR subjects 
go on to develop psychosis and clinical resources 
are limited, research has attempted to identify 
definitive markers that distinguish those who go 
on to develop the illness from those who do not. 
However, it is difficult to identify the individuals 
who will later develop psychosis on clinical or 
symptomatic information alone. One promis-
ing approach is to identify biological markers of 
psychosis risk using neuroimaging techniques 
such as MRI and PET. In this article, we review 
the findings of neuroimaging studies in sub-
jects with a CHR for psychosis. We also discuss 
present and future perspectives and the feasibil-
ity of using imaging techniques to aid diagnostic 
and clinical outcome prediction.

Method
Our aim was to identify all studies fulfilling 
the following criteria: functional MRI (fMRI) 
studies of CHR subjects; structural MRI 
studies of CHR subjects; magnetic resonance 
spectroscopy (MRS) studies of CHR subjects; 
PET studies of CHR subjects; and multimodal 
neuroimaging studies (e.g., MRI and PET in 
the same subjects) of CHR subjects. To qualify 
for inclusion, studies had to be original works 
including a healthy control or other reference 
group and appear in a peer-reviewed journal. 

We conducted a systematic literature search of 
PubMed, Science-Direct and Scopus databases 
to identify relevant studies published up until 
March 2011. The following keywords were used 
for the search: “clinical high risk”, “ultra high 
risk”, “at-risk mental state”, “prodromal psy-
chosis”, “magnetic resonance imaging (MRI)”, 
“positron emission tomography (PET)”, “mag-
netic resonance spectroscopy (MRS)”, “neuro-
chemical imaging”, “functional imaging”, “vol-
umetric” and “gray matter”. We also conducted 
manual searches of the reference sections of the 
obtained articles. Studies of genetic/familial 
high risk were not included in the review. A 
total of 46 suitable studies were identified and 
included in the current review.

Functional neuroimaging
Over the past two decades, there have been an 
enormous number of fMRI studies employ-
ing a range of cognitive tasks in patients with 
schizophrenia and other psychoses. Based on the 
known neuropsychology of schizophrenia, the 
tasks most frequently used to examine neuro-
functional impairment in patients with the ill-
ness engage executive, mnemonic (working and 
episodic memory) and language function. In all 
of these domains, patients with schizophrenia 
show altered neurofunctional activation, usually 
being reduced but sometimes increased, relative 
to healthy controls (see [5–9]).

To date, there have been 12 published fMRI 
studies in CHR subjects (see Table 1). One further 
study used perfusion imaging to examine cere-
bral blood volume (CBV) in prodromal psycho-
sis. The first functional imaging study in CHR 
subjects used an oddball task to elicit frontostri-
atal activation and compared CHR subjects with 
subjects with early psychosis, chronic schizophre-
nia and healthy controls [10]. The CHR group 
showed significantly smaller differential activa-
tion between task-relevant and task-irrelevant 
stimuli in frontal regions including the anterior 
cingulate (ACC), the inferior frontal gyri (IFG) 
and middle frontal gyri (MFG) relative to con-
trol subjects. Patients with early psychosis and 
chronic schizophrenia showed lower frontostri-
atal activation than controls, while frontostriatal 
activation in the CHR group was intermediate 

anatomy and chemistry, which are fundamental to schizophrenia, are also present in people 
at very high risk of developing the disorder. These abnormalities may represent vulnerability 
markers that can be used to predict later conversion to psychosis. The future perspectives 
and limitations of this approach are discussed.
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between controls and the early psychosis group. 
This was the first functional imaging study to 
show reduced prefrontal cortex (PFC) activation 
in CHR subjects that may represent a psychosis 
vulnerability marker.

Altered PFC function in CHR subjects 
has also been reported by Broome and col-
leagues [11]. During executive and working 
memory tasks, CHR subjects showed interme-
diate activation relative to controls and first-epi-
sode psychosis (FEP) subjects. In CHR and FEP 
patients, activation in the left IFG was increased 
during a verbal fluency task, while dorsolateral 
PFC and parietal activation was decreased dur-
ing a working memory task relative to control 
subjects [11]. Moreover, in a follow-up study 
of the same CHR subjects, the longitudinal 
normalization of neurofunctional response in 
the left IFG was positively correlated with an 
improvement in the severity of hallucination-
like experiences after 12 months [12]. In a pro-
spective study that established clinical outcome 
in a CHR cohort, Sabb and colleagues report 
that during a discourse processing task, CHR 
participants showed increased neural activity in 
a network of language-associated brain regions, 
including the medial PFC bilaterally, left IFG 
and middle temporal gyrus (MTG) and the 
ACC [13]. Furthermore, increased activity in the 
superior temporal gyrus (STG), caudate and 
left IFG distinguished those who subsequently 
developed psychosis.

Dysfunction of the medial temporal lobe 
(MTL) is also widely reported in patients with 
schizophrenia (for reviews, see [6,7]). Similar 
but less severe dysfunction in hippocampal 
and parahippocampal regions may underlie the 
verbal memory impairment reported in CHR 
subjects [14–16], although evidence for MTL dys-
function in CHR subjects is mixed. Allen and 
colleagues used a verbal encoding and recogni-
tion task to examine MTL function in CHR and 
healthy control subjects [17]. During the encod-
ing phase, CHR subjects showed less activation 
than controls in the left MFG, parahippocampal 
gyrus and bilateral medial frontal gyrus. During 
the recognition phase, correctly recognized trials 
were associated with increased bilateral hippoc-
ampus activation compared to false-alarm tri-
als (trials in which foil words are misrecognized 
as having previously been presented during an 
encoding phase) in control subjects, but this 
activation difference was absent in the CHR 
group [17]. Broome and colleagues used fMRI to Ta
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examine spatial working memory in CHR sub-
jects [18]. Despite robust evidence of hippocampal 
involvement in spatial working memory process-
ing [19,20], CHR subjects did not show altered 
hippocampal activation relative to a control 
group, although reduced activation was observed 
in the left precuneus, left superior parietal lob-
ule and right MTG [18]. Longitudinal follow up 
of these CHR subjects revealed that symptom 
improvement was associated with a compensa-
tory increase in occipito parietal regions [21,22]. 
Reduced activation in the parietal cortex in CHR 
subjects relative to controls was also observed 
during a movement-generation task [22].

In addition to regional dysfunction, disor-
dered brain connectivity, or dysconnectivity, is 
thought to be a central pathophysiological fea-
ture of schizophrenia [23–25]. Dysconnectivity 
is an “abnormal (rather than decreased) inte-
gration” between anatomically distinct brain 
regions [26,27]. fMRI studies investigating con-
nectivity usually do so in one of two ways. By 
investigating ‘functional connectivity’, infer-
ences can be made about how activation in func-
tionally and anatomically distinct brain regions 
covary. Studies using ‘effective connectivity’ 
techniques such as dynamic causal modeling [28] 
examine the influence that one neural system 
exerts over another, either at a synaptic or a cor-
tical level (for a detailed review of connectivity 
studies in schizophrenia and psychosis, see [29]). 
In particular, abnormal patterns of connectivity 
between prefrontal and temporal lobe regions 
have been reported in patients with schizophre-
nia [30–32], and subsequent experimental evi-
dence based on fMRI studies has been largely 
consistent with this hypothesis [29]. Recently, 
a handful of studies have begun to investigate 
dysconnectivity in CHR subjects. Benetti and 
colleagues examined frontal–hippocampal con-
nectivity using a visuospatial working memory 
task in CHR, FEP and healthy control sub-
jects [33]. The normal pattern of effective con-
nectivity from the right posterior hippocampus 
to the right IFG was significantly decreased in 
both FEP and CHR subjects, although interac-
tions between the IFG and the anterior part of 
the hippocampus did not differ across the three 
groups. This finding suggests that reduced fron-
tohippocampal connectivity may be a correlate 
of increased vulnerability to psychosis and that 
it is not attributable to an effect of chronic ill-
ness or its treatment [33]. Allen and colleagues 
used a sentence-completion task to examine 

prefrontal–lateral temporal interactions in CHR 
subjects [34]. Although CHR subjects did not 
differ from controls in terms of frontotempo-
ral activation they did demonstrate increased 
ACC activation, during the inhibitory phase of 
the task. CHR subjects also showed increased 
connection strength between the ACC and the 
MTG relative to healthy controls. Although 
task-related frontotemporal integration in the 
CHR subjects was intact, this may depend on 
increased engagement and coupling of the ACC, 
which was not observed in healthy control sub-
jects [34]. Crossley and colleagues also examined 
frontotemporal connectivity in CHR, FEP and 
control subjects [35]. During a working memory 
task, activation in the STG and its relationship 
to frontal activation was examined. There was 
deactivation of the STG during the working 
memory task in controls, whereas subjects with 
FEP showed increased activation. CHR subjects 
demonstrated intermediate activation relative to 
the two other groups. There were correspond-
ing differences in connectivity between the STG 
and the MFG across the three groups, with a 
negative coupling between these areas in con-
trols, a positive coupling in the FEP group and 
an intermediate value in the CHR group. The 
authors conclude that a failure to deactivate the 
STG during tasks that engage the PFC is evident 
at the onset of schizophrenia and may reflect a 
disruption of frontotemporal connectivity [35]. 
Lord and colleagues examined between-group 
differences in total network connectivity and 
global network compactness/efficiency during 
a verbal fluency task, focusing on the ACC [36]. 
While global network connectivity and effi-
ciency were maintained in CHR patients relative 
to the controls, there was a significant decrease 
in the contribution of the ACC to task-relevant 
network organization in CHR subjects with 
elevated symptoms relative to both control and 
less symptomatic CHR subjects [36].

