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Section of Neurovmaging, Department of Psychological Medicine, Institute of Psychiatry and Kings College School of Medicine,

Denmark Hill, London SE5 8AF, UK

Functional neuroimaging is one of the most powerful means available for investigating the patho-
physiology of psychiatric disorders. In this review, we shall focus on the different ways that it can be
employed to this end, describing the major findings in the field in the context of different methodological
approaches. We will also discuss practical issues that are particular to studying psychiatric disorders and
the potential contribution of functional neuroimaging to future psychiatric research.
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1. INTRODUCTION

Psychiatric disorders involve abnormalities in thought,
behaviour and mood. Understanding the mechanisms
underlying these conditions has progressed from the
notions that an imbalance of black bile caused melan-
cholia to complex formulations of interacting genetic,
social, psychological and environmental factors (Gelder
1996). Although the manifestations of psychiatric illnesses
are difficult to attribute to focal cerebral lesions, these
disorders of the mind must ultimately reflect a brain
dysfunction. The advent of neuroimaging has provided an
unprecedented opportunity to relate abnormalities of
cognition and behaviour to changes in brain function.

2. STUDIES OF THE RESTING STATE

Initial neuroimaging studies simply sought to establish
the involvement of the brain in psychiatric illnesses and
examined brain activity in patients in the ‘resting’ state.
Ingvar & Franzen (1974) used the intra-arterial **Xe
technique to compare regional cerecbral blood flow in
schizophrenic patients with that in controls. Although
there was no significant difference in their global cerebral
blood flow, patients did not show the increased activity in
frontal relative to posterior regions that was evident in
controls. Ingvar & Franzen (1974) thus coined this
abnormality ‘hypofrontality’. Since their classic study,
numerous groups have replicated this finding using the
133X e inhalation technique (Kurachi et al. 1985; Berman et
al. 1986; Chabrol et al. 1986; Weinberger et al. 1986;
Geraud et al. 1987; Mathew et al. 1988), particularly in the
pre-frontal cortex (Berman et al. 1986; Weinberger et al.
1986), although some have not (Mathew et al. 1982; Gur et
al. 1983, 1985).

Subsequent resting studies in schizophrenia using single
photon emission tomography (SPET) and positron emis-
sion tomography (PET) have found hypofrontality
(Buchsbaum et al. 1982; Brodie et al. 1984; Farkas et al.
1984; Wolkin et al. 1985; Kishimoto et al. 1987; Volkow
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et al. 1987; Vita et al. 1995), particularly in the prefrontal
(Vita et al. 1995) and left frontal cortices (Buchsbaum et
al. 1982; Brodie et al. 1984), although again there have also
been reports of no difference in anterior—posterior cere-
bral activity (Sheppard et al. 1983; Widen et al. 1983;
Kling et al. 1986; Early et al. 1987, Gur et al. 1987a,b;
Kishimoto et al. 1987, Berman et al. 1993) and even
‘hyperfrontality’ (Szechtman et al. 1988; Cleghorn et al.
1989; Ebmeier et al. 1993). Another major finding has
been of increased activity in the basal ganglia. This
appears to be secondary to treatment with anti-psychotic
medication (Brodie et al. 1984; Buchsbaum et al. 1987,
1992; Szechtman et al. 1988; Wik et al. 1989; Holcomb et al.
1996; Wolkin et al. 1996; Cohen et al. 1997; Miller et al.
1997, Scottish Schizophrenia Research Group 1998),
consistent with increased activity in the putamen
following a single anti-psychotic dose in healthy volun-
teers (Bartlett et al. 1998).

As in schizophrenia, initial functional imaging studies
of depression involved the resting state. Most have
described hypofrontality (Baxter et al. 1989; Hurwitz et
al. 1990; Martinot et al. 1990; Sackeim et al. 1990; Austin
et al. 1992; Bench et al. 1992; Biver et al. 1994), particu-
larly in the dorsolateral prefrontal (Baxter et al. 1989;
Bench et al. 1992; Biver et al. 1994) and anterior cingulate
cortices (Bench et al. 1992), although some reported no
difference in anterior—posterior cerecbral activity (Gur et
al. 1984; Baxter el al. 1985; Kling et al. 1986; Silfverskiold
& Risberg 1989; Berman et al. 1993) and increased left
prefrontal cortical activity (Drevets et al. 1992a). Several
groups have also described decreased activity in the
caudate (Baxter ef al. 1985; Buchsbaum et al. 1986; Austin
et al. 1992) and other regions in the basal ganglia
(Buchsbaum et al. 1986; Hurwitz et al. 1990; Austin et al.
1992).

