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Functional neuroimaging provides a novel means of
exploring neurophysiological function in schizophre-
nia. However, most of the studies that have been
carried out report their findings in terms of regionally
localized abnormalities. In this paper we propose an
alternative method of data analysis that emphasizes
global integration rather than isolated regional
changes in response to psychological tasks. In doing
S0, we suggest that brain abnormalities in schizophre-
nia are best characterized as a disturbance in the
integration of activity across a number of brain re-
gions. Using a hypothesis-led analysis, we show that
the condition is associated with a disruption of the
normal anterior cingulate modulation of prefronto-
temporal integration. This analytical technique, we
suggest, provides a conceptually powerful approach to
the imaging of abnormal brain function in psycho-

pathological conditions. o 1999 Academic Press

INTRODUCTION

Increasing sophistication of functional neuroimaging
techniques offers a more precise means of describing
brain abnormalities in psychiatric conditions such as
schizophrenia (Andreasen, 1996). However, these new
methods have not, as yet, identified a defining patho-
physiology and often produce results that are inconsis-
tent (Chua and McKenna, 1995). In this paper, we
suggest that one problem may be a tendency to charac-
terize brain activity purely in terms of anatomically
segregated responses. While undoubtedly useful, this
approach may have profound limitations when trying
to explain complex disorders such as schizophrenia.

Common to the majority of functional neuroimaging
studies is a widely held theoretical approach to brain
organization, that of functional segregation. This em-
braces the idea that specific cognitive processes or
operations are localized to discrete anatomical modules
(Phillips et al., 1984). A characterization of brain func-
tion based on the segregationist approach is incomplete
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insofar as it neglects a description of the relationships
between different brain regions. A functional integra-
tion approach, on the other hand, considers cognitive
processes as emergent properties of interconnected,
though anatomically separate, modules (Tononi et al.,
1992). Studies of functional integration attempt to
characterize the ways in which brain regions interact.
Such connectivity has been described in two related but
crucially different ways (Friston et al., 1993, 1993).
Brain regions A and B may be considered functionally
connected if it can be shown that, across time, an
increase (or decrease) of activity in region A is associ-
ated with an increase (or decrease) of activity in region
B. Such an observation may reflect a relationship
which is neurophysiologically interesting (e.g., activity
in region A causes activity in region B). Alternatively,
this functional connectivity between A and B may
simply be a downstream reflection of a common influ-
ence on areas A and B but not of any causal relationship
between the two areas themselves (that is, activity in
area C causes activity in area A and, separately, in area
B). Areas A and B may be considered effectively con-
nected if their relationship can be shown to be a causal
one. Effective connectivity is neurophysiologically more
interesting than functional connectivity insofar as it
deals with causal or influential relationships between
brain regions.

It can be inferred from the descriptions of functional
and effective connectivity that criteria for identifying
them differ. Functional connectivity may be identified
simply through observing how activity in two regions
correlates over time. Effective connectivity requires an
hypothesis-led approach in which an anatomical model,
consisting of 2 or more regions, is defined. Connections
between these regions are designated on the basis of
empirical neuroanatomy and the connections are allo-
cated weightings or path strengths in such a way that
the model of inter-regional influences accounts best for
the observed variance—covariance structure generated
by the functional neuroimaging time series (Friston et
al., 1993). Thus standard measures of effective connec-
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tivity or causal relationships between brain regions
require a model which embodies an a priori hypothesis
about which regions and which (directionally specified)
connections are important in accounting for the data. A
simplified evaluation of effective connectivity has re-
cently been suggested by Friston et al. 1997). It involves
an assessment of the measured activity in a selected
brain region in terms of the extent to which activity in
that region predicts activity in other regions. Using a
regression analysis with the activity from a voxel in the
region of interest as the explanatory variable, and
activity in every other voxel as response variables, one
can identify those voxels in which there is a significant
regression of the latter on the former. A significant
regression may be interpreted as the existence of a
coupling of activity between the explanatory and the
response regions and has been conceptualized as evi-
dence that activity in the former region “contributes” to
activity in the latter (Friston et al., 1997). A significant
regression of activity in area C on the product of
activities in areas A and B similarly reflects an activity-
dependent contribution (from A to C modulated by B or
from B to C modulated by A). It is this modulatory effect
we examine below in groups of healthy controls and
subjects with schizophrenia.