Finally, one study used MRI to measure 
regional CBV in patients with schizophrenia, 
healthy controls and CHR subjects who were 
followed clinically for 2 years [37]. In a prospec-
tive analysis, baseline CBV in the hippocampal 
CA1 subfield was higher in CHR subjects who 
subsequently developed a psychotic disorder 
compared with patients at similar high clinical 
risk who did not develop psychosis. Higher CA1 
CBV was also reported in patients with schizo-
phrenia compared with controls, and positively 
correlated with severity of positive and negative 
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symptoms. These results suggest that hyperper-
fusion of the CA1 subfield of the hippocampus 
may be predictive of transition to psychosis in 
CHR individuals.

In summary, functional imaging studies in 
CHR subjects have employed a range of cog-
nitive paradigms engaging memory, executive 
and language function. Relative to healthy 
control subjects, these studies report both 
increased and decreased activation in PFC and 
ACC regions. It is not clear why both increased 
and decreased activations are reported by dif-
ferent studies, but these inconsistencies may 
be due to the different functional tasks used. 
A closer inspection of these studies suggests 
that, broadly speaking, increased PFC acti-
vation in CHR subjects is seen during tasks 
involving language/executive function [13,34,38], 
while decreased PFC activation is apparent 
during mnemonic tasks [11,17,18]. The basis of 
the increased PFC activation in these regions 
is unclear, but it may reflect an inefficient 
prefrontal function [39,40] or a compensatory 
response to impaired executive function [41]. 
Decreased activation in PFC and MTL regions 
during memory paradigms are widely reported 
in patients with established schizophrenia [6,7] 
and, in CHR subjects, may underpin subtle 
memory impairments [14,15]. Studies that also 
include early psychosis or chronic schizophre-
nia comparison groups reveal abnormalities of 
regional brain function in CHR subjects that 
are qualitatively similar to, but less severe than, 
patients with established psychosis. A small 
number of studies have examined connectiv-
ity using functional imaging and report altered 
connectivity between PFC regions and lateral 
temporal and MTL regions, thus implicating 
dysconnectivity as a vulnerability factor. One 
study assessing global connectivity reports a 
significant decrease in the contribution of the 
ACC to task-relevant network organization in 
CHR subjects with elevated symptom levels. 
Only two studies have prospectively compared 
CHR subjects according to clinical outcome. 
While these studies employed different MRI 
techniques (functional and perfusion imag-
ing), they report increased function in frontal, 
temporal and hippocampal regions in CHR 
individuals who develop psychosis relative to 
those who do not. However, in both studies, 
the number of CHR subjects who made a tran-
sition to psychosis during the follow-up period 
was small.

Structural imaging
Structural neuroimaging studies clearly indi-
cate that schizophrenia is associated with neuro-
anatomical abnormalities, with the most repli-
cated findings being ventricular enlargement 
and reductions in frontal and medial temporal 
gray matter volume (GMV) [42,43]. Structural 
neuroimaging studies during the first episode 
of psychosis indicate reductions in regional 
GMVs at initial presentation [44,45]. However, 
the extent to which these are related to a vul-
nerability to schizophrenia, as opposed to the 
disorder per se, is less certain. During the previ-
ous decade, studies reported qualitatively simi-
lar abnormalities that were also evident in the 
first-degree relatives and co-twins of patients 
with schizophrenia [46–52]. Twin studies suggest 
that structural abnormalities [48,53,54] in the dor-
solateral PFC and superior temporal cortex [55], 
the hippocampus [56] and white matter [52] 
are at least partially genetically determined. 
Currently, it is not clear at what stage of the 
developing psychosis these brain abnormalities 
occur. Neurodevelopmental models of schizo-
phrenia propose that brain abnormalities are 
present before the onset of psychosis, but there 
is also evidence that at least some structural 
abnormalities progress over the course of the 
disorder [57,58]. MRI studies of nonpsychotic 
subjects who are at genetic high risk of psychosis 
indicate that regional volumetric abnormalities 
comparable to those seen in schizophrenia are 
evident in these cohorts [49,59].

Relatively little is known about the nature 
of the abnormalities in CHR subjects. To date, 
16 studies examining structural changes in 
CHR subjects have been published (see Table 2; 
note that many of these studies report findings 
in overlapping samples). Studies using a region 
of interest (ROI) approach report that, relative 
to healthy controls, CHR subjects show GMV 
reductions in the bilateral hippocampus [60], pla-
num polare/temporale, insula/STG [61,62] and 
an increase in pituitary volume [63]. However, 
other ROI studies have failed to find volumetric 
differences between CHR and healthy control 
subjects [64,65].

Using a voxel-based approach in CHR subjects 
it was found that, relative to healthy controls, 
CHR subjects, regardless of outcome, showed 
reduced GMV in the frontal lobe and lateral and 
medial temporal regions [66]. More interestingly, 
relative to those subjects who did not develop the 
illness, those who later became psychotic had 
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reduced volumes in the IFG and ACC [67] and 
right insula, inferior frontal and superior fron-
tal gyrus [68]. ACC morphometry also reveals 
thinning of the rostral ACC in CHR subjects 
who later became psychotic [69]. These volu-
metric differences within the CHR group were 
associated with the subsequent development of 
psychosis and could be related to a process which 
underlies a progression from a high-risk state 
towards the illness. One study examining white 
matter volume reports that CHR subjects who 
later develop psychosis show increased white 
matter volume in the left frontal lobe and a lon-
gitudinal decrease in the left fronto–occipital 
faciculus [70]. 

The actual transition [71] from the prodromal 
phase into frank psychosis [67,72] and the first 
2 years of the first episode [73] has been associated 
with frontal and temporal decreases in GMV. 
Volumetric studies in CHR subjects found that 
subjects with ‘prodromal’ symptoms who devel-
oped psychosis showed a longitudinal reduction 
in GMV in the left parahippocampal, fusiform, 
orbitofrontal and cerebellar cortices, and the cin-
gulate gyri [67], a decrease of cortical volumes in 
the orbitofrontal cortex that included the right 
orbital and left rectal gyrus, as well as in the right 
inferior temporal, superior frontal and superior 
parietal lobule, the left precuneus and the right 
hemisphere of the cerebellum [74]. In another 
longitudinal study, greater brain contraction was 
found in right prefrontal regions in recent-onset 
psychosis patients compared with CHR subjects 
who did not develop psychosis [75]. These find-
ings are consistent with prospective studies in 
patients with established schizophrenia, which 
indicate that longitudinal reductions in regional 
GMV also occur in chronic patients [76–81]. 
Individual structural imaging studies report con-
trasting findings and are unable to definitively 
characterize which brain regions are associated 
with an increased liability to psychosis. However, 
a recent meta-analysis in a large sample of 920 
high-risk subjects reports structural alterations 
in the bilateral prefrontal and limbic cortex and 
in the temporoparietal cortex [82]. High-risk sub-
jects who later become psychotic show additional 
volumetric reductions in superior temporal and 
inferior frontal areas relative to those who do not. 
This meta-analysis confirmed that brain struc-
tural changes in these areas may be crucial to the 
development of psychotic illness. Recent studies 
using multivariate methods have indicated that 
pattern recognition techniques may also facilitate Ta
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an accurate prediction of these structural brain 
dynamics, potentially allowing for an early rec-
ognition of individuals at risk of developing 
psychosis-associated neuroanatomical changes 
over time [83,84].

In summary, people at high risk of psychosis 
show qualitatively similar volumetric abnormali-
ties (usually reductions) to patients with schizo-
phrenia. Studies comparing CHR subjects accord-
ing to outcome report reduced GMV in the PFC, 
lateral and MTL regions, rostral cingulate gyrus, 
insula and cerebellum, and changes in frontal 
WMV in those subjects who develop psychosis. 
However, a small number of ROI studies have 
failed to find volumetric differences between 
subjects grouped according to outcome. Recent 
evidence has indicated short-term as well as long-
term treatment with antipsychotics can affect 
both the function [85] and the structure [86,87] 
of the human brain. Antipsychotic treatment 
is thus a potential confounding factor in stud-
ies of patients with schizophrenia. An advantage 
of studies examining GMV in CHR cohorts is 
that subjects have no or limited exposure to anti-
psychotic medication. As such, any GMV reduc-
tion seen in CHR subjects cannot be attributed to 
the effects of antipsychotic medication. However, 
it is still unclear which MRI abnormalities are 
specific to psychotic illness as opposed to vulner-
ability to psychosis. Structural studies using tech-
niques that measure cortical thickness [88], gyri-
fication [89] and magnetization transfer ratio [90] 
may allow for the detection of subtle anatomi-
cal changes not seen using standard voxel-based  
morphometry and ROI methods.