In contrast, in obsessive—compulsive disorder (OCD),
the converse seems to apply, with relative hyperfrontality,
particularly in the inferior prefrontal cortex (for a review,
see Saxena e/ al. 1998) and increased resting caudate
glucose metabolism (Baxter ef al. 1987, 1988), although the
latter has not been consistently replicated (Nordahl et al.
1989; Swedo et al. 1989).

© 1999 The Royal Society
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The fundamental problem in interpreting these results
1s that it 1s difficult to ascertain the subject’s cognitive
activity during the resting state. The latter probably
involves a variety of cognitions and emotional processes
which differ from person to person and are associated
with correspondingly different patterns of regional cere-
bral activity (Mazziotta et al. 1992; Andreasen et al. 1995;
McGuire et al. 19964). In an ®[F]fluoro-deoxyglucose
(®FDG) PET study of normal individuals, Mazziotta et
al. (1992) showed that the form of the resting condition
itself (eyes closed versus ears blocked versus both eyes
closed and ears blocked) affected the pattern of cerebral
activity. Several authors have thus concluded that the
term ‘resting state’ is something of a misnomer
(Mazziotta et al. 1992; Andreasen et al. 1995; Trith et al.
1995). These initial studies, which used the resting state
paradigm, have revealed evidence of cerebral dysfunction
in psychiatric disorders. The next step was to explore the
nature of these abnormalities.

3. SYMPTOMS AND RESTING ACTIVITY

One approach which attempts to address the issue of
heterogenous cognitive activity during the resting state is
to correlate resting activity with ratings of different
psychiatric symptoms. Liddle ez al. (1992) used PET to
examine the relationship between cerebral blood flow and
three symptom clusters in schizophrenic patients. They
found that ‘negative’ symptoms were inversely correlated
with prefrontal blood flow, while thought disorder was
correlated with cingulate activity and hallucinations and
delusions were correlated with blood flow in the medial
temporal cortex. They concluded that each subsyndrome
involved a different distributed neuronal network.

Bench et al. (1993) used a similar approach in depressed
patients using CPO, PET. Dividing the symptoms into
three factors, they found that anxiety correlated positively
with blood flow in the posterior cingulate and inferior
parietal cortices, while psychomotor retardation and
depressed mood correlated negatively with blood flow in
the left dorsolateral prefrontal and parietal cortices and
cognitive performance correlated positively with blood
flow in the left medial prefrontal cortex (figure 1)
Drevets et al. (1997) reported that the cortex ventral to
the genu of the corpus callosum had abnormally
decreased activity in both unipolar and bipolar depressed
patients. Conversely, in a small group of bipolar manic
patients, they found increased activity in this region
which suggests that its activity may be mood-state depen-

Phil. Trans. R. Soc. Lond. B (1999)

LATERAL

Figure 1. Medial and lateral
views showing relatively
decreased resting blood flow in
the inferior parietal cortex (a),
dorsolateral prefrontal () and
anterior cingulate (¢) in patients
with depression, as measured
using CO, PET. From Bench
etal. (1993).

dent (Drevets et al. 1997). Correlating resting activity with
symptom ratings has thus proven fruitful, with the caveat
that ratings are made outside the scanner and therefore
may not correspond to the mental state during image
acquisition.

4. COGNITIVE TASKS

Measuring activation during the performance of a
cognitive task has been the most common approach used
in functional neuroimaging in general to assess ‘on-line’
mental state and has been extensively employed in studies
of psychiatric disorders. One of the best examples is the
use of tasks believed to engage the prefrontal cortex in
order to investigate cognitive function in schizophrenia.
These have included the Continuous Performance Test,
Wisconsin Card Sorting Test (WCST), Raven Progressive
Matrices, Tower of London and tests of working memory
(Andreasen et al. 1992; Weinberger & Berman 1996); all of
which have been associated with reduced prefrontal
activation in patients with schizophrenia as compared to
healthy subjects (Weinberger & Berman 1996). An impor-
tant consideration with this approach 1is whether
behavioural performance on the task is measured on-line
during scanning, as psychiatric patients typically perform
at a lower level than controls. It is still unclear whether
reduced prefrontal activation in schizophrenia leads to
poor task performance or vice versa. Examination of
patients with Huntington’s disease who had comparably
impaired performance as schizophrenic patients failed to
show abnormal prefrontal activation during the WCST,
suggesting that this cannot simply be attributed to poor
performance (Weinberger et al. 1988; Goldberg et al.
1990). However, in studies of verbal fluency in which the
rate of response was paced such that schizophrenic
patients were able to perform at the same level as
controls, there were no differences in frontal activation
(Frith et al. 1995). Nevertheless, even when patients and
controls are responding with similar speed and accuracy,
one group may still be having to work harder to attain
this performance level than the other.

