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Abstract

Schizophrenia is characterised by difficulties in processing and responding to incoming
information. Accumulating evidence suggests that the core problem may represent a difficulty in
focusing limited processing resources on salient exogenous stimuli so that an appropriate
response to the stimuli can be performed. The present thesis comprises four event-related
functional magnetic resonance imaging experiments that are designed to elucidate the neural
sites that support the processing of salient exogenous stimuli in healthy individuals, and further,
to characterise functional abnormality present during salient stimulus processing by patients with
schizophrenia. Experiment One characterises the neural response elicited in healthy participants
and patients during the processing of infrequent target stimuli that prescribe a subsequent motor
response (Part A) and during the processing of infrequent novel stimuli that automatically
reorient processing resources away from the ongoing target detection task (Part B). Experiment
Two elucidates the supramodal network of brain areas that supports the processing of frequent
target stimuli presented in the auditory and visual modalities in healthy participants. The
auditory version of that task is subsequently employed in Experiment Three to compare the
healthy participant and patient response during frequent target stimulus processing. Finally,
Experiment Four examines the brain response evoked in healthy participants and patients when
salient stimuli are processed incorrectly and an error ensues.
The results demonstrate that, in healthy participants, a distributed corticolimbic network of
brain areas is active during the processing of salient exogenous events. This network
incorporates limbic cortex (i.e., amygdala-hippocampus), paralimbic cortex in the cingulate
gyrus and frontal operculum, frontoparietal association cortex, and subcortical structures in the
basal ganglia, thalamus, midbrain, and cerebellum. The network is particularly engaged during
the processing of stimuli that signal the need to perform an overt behavioural response.

Ill

Despite relatively preserved behavioural performance on all tasks, patients with schizophrenia
were characterised by functional abnormality throughout the corticolimbic network during both
accurate and inaccurate (i.e., erroneous) salient stimulus processing. Particular abnormality was
apparent in limbic and paralimbic cortex. Dysfunction within the corticolimbic network during
information processing in schizophrenia suggests that there may be insufficient biasing of
limited resources to processing salient features of the environment.
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Chapter 1.0: Introduction

Schizophrenia is a disorder characterised by disruption to multiple facets of mental function.
The disturbances span the domains of perception, cognition, language, motivation, emotion, and
motor activity, and give rise to a substantial heterogeneity of symptom profile among patients
with schizophrenia. Particularly striking abnormalities are observed in the higher mental
functions that draw upon multiple affected domains. For example, marked dysfunction is
apparent during the selection, initiation, and monitoring of mental activity and behaviour.
A consequence of the symptom heterogeneity among patients has been difficulty in defining
the cardinal pathophysiology of schizophrenia. A sizeable body of research has attempted to
address the problem by relating particular core symptoms to abnormality in a specific brain
region. This research has revealed subtle but diffuse structural abnormalities and functional
disturbance in distributed brain systems (e.g., see reviews by Harrison, 1999; Kasai et al., 2002;
Liddle and Pantelis, 2003), suggesting that the cardinal pathophysiology in schizophrenia is not a
focal abnormality, but rather, a disruption of the connections between neurons that results in an
impaired co-ordination of neural activity at spatially remote sites (Friston and Frith, 1995;
Bullmore et al., 1998).
Consequently, the last decade has brought a.shift towards the examination of integrated brain
functions and a search for disruption within distributed neural circuits that support parallel,
distributed processing. Concurrently, a number of integrative models have been proposed that
characterise the illness in terms of a fundamental abnormality in the co-ordinated processing of
information. These models suggest that this core cognitive abnormality, rather than the
symptoms, be used to define the phenotype of the illness (Andreasen et al., 1999; Fuller et al.,
2003).

2
1.1 Models proposing information processing disturbances as the core abnormality in
schizophrenia
Braff (1993) proposes information processing and attentional dysfunctions as the central
feature of schizophrenia, highlighting patients' difficulties in focusing on relevant cues and in
avoiding distraction by irrelevant stimuli. Drawing on the results of studies using a variety of
experimental paradigms (e.g., prepulse inhibition and P50 gating, event-related potential [ERP]
recordings, and reaction time studies), Braff highlights patients' impaired ability to process
exogenous information rapidly and efficiently, particularly in the context of distractions and high
processing loads. Information processing and attentional abnormalities in schizophrenia are
apparent not only on measures reflecting central nervous system function, but also on indices of
autonomic system function such as skin conductance and finger pulse volume orienting
responses (see Bernstein, 1987 for a review).
Andreasen et al. (1998) describe the central abnormality in schizophrenia as 'cognitive
dysmetria', which refers to a disruption in the fluid co-ordination of mental activity. This
incorporates disturbance in receiving and processing incoming information, in integrating that
information with information that has been previously processed and stored, and in acting to
produce a response to that information. The disruption manifests itself in disturbed cognition,
emotion/motivation, and behaviour. Andreasen and colleagues posit cortical-subcortical
networks as the anatomic substrate for cognitive dysmetria, emphasising particularly a disrupted
connectivity between the cerebellum, thalamus, and prefrontal cortex (Andreasen et al., 1996,
1998).

1.2 Rationale for the thesis
Effective cognition and behaviour is predicated in large part on the preferential allocation of
limited processing resources to salient features of the environment. Salient events are those that
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capture our attention and enter conscious awareness, sometimes at the expense of ongoing
thoughts and behaviour. They may be dictated by internal goals (top-down aspects) and/or
stimulus-driven (bottom-up) characteristics, and thus include stimuli that have potential
relevance for behaviour (i.e., task-relevant or behaviourally-salient events), unexpected or rare
events, novel events not previously experienced, intense or potentially dangerous stimuli, and/or
stimuli that are motivationally- or emotionally-important. Expanding on the two models
described above (Braff et al., 1993; Andreasen et al., 1998), we suggest a revised hypothesis that
the fundamental abnormality in schizophrenia may be a difficulty in focusing processing
resources on salient stimuli for the purposes of generating an appropriate response to the stimuli.
To date, much of the evidence that suggests the presence of functional abnormality during
salient stimulus processing in schizophrenia has derived from ERP research, which provides
real-time, millisecond resolution of normal or pathological brain activity elicited by the salient
stimulus events. However, one of the main limitations of this technique is a difficulty in
localising the neural sources of the recorded brain electrical activity. While positron emission
tomography (PET) and single photon emission tomography (SPECT) techniques each provide a
means of localising activity within the brain, their temporal resolution does not permit an
examination of the activity elicited by individual events. Recent developments in event-related
functional magnetic resonance imaging (fMRI) make it possible to characterise the
haemodynamic response to distinct stimulus events with a spatial resolution in the order of
millimetres (see Josephs et al. 1997; Friston et al., 1998; Buckner and Logan, 2001; Donaldson
and Buckner, 2001).
This thesis reports a body of research that aims to characterise the distributed neural circuit(s)
that supports the processing of a variety of salient stimuli in healthy participants and to identify
functional abnormality within that network during salient stimulus processing in patients with
schizophrenia. Each of the studies employs event-related fMRI techniques to localise the
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network of brain sites that become active during salient stimulus processing. The first three
experiments focus on elucidating the neural response associated with processing salient
exogenous stimuli and determining an appropriate response to the stimuli, whereas the final
experiment examines the brain response evoked when salient stimuli are processed incorrectly.
Due to the risk that any functional abnormality in schizophrenia might arise as a consequence of
poor task performance rather than as a consequence of the illness per se (Callicott, 2003), all the
paradigms employed were simple cognitive tasks on which patients with schizophrenia and
neurologically healthy individuals were expected to show comparable behavioural performance.