Neurochemical imaging: proton MRS
Proton MRS (1H-MRS) can used to measure the 
concentration of brain metabolites in a prede-
fined voxel of interest. Depending on the field 
strength of the MRI scanner and the acquisi-
tion sequence applied, metabolite concentrations 
quantifiable in 1H-MRS spectra can include 
glutamate, the glutamate metabolite glutamine, 
N-acetyl-aspartate (NAA), choline-containing 
compounds, creatine and myo-inositol. Of these 
metabolites, glutamate and glutamine, along 
with NAA, are probably of greatest interest to 
studies of psychosis; glutamate dysfunction is 
thought to be one of the primary neurochemi-
cal abnormalities in schizophrenia, which may 
lead to excitotoxic processes and dysregulation 
of downstream neurotransmitter systems [91–93], 
while NAA is thought to provide a marker 

of neuronal integrity [94]. To date, there are 
seven published 1H-MRS studies (see Table 3) 
of regional brain metabolites in CHR subjects 
compared with control subjects [95–101].

The first 1H-MRS study at 3 T in CHR sub-
jects was performed by Stone and colleagues [98]. 
Compared with healthy controls, CHR subjects 
had significantly lower levels of glutamate in the 
thalamus and higher levels of glutamine in the 
ACC. Increased levels of glutamine in the ACC 
of CHR subjects are consistent with findings in 
FEP patients [102]. Due to overlapping resonances, 
high field strengths (3 T or above) are required 
to separate glutamate and glutamine peaks in 
the 1H-MRS spectra, so studies at lower field 
strengths (1.5 T) generally report glutamate and 
glutamine in combination (as Glx). At 1.5 T, 
Glx levels in the ACC or thalamus did not differ 
significantly between CHR and healthy control 
subjects [99]. In the hippocampus, no differ-
ence in glutamate or glutamine levels has been 
observed in control compared with CHR subjects 
at 3 T [97,98]. In summary, glutamatergic abnor-
malities may be present in CHR patients, par-
ticularly in the thalamus and ACC, but further 
confirmation is required at high field strengths in 
independent cohorts. Prospective and longitudi-
nal studies are required to determine whether the 
extent of glutamatergic abnormality is predictive 
of psychosis.

Recent meta-analyses of the several studies 
of NAA in psychosis have found lower levels of 
NAA in the frontal and temporal lobes and in 
the thalami of patients with either FEP or schizo-
phrenia [103,104]. There is also evidence that NAA 
may be reduced in CHR patients: lower levels of 
NAA have been reported in the thalami [98] and 
corpus callosum [105], and lower NAA:creatine 
or NAA:choline ratios are reported in the 
frontal lobe and ACC [95]. In contrast to these 
studies, a higher NAA:creatine ratio has also 
been reported in the dorsolateral PFC of CHR 
subjects compared with control [96], but as the 
ratio of choline:creatine was also elevated, the 
higher NAA:creatine ratio was interpreted as a 
decline in creatine in frontal areas, indicative of 
hypometabolism [99]. Other investigations have 
found no difference in NAA (or NAA:creatine 
ratio) in regions including frontal cortical areas, 
the thalamus or hippocampus in the CHR 
state [96,98,100,106]. Finally, in a subgroup of CHR 
subjects with major depressive disorder, 1H-MRS 
has shown elevations in myo-inositol, which may 
indicate glial cell dysfunction [99].
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Two of these 1H-MRS studies subsequently fol-
lowed the CHR subjects clinically to determine 
whether 1H-MRS measures at baseline differed 
between subsequent converters and nonconverters 
to psychosis [95,96]. In the study of Wood and col-
leagues, there was no difference in NAA:creatine 
ratios in the dorsolateral PFC in the six subjects 
who developed psychosis compared with those who 

did not [96]. In the study of Jessen and colleagues, 
three of the 19 CHR subjects developed psychosis 
during the follow-up period, and the NAA:choline 
ratios in the ACC were lower in these convert-
ers than in nonconverters [95]. Further studies in 
larger samples are therefore required to determine 
whether baseline levels of 1H-MRS metabolites 
can predict subsequent conversion to psychosis.

Table 3. Neurochemical imaging studies of subjects at clinical high risk for psychosis.

Study 
(year)

Modality Findings HC CHR CHR-T CHR-NT FeP/SZ Ref.

n Age 
(years)

n Age 
(years)

n Age 
(years)

n Age 
(years)

n Age 
(years)

1H-MRS studies

Uhl et al. 
(2011)

1H-MRS 
(1.5 T)

CHR vs HC: ACC, MPFC and 
L hippocampus; no differences

31 25 30 25 - – – – 24 26 [100]

Wood et al. 
(2010)

1H-MRS (3 T) CHR vs HC: R- and L-TL: 
no group differences

29 – 66 – 7 – 59 – – – [106]

Byun et al. 
(2009)

1H-MRS 
(1.5 T)

CHR (MDD) vs HC: L thalamus 
↑ mi; ACC and L-DLPFC: no 
group differences

20 22 11 with 
MDD

21 – – – – – – [99]

CHR (no MDD) vs HC: 
L thalamus, ACC and L-DLPFC: 
no group differences

– – 9 without 
MDD

– – – – – – –

Stone et al. 
(2009)

1H-MRS (3 T) CHR vs HC: L thalamus: 
↓ glutamate, ↓ NAA; ACC: 
↑ glutamine; L hippocampus: 
no group differences 

27 25 27 25 – – – – – – [98]

Aydin et al. 
(2008)

1H-MRS 
(1.5 T)

CHR vs HC: CC: ↓ NAA. CHR and 
FEP: levels of CC NAA correlate 
with the severity of negative 
symptoms

30 20 17 20 – – – – 14 25 [101]

Jessen 
et al. (2006)

1H-MRS 
(1.5 T)

CHR vs HC: ACC and L-FL: 
↓ NAA:Cr and NAA:Cho. L-TL: 
no group difference. CHR-T 
vs CHR-NT: ACC: ↑ Cho:Cr, 
↓ NAA:cho; L-FL and L-TL: no 
group difference

31 35 10 E-CHR 27 3 – 16 – 21 33 [95]

– – 9 L-CHR – – – – – – –

Wood et al. 
(2003)

1H-MRS 
(1.5 T)

CHR vs HC: L-MTL: no difference. 
L-DLPFC; ↑ NAA:Cr, ↑ Cho:Cr. 
CHR-T vs CHR-NT: L-MTL and 
L-DLPFC: no differences. CHR 
vs FEP: L-MTL and L-DLPFC: 
no differences

21 34 30 19 6 – 24 – 56 21 [96]

PeT studies

Howes 
et al. (2011) 

18F-DOPA 
PET

CHR-T vs CHR-NT: ↑ 18F-DOPA in 
the striatum 

– – 20 25 8 – 12 – – – [110]

Howes 
et al. (2009)

18F-DOPA 
PET

CHR vs HC vs SZ: intermediate 
↑ 18F-DOPA in the striatum 

12 24 24 25 – – – – 7 – [109]

Hurlemann 
et al. (2008)
 

18F-altanserin 
PET

CHR vs HC: ↓ 5-HT2A in cortical 
areas. CHR-T vs CHR-NT: 
↓ 5-HT2A in R caudate

21 27 6 E-CHR 26 5 – 9 – – – [111]

– – 8 L-CHR – – – – – – –

1H-MRS: Proton magnetic resonance spectroscopy; ACC: Anterior cingulate cortex; CC: Corpus callosum; Cho: Choline; CHR: Clinical high risk; CHR-NT: Clinical high risk with no 
transition to psychosis; CHR-T: Clinical high risk with transition to psychosis; Cr: Creatine; DLPFC: Dorsolateral prefrontal cortex; E-CHR: Early clinical high risk; FEP: First-episode 
psychosis; FL: Frontal lobe; HC: Healthy control; L: Left; L-CHR: Late clinical high risk; MDD: Major depressive disorder; mi: Myo-inositol; MPFC: Medial prefrontal cortex; MTL: Medial 
temporal lobe; NAA: N-acetyl aspartate; PFC: Prefrontal cortex; R: Right; SZ: Patient with schizophrenia; TL: Temporal lobe.
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Neurochemical imaging: PeT
PET imaging with the radiotracer 18F-DOPA 
has consistently shown elevated dopaminergic 
function in the striatum of patients with estab-
lished psychosis [107]. Uptake of 18F-DOPA 
reflects presynaptic dopamine synthesis capac-
ity, as DOPA is converted to dopamine by aro-
matic acid decarboxylase in presynaptic termi-
nals [108]. Howes and colleagues have recently 
shown that 18F-DOPA uptake is increased in 
the striata of CHR subjects to levels that are 
intermediate to those observed in controls and 
schizophrenia patients (Table 3) [109]. This pro-
vides compelling evidence that dopaminergic 
abnormalities precede the onset of frank psycho-
sis. Moreover, in a subsequent follow-up study 
2 years later, eight of these CHR subjects had 
developed psychosis, and this was accompanied 
by a longitudinal increase in 18F-DOPA uptake 
in the sensorimotor striatum [110]. While con-
firmation is required in larger and independent 
samples, these data provide the first evidence 
that conversion to psychosis may be associated 
with progressive striatal dopaminergic dysfunc-
tion, and provide in vivo neurochemical data in 
support of the use of treatments that act on the 
dopamine system in preventing the development 
of psychosis.