In recent work using H,®O PET, Fletcher et al. (1998)
examined prefrontal cortical blood flow in schizophrenia
during a graded memory task. When recalling only a few
words, patients showed equivalent performance to
controls and similar prefrontal activation, but as the
number of words increased, placing more demands on
recall, their performance deteriorated. This declining
performance was associated with a failure to increase
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Figure 2. Differential activation in the left prefrontal cortex
in patients with schizophrenia and controls with increasing
word length in a memory retrieval task. Controls showed
increasing activation as the list length increased. In
memory-impaired and memory-unimpaired patients with
schizophrenia this relationship appeared to break down at
longer list lengths, when task demands were maximal. rCBF
indicates regional cerebral blood flow. From Fletcher et al.

(1998).

prefrontal blood flow in parallel with the increasing task
load. These data suggest that an attenuated prefrontal
response may only be evident when patients cannot meet
the task demands (figure 2).

Abnormal prefrontal activation in schizophrenia may
also vary with the nature of the task being performed.
Curtis et al. (1998, 1999) found that schizophrenic patients
showed an attenuated prefrontal activation during verbal
fluency, but not during a semantic decision task (figure 3).
Although both tasks engage verbal processing and are
normally associated with prefrontal activation, verbal
fluency requires the generation of words from a cue,
whereas semantic decision involves the categorization of
an external stimulus. This suggests that in this context
reduced prefrontal activation may be related to impaired
intrinsic generation in schizophrenia. Spence et al. (1998)
used H,®O PET to study schizophrenic and healthy men
as they made random and cued joystick movements.
When patients were acutely psychotic, they showed a left
dorsolateral prefrontal cortical hypoactivation relative to
controls but, when in remission, this difference in
activation also ‘remitted’. Thus, attenuated prefrontal
activation in schizophrenia may also be related to the
severity of psychotic symptoms at the time of scanning.

5. ‘CAPTURING’ SYMPTOMS

Some studies have explicitly sought to examine the
neural correlates of the symptoms being experienced
while the patient is scanned. Using "®FDG PET, Cleghorn
et al. (1992) compared patients who had experienced

Phil. Trans. R. Soc. Lond. B (1999)

Figure 3. Attenuated activation of the prefrontal cortex in

an fMRI study of verbal fluency in schizophrenia. Activation
1s shown on transverse generic brain activation maps at
—4mm below and 32 mm and 37 mm above the
intercommissural plane, respectively. The left side of each
map represents the right side of the brain. (¢) Control subjects
showed marked activation in the inferior frontal cortex and

left dorsolateral prefrontal cortex (red voxels). (4) Patients
with schizophrenia showed an attenuated response in these
regions, and (¢) direct comparison of the two groups
confirmed that these differences in prefrontal activation were
significant. From Curtis et al. (1998).

auditory hallucinations during scanning and patients who
had not. Those who reported having hallucinations, when
debriefed after scanning, had lower relative metabolism
in lateral temporal regions with a trend towards higher
metabolism in the right inferior frontal cortex (Cleghorn
et al. 1992). McGuire et al. (1993) examined schizophrenic
patients when they were actively experiencing auditory
hallucinations and again when the hallucinations had
resolved. The timing of the image acquisition was based
on the patient signalling the onset of a hallucination by
moving their finger. Cerebral blood flow was greater
during the hallucinating than the non-hallucinating state
in the left inferior frontal region, with trends towards
greater blood flow in the left anterior cingulate and
temporal cortices. Silbersweig et al. (1995) adopted a
similar approach, using PET to examine blood flow when
patients signalled the presence of hallucinations via a
button press. Hallucinations were correlated with activity
in the striatum, thalamus and medial temporal cortex.
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These studies were designed to ‘capture’ the neural
correlates of the symptom of interest, in this case auditory
hallucinations. However, as psychiatric symptoms are
often subjective experiences, the quality of the data
ultimately depends on the reliability of the patient’s
report. Furthermore, the process of signalling the
presence of the symptom, such as via a button press, can
confound the observed activation.