1.3 ERP evidence for disrupted information processing in schizophrenia: Target-elicited P3
abnormalities
By far the majority of ERP studies of information processing in schizophrenia have presented
stimuli in the auditory modality, largely because it is one of the most affected in schizophrenia
(as evidenced by the primacy of auditory hallucinations and pathology in speech/language
functions). One paradigm commonly-used to assess the brain abnormalities present in patients
with schizophrenia during the allocation of processing resources to salient exogenous stimuli has
been the auditory 'oddball' task. During active oddball detection, an infrequent, deviant target
stimulus that signals the need for a behavioural or cognitive (e.g., counting) response is
presented within a train of homogenous, nontarget background stimuli. In healthy individuals,
the salient target stimulus is associated with a large (ca. 5-20 uV) positive P3 (or P300)
component waveform that peaks within 250-500 ms following the onset of the task-relevant
target tone. Peak latency, which is influenced by variables such as task conditions and subject
age, has a mode of about 300 ms when elicited with auditory stimuli in healthy young adults.
Explanations of the P3 centre around the basic information processing mechanisms of attentional
allocation and immediate memory (Polich and Kok, 1995). P3 amplitude is proportional to the
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amount of attentional resources devoted to a given task (Wickens et al., 1983) and is thought to
reflect the degree or quality of processing as incoming information is incorporated into memory
representations of the stimulus and the context in which the stimulus occurs. The latency of the
P3 potential indexes stimulus classification speed and is independent of behavioural reaction
time, providing an indication of how rapidly subjects can allocate and maintain processing
resources (Polich and Herbst, 2000).
Research employing the paradigm during scalp ERP recordings of patients with schizophrenia
has described a relative reduction in the amplitude of the P3 elicited by the task-relevant target
tone. After 30 years of research, this auditory-elicited P3 amplitude reduction remains one of the
most reliably observed neurophysiological abnormalities in schizophrenia, with less consistent
evidence emerging for prolonged P3 latencies inpatients (see review by Ford, 1999). The
amplitude reduction remains even when patients' performance on the task of detecting the target
tones is comparable to that observed in healthy control participants (Ford et al., 1994b, Salisbury
et al., 1994a), and unlike in healthy participants, P3 amplitude does not increase in oddball task
variants that improve reaction times by increasing target discriminability (Salisbury et al.,
1994a).
Accumulating evidence suggests that the auditory P3 amplitude reduction is both a trait and
state marker of schizophrenia. The P3 amplitude reduction has been observed not only in
chronic medicated patients (e.g., Pritchard, 1986; McCarley et al., 1993; Ford et al., 1994a) and
patients withdrawn from medication (Faux et al., 1993; Ford et al., 1994b), but also in firstepisode patients (Hirayasu et al., 1998; Salisbury et al., 1998; Demiralp et al., 2002), which
suggests that the abnormality is already present early in the illness and prior to the administration
of neuroleptic medication. Although atypical antipsychotic treatment may significantly
remediate P3 amplitude in patients with schizophrenia (Umbricht et al., 1998), it does not
normalise the response to healthy levels. Amplitude improvement is also seen in patients whose
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symptoms have improved (Turetsky et a l , 1998a), yet even in remitted patients, a reduction in
P3 amplitude relative to healthy control participants remains (Rao et al., 1995). Longitudinal
evidence suggests that P3 amplitude tracks fluctuating clinical state for both positive and
negative symptoms (reflecting an excess/distortion and a diminution/loss of normal function
respectively). P3 amplitude decreases with symptom exacerbations and increases with recovery,
however, the reduction is present even when patients are least symptomatic (Mathalon et al.,
2000).
The P3 amplitude reduction is not specific to schizophrenia, with reductions reported in a
variety of neurological and psychiatric populations (see review by Polich and Herbst, 2000).
However, the topography and/or the persistence of the abnormality following pharmacological
intervention in schizophrenia may distinguish it from the reductions observed in other
psychiatric conditions. For example, there is evidence that the P3 amplitude reduction is greater
over left temporal lobe sites than sites in the right temporal lobe in patients with schizophrenia
(Faux et al., 1993; McCarley et al., 1993) but not bipolar patients (Salisbury et al, 1999). This
topographic asymmetry is also present in first-episode psychotic patients with schizophrenia but
not first-episode patients with manic psychosis (Salisbury et al., 1998). Whereas the/P3
reduction observed in schizophrenia is only partially remediated following treatment with
atypical antipsychotic medication (Umbricht et al., 1998), normalisation of the P3 has been
observed following antidepressant treatment for patients with major depression (Blackwood et
al., 1987; Yanai et al., 1997). This evidence implies that these disorders may be characterised by
differential sites or networks of functional abnormality during target stimulus processing.

1.4 Supramodal and modality-specific deficits in the target-elicited P3 in schizophrenia
Considerable neurophysiological and neuroanatomical evidence suggests that multiple
intracranial sources contribute to the generation or modulation of the auditory P3 (McCarthy et

a l , 1997; Menon et al., 1997; Halgren et al., 1998; Knight and Scabini, 1998; Potts et al., 1998;
Kiehl et al., 2001a. 2001b). By implication, the P3 reduction observed during target stimulus
processing in schizophrenia might reflect either focal or diffuse abnormality. Studies in healthy
participants demonstrate that infrequent target stimuli elicit a P3 response that is maximal over
parietal scalp sites across the auditory, visual, somatosensory, and olfactory sensory systems,
suggesting that there are supramodal generators of the target-elicited P3 response. However,
topographic ERP and magnetoencephalographic studies of healthy participants also reveal
modality-specific contributions to the target-P3 (Knight and Scabini, 1998). The P3 amplitude
reduction observed in patients with schizophrenia during auditory target detection has been less
consistently replicated in the visual modality (Ford, 1999). In studies affording a direct
comparison, the auditory P3 amplitude reduction is typically greater or observed more
consistently than the visual P3 reduction (see Grillon et al., 1991a; Egan et al., 1994, Ford et al.,
1994b, 2001; Pfefferbaum et al., 1989). These results are consistent with functional disturbance
within both supramodal and auditory-specific modulators of the P3 response to auditory oddball
stimuli in schizophrenia.

1.5 Differentially-affected subprocesses contribute to the auditory P3 abnormality in
schizophrenia
An extensive ERP literature in healthy participants and neurological patients suggests that the
P3 component elicited by target processing during the oddball task is not a unitary brain
potential arising from a discrete brain area or cognitive process. Rather, activation of multiple
brain regions may be dissociated depending on the degree of voluntary and involuntary attention
allocated to stimulus processing (Knight and Scabini, 1998). Voluntary detection of, and
response to, the task-relevant target stimulus described above typically elicits a P3 that is
maximal over parietal scalp, termed 'P3b'. A smaller, frontocentrally distributed 'P3a'
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component that peaks about 60-80 ms earlier than the P3b in all sensory modalities is generally
also elicited by the target stimuli. The P3a component is considered an index of involuntary
orienting to the infrequent stimulus for the purposes of conscious stimulus evaluation. Whereas
the major determinant of the P3b is the task-relevance of the deviant target stimulus, the P3a is
predominantly influenced by the degree of difference between the physical characteristics of the
deviant stimulus and the standard (nontarget) tones (Gaeta et al., 2003).
The P3a is sometimes observed more readily (i.e., without being overwhelmed by the larger
P3b component) by having participants listen passively to the oddball task, without any
requirement for a behavioural or cognitive response to the oddball stimulus. Ford and colleagues
(1999, Mathalon et al., 2000) thus distinguish these processes as the 'effortful P3' (P3b) and
'automatic P3' (P3a) respectively, although both subcomponents contribute to the P3 elicited
during active oddball target detection. Several groups have differentiated these subcomponents
during auditory oddball detection, and report both P3b and P3a amplitude reductions in patients
with schizophrenia (Turetsky et al., 1998b; Mathalon et al., 2000).
The P3a component is strongly elicited within an auditory oddball variant that, in addition to
the infrequent target and standard nontarget stimuli, incorporates an infrequent distracter
stimulus or non-repeating novel stimuli that require no behavioural response (Courchesne et al.,
1975). The novel/distracter stimuli evoke a larger P3a response than do target stimuli, and
provide a means of examining the brain's response during the involuntary capture of attention
away from the ongoing performance of the central task of detecting and responding to the taskrelevant target stimulus (Polich, 1998; Friedman et al., 2001; Debener et al., 2002). Few studies
have so far made use of the novelty oddball variant to examine whether the P3b and P3a are
differentially affected in schizophrenia. Those few studies report a reduction in the amplitude of
the P3a elicited by the novel stimuli in patients with schizophrenia relative to healthy
participants (Grillon et al., 1990, 1991a; Merrin and Floyd, 1994), suggesting that patients with
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schizophrenia allocate a reduced amount of processing resources to both target and novel stimuli
(i.e., to salient exogenous stimuli in general).
However, the three studies diverge in terms of whether a greater amplitude reduction in the
patient group was observed for the P3 response elicited by the novel or the target stimuli,
perhaps related to slight task variations or patient sample differences between the studies (e.g.,
the sample of patients recruited into the Merrin and Floyd [1994] study were medication free for
at least two weeks prior to the study, whereas Grillon et al. [1990,1991a] used a medicated
sample of patients). Merrin and Floyd (1994) report that, compared to healthy control
participants, the P3 elicited by novel stimuli was further reduced relative to target responses in
patients with schizophrenia. Their result suggests that particular dysfunction is apparent in the
involuntary orienting of attention to salient stimuli. By comparison, in two studies based on the
same sample of patients, Grillon et al. (1990, 1991a) reported a,significantly greater reduction in
the amplitude of the P3b elicited by target stimuli than the P3a elicited by novel stimuli,
suggesting that while both component processes are affected in schizophrenia, particular
abnormality is apparent during the processing of the task relevant target stimuli. In healthy
participants, the P3b amplitudes elicited by the target stimuli across the midline electrode sites
Fz, Cz, and Pz were smaller than the P3a amplitude elicited by novel stimuli by 38.2%, 35.2%,
and 12.2% respectively (average 28.5%), whereas in patents with schizophrenia the differences
across the three midline sites were 58.7%, 62.6%, and 38.0% respectively (average 52.8%;
Grillon et al., 1990). Thus, while both the P3b and P3a amplitudes were attenuated in patients
relative to healthy participants, the increased difference between the P3a and P3b amplitudes in
schizophrenia relative to healthy participants was interpreted as reflecting an abnormal
apportioning of processing resources to the task-irrelevant versus task-relevant stimuli. That is,
patients experienced relatively increased distractibility by task-irrelevant novel stimuli,
suggesting an inability to filter or 'gate' irrelevant information (Grillon et al., 1990).
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Such changes to the P3a component imply that a iate' gating abnormality may be present
when attention is oriented to salient stimuli for the purposes of conscious evaluation. Earlier
gating deficits are reflected in disturbance of the 'pre-attentive' ERP component, the P50 (Adler
et al., 1982; Freedman et al., 1983), as well as in a diminished prepulse inhibition of the startle
response in patients with schizophrenia (Grillon et al., 1992; Braff et al., 2001). In the P50
gating paradigm, two identical rapid-click stimuli separated by 500 ms are associated with a
large P50 response to the first click and an attenuated P50 response to the second click in healthy
individuals, due to the inhibitory effect of the first stimulus. In patients with schizophrenia, this
normal inhibitory process is lost (Adler et al., 1982; Freedman et al., 1983), theoretically leaving
patients susceptible to sensory overload and cognitive fragmentation as patients become
swamped with stimuli seeking access to higher order cognitive processing resources (McGhie
and Chapman, 1961).