The serotonin 5-HT
2A

 receptor is also impli-
cated in the pathogenesis of schizophrenia. 
Using 18F-altanserin PET, reductions in 5-HT

2A
 

receptor availability have been observed in early 
and late prodromal states across several cortical 
areas [111]. Furthermore, decreases in 5-HT

2A
 

receptor availability in the caudate were appar-
ent in five subjects who subsequently converted 
to psychosis compared with nine subjects who 
had not converted during the clinical follow-up 
period [111]. This indicates that 5-HT

2A
 receptor 

availability may also provide a surrogate marker 
of psychosis risk in CHR individuals.

In summary, PET studies have revealed 
dopaminergic and serotonergic abnormalities in 
CHR subjects, which may worsen as symptoms 
progress. Conformation of these findings in new 
cohorts of CHR subjects is required.

Multimodal imaging
There are now a small number of investigations 
that have combined different imaging modalities 
in cross-sectional studies of the CHR state (see 
Table 4). In addition to providing information 
about disease processes, and thereby informing 
strategies for intervention, it is possible that the 

additional information provided by multimodal 
data may have greater value in predicting psychosis 
risk in CHR individuals.

As stated earlier, it has been suggested that 
glutamatergic dysfunction may be one of the 
primary neurochemical abnormalities in psy-
chosis, which could lead to reductions in GMV, 
abnormal brain activation and dysregulation of 
downstream neurotransmitter systems [91–93]. 
The relationships between brain glutamate levels 
and several of these processes have been explored 
in studies by Stone and colleagues, combining 
1H-MRS data obtained in the CHR state [98] with 
data available in the same subjects across several 
different imaging modalities. First, Stone and 
colleagues found that, in CHR subjects but not 
controls, levels of glutamate in the thalamus were 
directly correlated with GMV in several brain 
areas including the medial temporal cortex, left 
PFC and insula. This suggests that glutamatergic 
dysfunction in the thalamus of CHR individuals 
may lead to structural abnormalities, possibly via 
disinhibition of thalamocortical glutamatergic 
projections [98]. Similar findings have also been 
reported in FEP [112]. The consequences of tha-
lamic glutamate abnormality in CHR subjects 
have also been investigated using mismatch 
negativity (MMN) [113]. MMN is a neurophysio-
logical biomarker for schizophrenia that indexes 
deviance or oddball detection, and is known to 
relate to thalamic function [114]. In CHR sub-
jects, lower levels of thalamic Glx were associated 
with lower MMN amplitudes in frontal areas, 
indicating thalamic glutamate may be associated 
with abnormal sensory filtering in the CHR state, 
in particular in deviance detection [113].

Animal studies have shown that hippocam-
pal glutamate is critically involved in memory 
encoding [115]. Combining fMRI data acquired 
during memory encoding and 1H-MRS gluta-
mate measures, Valli and colleagues have 
recently shown that MTL activation during 
memory encoding is positively correlated with 
hippocampal glutamate levels in control but not 
CHR subjects [116]. This finding suggests that 
reduced activation of the MTL during encod-
ing in the CHR state may be attributable to 
glutamatergic abnormality.

Contemporary theories and data from ani-
mal studies propose that striatal hyperdopamin-
ergia in psychosis may be driven by upstream 
changes in hippocampal glutamate func-
tion [93,117,118]. Combining results of 1H-MRS 
and 18F-DOPA PET in the same individuals, 
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Stone and colleagues detected a negative rela-
tionship between hippocampal glutamate and 
striatal dopaminergic function in CHR subjects 
that is absent in controls and is most marked 
in CHR subjects that subsequently developed 
psychosis [119]. This suggests that abnormal rela-
tionships between hippocampal glutamate and 
striatal dopamine may be present during the 
prodrome, and worsen as psychosis progresses.

Taken together, these studies have provided 
preliminary evidence that glutamatergic abnor-
malities in the CHR state may be associated with 
abnormalities in brain structure and function. 
While confirmation in larger independent sam-
ples is required, these studies suggest that drugs 
that modulate glutamatergic transmission may 
be beneficial in preventing the development of 
psychosis in those most at risk for the disorder.

Another line of work has investigated the 
relationship between striatal dopaminergic 
function in the CHR state (as measured with 
18F-DOPA PET) and abnormalities in prefron-
tal activation assessed with fMRI during task 
performance [120,121]. The first of these studies 
combined fMRI data acquired while subjects 
performed a working memory task (N-back). 

While 18F-DOPA uptake in the associative stria-
tum was positively correlated with activation of 
the right MFG in controls, these variables were 
negatively correlated in CHR subjects [120]. In 
the second study, fMRI data were acquired while 
subjects performed a verbal fluency task. Striatal 
18F-DOPA uptake was positively correlated with 
the degree of activation of the inferior frontal cor-
tex in CHR but not control subjects [121]. Both 
of these studies provide evidence that increased 
striatal dopamine synthesis capacity is associated 
with abnormal prefrontal activation during cog-
nitive task performance and link deficits in execu-
tive processing to striatal hyperdopaminergia in 
CHR individuals. Finally, Allen and colleagues 
used the same verbal memory task reported pre-
viously [17] to examine the relationship between 
MTL and dopaminergic function [122]. In 
CHR subjects, the relationship between striatal 
dopamine function and MTL activation during 
both verbal encoding and verbal recognition was 
significantly different in CHR subjects compared 
with controls. An altered relationship between 
MTL function and dopamine storage/synthesis 
capacity exists in at-risk mental state individuals 
and may be related to psychosis vulnerability.

Table 4. Multimodal imaging studies of subjects at clinical high risk for psychosis.

Study (year) Modalities Findings HC CHR Ref.

n Age 
(years)

n Age 
(years)

Allen et al. 
(2011)

fMRI (episodic 
memory task) 
and 18F-DOPA 
PET 

CHR: positive correlation between hippocampal activation during 
memory task and 18F-DOPA uptake. HC: negative correlation 
between hippocampal activation during memory task and 
18F-DOPA uptake

14 26 20 26 [122]

Fusar-Poli 
et al. (2011)

fMRI (VF task) 
and 18F-DOPA 
PET

CHR: positive correlation between striatal dopamine synthesis 
capacity and activation in the IFC. HC: no correlation

14 25.4 20 27 [121]

Valli et al. 
(2011)

1H-MRS and 
fMRI (episodic 
memory task)

HC: positive correlation between MTL activation during episodic 
encoding and MTL glutamate. CHR: no correlation with glutamate

14 26 22 26 [116]

Fusar-Poli 
et al. (2010)

fMRI (WM task) 
and 18F-DOPA 
PET

CHR: negative correlation between striatal dopamine synthesis 
capacity and activation in R middle FG. HC: opposite correlation

14 25 20 27 [120]

Stone et al. 
(2010)

1H-MRS and 
18F-DOPA PET

CHR: negative relationship between hippocampal glutamate 
levels and striatal dopamine synthesis capacity. HC: no correlation

12 NA 16 NA [119]

Stone et al. 
(2010)

EEG and 
1H-MRS 

CHR: ↓ levels of Glx in the thalamus is associated with ↓ MMN 
amplitude in frontal areas

– – 11 MRS 
and MMN

27 [113]

– – 8 MRS 
and P300

29

Stone et al. 
(2009)

1H-MRS and 
sMRI

CHR: level of thalamic glutamate positively correlated with GMV in 
the MTL and insula. HC: no correlation

27 25 27 25 [98]

1H-MRS: Proton magnetic resonance spectroscopy; CHR: Clinical high risk; FG: Frontal gyrus; fMRI: Functional MRI; Glx: Glutamate plus glutamine; GMV: Gray matter volume; 
HC: Healthy controls; IFC: Inferior frontal cortex; MMN: Mismatch negativity; MTL: Medial temporal gyrus; NA: Not applicable; R: Right; sMRI: Structural MRI; VF: Verbal fluency; 
WM: Working memory; WMV: White matter volume.
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In summary, multimodal imaging studies 
have begun to establish associations between 
altered neurotransmission and neurofunction/
anatomy. Dysfunction in dopamine and gluta-
mate systems, both widely implicated in the 
pathogenesis of psychosis, has been shown to 
correlate with altered PFC and MTL dysfunc-
tion in CHR subjects. However, the causal direc-
tion of these associations is unclear and the pos-
sibility that they may be epiphenomenal cannot 
be ruled out.