A corollary to symptoms within a particular psychiatric
disorder is to examine the same symptom in different
disorders. This is particularly applicable in psychiatry as
many symptoms, such as delusions, depression and hallu-
cinations, occur in several distinct conditions. A series of
functional neuroimaging studies examined the neural
correlates of depression secondary to Huntington’s disease
and Parkinson’s disease. Using "*FDG PET, Mayberg et al.
(1990, 1992) found that bilateral hypometabolism of the
orbital and inferior prefrontal and anterior temporal
cortices was common to depressed patients with Hunting-
ton’s and Parkinson’s diseases, while Ring et al. (1994)
reported bilateral decreased cerebral blood flow in the
medial frontal and anterior cingulate cortices in
depressed patients with Parkinson’s disease. These corre-
lates of depression may thus be independent of its
aetiology and Mayberg (1994) suggested that disruption
of pathways linking the frontal and temporal cortices and
striatum may contribute to both primary depression and
that associated with basal ganglia disease.

Dolan et al. (1993) examined the relationship between
the neural correlates of psychomotor poverty in schizo-
phrenia and psychomotor retardation in depression.
Pooling CPO, PET data from 40 patients in the resting
state, they found that reduced regional cerebral blood
flow in the left dorsolateral prefrontal cortex (DLPFC)
was associated with psychomotor impairment, indepen-
dent of diagnosis. Thus, there is some evidence that there
may be common neural correlates for psychiatric symp-
toms irrespective of the disorder in which they occur.

6. SYMPTOM PROVOCATION

The pathophysiology of psychiatric symptoms can also
be examined by provoking them experimentally and this
method has been particularly employed in studies of
anxiety disorders. Initial PET studies of acute anxiety,
provoked by lactate in patients with panic disorder and by
anticipation of an unpleasant stimulus in healthy controls,
found an association with increased blood flow in the
temporal poles bilaterally, which was common to both
groups (Reiman et al. 19894,b). However, a re-evaluation
using co-registered structural magnetic resonance images
showed that the changes in the temporal regions were
localized to extracranial muscle and reflected subjects
clenching their teeth in response to anxiety (Drevets et al.
19925). Subsequent studies have incorporated a teeth-
clenching control task to account for this possible
confound and suggest that there is indeed a temporal
polar response independent of extracranial muscle
activity (Rauch et al. 19953, 1996).

Symptom provocation has also been used to study
neural activity in OCD. Using H,”O PET, McGuire ¢t al.
(1994) exposed patients to a hierarchy of contaminants
that elicited the urge to ritualize to varying degrees, then

Phil. Trans. R. Soc. Lond. B (1999)

examined the relationship between symptom severity and
cerebral blood flow. Positive correlations were evident in
the inferior frontal gyrus, basal ganglia, thalamus, hippo-
campus and posterior cingulate cortex. Other studies
have involved a categorical comparison of symptom-
provoked and baseline states producing broadly similar
results, using CPO, PET (Rauch et al. 1994) and, more
recently, functional magnetic resonance imaging (fMRI)
(Breiter et al. 1996). These studies have thus indicated the
brain areas that may mediate obsessional symptoms,
although it is difficult to assess whether the regional
changes are specific to obsessional phenomena or to other
responses to provocation, particularly anxiety. Patients
can rate obsessions and anxiety separately, but McGuire
et al. (1994) found that the subjective ratings for anxiety
and the urge to ritualize during scanning were almost
identical. Another strategy would be to evoke potentially
confounding components of the response separately, for
example using a paradigm specific to anxiety as a refer-
ence condition. Alternatively, one can study patients with
atypically ‘pure’ responses, patients with
comorbid Tourette’s disorder and OCD who often experi-
ence compulsive urges with less associated anxiety than
patients with OCD alone (Miguel et al. 1997).

The neural correlates of specific phobia have been
examined by the induction of anxiety with the feared
object, for example a spider or a snake. Exposure to
phobic stimuli has been associated with elevated blood
flow in the visual association cortex and reduced cerebral
blood flow in the hippocampus, prefrontal, orbitofrontal,
temporopolar and posterior cingulate cortices (Wik et al.
1993; Tredrikson et al. 1995). O’Carroll et al. (1993) found
a specific reduction of activity in the right temporal—
occipital region, while Rauch e al. (1995) reported
increased cerebral blood flow in the thalamus and
posterior medial orbitofrontal, insular, anterior temporal,
anterior cingulate and somatosensory cortices. Again,
these disparate results may reflect methodological differ-
ences between groups as well as the variety of cognitive
and emotional responses that can be associated with the
provocation of anxiety, such as vocalization, increased
vigilance and a desire to flee from the feared object.
Using a similar paradigm in anorexia nervosa with
exposure of patients to high calorie drinks in conjunction
with fMRI, Ellison et al. (1998) found that patients
experienced anxiety with the exposure and showed
activation in the left insula, anterior cingulate and left
amygdala—hippocampal regions, relative to healthy
controls. In this case, interpretation of these results is
complicated by the entwined symptoms of anxiety,
disgust and a desire to avoid the source of the anxiety.
The interpretation of these studies of exposure to feared
objects, whether in specific phobia or anorexia nervosa, is
complicated by their heterogeneous responses.