1.6 Other ERP component abnormalities indexing disrupted information processing in
schizophrenia
Although the P3 component has been the focus of ERP research examining information
processing abnormalities in schizophrenia over the last three decades, abnormalities in other
stimulus-locked ERP components have been demonstrated during effortful and/or passive
performance of the auditory oddball paradigm. Due to the temporal characteristics of the
haemodynamic response, these components cannot be distinguished from a P3 response during
event-related fMRI, and may thus contribute to any abnormalities observed in schizophrenia
during imaging of the auditory oddball paradigm.
In general, early sensory and middle latency responses (i.e., < 50 ms post-stimulus) appear
unaffected in schizophrenia (Grillon et al., 1991b; Braff, 1993), whereas disturbed amplitudes
and/or latencies have been reported in a variety of later components that precede the P3 potential
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and index early-stage information processing, including the N1-P2 complex, N2b and mismatch
negativity (MMN) components. Unlike the P3, these components appear to be evoked in a
largely automatic, preattentive, and preconscious fashion in healthy participants, (although there
is evidence that they may be modulated by selective attention; Michie, 2001; Salisbury et al.,
2003).
The N l and P2. The N l is a negative brain potential arising approximately 80-100 ms after a
sensory stimulus. Although they are functionally independent, the N l is elicited as part of a
complex (N1-P2) in which the N l is followed by a positive peak (P2) at approximately 175-200
ms (Muller-Gass and Campbell, 2002). These components have been termed 'exogenous'
components because their amplitude, latency, and topography seem to depend on the physical
properties of sensory stimuli such as their modality and intensity. The exogenous components
are distinguished (on a continuum) from 'endogenous' components such as the P3, which depend
on the individual's interaction with the stimulus and which vary as a function of factors such as
task-relevance, attention, and the processing requirements of the stimulus (Naatanen, 1992;
Coles andRugg, 1995).
The auditory-evoked N l potential has been localised to bilateral sources in the auditory cortex
(at the supratemporal plane) and in the auditory association region of the superior temporal
cortex, as well as a possible frontal source reflecting motor-premotor cortex and/or
supplementary motor area (SMAVanterior cingulate cortex contributions (Giard et al., 1994;
Muller-Gass and Campbell, 2002). In patients with schizophrenia, N l and P2 disturbances
(generally a decreased N l amplitude and increased P2 latency) have been reported in research
employing the auditory oddball paradigm (Brown et al., 2000, 2002; Bahramali et al., 2001; Ford
et al., 2001; Kayser et al., 2001; Williams et al., 2002), suggesting relatively early abnormalities
in the processing of incoming information.
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Mismatch negativity (MMN), The M M N (or N2a) is a negative component occurring 150250 ms post-stimulus that is elicited by any discriminable change (i.e., deviance) in a repetitive
background of auditory stimulation. Deviant stimuli may differ from the background standard
simuli in a simple physical dimension such as frequency, duration, pitch, intensity, or spatial
location. The M M N is typically elicited when the passive auditory oddball paradigm is
presented while the participant's attention is directed elsewhere (e.g., in reading a book or
watching a video). Customarily, the M M N is obtained by subtracting the ERP for the standard
events from the ERP for the deviant events. M M N is understood to manifest a comparator
mechanism that detects a mismatch between the deviant tone and the standard tone that is
represented in auditory sensory memory. More specifically, the component may reflect
operations that encode a representation of past stimuli into an auditory sensory memory that is
used in the analysis of temporal patterns (Naatanen, 1990, 1993).
The M M N has been sourced to bilateral generators in the auditory cortex, with additional
bilateral frontal generators that follow the auditory-cortex activation by a short delay (Giard et
al., 1990; Rinne et al., 2000). The frontal mechanism may play a role in the initiation of an
involuntary attention switch to changes detected pre-perceptually in the auditory cortices (i.e., it
reflects a 'call' to involuntarily orient attention to a potentially significant exogenous event).
However, others have argued that the frontal mechanism is reflected in the P3a (or even the N2b;
Salisbury et al., 2003) and serves to make the event available to consciousness and behavioural
control. That is, where the event is sufficiently deviant, the M M N generated in the temporal
lobes is followed by the frontal P3a component (Friedman et al., 2001).
A majority of studies have replicated the initial finding of an attenuated M M N in
schizophrenia (Shelley et al., 1991), particularly for duration and frequency changes (see review
by Michie, 2001). This abnormality is regarded as reflecting inaccurate formation of the
sensory-memory trace rather than abnormally rapid trace decay (Naatanen, 2003). Interestingly,

13
recent evidence suggests that the frontal generators are generally more affected in patients with
schizophrenia than those located in the auditory cortex (Baldeweg et al., 2002; Sato et al., 2003).
In light of Friedman et al.'s (2001) assertion that the frontal generator is more closely related to
the P3a, the pronounced frontal abnormalities in schizophrenia suggests particular dysfunction in
attentional orienting to, and conscious processing of, salient exogenous stimuli.
The N2b. A further component indexing abnormal information processing in schizophrenia
during auditory oddball detection is the N2b potential (i.e., a negative component elicited about
200ms post-stimulus). The critical condition for the elicitation of the N2b is that the event which
deviates from the prevailing context is task-relevant (Coles and Rugg, 1995). Typically, the N2b
covaries with the P3, and has been associated with the process of automatic stimulus
discrimination/categorisation for the purposes of subsequent behavioural selection (Ritter et al.,
1979, 1982). N2b amplitude, measured as a difference waveform between target and nontarget
events during auditory oddball detection, is significantly attenuated in patients with
schizophrenia (O'Donnell et a l , 1993; Salisbury et al., 1994b; Kasai et al., 1999), suggesting
disturbed automatic stimulus classification processes in schizophrenia.
Thus, considerable evidence has amassed from ERP recording of auditory oddball task
performance to support the hypothesis that both voluntary and involuntary processing of salient
exogenous information is abnormal in patients with schizophrenia. However, little is yet known
about the possible site(s) of the functional abnormality underlying these disturbances in salient
stimulus processing. The time-course of the neural response to the auditory oddball event has
been extensively characterised in healthy populations using scalp-ERP recordings, and sourcelocalisation of dense-array electrode recordings have provided some insight into the brain areas
that support the processing of the salient exogenous events (e.g., see review by Friedman et al.,
2001). However, the identification of the relevant brain areas (particularly deep structures such
as limbic cortex whose activity may not propagate well to surface-recorded ERPs), are more
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appropriately inferred from research applying intracranial recordings and event-related fMRI
techniques. This research is reviewed in the following sections, along with the results of scalpERP recordings made in patients with brain lesions.