Conclusion & future perspective
These neuroimaging studies have shown that 
several abnormalities in brain neurophysiology, 
anatomy and chemistry that are fundamental 
to schizophrenia are also present in people at 
very high risk of developing the disorder, and 
may therefore represent vulnerability mark-
ers. Studies that have included control, CHR 
and first-episode patients show that the CHR 
phenotype is usually intermediate to controls 
and first-episode patients [6,10,29,33,109], which 
suggests that the extent of abnormality may 
either be predictive of psychosis or worsen as 
symptoms progress. Indeed, there is already 
evidence from structural [67,68], functional 
imaging studies [13] and a study of CBV [37] that 
the extent of abnormality at baseline is predic-
tive of subsequent conversion to psychosis, and 
there is evidence from 18F-DOPA PET studies 
that conversion to psychosis is accompanied by 
longitudinal increases in dopaminergic func-
tion in the striatum [110]. While further pro-
spective and longitudinal studies are required, 
these recent findings provide some evidence 
that neuroimaging methods may have addi-
tional predictive value for identifying psychosis 
risk. Of the CHR subjects included in these 
studies, only approximately 20–30% will go 
on to develop psychosis. This implies that, at 
a group level, several neurobiological changes 
are present in people who, while currently at 
CHR, will never develop psychosis. This may 
indicate that the presence of more than one 
neurobiological abnormality, together with the 
presence of additional factors such as genetic 
or environmental risks, is required for clinical 
psychosis. Future studies, which combine mul-
timodal imaging data together with additional 
risk factors, may therefore have greater predic-
tive value for psychosis. Existing multimodal 
data provide empirical evidence that abnormal-
ities in brain neurotransmitters, structure and 

activation may be related [98,113,116,119,120–122]. 
However, in these cross-sectional studies, it 
cannot be determined which abnormality is 
primary, but future longitudinal studies may 
help to determine the direction of causality.

To date, two functional, 14 structural and 
five neurochemical imaging studies have com-
pared CHR subjects according to outcome. 
Many of the structural studies report find-
ings in overlapping datasets and the power 
of these studies to detect predictive changes 
will depend on conversion base rates, which 
vary considerably across time and across clini-
cal centers using different diagnostic instru-
ments [123]. Many of these studies report mod-
est effect sizes at a group level, and as such, 
their ability to predict conversion to psychosis 
in an individual case is questionable. In addi-
tion, the reviewed literature notoriously differs 
in their definitions of ‘psychosis’, which is not a 
diagnostic category, but rather a syndrome that 
can occur in various disorders such a bipolar 
and some affective disorders. As such, these 
studies are often not directly comparable. The 
age of CHR subjects also varies considerably 
across studies. Although the mean age of CHR 
subjects in the studies reported here is approxi-
mately 20 years, some studies include subjects 
as young as 14 years, while others include sub-
jects aged >30 years. It is worth noting that 
because older CHR subjects are towards the 
latter stages of the maximum risk period, their 
symptomo logy may be indicative of disorders 
other than schizophrenia.

Despite these caveats, research in CHR 
groups is a potentially powerful means of 
investigating the mechanisms underlying the 
onset of psychosis, as subjects can be studied 
prospectively, before the onset of the disorder. 
Moreover, comparison of those who do and do 
not develop psychosis can reveal which risk fac-
tors are critical for the onset of illness, in the 
absence of the potentially confounding effects of 
antipsychotic treatment. An overarching aim of 
future studies should be to maximize the trans-
lational benefits of research in CHR groups. 
Clinical trials suggest that intervention in CHR 
subjects can reduce the risk of later transition 
to psychosis [124]. However, it is difficult to pre-
dict which CHR individuals will later develop 
psychosis on the basis of their clinical presenta-
tion [125]. Consequently, at present, potentially 
preventative clinical interventions have to be 
delivered to all CHR subjects, including many 
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who will never develop psychosis, which is clini-
cally inefficient and ethically problematic. Thus, 
there is a pressing need to identify biomarkers 
that can identify those CHR subjects who are 
most likely to become psychotic, so that clini-
cal resources can be focused on this subgroup. 
A recent study by Koutsouleris and colleagues 
applied multivariate methods to imaging data to 
facilitate accurate outcome prediction in a CHR 
cohort [83]. Although promising, more studies 
using multivariate and pattern classification 
techniques will be needed before their predictive 
utility can be accurately assessed. As healthcare 
provision moves towards preventative and early 

intervention strategies, methods to enhance 
outcome prediction will become increasingly 
important and sought after.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial 
involvement with any organization or entity with a finan-
cial interest in or financial conflict with the subject matter 
or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or 
options, expert testimony, grants or patents received or 
pending, or royalties.

No writing assistance was utilized in the production of 
this manuscript.

Bibliography
Papers of special note have been highlighted as:
�	 of interest

1 Chapman LJ, Chapman JP, Kwapil TR, 
Eckblad M, Zinser MC. Putatively psychosis-
prone subjects 10 years later. J. Abnorm. 
Psychol. 103, 171–183 (1994).

2 Yung AR, Phillips LJ, McGorry PD et al. 
Prediction of psychosis. A step towards 
indicated prevention of schizophrenia. 
Br. J. Psychiatr. Suppl. 172, 14–20 (1998).

3 Hafner H. Prevention and early 
intervention in schizophrenia: facts and 
visions. Seishin Shinkeigaku Zasshi 104, 
1033–1054 (2002).

4 Riecher-Rossler A, Gschwandtner U, 
Borgwardt S, Aston J, Pfluger M, Rossler W. 
Early detection and treatment of 
schizophrenia: how early? Acta Psychiatr. 
Scand. Suppl. (429), 73–80 (2006).

5 Ragland JD, Yoon J, Minzenberg MJ, 
Carter CS. Neuroimaging of cognitive 
disability in schizophrenia: search for a 
pathophysiological mechanism. Int. Rev. 
Psychiatr. 19, 417–427 (2007).

6 Ranganath C, Minzenberg MJ, Ragland JD. 
The cognitive neuroscience of memory 
function and dysfunction in schizophrenia. 
Biol. Psychiatr. 64, 18–25 (2008).

7 Achim AM, Lepage M. Episodic memory-
related activation in schizophrenia: 
meta-analysis. Br. J. Psychiatr. 187, 500–509 
(2005).

8 Minzenberg MJ, Laird AR, Thelen S, 
Carter CS, Glahn DC. Meta-analysis of 
41 functional neuroimaging studies of 
executive function in schizophrenia. Arch. 
Gen. Psychiatr. 66, 811–822 (2009).

9 Costafreda SG, Fu CH, Lee L, Everitt B, 
Brammer MJ, David AS. A systematic review 
and quantitative appraisal of fMRI studies of 

verbal fluency: role of the left inferior frontal 
gyrus. Hum. Brain Mapp. 27, 799–810 
(2006).

10 Morey RA, Inan S, Mitchell TV, Perkins DO, 
Lieberman JA, Belger A. Imaging 
frontostriatal function in ultra-high-risk, 
early, and chronic schizophrenia during 
executive processing. Arch. Gen. Psychiatr. 62, 
254–262 (2005).

11 Broome MR, Matthiasson P, Fusar-Poli P 
et al. Neural correlates of executive function 
and working memory in the ‘at-risk mental 
state’. Br. J. Psychiatr. 194, 25–33 (2009).

12 Fusar-Poli P, Broome MR, Matthiasson P 
et al. Prefrontal function at presentation 
directly related to clinical outcome in people 
at ultrahigh risk of psychosis. Schizophr. Bull. 
37, 189–198 (2011).

13 Sabb FW, van Erp TG, Hardt ME et al. 
Language network dysfunction as a predictor 
of outcome in youth at clinical high risk for 
psychosis. Schizophr. Res. 116, 173–183 
(2010).

�	 Reports a functional MRI study with 
clinical outcome data.

14 Pukrop R, Ruhrmann S, Schultze-Lutter F, 
Bechdolf A, Brockhaus-Dumke A, 
Klosterkotter J. Neurocognitive indicators for 
a conversion to psychosis: comparison of 
patients in a potentially initial prodromal 
state who did or did not convert to a 
psychosis. Schizophr. Res. 92, 116–125 
(2007).

15 Brewer WJ, Francey SM, Wood SJ et al. 
Memory impairments identified in people at 
ultra-high risk for psychosis who later develop 
first-episode psychosis. Am. J. Psychiatr. 162, 
71–78 (2005).