In an attempt to identify common regional correlates
of anxiety across different disorders, Rauch et al. (1997)
combined the data from 23 patients in provocation
studies of OCD, specific phobia and post-traumatic stress
disorder. They found that anxiety correlated with activa-
tion in the right inferior frontal and orbitofrontal cortices,
insula, basal ganglia and brainstem bilaterally.

Symptom provocation has been less frequently
employed in patients with psychotic disorders. Yet, in

such as
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schizophrenia formal thought disorder can be provoked
by asking patients to describe pictures the interpretation
of which is ambiguous. This paradigm has been combined
with functional imaging, permitting examination of
neural activity while patients were articulating thought-
disordered speech (McGuire et al. 1998) (figure 4).
Symptom provocation can also be used to induce the
analogues of psychiatric phenomena in healthy volun-
teers. Using H,O PET, Pardo e al. (1993) found that
transient self-induced sadness was associated with activa-
tion of the inferior frontal and orbitofrontal cortices,
while George et al. (1995) found that self-induced and
face-simulated sadness was associated with activation in
the cingulate, medial prefrontal and medial temporal
cortices, as well as in the brainstem, thalamus and
caudate. One limitation of this approach is that the
measurement of mood changes depends on subjective
ratings. In addition, in some studies the activation is
potentially confounded by the memory recall required to
induce the mood state (Squire & Zola-Morgan 199];
Paradiso et al. 1997; Fletcher et al. 1998; Wagner et al.
1998). Nevertheless, these studies have helped to clarify
the relationship between the brain areas involved in
normal changes in mood and those implicated in the
severe changes of depression and mania (George et al. 1995).

7. SYMPTOM TRAITS

An approach complementary to studying the correlates
of active symptoms is to focus on patients with the trait
for a given symptom, examining cognitive processes that
are putatively defective in those with that predisposition.
In these studies, the patient is typically in remission and
comparisons are made with other patients who lack the
trait in question. For example, McGuire et al. (19965)
compared the neural correlates of auditory verbal
imagery in schizophrenic patients with a strong predispo-
sition to auditory hallucinations (hallucinators) and those
with no such history (non-hallucinators) as well as
healthy controls. The hallucinators showed an abnormal
pattern of activation in the lateral temporal cortex and
supplementary motor area, consistent with the notion
that auditory hallucinations are related to deficits in the
processing of inner speech (figure 5). Woodruff et al.
(1997) used a similar approach to compare temporal
cortical responses to external speech in patients who were
and were not prone to auditory hallucinations.

8. PHARMACOLOGICAL CHALLENGES

Psychiatric symptoms can also be provoked using phar-
macological challenges. The illicit drug phencyclidine
(PCP) produces behavioural and cognitive disturbances,
including psychotic symptoms, in healthy persons. It is an
antagonist at the N-methyl-D-aspartic acid (NMDA)
glutamate receptor. Ketamine is also an NMDA antago-
nist, but with lower potency, a shorter half-life and
clinical use as an anaesthetic. Using Hy®O PET, Lahti e
al. (1995) examined the psychosis-inducing effects of a
subanaesthetic dose of ketamine on schizophrenic
patients, finding increased blood flow in the anterior
cingulate cortex 1in association with a temporary
exacerbation of their psychotic symptoms. However, a

Phil. Trans. R. Soc. Lond. B (1999)

placebo-control infusion was not performed. Using
BFDG PET, Vollenweider et al. (1997) also found that
ketamine led to increased glucose metabolism in the
frontomedial and anterior cingulate cortices in association
with induced psychotic symptoms in healthy volunteers,
while Breier e al. (1997) reported a specific association of
increased metabolism in the prefrontal cortex with the
ketamine-induced thought disorder. These studies thus
suggest that the medial prefrontal and anterior cingulate
cortices may mediate psychotic symptoms and are
consistent with the belief that abnormal glutamatergic
neurotransmission is involved in the pathophysiology of
psychosis.

Other groups have used the serotonergic agonist
fenfluramine to probe the serotonergic system, which is
believed to be dysregulated in depression (Mann et al.
1996; Meyer et al. 1998), partly because of the clinical
efficacy of serotonin reuptake inhibitor medications.
Mann et al. (1996) reported changes in activity in healthy
subjects in the prefrontal and temporoparietal cortices,
neither of which was evident in depressed patients. In
contrast, Meyer et al. (1998) found no significant differ-
ences between depressed patients and healthy volunteers.
Although these preliminary results are inconsistent, in
part reflecting methodological differences, the approach
remains heuristic.