1.7 Intracranial recording and lesion evidence for a network of corticolimbic sites mediating the
P3 response in healthy adults
Based on pre-surgical intracranial recordings made during auditory and visual oddball detection
in patients with epilepsy, Halgren and colleagues (1998) posited a supramodal corticolimbic
network that supports the processing of infrequent target stimuli that require a behavioural
response (see Figure 1, light shading). This network incorporates the hippocampal and perirhinal
(i.e., limbic) cortex in the medial temporal lobes, cortex in the superior temporal sulcus,
ventrolateral and orbitofrontal cortex, and superior posterior parietal cortex (i.e., cortex at the
intraparietal sulcus). Earlier intracranial work (Halgren et al., 1980) suggested that both the
hippocampal formation and the amygdala make an important contribution to processing
infrequent stimulus events, in spite of the fact that bilateral medial temporal damage due to
hypoxia (Polich and Squire, 1993) or unilateral medial temporal lobectomy (Johnson, 1988,
1989) does not appear to effect the amplitude of the scalp-recorded P3 elicited by target stimuli
in either the auditory or visual modality.
Halgren et al. (1998) identified additional brain areas that were active during processing of
the task-relevant target events, but not exclusively, including the inferior parietal cortex (at the
temporoparietal junction), cingulate cortex, and dorsolateral prefrontal cortex. These areas were
active during processing of both the target events and the task-irrelevant novel/distracter events
that required no behavioural response, regardless of whether or not they were overtly attended
(i.e., during performance of both active and passive oddball paradigms). This system was thus
proposed to reflect a sub-network of brain areas specialised for the orientation of attention to
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salient stimuli (i.e., commensurate with the scalp-recorded P3a). Figure 1 illustrates the brain
areas identified by Halgren et al. (1998) as active only during target processing (light shading,
P3b) and those areas active during both target and novel stimulus processing (dark shading, P3a).

Figure 1. Illustration from Halgren et al.'s (1998) report on intracranial recordings of
cortical activity made during auditory and visual oddball tasks. The illustration
distinguishes the brain areas in which activity was elicited during salient target stimulus
processing only (light shading) from the brain areas in which activity was elicited during both
salient target and novel stimulus processing (dark shading). Reprinted with permission from
Elsevier.
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Lesion studies also provide insight into the sub-networks of brain areas that contribute to the
P3 response elicited by salient target and novel stimuli presented in the context of the novelty
oddball paradigm. This research has focused on the contribution of cortex at the temporoparietal
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junction, prefrontal cortex, and medial temporal limbic structures to the generation of the P3
response elicited by target and novel stimuli. Consistent with the findings of Halgren et al.
(1998) damage to the temporoparietal junction results in a marked reduction of the amplitude of
both the P3b and P3a across the auditory (Knight et al., 1989) and somatosensory (Yamaguchi
and Knight, 1991) modalities, as well as partial reductions within the visual modality (Knight,
1997; see also Verleger et al., 1994). Conversely, prefrontal lesions (comprising predominantly
dorsal frontal cortex but extending into ventral frontal areas) differentially affect the P3b and P3a
responses. Marked amplitude reductions are observed in the P3a component only, across the
auditory (Knight, 1984), visual (Knight, 1997; Daffner et al., 2000), and somatosensory
modalities (Yamaguchi and Knight, 1991). Parietal P3 activity generated to the auditory, visual,
and somatosensory stimuli shows no significant effect of unilateral posterior hippocampal
damage, whereas frontocentral P3 (i.e., P3a) activity elicited by both the target and novel events
is reduced by such lesions across all sensory modalities (Knight, 1996; Knight and Scabini,
1998).
Taken together, the lesion studies by Knight and colleagues, and the intracranial work of
Halgren and colleagues (see also Baudena et al., 1995; Halgren et al., 1995a, 1995b) suggests
that a network of multiple, supramodal corticolimbic sites contributes to the processing of salient
exogenous stimuli. That is, while modality-specific effects are observable in the primary sensory
and unimodal association cortices, a supramodal network encompassing limbic and cortical
structures mediates the P3 response. Knight and Scabini (1998) ascribe particular importance to
the limbic contribution to information processing, particularly for novel stimuli. They posit that
incoming stimuli are compared against a template of the recent past by neural circuits that are
dependent on the hippocampal region. Deviation from the template activates a distributed
corticolimbic system that facilitates a behavioural response to the event as well as its integration
into memory.
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Aside from the problems associated with inferring from lesioned or epileptic brains the areas
that contribute to P3 responses, methodological limitations are associated with both techniques.
Lesion studies are disadvantaged by damage extending beyond the brain structures of interest,
while in intracranial studies, some brain regions are undersampled because they are seldom
involved in epileptogenesis and/or are difficult to approach surgically, leaving open the question
as to their contribution to the generation or modulation of the P3 potential. These areas include
the insular/frontal opercular cortices, dorsal parietal cortex, anterior frontal cortex, and posterior
occipital cortex, as well as subcortical structures such as the thalamus, basal ganglia, and
cerebellum. The contribution of these sites to salient stimulus processing must be ascertained
from studies that have used event-related fMRI techniques.

1.8 Functional MRI evidence for a distributed corticolimbic network mediating salient stimulus
processing
Several studies have employed event-related fMRI with neurologically healthy individuals to
determine the brain areas that contribute to the processing of infrequent target stimuli presented
within the context of the oddball paradigm. These studies report the activation elicited by the
infrequent target stimulus relative to a baseline of the frequent nontarget stimulus. Early studies
(McCarthy et al., 1997; Menon et al., 1997; Linden et al., 1999) of auditory and/or visual oddball
target detection, in which participants were required either to count and/or press a button for
each target event, reported activation predominantly in parietal and frontal association cortex.
This encompassed activation bilaterally in the inferior parietal lobule (both at the
temporoparietal junction and more superiorly at the intraparietal sulcus) and in middle frontal
gyrus. Activation was also observed in paralimbic cortex at the anterior insula (i.e., in the frontal
operculum), and in the caudal anterior-, mid-cingulate/SMA and posterior cingulate gyri, as well
as subcortically in the thalamus.

'
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Ongoing refinements in the application of event-related fMRI techniques have meant that
more recent studies not only confirmed the activation of these regions during infrequent auditory
and visual target processing but also identified activation in additional brain regions. These
additional areas of activation were observed bilaterally in the cerebellum and basal ganglia, in
the amygdalo-hippocampal complex, in widespread ventral and dorsal lateral frontal and
premotor cortex, and in superior parietal cortex (at the intraparietal sulcus) extending into the
precuneus (Clark et al., 2000; Braver et al., 2001; Kiehl et al., 2001a, 2001b; Ardekani et al.,
2002). For the purposes of comparison with the Halgren et al. (1998) intracranial data, Figure 2
illustrates a synthesis of the major areas activated by target stimulus processing across the eventrelated fMRI studies. These results are consistent with those obtained in the intracranial and
lesion studies which suggested that a distributed network of corticolimbic sites mediates the
response to target stimuli. They also suggest that the cerebellum and subcortical structures (i.e.,
basal ganglia and thalamus) may form part of this network, although their contribution to salient
stimulus processing is more appropriately examined during the processing of stimuli that require
no subsequent behavioural response (i.e., when activation in these areas cannot be directly
attributed to the motor action).
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Figure 2. A stylised depiction of the activation elicited by infrequent target stimulus
processing during performance of the oddball task, as revealed by fMRI. The figure
illustrates the lateral (top) and medial (bottom) surfaces of the brain. Additional activation
occurring subcortically within the basal ganglia is not depicted.
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A means of more clearly ascertaining the role of subcortical structures in salient stimulus
processing is provided by several whole-brain event-related fMRI studies which employed
oddball variants that additionally incorporated infrequent, task-irrelevant novel or distracter
stimuli. However, the number of studies to have done so is small, and thus, results are not as
coherent as those described for target stimuli. In general, results suggest that association cortex
in ventral frontal areas and in or near the temporoparietal junction, as well as paralimbic cortex
in the anterior cingulate gyrus and at the frontal operculum (comprising the anterior superior
temporal sulcus, anterior insula, and the orbitofrontal cortex), make an important contribution to
processing novel/distracter stimuli. Specifically, Clark et al. (2000) reported that a repeating
visual distracter stimulus evoked a positive signal change from the nontarget baseline in
paralimbic cortex within the rostral anterior cingulate and extending into anterior medial frontal
cortex, as well as bilaterally in ventral and dorsal frontal cortex, at the temporoparietal junction,
and in the cerebellum and occipital cortex. Research from our laboratory has demonstrated that,
relative to the nontarget baseline, visual novel stimuli elicit activation bilaterally in the ventral
frontal cortex, at the intraparietal sulcus extending into the precuneus, and at the temporooccipital junction, as well as in paralimbic cortex at the left frontal operculum, and in
sensorimotor cortex and cerebellum, and extensive visual cortex (Kiehl et al., 2001a). In
addition to activation of primary auditory and unimodal association cortex, auditory novel
stimuli (relative to the nontarget baseline) elicit activation bilaterally at the temporoparietal
junction, ventral frontal cortex, and right dorsal frontal cortex, as well as bilaterally in the frontal
operculum, in caudal anterior cingulate cortex/SMA, and in bilateral thalamus and cerebellum
(Kiehl et al., 2001b). Using an oddball-like task in which participants passively observed novel
changes to a continuous background stimulus in the visual and auditory modalities, Downar and
colleagues (2002) reported novelty-related signal increases relative to the constant familiar