16 Lencz T, Smith CW, McLaughlin D et al. 
Generalized and specific neurocognitive 
deficits in prodromal schizophrenia. Biol. 
Psychiatr. 59, 863–871 (2006).

17 Allen P, Seal ML, Valli I et al. Altered 
prefrontal and hippocampal function 
during verbal encoding and recognition in 
people with prodromal symptoms of 
psychosis. Schizophr. Bull. 37(4), 746–756 
(2011).

18 Broome MR, Fusar-Poli P, Matthiasson P 
et al. Neural correlates of visuospatial working 
memory in the ‘at-risk mental state’. Psychol. 
Med. 40, 1987–1999 (2010).

19 Hasselmo ME, Stern CE. Mechanisms 
underlying working memory for novel 
information. Trends Cogn. Sci. 10, 487–493 
(2006).

20 Ranganath C, D’Esposito M. Medial 
temporal lobe activity associated with active 
maintenance of novel information. Neuron 31, 
865–873 (2001).

21 Fusar-Poli P, Broome MR, Matthiasson P 
et al. Spatial working memory in individuals 
at high risk for psychosis: longitudinal 
fMRI study. Schizophr. Res. 123, 45–52 
(2010).

22 Broome MR, Matthiasson P, Fusar-Poli P 
et al. Neural correlates of movement 
generation in the ‘at-risk mental state’. 
Acta Psychiatr. Scand. 122, 295–301 
(2010).

23 Walterfang M, Wood SJ, Velakoulis D, 
Pantelis C. Neuropathological, neurogenetic 
and neuroimaging evidence for white matter 
pathology in schizophrenia. Neurosci. 
Biobehav. Rev. 30, 918–948 (2006).

24 Stephan KE, Baldeweg T, Friston KJ. 
Synaptic plasticity and dysconnection in 
schizophrenia. Biol. Psychiatr. 59, 929–939 
(2006).

25 Stephan KE, Friston KJ, Frith CD. 
Dysconnection in schizophrenia: from 
abnormal synaptic plasticity to failures of 
self-monitoring. Schizophr. Bull. 35, 509–527 
(2009).



future science group www.futuremedicine.com 491

Imaging studies in individuals with a clinical high risk for psychosis review

26 Stephan KE, Baldeweg T, Friston KJ. 
Synaptic plasticity and dysconnection in 
schizophrenia. Biol. Psychiatr. 59, 929–939 
(2006).

27 Stephan KE, Friston KJ, Frith CD. 
Dysconnection in schizophrenia: from 
abnormal synaptic plasticity to failures of 
self-monitoring. Schizophr. Bull. 35, 509–527 
(2009).

28 Friston KJ, Harrison L, Penny W. Dynamic 
causal modelling. Neuroimage 19, 1273–1302 
(2003).

29 Pettersson-Yeo W, Allen P, Benetti S, 
McGuire P, Mechelli A. Dysconnectivity in 
schizophrenia: where are we now? Neurosci. 
Biobehav. Rev. 35(5), 1110–1124 (2011).

30 Friston KJ. The disconnection hypothesis. 
Schizophr. Res. 30, 115–125 (1998).

31 Frith CD, Friston KJ, Herold S et al. Regional 
brain activity in chronic schizophrenic 
patients during the performance of a verbal 
fluency task. Br. J. Psychiatr. 167, 343–349 
(1995).

32 Friston KJ, Frith CD. Schizophrenia: 
a disconnection syndrome? Clin. Neurosci. 
3, 89–97 (1995).

33 Benetti S, Mechelli A, Picchioni M, 
Broome M, Williams S, McGuire P. 
Functional integration between the posterior 
hippocampus and prefrontal cortex is 
impaired in both first episode schizophrenia 
and the at risk mental state. Brain 132(Pt 9), 
2426–2436 (2009).

34 Allen P, Stephan KE, Mechelli A et al. 
Cingulate activity and fronto–temporal 
connectivity in people with prodromal signs of 
psychosis. Neuroimage 49, 947–955 (2010).

35 Crossley NA, Mechelli A, Fusar-Poli P et al. 
Superior temporal lobe dysfunction and 
frontotemporal dysconnectivity in subjects at 
risk of psychosis and in first-episode psychosis. 
Hum. Brain Mapp. 30(12), 4129–4137 (2009).

36 Lord LD, Allen P, Expert P et al. 
Characterization of the anterior cingulate’s 
role in the at-risk mental state using graph 
theory. Neuroimage 56(3), 1531–1539 (2011).

37 Schobel SA, Lewandowski NM, 
Corcoran CM et al. Differential targeting of 
the CA1 subfield of the hippocampal 
formation by schizophrenia and related 
psychotic disorders. Arch. Gen. Psychiatr. 66, 
938–946 (2009).

�	 Reports a cerebral blood volume study with 
clinical outcome data.

38 Broome MR, Matthiasson P, Fusar-Poli P 
et al. Neural correlates of executive function 
and working memory in the ‘at-risk mental 
state’. Br. J. Psychiatr. 194, 25–33 (2009).

39 Callicott JH, Bertolino A, Mattay VS et al. 
Physiological dysfunction of the dorsolateral 
prefrontal cortex in schizophrenia revisited. 
Cereb. Cortex. 10, 1078–1092 (2000).

40 Schlosser RG, Koch K, Wagner G et al. 
Inefficient executive cognitive control in 
schizophrenia is preceded by altered 
functional activation during information 
encoding: an fMRI study. Neuropsychologia 
46, 336–347 (2008).

41 Tan HY, Sust S, Buckholtz JW et al. 
Dysfunctional prefrontal regional 
specialization and compensation in 
schizophrenia. Am. J. Psychiatr. 163, 
1969–1977 (2006).

42 Wright IC, Rabe-Hesketh S, Woodruff PW, 
David AS, Murray RM, Bullmore ET. 
Meta-analysis of regional brain volumes in 
schizophrenia. Am. J. Psychiatr. 157, 16–25 
(2000).

43 Shenton ME, Dickey CC, Frumin M, 
McCarley RW. A review of MRI findings in 
schizophrenia. Schizophr. Res. 49, 1–52 
(2001).

44 Ho BC, Alicata D, Ward J et al. Untreated 
initial psychosis: relation to cognitive deficits 
and brain morphology in first-episode 
schizophrenia. Am. J. Psychiatr. 160, 142–148 
(2003).

45 Lieberman J, Chakos M, Wu H. Longitudinal 
study of brain morphology in first episode 
schizophrenia. Biol. Psychiatr. 49, 487–499 
(2001).

46 Suddath RL, Christison GW, Torrey EF, 
Casanova MF, Weinberger DR. Anatomical 
abnormalities in the brains of monozygotic 
twins discordant for schizophrenia. N. Engl. 
J. Med. 322, 789–794 (1990).

47 Staal WG, Hulshoff Pol HE, Schnack HG, 
Hoogendoorn ML, Jellema K, Kahn RS. 
Structural brain abnormalities in patients 
with schizophrenia and their healthy 
siblings. Am. J. Psychiatr. 157, 416–421 
(2000).

48 Baare WF, van Oel CJ, Hulshoff Pol HE et al. 
Volumes of brain structures in twins 
discordant for schizophrenia. Arch. Gen. 
Psychiatr. 58, 33–40 (2001).

49 Lawrie SM, Whalley H, Kestelman JN et al. 
Magnetic resonance imaging of brain in 
people at high risk of developing 
schizophrenia. Lancet 353, 30–33 (1999).

50 Keshavan MS, Montrose DM, Pierri JN et al. 
Magnetic resonance imaging and 
spectroscopy in offspring at risk for 
schizophrenia: preliminary studies. Prog. 
Neuropsychopharmacol. Biol. Psychiatr. 21, 
1285–1295 (1997).

51 Sharma T, Lancaster E, Lee D et al. Brain 
changes in schizophrenia. Volumetric MRI 
study of families multiply affected with 
schizophrenia – the Maudsley Family Study 5. 
Br. J. Psychiatr. 173, 132–138 (1998).

52 Hulshoff Pol HE, Brans RG, van Haren NE 
et al. Gray and white matter volume 
abnormalities in monozygotic and same-
gender dizygotic twins discordant for 
schizophrenia. Biol. Psychiatr. 55, 126–130 
(2004).

53 van Haren NE, Picchioni MM, McDonald C 
et al. A controlled study of brain structure in 
monozygotic twins concordant and 
discordant for schizophrenia. Biol. Psychiatr. 
56, 454–461 (2004).

54 Borgwardt SJ, Picchioni MM, Ettinger U, 
Toulopoulou T, Murray R, McGuire PK. 
Regional gray matter volume in monozygotic 
twins concordant and discordant for 
schizophrenia. Biol. Psychiatr. 67, 956–964 
(2010).