Neuroimaging studies of pharmacological challenges
have also been combined with cognitive tasks. Such para-
digms may increase the likelihood of detecting drug
effects by ensuring a greater uniformity in cognitive
activity among different subjects during scanning as
compared to the resting state. Fletcher et al. (1996)
examined the effects of an apomorphine pharmacological
challenge on activation during verbal fluency using
H,°O PET. Apomorphine is a non-selective dopamine
agonist which has a predominantly presynaptic effect at
low dose, resulting in a net reduction of dopamine trans-
mission, akin to the putative effects of anti-psychotic
medications as dopamine receptor antagonists. During
verbal fluency the schizophrenic patients failed to activate
the anterior cingulate as compared to healthy controls;
however, this was reversed following administration of
apomorphine. This finding suggests that some functional
abnormalities in schizophrenia may reflect abnormal
dopamine transmission, consistent with the therapeutic
effects of dopamine antagonists.

9. TREATMENT STUDIES

The pathophysiology of psychiatric disorders can also
be investigated by examining the effects of treatment on
brain activity which may reveal biological predictors of
the therapeutic response. Successful antidepressant treat-
ment in depression has been associated with the resolution
of abnormally decreased resting activity in the left
DLPFC (Martinot et al. 1990), anterior cingulate cortex
and basal ganglia (Goodwin et al. 1993), left DLPFC,
medial prefrontal and cingulate cortices (Bench et al
1995) and left superior frontal, right temporal and
bilateral parietal cortices (Ogura et al. 1998). Other
groups have found that elevated anterior cingulate
activity pre-treatment in depressed patients predicted a
successful response to treatment with medication
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Figure 4. Brain areas where activity was correlated with
‘positive’ thought disorder in schizophrenia. H,'°0O PET data
have been mapped onto a normal magnetic resonance image,
sectioned to provide transverse, coronal and sagittal views.
The left side of the brain is shown on the left side of the image.
(a) The severity of thought disorder was positively correlated
with activity around the junction of the left parahippocampal
and fusiform gyri (marked by cross hairs) and in the anterior
part of the right fusiform gyrus. (4) Thought disorder was
negatively correlated with activity in the inferior frontal and
cingulate cortices and in the left superior temporal gyrus
(cross hairs). From McGuire et al. (1998).

(Mayberg et al. 1997) or sleep deprivation, with activity
normalizing after sleep deprivation (Wu et al. 1992; Volk et
al. 1997). Overall, treatment studies of depression have
consistently implicated the anterior cingulate and pre-
frontal cortices, in particular the left DLPFC; however,
the polarity of the abnormalities and changes has been
inconsistent, perhaps reflecting paradigmatic differences,
the contribution of both state and trait abnormalities and
the aetiological heterogeneity of depression.

In OCD, Baxter et al. (1992) reported that treatment
with either behaviour therapy or medication resulted in
decreased caudate metabolism. They have since extended
the sample, describing pre-treatment correlations in pre-
frontal cortico-striato-thalamic regions which were
diminished following effective behavioural treatment
(Schwartz 1998). Parallels are evident in the cingulate—
striatal—pallidum—thalamic changes observed by Perani

Phil. Trans. R. Soc. Lond. B (1999)

et al. (1995) in OCD patients pre- and post-treatment.
These studies and those examining the effects of drug
treatment and sleep deprivation in depression suggest that
both pharmacological and psychological treatments can
be clinically effective in specific psychiatric disorders and
may produce similar effects on brain function. This raises
the possibility that these fundamentally different forms of
treatment may ultimately act on a common neural
substrate.

10. EVENT-RELATED DESIGNS

Functional neuroimaging studies of cognitive tasks
have classically involved blocked designs in which two or
more conditions comprising several trials are compared.
However, the correlates of a task can change with succes-
sive trials, for example as a result of the effects of practice
or habituation (Jenkins et al. 1994). These time-related
changes may not be evident in a blocked design, as the
activation represents an average over several trials. fMRI
permits scanning of multiple and repeated experimental
trials of a task as it is not constrained by the risk of radia-
tion exposure. Moreover, its temporal resolution allows
the response to each trial to be examined separately. This
should be particularly useful in the examination of
transient phenomena, such as hallucinations, and of cog-
nitive processes in disorders which can alter the patient’s
task response over time, for example through impaired
learning or a failure to adopt a cognitive strategy.