The hypothesis which drove the current analysis is
motivated by three empirical observations. First, our
previous studies suggested that there is an abnormal
pattern of fronto-temporal interaction in schizophre-
nia. This has been manifest as a failure of the com-
monly observed deactivations of superior temporal
cortex in the presence of prefrontal activation (Frith et
al., 1995; Fletcher et al.,, 1996). It has also been
explored in terms of connectivity and encapsulated as a
disintegration of fronto-temporal connectivity (Friston
and Frith, 1995). A second observation driving the
analysis is the failure of anterior cingulate cortex
activation in untreated schizophrenic subjects in asso-
ciation with performance of a modified verbal fluency
task (Dolan et al., 1995). The third observation lies in
the twofold effect of a dopaminergic perturbation on
task-related activations in schizophrenic subjects. The
dopaminergic perturbation is associated with an amelio-
ration of the cingulate cortex hypoactivation and a
trend toward normalization of the fronto-temporal rela-
tionship. This led to an explicit suggestion that “in
schizophrenia, there is a dysregulation in the dopamin-
ergic modulation of cingulate neuronal activity with a
consequent impairment in the functional integration of
more remote, but anatomically connected, cortical re-
gions” (Dolan et al., 1995). The current analysis was
therefore based upon the hypothesis that, in schizophre-
nia, there is an abnormality in the way in which the left
prefrontal cortex influences left superior temporal cor-
tex and, further, that this abnormality is due, at least in
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part, to a failure of the anterior cingulate cortex to
modulate the prefronto-temporal interactions.

MATERIALS AND METHODS

Twelve male subjects with DSM 111-R diagnoses of
schizophrenia and seven (six male; one female) age-
matched control subjects were studied. Subjects were
free of neurological illness and had normal structural
magnetic resonance imaging (MRI) scans. Throughout
each PET scan, subjects engaged in learning and recall
of word lists. Words were spoken at a rate of one per 2 s.
Retrieval was paced by the experimenter counting at
the same rate. Learning and retrieval of the same list
went on throughout a given 165-s scan. Across the 12
scans, lists varied in length from 1 to 12 items and the
order was pseudo-randomized across subjects. So, for
example, during the first scan, a subject might repeat-
edly hear and retrieve a 7-item word list, during the
second scan a 3-item list, during the third a 12-item list
and so on. Performance for each list presentation was
recorded and both groups showed perfect recall with
word lists of up to four words. Beyond this, performance
declined most markedly in the schizophrenic subjects.

The analysis was designed to test our a priori model
of abnormal cingulo-frontal modulation of temporal
activity in schizophrenia. In terms of the PET observa-
tions, this abnormal neurophysiological relationship
can be stated as follows: The normal pattern of cingu-
late modulation of prefronto-temporal interactions
manifests as temporal cortical activity that is predicted
by an interaction between activity in cingulate and
prefrontal cortices. Thus, the prediction is that there
will be a significant regression of temporal activity on
the product of anterior cingulate and frontal activity.
That is, the extent to which there will be coupling of
activity between prefrontal and temporal cortices var-
ies as a function of cingulate activity. We postulate that
this relationship is abnormal in schizophrenia and
used the PET data from the experiment described
above (Fletcher et al., 1998) to test this hypothesis.
Smoothed, spatially normalized, realigned images were
analyzed using the general linear model. Activity in
each voxel across the 12 scans was modeled as follows:

Y(scans 1-12) = (PFC ><’A‘Cc)scans 1-12
X B + (PFCvy,) + (ACCs,)+ Error,

where Y is activity in region at each other voxel; PFC is
activity measured in prefrontal cortex; ACC is activity
measured in anterior cingulate cortex; g is Interactive
contribution of PFC and ACC to region Y; and vy, and vy,
are direct contributions from PFC and ACC respec-
tively).