55 Cannon TD, Thompson PM, van Erp TG 
et al. Cortex mapping reveals regionally 
specific patterns of genetic and disease-
specific gray-matter deficits in twins 
discordant for schizophrenia. Proc. Natl Acad. 
Sci. USA 99, 3228–3233 (2002).

56 Narr KL, van Erp TG, Cannon TD et al. 
A twin study of genetic contributions to 
hippocampal morphology in schizophrenia. 
Neurobiol. Dis. 11, 83–95 (2002).

57 Pantelis C, Yucel M, Wood SJ et al. Structural 
brain imaging evidence for multiple 
pathological processes at different stages of 
brain development in schizophrenia. Schizophr. 
Bull. 31, 672–696 (2005).

58 Borgwardt SJ, Dickey C, Hulshoff Pol H, 
Whitford TJ, DeLisi LE. Workshop on defining 
the significance of progressive brain change in 
schizophrenia: December 12, 2008 American 
College of Neuropsychopharmacology (ACNP) 
all-day satellite, Scottsdale, Arizona. The 
Rapporteurs’ Report. Schizophr. Res. 112, 32–45 
(2009).

59 Job DE, Whalley HC, McConnell S, 
Glabus M, Johnstone EC, Lawrie SM. 
Voxel-based morphometry of grey matter 
densities in subjects at high risk of 
schizophrenia. Schizophr. Res. 64, 1–13 
(2003).

60 Phillips LJ, Velakoulis D, Pantelis C et al. 
Non-reduction in hippocampal volume is 
associated with higher risk of psychosis. 
Schizophr. Res. 58, 145–158 (2002).

61 Takahashi T, Wood SJ, Yung AR et al. Insular 
cortex gray matter changes in individuals at 
ultra-high-risk of developing psychosis. 
Schizophr. Res. 111, 94–102 (2009).



Neuropsychiatry (2011) 1(5) future science group492

review Egerton, Borgwardt, Tognin, Howes, McGuire & Allen

62 Takahashi T, Wood SJ, Yung AR et al. 
Progressive gray matter reduction of the 
superior temporal gyrus during transition to 
psychosis. Arch. Gen. Psychiatr. 66, 366–376 
(2009).

63 Garner B, Pariante CM, Wood SJ et al. 
Pituitary volume predicts future transition to 
psychosis in individuals at ultra-high risk of 
developing psychosis. Biol. Psychiatr. 58, 
417–423 (2005).

64 Wood SJ, Yucel M, Velakoulis D et al. 
Hippocampal and anterior cingulate 
morphology in subjects at ultra-high-risk for 
psychosis: the role of family history of 
psychotic illness. Schizophr. Res. 75, 295–301 
(2005).

65 Velakoulis D, Wood SJ, Wong MT et al. 
Hippocampal and amygdala volumes 
according to psychosis stage and diagnosis: 
a magnetic resonance imaging study of 
chronic schizophrenia, first-episode psychosis, 
and ultra-high-risk individuals. Arch. Gen. 
Psychiatr. 63, 139–149 (2006).

�	 Reports no significant hipppocampal and 
amgdala volume changes in a large sample of 
clinical high risk (CHR) subjects.

66 Meisenzahl EM, Koutsouleris N, Gaser C 
et al. Structural brain alterations in subjects at 
high-risk of psychosis: a voxel-based 
morphometric study. Schizophr. Res. 102, 
150–162 (2008).

67 Pantelis C, Velakoulis D, McGorry PD et al. 
Neuroanatomical abnormalities before and 
after onset of psychosis: a cross-sectional and 
longitudinal MRI comparison. Lancet 361, 
281–288 (2003).

�	 Reports prospective and longitudinal 
voxel-based morphometry structural 
imaging studies.

68 Borgwardt SJ, Riecher-Rossler A, Dazzan P 
et al. Regional gray matter volume 
abnormalities in the at risk mental state. Biol. 
Psychiatr. 61, 1148–1156 (2007).

69 Fornito A, Yung AR, Wood SJ et al. Anatomic 
abnormalities of the anterior cingulate cortex 
before psychosis onset: an MRI study of 
ultra-high-risk individuals. Biol. Psychiatr. 
64(9), 758–765 (2008).

70 Walterfang M, McGuire PK, Yung AR et al. 
White matter volume changes in people who 
develop psychosis. Br. J. Psychiatr. 193, 
210–215 (2008).

71 Wood SJ, Pantelis C, Velakoulis D, Yucel M, 
Fornito A, McGorry PD. Progressive 
changes in the development toward 
schizophrenia: studies in subjects at 
increased symptomatic risk. Schizophr. Bull. 
34, 322–329 (2008).

72 Job DE, Whalley HC, Johnstone EC, 
Lawrie SM. Grey matter changes over time in 
high risk subjects developing schizophrenia. 
Neuroimage 25, 1023–1030 (2005).

73 Farrow TF, Whitford TJ, Williams LM, 
Gomes L, Harris AW. Diagnosis-related 
regional gray matter loss over two years in 
first episode schizophrenia and bipolar 
disorder. Biol. Psychiatr. 58, 713–723 (2005).

74 Borgwardt SJ, McGuire PK, Aston J et al. 
Reductions in frontal, temporal and parietal 
volume associated with the onset of psychosis. 
Schizophr. Res. 106(2–3), 108–114 (2008).

75 Sun D, Phillips L, Velakoulis D, Yung A, 
McGorry PD, Wood SJ et al. Progressive 
brain structural changes mapped as psychosis 
develops in ‘at risk’ individuals. Schizophr. 
Res. 108(1–3), 85–92 (2008).

76 Cahn W, Hulshoff Pol HE, Lems EB et al. 
Brain volume changes in first-episode 
schizophrenia: a 1-year follow-up study. Arch. 
Gen. Psychiatr. 59, 1002–1010 (2002).

77 Ho BC, Andreasen NC, Nopoulos P, Arndt S, 
Magnotta V, Flaum M. Progressive structural 
brain abnormalities and their relationship to 
clinical outcome: a longitudinal magnetic 
resonance imaging study early in 
schizophrenia. Arch. Gen. Psychiatr. 60, 
585–594 (2003).

78 Kasai K, Shenton ME, Salisbury DF et al. 
Progressive decrease of left superior temporal 
gyrus gray matter volume in patients with 
first-episode schizophrenia. Am. J. Psychiatr. 
160, 156–164 (2003).

79 Kubicki M, Shenton ME, Salisbury DF et al. 
Voxel-based morphometric analysis of gray 
matter in first episode schizophrenia. 
Neuroimage 17, 1711–1719 (2002).

80 Mathalon DH, Sullivan EV, Lim KO, 
Pfefferbaum A. Progressive brain volume 
changes and the clinical course of 
schizophrenia in men: a longitudinal 
magnetic resonance imaging study. Arch. 
Gen. Psychiatr. 58, 148–157 (2001).

81 Sporn AL, Greenstein DK, Gogtay N et al. 
Progressive brain volume loss during 
adolescence in childhood-onset schizophrenia. 
Am. J. Psychiatr. 160, 2181–2189 (2003).

82 Fusar-Poli P, Borgwardt S, Crescini A et al. 
Neuroanatomy of vulnerability to psychosis: 
a voxel-based meta-analysis. Neurosci. 
Biobehav. Rev. 35, 1175–1185 (2011).

83 Koutsouleris N, Meisenzahl EM, 
Davatzikos C et al. Use of neuroanatomical 
pattern classification to identify subjects in 
at-risk mental states of psychosis and predict 
disease transition. Arch. Gen. Psychiatr. 66, 
700–712 (2009).

84 Koutsouleris N, Gaser C, Bottlender R et al. 
Use of neuroanatomical pattern regression to 
predict the structural brain dynamics of 
vulnerability and transition to psychosis. 
Schizophr. Res. 123, 175–187 (2010).

85 Fusar-Poli P, Broome MR, Matthiasson P, 
Williams SC, Brammer M, McGuire PK. 
Effects of acute antipsychotic treatment on 
brain activation in first episode psychosis: 
an fMRI study. Eur. Neuropsychopharmacol. 
17, 492–500 (2007).

86 Smieskova R, Fusar-Poli P, Allen P et al. 
The effects of antipsychotics on the brain: what 
have we learnt from structural neuroimaging of 
schizophrenia? – a systematic review. Curr. 
Pharmaceut. Desig. 15, 2535–2549 (2009).

87 Ho BC, Andreasen NC, Ziebell S, Pierson R, 
Magnotta V. Long-term antipsychotic 
treatment and brain volumes: a longitudinal 
study of first-episode schizophrenia. Arch. Gen. 
Psychiatr. 68, 128–137 (2011).

88 Jung WH, Kim JS, Jang JH et al. Cortical 
thickness reduction in individuals at 
ultra-high-risk for psychosis. Schizophr. Bull. 
37, 839–849 (2011).

89 Cachia A, Paillere-Martinot ML, Galinowski A 
et al. Cortical folding abnormalities in 
schizophrenia patients with resistant auditory 
hallucinations. Neuroimage 39, 927–935 
(2008).