11. PRACTICAL ISSUES

The behaviour of the subject is critical during neuro-
imaging studies and the disturbed behaviour that can be
a feature of psychiatric disorders can occasionally result
in surprising and undesirable effects. For example, MRI
requires that no metallic objects are present on or in the
subject; however, a paranoid patient may be reluctant to
inform an investigator about a hidden knife, while a
patient with dementia may have forgotten about a
previous operation in which a synthetic cardiac valve was
inserted. The development of claustrophobia during a
scan may abruptly terminate a study and, although this
can occur in healthy volunteers, it is a particular risk in
patients with anxiety disorders. Similarly, while excessive
head movement can result in artefacts in any subject, it
can be especially problematic in patients who are
agitated, disinhibited or have specific movement abnor-
malities, such as tardive dyskinesia or tics. Movement
artefacts can also arise when subjects move while
responding to a task, for example by pressing a button or
speaking. This stimulus-correlated head motion may be
simultaneous with the task-related neural response, thus
confounding the observed activation and can be a parti-
cular problem in patients with schizophrenia (Bullmore et
al. 1999) (figure 6).

Methods for minimizing head movement in the
scanner have included moulded plastic masks to scalp
braces and mouth bites, but it is often sufficient to ensure
the comfort of the subject, with the head resting on a soft
cushion and keeping the scan paradigms as short as
possible (Williams ez al. 1997). Ultimately, there is a trade-
off between the reduced movement resulting from
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extreme restraint and the extent to which the restraint
makes participation less attractive and comfortable. The
minimization of scanning time has been greatly facili-
tated by the development of fMRI, which permits the
completion of studies in a few minutes, as opposed to
hours with SPET and PET.

Another important consideration In neuroimaging
studies of psychiatric disorders is the ability of patients to
provide informed consent. Psychiatric disorders can
profoundly affect cognitive function and patients may be
too psychotic, agitated or disorganized to cooperate with
a neuroimaging paradigm. Consequently, the most
severely ill patients may not be able to participate in
imaging studies. As psychiatric disorders may also impair
insight, the ability of patients
appreciate the nature of the proposed investigation must
be carefully assessed and their consent obtained without
coercion.

Given these theoretical and practical difficulties, the
study of psychiatric disorders with neuroimaging may
appear daunting. However, although neuroimaging in
some patients with psychiatric disorders is simply imprac-
ticable, in many patients it is eminently feasible, even in

to understand and

Phil. Trans. R. Soc. Lond. B (1999)

Figure 5. Differences in activation
of the temporal cortex during
auditory verbal imagery, as
measured with °O, PET. The
data have been mapped onto a
normal magnetic resonance image,
with the left side of the brain
shown on the left side of the image.
When imagining another person
speaking to them, patients with
schizophrenia who were prone to
auditory hallucinations differed
from both controls and from
patients who did not suffer from
hallucinations, in showing (a, 0)
significantly less activation in the
left middle temporal gyrus, but

(¢, d) greater activation in the right
superior temporal gyrus. From
McGuire et al. (1996b).

those with profound disturbances in mood or cognition
(Bench et al. 1993; McGuire et al. 1993, 1998; Andreasen et
al. 1997).

12. SUMMARY AND FUTURE DIRECTIONS

Investigations of the pathophysiology of psychiatric
disorders have involved diverse and sometimes disparate
techniques, including neuropathology, neuroendo-
crinology, neuropsychology, psychopharmacology and
phenomenology. Functional neuroimaging offers the most
direct means of investigating the neurobiology of psychia-
tric disorders i wvivo, with the additional potential of
integrating findings from these diverse disciplines. Neuro-
imaging is transforming our understanding and
expanding public awareness of how the mind works in
health and in illness.

The difficulties of studying psychiatric illnesses with
neuroimaging range from the logistical implementation
to designing paradigms which are sensitive and specific to
a particular clinical sign or symptom. In fact, initial
forays were met with scepticism as psychiatric illnesses
were often viewed as disorders of the mind without
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Figure 6. Rotational displacements of the head in groups of
(a) healthy subjects and (b) schizophrenic patients during an
fMRI study of verbal fluency. Solid line, x-rotation; dashed
line, y-rotation; dotted line, z-rotation. The square wave
represents the two alternating task conditions. The pattern of
head displacement over the 5 min of the study is different in
patients and volunteers. In particular, the schizophrenic
group show evidence of periodic x- and y-rotation at the
frequency of the input function. From Bullmore et al. (1999).

neurobiological correlates. Perhaps the main impact of
functional imaging in psychiatric disorders to date has
been to demonstrate that psychiatric disorders do indeed
involve specific disturbances of brain function, to the
extent that this is no longer an issue. However, to simply
view psychiatric disorders in terms of brain pathophy-
siology would be excessively reductionistic and it is
important to stress that the roles of cerebral dysfunction
and biopsychosocial factors are not mutually exclusive.
Rather, it is their complex interaction which ultimately
results in the abnormalities of behaviour, cognition and
mood that characterize psychiatric illnesses. The corollary
is that treatment of psychiatric illnesses may be biological,
psychological, or both, yet ultimately have a similar
neurobiological effect.