This is a simple regression equation in which the
regression coefficient g can be considered a measure of
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the way in which the product of PFC and ACC activity
contributes to activity in any other voxel. The contribu-
tion of their combined activity to a given region will be
considered significant if the regression coefficient ac-
counts for a high proportion of variance in that region
(compared to the error term). There are two other
features of such an analysis worth noting. First, all of
the variance in a given voxel that cannot be accounted
for by a contribution from ACC and PFC is subsumed
under the error term. This is an important difference
from structural equation modeling in which all regions
considered to be of importance are explicitly modelled.
This means that a statement of contribution has less
causal explanatory power than a statement of effective
connectivity. Second, in the current analysis, we are
concerned with the interactive effect of PFC and ACC
on other brain regions. Thus, to ensure that we charac-
terize only those effects predicted by the interaction
between PFC and ACC activity, we treated the effects of
these two regions separately as confounds.

In view of our anatomically restricted hypothesis, we
set a threshold in superior temporal cortex at P < 0.05
uncorrected for multiple comparisons.

RESULTS

The results are summarized in Fig. 1. In control
subjects the product of PFC and ACC activity signifi-
cantly predicted a superior temporal decrease. This
was not the case in the schizophrenic group. A direct
contrast between the two groups showed a significant
difference between them in this respect.

DISCUSSION

The majority of neurological research in schizophre-
nia has been predicated on a segregationist perspec-
tive. However, one important historical view of the
pathophysiology of the psychoses has emphasized that
a disorder of integrative function could provide the
mechanistic basis for the observed psychological dys-
function (Wernicke, 1874). A splitting or disintegration
of psychological function was emphasized in the earli-
est phenomenological formulations of schizophrenia
and the concept of a split is, of course, inherent in the
name itself (Bleuler, 1987). Previous functional neuro-
imaging data have suggested that connectivity may
indeed be disrupted in schizophrenic people (Friston
and Frith, 1995). This abnormality is thought to lie in
the integration of fronto-temporal function. The find-
ings described above are consistent with this position
and, further, suggest that one abnormal interaction
may be underpinned by a failure of normal cingulate
cortical modulatory control. This, too, is consistent with
previous findings, suggesting that dopaminergic rever-
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sal of a cingulate abnormality is associated with a
relative normalization of the fronto-temporal relation-
ship in untreated schizophrenic patients (Dolan et al.,
1995). Further, a more recent study exploring memory
retrieval in schizophrenia points to an abnormal rela-
tionship between prefrontal and medial temporal corti-
cal activity in association with the condition (Heckers et
al., 1998).

While the relatively small numbers of subjects and
the subtle effects described mean that the current
report should be treated as preliminary, the hypothesis
that schizophrenic patients show an abnormality of the
cingulo-fronto-temporal relationship is strongly sup-
ported by our data. How, then, do we interpret this
abnormality? Clearly, the superior temporal cortex in
healthy subjects is sensitive to a combination of activity
in ACC and PFC above and beyond its sensitivity to
activity of either region in isolation. Within the frame-
work of our hypothesis, we suggest that this phenom-
enon reflects a modulatory effect of anterior cingulate
cortex on prefrontal interaction with superior temporal
cortex. Thus, there is a tendency for an increase in
prefrontal cortical activity to supress superior temporal
cortex. Our results show that this effect, in healthy
subjects, is more pronounced in the face of high anterior
cingulate cortical activity. In the schizophrenic sub-
jects, this modulatory effect is not seen. We interpret
this as indicating a failure of cingulate modulation of
PFC influence on superior temporal cortex. Of course
an alternative interpretation is that the prefrontal
cortex is modulating the effect of anterior cingulate on
superior temporal cortex. The data do not distinguish
between these two possibilities but our hypothesis
favors the former and the experimental question was
framed with this formulation in mind.