90 Price G, Cercignani M, Chu EM et al. Brain 
pathology in first-episode psychosis: 
magnetization transfer imaging provides 
additional information to MRI measurements 
of volume loss. Neuroimage 49, 185–192 
(2010).

91 Goff DC, Coyle JT. The emerging role of 
glutamate in the pathophysiology and 
treatment of schizophrenia. Am. J. Psychiatr. 
158, 1367–1377 (2001).

92 Olney JW, Farber NB. Glutamate receptor 
dysfunction and schizophrenia. Arch. 
Gen. Psychiatr. 52, 998–1007 (1995).

93 Carlsson A, Waters N, Holm-Waters S, 
Tedroff J, Nilsson M, Carlsson ML. 
Interactions between monoamines, glutamate, 
and GABA in schizophrenia: new evidence. 
Ann. Rev. Pharmacol. Toxicol. 41, 237–260 
(2001).

94 Moffett JR, Ross B, Arun P, 
Madhavarao CN, Namboodiri AM. 
N-acetylaspartate in the CNS: from 
neurodiagnostics to neurobiology. Prog. 
Neurobiol. 81, 89–131 (2007).

95 Jessen F, Scherk H, Traber F et al. Proton 
magnetic resonance spectroscopy in subjects 
at risk for schizophrenia. Schizophr. Res. 87, 
81–88 (2006).



future science group www.futuremedicine.com 493

Imaging studies in individuals with a clinical high risk for psychosis review

96 Wood SJ, Berger G, Velakoulis D et al. Proton 
magnetic resonance spectroscopy in first 
episode psychosis and ultra high-risk 
individuals. Schizophr. Bull. 29, 831–843 
(2003).

97 Wood SJ, Berger GE, Wellard RM et al. 
Medial temporal lobe glutathione 
concentration in first episode psychosis: 
a 1H-MRS investigation. Neurobiol. Dis. 33, 
354–357 (2009).

98 Stone JM, Day F, Tsagaraki H et al. 
Glutamate dysfunction in people with 
prodromal symptoms of psychosis: 
relationship to gray matter volume. Biol. 
Psychiatr. 66, 533–539 (2009).

�	 Reports reduced thalamic glutamate in CHR 
subjects relative to healthy control subjects.

99 Byun MS, Choi JS, Yoo SY et al. Depressive 
symptoms and brain metabolite alterations in 
subjects at ultra-high risk for psychosis: 
a preliminary study. Psychiatr. Invest. 
6, 264–271 (2009).

100 Uhl I, Mavrogiorgou P, Norra C et al. 
1H-MR spectroscopy in ultra-high risk 
and first episode stages of schizophrenia. 
J. Psychiatr. Res. 45(9), 1135–1139 
(2011).

101 Aydin K, Ucok A, Guler J. Altered metabolic 
integrity of corpus callosum among 
individuals at ultra high risk of schizophrenia 
and first-episode patients. Biol. Psychiatr. 64, 
750–757 (2008).

102 Theberge J, Bartha R, Drost DJ et al. 
Glutamate and glutamine measured with 
4.0 T proton MRS in never-treated patients 
with schizophrenia and healthy volunteers. 
Am. J. Psychiatr. 159, 1944–1946 (2002).

103 Steen RG, Hamer RM, Lieberman JA. 
Measurement of brain metabolites by 1H 
magnetic resonance spectroscopy in patients 
with schizophrenia: a systematic review and 
meta-analysis. Neuropsychopharmacology 30, 
1949–1962 (2005).

104 Brugger S, Davis JM, Leucht S, Stone JM. 
Proton magnetic resonance spectroscopy and 
illness stage in schizophrenia – a systematic 
review and meta-analysis. Biol. Psychiatr. 69, 
495–503 (2011).

105 Aydin K, Ucok A, Cakir S. Quantitative 
proton MR spectroscopy findings in the 
corpus callosum of patients with 
schizophrenia suggest callosal disconnection. 
AJNR Am. J. Neuroradiol. 28, 1968–1974 
(2007).

106 Wood SJ, Kennedy D, Phillips LJ et al. 
Hippocampal pathology in individuals at 
ultra-high risk for psychosis: a multi-modal 
magnetic resonance study. Neuroimage 52, 
62–68 (2010).

107 Howes OD, Montgomery AJ, Asselin MC, 
Murray RM, Grasby PM, McGuire PK. 
Molecular imaging studies of the striatal 
dopaminergic system in psychosis and 
predictions for the prodromal phase of 
psychosis. Br. J. Psychiatr. Suppl. 51, S13–S18 
(2007).

108 Cumming P, Leger GC, Kuwabara H, 
Gjedde A. Pharmacokinetics of plasma 6-[18F]
fluoro-l-3,4-dihydroxyphenylalanine ([18F]
Fdopa) in humans. J. Cereb. Blood Flow 
Metab. 13, 668–675 (1993).

109 Howes OD, Montgomery AJ, Asselin MC 
et al. Elevated striatal dopamine function 
linked to prodromal signs of schizophrenia. 
Arch. Gen. Psychiatr. 66, 13–20 (2009).

110 Howes O, Bose S, Turkheimer F et al. 
Progressive increase in striatal dopamine 
synthesis capacity as patients develop 
psychosis: a PET study. Mol. Psychiatr. 16(9), 
885–886 (2011).

�	 Reports increased striatal dopaminergic 
function in CHR subjects who later develop 
psychosis relative to CHR subjects who 
do not.

111 Hurlemann R, Matusch A, Kuhn KU et al. 
5-HT

2A
 receptor density is decreased in the 

at-risk mental state. Psychopharmacology 
(Berl.) 195(4), 579–590 (2008).

112 Theberge J, Williamson KE, Aoyama N 
et al. Longitudinal grey-matter and 
glutamatergic losses in first-episode 
schizophrenia. Br. J. Psychiatr. 191, 325–334 
(2007).

113 Stone JM, Bramon E, Pauls A, Sumich A, 
McGuire PK. Thalamic neurochemical 
abnormalities in individuals with prodromal 
symptoms of schizophrenia – relationship to 
auditory event-related potentials. Psychiatr. 
Res. 183, 174–176 (2010).

114 Klostermann F, Wahl M, Marzinzik F, 
Schneider GH, Kupsch A, Curio G. Mental 
chronometry of target detection: human 
thalamus leads cortex. Brain 129, 923–931 
(2006).

115 Day M, Langston R, Morris RG. Glutamate-
receptor-mediated encoding and retrieval of 
paired-associate learning. Nature 424, 
205–209 (2003).

116 Valli I, Stone J, Mechelli A et al. Altered 
medial temporal activation related to local 
glutamate levels in subjects with prodromal 
signs of psychosis. Biol. Psychiatr. 69, 97–99 
(2011).

117 Lisman JE, Coyle JT, Green RW et al. 
Circuit-based framework for understanding 
neurotransmitter and risk gene interactions in 
schizophrenia. Trends Neurosci. 31, 234–242 
(2008).

118 Lodge DJ, Grace AA. The hippocampus 
modulates dopamine neuron responsivity by 
regulating the intensity of phasic neuron 
activation. Neuropsychopharmacology 31, 
1356–1361 (2006).

119 Stone JM, Howes OD, Egerton A et al. 
Altered relationship between hippocampal 
glutamate levels and striatal dopamine 
function in subjects at ultra high risk of 
psychosis. Biol. Psychiatr. 68, 599–602 
(2010).

120 Fusar-Poli P, Howes OD, Allen P et al. 
Abnormal frontostriatal interactions in 
people with prodromal signs of psychosis: 
a multimodal imaging study. Arch. 
Gen. Psychiatr. 67, 683–691 (2010).

121 Fusar-Poli P, Howes OD, Allen P et al. 
Abnormal prefrontal activation directly 
related to pre-synaptic striatal dopamine 
dysfunction in people at clinical high risk 
for psychosis. Mol. Psychiatr. 16, 67–75 
(2011).

122 Allen P, Chaddock CA, Howes O et al. 
Abnormal relationship between medial 
temporal lobe and subcortical dopamine 
function in people with an ultra high risk for 
psychosis. Schizophr. Bull. doi: 10.1093/
schbul/sbr017 (2011) (Epub ahead of print).

123 Yung AR, Yuen HP, Berger G et al. 
Declining transition rate in ultra high risk 
(prodromal) services: dilution or reduction 
of risk? Schizophr. Bull. 33, 673–681 
(2007).

124 Broome MR, Woolley JB, Johns LC et al. 
Outreach and Support in South London 
(OASIS): implementation of a clinical 
service for prodromal psychosis and the at 
risk mental state. Eur. Psychiatr. 20, 372–378 
(2005).

125 Valmaggia LR, McCrone P, Knapp M et al. 
Economic impact of early intervention in 
people at high risk of psychosis. Psychol. Med. 
39(10), 1617–1626 (2009).