21
(baseline) stimulus in the right temporoparietal junction, ventral frontal cortex, and inferior
temporal gyrus, as well as in the anterior insula and left anterior cingulate cortex.
These studies demonstrate that many of the areas activated during the voluntary processing of
salient target stimuli are also activated during the involuntary capture of attention toward the
processing of salient novel/distracter stimuli that require no behavioural response. This suggests
that there may be a network of corticolimbic areas that supports the processing of salient
exogenous stimuli in general, in order that an appropriate behavioural response (or non-response)
may be made to the stimuli. Moreover, these studies suggest that, in addition to their motorrelated role in responding to target stimuli, the thalamus, and cerebellum form part of the network
of brain areas subserving salient stimulus processing. However, in contrast to the intracranial
recording and lesion results reviewed above, the fMRI studies demonstrated suprathreshold
amygdala-hippocampal activation only during the processing of salient target stimuli and not
salient novel/distracter stimuli presented in the context of oddball detection.
Taken together, the event-related fMRI, lesion, and intracranial data suggest that a network of
sites mediates the brain's response to salient exogenous stimuli, including both infrequent target
and novel stimuli. Although the data derived from the different methodologies show some
inconsistencies, on balance, the evidence suggests that this network encompasses limbic and
heteromodal association cortex in the frontal, parietal, and temporal lobes. There is also
emerging evidence for a contribution from subcortical structures to salient stimulus processing.
However, direct comparison of the haemodynamic response elicited by the infrequent target and
novel events may provide evidence of modulation of activity within this corticolimbic circuit
supporting salient stimulus processing depending on the relative salience of the different stimuli.
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1.9 Evidence for modulation of activity within the corticolimbic network by stimulus salience
In the context of active oddball detection, Kiehl et al. (2001a, 2001b) reported greater
activation within the network of corticolimbic sites for target relative to novel stimuli (including
relatively greater bilateral activation of the amygdalo-hippocampal complex, paralimbic cortex
in the frontal operculum, parahippocampal gyrus, caudal anterior cingulate and posterior
cingulate cortices, and posterior association cortex at the temporoparietal junction and at the
intraparietal sulcus and precuneus, as well as in anterior frontal areas, and the thalamus, basal
ganglia, and cerebellum). Novel stimuli showed greater activation relative to target stimuli in
primary sensory and unimodal association cortices, as well as some evidence (emerging more
strongly in the auditory modality) for greater relative activation in bilateral lateral frontal cortex.
These results suggest that the corticolimbic network may be particularly affected by the taskrelevance of the incoming stimuli. It would appear that, when the participant's explicit goal is to
engage in a behavioural response to the target stimulus, there may be an added motivational
component contributing to stimulus salience (in addition to the salience afforded by the
infrequency and deviance of the target stimulus).
In the context of a modified oddball paradigm, Downer et al. (2001) also demonstrated that
the task-relevance of stimuli may modulate activity within this network. Both active and passive
processing of oddball targets presented in the auditory and visual domains elicited activity in
association cortex at the intraparietal sulcus and precuneus, at the temporoparietal junction, and
in frontal cortex, as well as in paralimbic cortex in the frontal operculum and the caudal anterior
and posterior cingulate gyri, and subcortically in the thalamus and cerebellum. However,
activity in many of these areas, particularly in the temporoparietal junction, frontal operculum,
caudal anterior cingulate, precuneus, thalamus, and cerebellum, was greater for targets that
required a subsequent behavioural response than for 'targets' that were passively observed,
infrequent deviances from the baseline stimulus.
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However, in a subsequent study employing a passive oddball task, Downar et al. (2002)
demonstrated that when infrequent 'target' (i.e., deviants) and novel stimuli are only passively
observed, areas in the temporoparietal junction, ventral frontal cortex, the frontal operculum, and
the caudal anterior cingulate respond relatively more strongly to the infrequent novel stimuli than
the passive 'targets'. Thus, sites within the corticolimbic network, although responsive to salient
stimuli generally, appear to be modulated according to the task-relevance of the events. Novel
stimuli become the more salient stimulus (and thus elicit relatively greater activation within
corticolimbic areas) than the infrequent stimulus deviants that have no relevance for behaviour.
This suggests that higher level influences such as motivation or goal-related biases exert a
critical influence on the processing of incoming exogenous events.