Anatomically, it has been shown that anterior cingu-
late cortex has strong reciprocal connections with pre-
frontal (Petrides and Pandya, 1984; Goldman-Rakic,
1988) and with superior temporal cortex (Pandya et al.,
1981). Further, functional neuroimaging studies have
implicated it in a variety of cognitive tasks, including
internal generation (Frith et al., 1991), selective and
divided attention (Corbetta et al., 1991), and response
inhibition in the context of the Stroop task (Bench et al.,
1993). More recently, using event-related functional
MRI, it has been shown that anterior cingulate cortex is
sensitive to both increasing difficulty and erroneous
responses in a continuous performance task, suggest-
ing a role in performance monitoring (Carter et al.,
1998). Of course, such descriptions are based upon
ideas of functional segregation, the notion of a specific
region having a specific function. However, we feel that
the notions of such attentional and monitoring pro-
cesses lend themselves to the integrationist perspec-
tive. It seems highly likely that attention represents a
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Left panel: Region of left superior temporal cortex showing a significant difference between control and schizophrenic subjects

(P < 0.05). Astatistical parametric map rendered onto saggital and transverse section of a stereotactically normalised structural mri is shown.
Right panel: Graphic representation of the relationship between activity in left superior temporal cortex (y axis) and the combination of
cingulo-prefrontal activity (x axis) in (a) controls and (b) schizophrenic subjects. The linear best fit is shown for both groups. The regression
coefficient of each of the two groups is considered to provide a measure of Contribution of ACC X PFC to superior temporal cortical activity.
Thus, in the controls an increase in PFC X ACC produces an inhibition of superior temporal activity. In the schizophrenic subjects the line

slopes upward, indicating the opposite effect.

modulation of regional brain activity and, as such, is
perhaps best conceptualized in terms of modulatory
interactions between brain regions. The current model
characterizes our data in just this way. Also, pertinent
to the present findings, is a study of verbal memory
encoding (Fletcher et al., 1995) in which it was found
that a concurrently performed distraction task pro-
duced an attenuation of prefrontal activation in conjunc-
tion with augmentation of anterior cingulate activa-
tion. The observed pattern of a reduction in PFC

activation and an increase in cingulate activation was
thought to be compatible with the latter exerting a
modulatory effect on neuronal activity in the former.
This notion of the cingulate cortex exerting modula-
tory effects on other regions and the disruption of this
function in schizophrenia gains support from our hy-
pothesis-directed analysis and complements our previ-
ous study (Dolan et al., 1995; Fletcher et al., 1996)
where a failure of task-associated cingulate activation
was associated with an abnormal fronto-temporal rela-
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tionship, a phenomenon which was ameliorated when a
dopaminergic perturbation resulted in increased cingu-
late activation in the schizophrenic subjects. That
schizophrenia may be a disorder of inter-regional con-
nections has been suggested by observations that psy-
chotic, schizophrenia-like symptoms are a feature of
metachromatic leukodystrophy, a disease that includes
demyelination of subfrontal white matter (Hyde et al.,
1992; Friston and Frith, 1995).

Our data, therefore, imply that the anterior cingulate
cortex may be a key region in the functional character-
ization of schizophrenia. This is in keeping with previ-
ous functional neuroimaging studies (Andreasen et al.,
1992; Dolan et al., 1995) as well as neurophysiological
data, suggesting schizophrenia-related abnormalities
in anterior cingulate cortex (Benes et al., 1987, 1992).
The suggested roles for this region in attention (Cor-
betta et al., 1991; Bench et al., 1993) and performance
monitoring (Carter et al., 1998) are compatible with the
pattern of cognitive deficits in attention (McGhie and
Chapman, 1961) and working memory (Park and Holz-
man, 1992) reported in association with the disease.
Additionally, recent functional neuroimaging of healthy
controls suggesting a role for the region in performance
monitoring (Carter et al., 1998) is compatible with the
suggestion that a core cognitive deficit in schizophrenia
lies in the failure to monitor internally generated
actions (Frith, 1992). In our graded memory task, the
normal reciprocal connectivity between prefrontal and
temporal cortex, modulated by cingulate cortex, may
subserve this monitoring function and is disrupted in
the patient group. It is noteworthy, therefore, that a
disturbance in monitoring has been thought to lie at the
root of delusions and hallucinations that are character-
istic of schizophrenia (Frith, 1992).

To summarize, this paper draws attention to an
important approach to the description of functional
neuroimaging data. Such an approach enables a charac-
terization of normal and abnormal functional neuro-
anatomy in terms of integration between brain regions,
a perspective which, we believe, more accurately cap-
tures the nature of the functional deficits in schizophre-
nia.
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