A major difficulty in researching the basis of psychia-
tric illnesses is the likely aetiological heterogeneity of the
disorders, which are still defined on purely clinical
grounds, in contrast to many medical conditions. Further-
more, the symptomatology of a given psychiatric illness
can change over time, as may any associated patho-
physiology. For example, in manic depression, the overall
course of illness is unpredictable, with a waxing and
waning of symptoms. Investigation of these disorders can
thus be complicated as their neural correlates may reflect
a mixture of state and trait effects. However, the varia-
bility of symptoms over time and between patients also
provides the opportunity to study the neural correlates of
specific symptoms within a disorder. A future goal for
psychiatry is to replace a diagnostic system based on
phenomenology with one based on aetiology and patho-
physiology, and neuroimaging offers a means of providing
a basis for such reclassification. For example, the difficulty
in clinically distinguishing between schizophrenia and an
affective psychosis on the basis of symptomatology alone
might be resolved if signs of fundamentally distinct patho-
physiologies were discernible using neuroimaging.

The significance of the findings of functional imaging
studies in psychiatry will also become clearer when their
relationship to neuroanatomical changes is established.

Phil. Trans. R. Soc. Lond. B (1999)

For example, the relatively consistent finding of abnormal
prefrontal activation in schizophrenia may reflect a
localized pathology or a disturbance in its connections
with other cortical or subcortical areas. The advent of
fMRI means that structural and functional data can now
be acquired with the same scanner, facilitating the
integration of information on regional anatomy of
activity. Studies of verbal fluency in schizophrenia have
reported abnormal between prefrontal
activation and that in the temporal (Irith et al. 1995;
Fletcher et al. 1996; Yurglen-Todd ef al. 1996) and medial
parietal cortices (Curtis et al. 1998; Spence et al. 1998),
but, even with sophisticated path analyses, it is difficult to
determine whether such correlations actually reflect inter-
actions between the areas concerned (Bullmore et al.
1997). This issue might be addressed through examination
of the anatomy of the connections themselves and this is
now feasible using diffusion tensor imaging, which can
measure the microscopic displacement of water molecules
in neural tissues, revealing the orientation of axons within
a given tract (Basser & Pierpaoli 1996; Pierpaoli &
Basser 1996).

The potential for functional neuroimaging to have
clinical applications is intriguing. In depression, schizo-
phrenia and OCD, specific regional cerebral abnormal-
ities have been associated with an effective response to
treatment (Drevets et al. 1992a; Wu et al. 1992; Mayberg et
al. 1997; Volk et al. 1997, Bartlett et al. 1998; Schwartz
1998). This kind of information may be used in the future
to plan clinical management as well as the development
and measurement of effective pharmacological and
psychological treatments. Functional neuroimaging also
has the potential to identify correlates of illness which are
subclinical, perhaps preceding the onset of clinical symp-
toms or persisting after an apparent remission. The
ability to detect brain changes in the absence of overt
symptoms would be particularly useful in predicting
which of the high-risk individuals are most likely to
develop a psychiatric illness.

A broad overview of the current findings reveals some
consistent findings, but much heterogeneity. This partly
reflects the diversity of study paradigms and methods of
analysis. Greater international collaboration could help to
create a large database of normal and abnormal neuro-
imaging information, acquired and processed in a
standardized manner. Further work might also be more
closely integrated with research in other disciplines, such
as genetics. For example, a deletion at ql1 on chromosome
22 1s associated with a 30% risk of developing psychosis,
providing a unique opportunity of examining how a
circumscribed genetic abnormality might affect the
structure and function of the brain in subjects with and
without psychosis (Chow et al. 1994; Van Amelsvoort et al.
1999).

Functional neuroimaging thus offers the most direct
means of investigating psychiatric disorders ¢ vivo and is
transforming our understanding of the neurobiological
underpinnings of the mind in health and in illness.
Although much has been learned, the field is still in its
infancy: study paradigms and imaging technology are
becoming progressively sophisticated, larger groups of
subjects are being investigated and the integration of
functional and structural data is increasingly feasible.

correlations
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Future work 1s likely to clarify the pathophysiology of the
major psychiatric disorders and lead to the first clinical
applications of functional imaging in psychiatry.
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