1.10 Top-down modulation of stimulus salience by motivational and affective influences from
limbic cortex
The hypothesis that a corticolimbic network supports the processing of incoming sensory
information was previously proposed by Mesulam (1998), who suggested that such a network
ensured that the attentional spotlight could be shifted towards exogenous events that have
motivational and/or affective salience (Mesulam, 1999). Mesulam (1998) describes how
information processing proceeds along a core synaptic hierarchy from the primary sensory and
unimodal areas, to the heteromodal association, paralimbic, and limbic zones of the cerebral
cortex that together are responsible for binding the information into distributed but integrated
supramodal representations that can be used to flexibly guide behaviour. Reciprocal connections
between the levels allow the higher levels to exert top-down influences upon earlier levels of
processing. Thus, the format of the synaptic chain supporting the translation of sensation into
action means that identical exogenous stimuli may trigger alternative responses depending on
past experience, situational context, present needs, and contemplated consequences.
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Motivational and affective influences are core determinates of which exogenous stimuli will
receive conscious processing (Zald, 2003). Mesulam (1998) proposes that, under the guidance
of the prefrontal cortex, motivational and emotional influences from the limbic cortex in the
medial temporal lobes are channelled via paralimbic cortex (incorporating the cingulate gyrus,
parahippocampal gyrus, and cortex in the frontal operculum) to the heteromodal association
areas that are involved in perceptual elaboration and behavioural planning. In this manner,
incoming information may be processed according to its significance (salience) rather than
merely according to the surface properties of the stimulus.
Paralimbic cortex provides an important anatomical interface between limbic cortex (in the
medial temporal lobes) and the frontoparietal association cortices (Augustine, 1996; Morecraft
and Van Hoesen, 1998; Paus, 2001; Mesulam and Mufson, 1982a, 1982b; Mesulam, 1998).
Mesulam (1999) and Posner and Petersen (1990) ascribe particular importance to paralimbic
cortex in the cingulate gyrus (particularly the anterior portion) in exerting executive control over
cortex in the posterior parietal and superior frontal areas in order to bias the processing of salient
exogenous stimuli. The anterior cingulate provides a substrate for interactions between cognitive
and motivational processes, particularly in relation to the generation of motor output (Vogt et al.
1992). A critical role for the anterior cingulate in detecting and resolving conflict between
potential, but incompatible, responses to stimuli has also been proposed (Carter et al., 1998;
Botvinick et al., 2001, van Veen and Carter, 2002a), suggesting that the cingulate exerts
executive influence over the frontoparietal association areas responsible for processing stimuli
and responses.
A recent review of animal research and human neuroimaging studies by Corbetta and
Shulman (2002) differentiates the heteromodal association cortices in the frontal and parietal
lobes into dorsal and ventral sub-networks that mediate different aspects of attention during
information processing (see Figure 3). These authors describe a dorsal frontoparietal sub-
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network, embracing the superior frontal cortex and the intraparietal sulcus, that supports the
goal-directed (top-down) selection of stimuli and responses. Within this dorsal sub-network,
cortex at the intraparietal sulcus may be responsible for identifying the characteristics of salient
events (especially their location) and in specifying cognitive plans/intentions that target these
events for behaviour (see reviews by Andersen and Buneo, 2002; Gottlieb, 2002). Together with
the anterior cingulate cortex, premotor areas in superior frontal cortex play a prominent role in
the selection, sequencing, and execution of behaviour (Posner and Petersen, 1990; Posner and
Rothbart, 1998; Mesulam et al., 2001), and in resolving conflict between response alternatives
(Carter et al., 1998). Bunge et al. (2002) posit that stimulus-response associations are stored in
the posterior parietal cortex, and activated in a bottom-up fashion that is driven by the perception
of salient exogenous cues. Via top-down inputs to the parietal association areas, the frontal
association cortex may then enhance the representation of a task-appropriate motor response
relative to task-inappropriate responses in parietal cortex. Thus, the dorsal frontoparietal areas
appear specialised for the assembly and co-ordination of stimulus-response mappings, a process
which may also contribute to the activation within these areas that has been observed during the
online maintenance of information in working memory tasks (Corbetta and Shulman, 2002).
Activity in the dorsal network may be modulated by activity within a predominantly right
lateralised ventral frontoparietal network, encompassing the temporoparietal junction and
inferior-middle frontal cortex, that is elicited by salient exogenous events. That is, the ventral
system acts as a form of 'circuit breaker' for the dorsal system in order to redirect limited
processing resources to salient events. The salient events that activate the ventral system include
task-relevant target events (Corbetta et al., 2000), but particularly novel and infrequent or
unexpected stimuli (see also Downar et al., 2000, 2002). According to Corbetta and Shulman
(2002), the ventral frontal areas may be particularly involved in evaluating the novelty of a
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stimulus, whereas the temporoparietal junction is more concerned with determining the
behavioural significance of the event.
In addition to these cortical components, Mesulam (1999) proposes contributions from the
superior colliculus in the midbrain (see also Posner and Petersen, 1990), the thalamus, and the
basal ganglia (striatum) to a large-scale distributed network mediating the attentional targeting of
salient extrapersonal events. Figure 4 illustrates the interaction between limbic cortex and three
of the five striato-thalamo-cortical circuits described by Alexander et al. (1990). This interaction
provides both direct and indirect means by which motivational and affective processes may
influence the activity of cognitive and motor circuits.
Thus, there is accumulating evidence and theory suggesting that a corticolimbic circuit
enables motivational/affective and goal-oriented influences from the limbic cortex to exert
influence, via paralimbic cortex (and subcortical structures), on specialised frontoparietal subnetworks during information processing. In this way, limited processing resources may be
preferentially allocated to salient features of the environment. Extrapolating from this work in
healthy participants suggests that information processing problems in schizophrenia may stem
from dysfunction within this corticolimbic network. Such dysfunction may indicate that the
information processing abnormalities present in schizophrenia arise more specifically from
problems in bringing motivational/affective and goal-directed influences to bear on exogenous
stimulus processing. Certainly, there is considerable clinical evidence for disturbed motivation,
volition, and affect in schizophrenia, as described in the following section.
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Figure 3. Illustration of the specialised dorsal and ventral frontoparietal sub-networks
proposed to mediate goal-directed and stimulus-driven aspects of information processing
respectively (from Corbetta and Shulman, 2002). Reprinted with permission from Nature
Reviews Neuroscience.
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Figure 4. Summary of the interaction between limbic structures and the corticosubcortical loops described by Alexander et al. (1990) for the control of motor, cognitive,
and affective/motivational functions (from Brown and Pluck, 2000). Reprinted with
permission from Elsevier.
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1.11 Clinical evidence for motivational and affective disturbances in schizophrenia
Clinical observation of marked motivational and affective disturbance in schizophrenia dates
back to the pioneering descriptions of the illness by Emil Kraeplin (1919) and Eugen Bleuler
(1911/1950). Kraeplin (1919) described avolition and affective flattening as central and
defining features of 'dementia praecox'. He identified two principal groups of disorders within
the illness:
"On the one hand we observe a weakening of those emotional activities which
permanently form the mainsprings of volition.... The result of this highly morbid process is
emotional dullness, failure of mental activities, loss of mastery over volition, of endeavour,
and ability for independent action.... The second group of disorders consists in the loss of the
inner unity of activities of intellect, emotion, and volition.... The near connection between
thinking and feeling, between deliberation and emotional activity on the one hand and
practical work on the other is more or less lost. Emotions do not correspond to ideas." (pp.
74-75; adapted from Fuller et al., 2003).
Among the 'fundamental symptoms' described by Bleuler (1911/1950) to be present in all
patients were 'loss of affective responsiveness, loss of attention, loss of volition, ambivalence
and autism'.
While these early conceptualisations of the illness particularly emphasised the negative
symptoms of affective and motivational disturbance, modern descriptions of the illness also
describe positive symptoms (see e.g., Liddle, 2000). Thus, in contrast to blunted affect (manifest
in a decreased responsiveness to emotional events, loss of vocal inflection, and diminished facial
expression), affect may also be inappropriate or incongruous to the circumstances (e.g.,
inappropriate giggling). Similarly, patients may be characterised by disruptions of motivation
and will that are either negative or positive. Weakened volition is manifest in long periods of
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underactivity, whereas disjointed volition is reflected in poorly organised, ill-judged activities
which appear to be prompted by impulse.
The clinical descriptions of motivational and affective disturbances suggest that motivational
and affective problems might contribute directly to information processing deficits in
schizophrenia, although it may also be the case that they are independent of information
processing difficulties but that both emerge out of dysfunction in limbic cortex.

1.12 Functional and anatomical abnormalities in the limbic cortex of patients with schizophrenia
Evidence for functional abnormality within the limbic cortex of patients with schizophrenia is
provided by several block-design fMRI studies that have examined limbic function during the
processing of affective information. Generally, these studies report decreased task-related
activation of the amygdala and/or hippocampus in patients relative to healthy control
participants, in spite of efforts to match the groups on task performance and mood state
measures.
Schneider et al. (1998) reported that, during the induction of sad mood via the viewing of sad
facial expressions, healthy participants, but not patients, showed significant bilateral activation
of the amygdala (despite equivalent levels of induced negative affect across the groups). A nonsignificant trend for group differences was also observed in the hippocampus. Similarly, despite
equivalent behavioural performance during the discrimination of positive (happiness) and
negative (sadness, anger, fear, and disgust) emotional valence in facial expressions, Gur et al.
(2002) reported significantly greater activation of the left amygdala and bilateral hippocampus in
healthy participants relative to clinically stable patients with schizophrenia. Two further studies
reported relative underactivity of the amygdala in patients with schizophrenia during facial affect
labelling (e.g., angry, happy, sad, surprised, disgusted, neutral). Ffempel et al. (2003) observed
relative underactivity of the amygdala in a sample of patients who were hospitalised and
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receiving medication for the first time, even when behavioural performance was matched across
the healthy and patient groups. Interestingly, patients showed relative overactivity during the
task in the posterior cingulate and bilateral medial frontal gyrus, perhaps reflecting a
compensatory response to deficits in more basal limbic functions. Phillips et al. (1999) also
report significantly greater activation of the amygdala in healthy participants relative to a group
of patients comprising five paranoid and five non-paranoid patients during labelling of fearful
faces. Furthermore, during ratings of disgusted expressions, an interesting pattern of activity
emerged differentiating the paranoid and non-paranoid patient subgroups. Non-paranoid patients
mislabelled the expressions of disgust as either fear or anger more often than paranoid patients,
and concurrently demonstrated greater relative activation of the amygdala than paranoid patients.
In contrast to the general pattern of relative underactivity of the amygdala and/or
hippocampus in patients, Kosaka et al., (2003) reported relative overactivity of the right
amygdala during a task in which participants judged the emotional intensity of facial
expressions. The authors suggested their task may have been more cognitively demanding and
less emotionally engaging than the tasks in which relative underactivity of the amygdala have
been observed. Alternatively, the results may have been influenced by differences in the control
conditions against which the task conditions were compared.
There is also evidence that the hippocampus may be characterised by relative underactivity or
overactivity in patients depending on the nature of the task. This was demonstrated previously in
a PET study by Heckers et al. (1998) which measured regional cerebral blood flow (rCBF) using
[ 0] C 0 . They reported that patients exhibited reduced hippocampal activation relative to a
15

2

resting baseline during conscious recollection of studied words (see also Weiss et al., 2003).
However, patients were characterised by relative overactivity of the hippocampus during
baseline (in which participants completed unstudied three-letter word stems). This result
suggests that patients may be unable to successfully modulate hippocampal activity according to
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task demands. Moreover, increased hippocampal activity at baseline and impaired recruitment
during episodic retrieval might reflect an abnormal corticolimbic interaction in schizophrenia
(Fletcher, 1998). An abnormal encoding-related hippocampal response in schizophrenia has also
been demonstrated using fMRI (Eyler Zorilla et al., 2002), with patients characterised by greater
activation during blocks of repeated complex pictures than during novel picture encoding, a
pattern directly opposite to that observed in healthy participants. In spite of this abnormal
encoding-related activity, patients were as capable of later recognising the novel pictures
presented during scanning. In two P E T - O water studies, Medoff et al. (2001) also described
l s

relative overactivity of the hippocampus in patients compared to healthy participants during a
simple tone discrimination task and baseline (rest) condition. The relative elevation of rCBF in
the hippocampus at rest was greater when patients were in an unmedicated state than when they
were receiving stable doses of the typical antipsychotic haloperidol, suggesting that
antipsychotic drugs may help normalise hippocampal function. This is consistent with the result
reported by Liddle et al. (2000), who demonstrated that change in glucose metabolism in the left
hippocampus of first-episode schizophrenia patients after six weeks' treatment with the atypical
antipsychotic risperidone was significantly correlated with a reduction in the severity of
delusions and hallucinations after six weeks.
Structural abnormalities in the amygdala-hippocampus are among those most consistently
demonstrated in schizophrenia (Harrison, 1999; Wright et al., 2000). Difficulties in
differentiating the amygdala and hippocampus has meant that the majority of MRI studies
combine the limbic structures into an amygdalo-hippocampal complex (AHC). Volume loss
from the A H C is one of the most consistently observed structural abnormalities in schizophrenia,
with particular disturbance apparent on the left side (Harrison, 1999; Wright et al. 2000; Shenton
et al., 2001). The pattern of A H C asymmetry evident in patients appears to be an exaggeration
of the pattern observed in neurologically healthy adults. A meta-analysis by Nelson et al. (1998)
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reported significant mean effect sizes for the left and right A H C respectively of 0.67 and 0.72.
In the hippocampus alone, mean effect sizes were 0.37 and 0.39 on the left and right
respectively, corresponding to a bilateral reduction of 4%. Reduction of the A H C , particularly
on the left, is also present in first-episode psychotic patients (Velakoulis et al., 1999), and in
high-risk but healthy adolescents with at least two affected relatives (Lawrie et al., 2003),
suggesting that the abnormality pre-dates the onset of psychosis. Moreover, longitudinal data
from the latter study suggest that further volume reductions may occur with the onset of
schizophrenia.
More recently, amygdalo-hippocampal shape differences have been described in patients with
schizophrenia (Velakoulis et al., 2001; Csernansky et al., 2002; Shenton et al., 2002). Proton
magnetic resonance spectroscopy studies have identified /V-acetylaspartate (NAA; a metabolite
that indexes neuronal mass and integrity) reductions in both medicated (Fukuzako et al., 1995)
and neuroleptic-nai've patients (Cecil et al., 1999). Postmortem studies have also reported
reduced volume (Bogerts et al., 1985; 1990), reduced cell number (Falkai and Bogerts, 1986),
and hippocampal pyramidal cell disarray (Kovelman and Scheibel, 1984; Kuroki and Matsushita,
1998; but see Benes et al., 1991 for a failure to replicate this result).
In their review of 193 MRI studies, Shenton et al. (2001) reported A H C abnormalities in
100% of studies reviewed, frontal lobe abnormalities (particularly in prefrontal grey matter and
orbitofrontal regions) in 59% of studies, parietal lobe abnormalities (particularly in the inferior
parietal lobule) in 60% of studies, and subcortical abnormalities in the basal ganglia (68% of
studies), thalamus (42% of studies), and cerebellum (31% of studies). However, in spite of the
consistency with which limbic structural abnormalities are observed in schizophrenia, all the
structural abnormalities described in schizophrenia to date are small and subtle in nature, and
may be independent of any functional abnormality observed within these structures or their
connections.
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1.13 Functional abnormality within the corticolimbic network during target processing in
schizophrenia
In contrast to the extensive literature describing P3 abnormalities in schizophrenia during
ERP recording of the auditory oddball task, very little work has yet employed the task during
functional neuroimaging. Although inappropriate for assessing the haemodynamic response
associated with individual events, SPECT has indexed areas of sustained abnormality in
schizophrenia during performance of the oddball paradigm. Shajahan et al. (1997) measured
regional perfusion using SPECT during target counting in a two-tone auditory oddball paradigm.
Patients with schizophrenia activated the left superior temporal gyrus (at the temporoparietal
junction) andrightcaudate nucleus during the task. However, relative to the pattern of activation
reported in their previous study with neurologically healthy participants (Ebmeier et al., 1995),
patients were characterised by hypofrontality during the task (i.e., an absence of activation at the
medial frontal site observed in the healthy participants).
More recently, Kiehl and Liddle (2001) published a preliminary report comparing targetrelated activation elicited during event-related fMRI of the novelty oddball task in 11 clinically
stable, medicated patients with schizophrenia and 11 healthy control participants. Due to the
small nature of the patient sample, they restricted their search for group differences to 10 regions
of interest (ROI; each 20mm ) centred on locations that have been demonstrated to be
3

consistently active in healthy participants during the auditory oddball task (see Kiehl et al.,
2001a, 2001b; Kiehl and Liddle, 2003). While patients and healthy participants showed
equivalent activation of the sensorimotor cortex (associated with motor responding to the target
stimulus), multiple sites of reduced haemodynamic activity, both in terms of the extent and the
magnitude of activation, were observed in patients relative to healthy control participants during
auditory oddball target processing. These included the caudal anterior and posterior cingulate
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gyri, right anterior frontal cortex, and bilateral cortex at the anterior superior temporal sulcus,
intraparietal sulcus, and temporoparietal junction, as well as in the thalamus. Although limited
in scope, these results suggest that schizophrenia may be associated with abnormality throughout
a corticolimbic network of brain areas that support target processing.

1.14 Rationale and objectives for Experiment One, Part A:
The results of the Kiehl and Liddle (2001) pilot study are suggestive of widespread
dysfunction rather than a single locus of disturbance during target processing in schizophrenia.
Their ROI analysis revealed disturbance in paralimbic cortex (within the cingulate gyrus and at
the anterior superior temporal sulcus), as well as in heteromodal association cortex (bilaterally at
the intraparietal sulcus, temporoparietal junction, and in right anterior frontal cortex). However,
a random-effects (between-subjects) analysis in a larger sample of patients is necessary to
characterise the full extent of the functional abnormality present in patients during salient target
stimulus processing, and particularly to ascertain the presence of functional abnormalities within
limbic cortex, association cortex in dorsal and ventral lateral frontal areas, and subcortical
structures.
The goal of the first experiment was thus to examine the whole-brain response elicited during
auditory oddball target processing in a large sample (n = 28) of chronic, stable patients with
schizophrenia. Particular attention was given to determining the activity elicited within the
corticolimbic network in healthy individuals during the processing of salient stimuli, especially
within the amygdala-hippocampal complex, paralimbic cortex in the frontal operculum and
cingulate gyrus, in the dorsal and ventral frontoparietal association networks described by
Corbetta and Shulman (2002), as well as in the thalamus, basal ganglia, and cerebellum. Based
on Kiehl and Liddle (2001), it was hypothesised that patients would show relatively reduced
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activity within these areas, whereas activity within motor-related areas was expected to be
comparable in the patient and healthy groups.
Patients with schizophrenia typically respond more slowly to target stimuli in both simple and
choice reaction time tasks (Ngan and Liddle, 2000), giving rise to the possibility that reaction
time differences between patients and healthy participants may contribute directly to differences
observed in the haemodynamic response between groups. In the pilot study of 11 patients, Kiehl
and Liddle (2001) did not control for the potentially confounding influence of the significant
reaction time (RT) difference between participant groups on the observed differences in
haemodynamic activity elicited by target events. Thus, in the present analysis we compared the
mean amplitude of the fitted haemodynamic response elicited by target events in the patient and
healthy groups with the effect of reaction time removed as a potential confound.
As in Kiehl and Liddle (2001), we employed a novelty variant of the standard two-tone
oddball paradigm in which both infrequent, non-repeating novel tones and infrequent target
events occurred against the homogenous nontarget stimulus background. This paradigm was
adopted so that the brain response elicited during orienting to novelty in patients with
schizophrenia might also be characterised (see Experiment One, Part B). Polich and colleagues
have demonstrated that the P3 elicited by target stimuli has a similar morphology and
topography across three-tone, two-tone, and infrequent single-tone task variants (Katayama and
Polich, 1996a; Polich and Margala, 1997). However, in addition to the P3 generators, it is
expected that the neural response associated with other ERP components elicited during oddball
target processing, such as N1-P2, N2b, and/or M M N , will also contribute to the observed
haemodynamic activity. It was not a goal of the present task to differentiate these contributions,
but rather, to examine the neural response elicited during the processing of salient target stimuli
in schizophrenia. Indeed, the whole-brain analysis used in this larger sample of 28 patients also
provided an opportunity to examine the brain response in primary auditory cortex and auditory
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association cortex, which have been posited as the brain sites that may underlie the observed
M M N reductions in schizophrenia (see Michie, 2001).

1.15 Rationale and objectives for Experiment One, Part B:
Intracranially-recorded ERPs (Baudena et al., 1995; Halgren et al., 1995a, 1995b, 1998),
fMRI (Kiehl et al., 2001a, 2001b, Downar et al., 2002), and lesion studies (Knight, 1984, 1996;
Knight et al., 1989; Daffner et al. 2000) consistently demonstrate that the processing of novel
stimuli presented within the context of oddball target detection elicit widespread activation of
heteromodal association cortex, particularly in the prefrontal cortex and cortex at the
temporoparietal junction (see also Corbetta arid Shulman, 2002). Lesion and intracranial
recording studies also suggest a central role for the hippocampus in novelty processing, although
fMRI studies employing simple auditory and visual novelty oddball tasks have not reported
activation of the limbic cortex during novel stimulus processing (Kiehl et al., 2001a; 2001b).
More complex oddball-like paradigms (e.g., a study in which novel stimuli were words that
varied in semantic, perceptual, or emotional quality from the baseline words; Strange and Dolan,
2001) have described hippocampal activation during novel stimulus processing. Moreover,
hippocampal activation elicited during the explicit (i.e., conscious) encoding of novel verbal and
nonverbal materials presented outside of the oddball task context has been reported in metaanalyses of both PET (Lepage et al., 1998) and fMRI studies (Schacter and Wagner, 1999; see
also Greicius et al., 2003). Thus, a goal of the present study was to characterise the pattern of
activation elicited by simple auditory novel oddball stimuli using a random-effects analysis of a
large sample of healthy participants (n = 28). We particularly examined whether salient novel
stimuli elicited activation within limbic and paralimbic cortex in addition to the heteromodal
association areas located in prefrontal and temporoparietal cortex.
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The task also afforded a direct comparison of the activity elicited by infrequent target and
novel stimuli within the same participants and relative to the same nontarget baseline. This
comparison sought to reveal whether the task-relevant target stimuli and the task-irrelevant novel
stimuli elicit activation within distinct corticolimbic areas and/or differential levels of activation
within brain areas that are responsive to both types of salient stimulus (see Experiment One, Part
C).
Scalp-recorded ERPs in patients with schizophrenia indicate a reduction in the amplitude of
the P3a component elicited by novel stimuli presented within the context of the novelty oddball
paradigm relative to healthy participants (Grillon et al., 1990, 1991a; Merrin and Floyd, 1994).
Thus, in addition to the voluntary orienting abnormalities demonstrated during task-relevant
target processing, patients exhibit abnormal involuntary attention capture away from a central
task towards salient novel stimuli. The primary goal of the present study was to localise the
functional abnormality underlying disturbed involuntary orienting to infrequent, novel stimuli in
schizophrenia.
The reduced P3a component elicited to novel oddball stimuli in patients with schizophrenia
suggests that decreased haemodynamic activity in patients relative to healthy participants will be
observed within a network of corticolimbic areas recruited during novelty processing,
particularly in prefrontal, temporoparietal, and possibly limbic cortex. However, evidence that
patients with schizophrenia may also experience increased distraction by task-irrelevant stimuli
during oddball target detection (Grillon et al., 1990, 1991a) raises the possibility that in at least
some cerebral areas, the haemodynamic response elicited during orienting to novel stimuli may
be greater in patients with schizophrenia than in healthy control participants. .
Previous research has indicated that certain attentional functions are lateralised to the right
hemisphere, with maintenance of the alert state suggested to be particularly dependent on righthemisphere mechanisms (Posner and Peterson, 1990). Clinical evidence from brain lesion
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patients demonstrates that right hemisphere lesions elicit more frequent, severe, and lasting
contralesional neglect than equivalent lesions in the left hemisphere (see Mesulam, 1999). Based
on their review of human and animal literature, Corbetta and Shulman (2002) proposed a
predominantly right-lateralised ventral frontoparietal network centred in the temporoparietal
junction and ventral frontal cortex that is activated during orienting to salient exogenous events,
particularly novel and infrequent stimuli. Thus, it was hypothesised that orienting to the
infrequent novel stimuli presented in the context of the oddball paradigm would elicit more
widespread activity in the right hemisphere than in the left. By requiring no subsequent
behavioural response, the novel stimuli provided a means of assessing hemispheric laterality
during the processing of salient exogenous stimuli that was not afforded by the target stimuli
which biased hemispheric differences in activity by incorporating a right-handed motor response.
In schizophrenia, there is evidence for a reduction or even reversal (Heckers et al., 2002) in
the normal pattern of functional (and structural) cerebral asymmetry, particularly during
language and attentional functioning (Crow, 1997; Posner et al., 1998; Hugdahl, 2000). For
example, patients with schizophrenia show a decreased right ear advantage on verbal dichotic
listening tasks (Sommer et al. 2001), and fail to appropriately modulate their performance on the
task as healthy participants do when instructed to shift attention to the left ear (Loberg et al.,
1999), suggesting that they experience deficits during both automatic (bottom-up) and controlled
(top-down) processing. Neuroimaging studies often reveal left hemisphere hyperactivity in
patients with schizophrenia (see review by Gur and Chin, 1999). Thus, while healthy
participants were expected to show more extensive activation in the right hemisphere than the
left during orienting of processing resources to salient novel stimuli, relative hyperactivity in the
left hemisphere was expected to contribute to a reduction or even reversal of this pattern in
patients with schizophrenia.
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1.16 Rationale and objectives for Experiment Two:
Effective behaviour entails the preferential allocation of processing resources to events that
are made salient by their relevance to the organism's goals. In schizophrenia, motivational
abnormalities are expected to particularly affect the processing of such task-relevant stimuli
(Brown and Pluck, 2000). Research using the oddball target detection paradigm provides some
insight into the network of brain areas that may support goal-directed behaviour. Converging
evidence from lesion, intracranial ERP recordings, and fMRI studies employing oddball tasks
(reviewed above) suggests that infrequent events that have been targeted for a behavioural
response elicit activation within a supramodal corticolimbic network of areas, particularly
including limbic, paralimbic (frontal opercular and cingulate cortex), and dorsal and ventral
frontoparietal heteromodal cortex, as well as subcortical structures (thalamus, basal ganglia, and
cerebellum).
However, the ability to infer the brain regions that support goal-directed attention from the
comparison of the activity elicited by the target and non-target events in the oddball paradigm is
confounded by the attentional capture (i.e., orienting) evoked by the relative infrequency of the
target event. That is, the salience afforded to a target stimulus by being relevant to current task
goals is confounded by the salience created by the infrequency of the target stimulus. Using
ERPs, Polich and colleagues (Katayama and Polich, 1996b; Polich et al., 1996) have
demonstrated that the amplitude of the P3 potential elicited by target events increases as target
infrequency increases (i.e., target probability decreases). Changes in target probability have also
been associated with changes in the haemodynamic response educed during fMRI of the oddball
paradigm (Casey et al., 2001; Horovitz et al., 2002). ERP data demonstrate that the involuntary
attentional orienting component of the target P3 is reflected in a frontocentral P3a component
peaking about 60-80 ms earlier than the parietal (task-relevant) P3b in all sensory modalities
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(Knight and Scabini, 1998). However, the temporal coarse evolution of the haemodynamic
response does not allow the separation of these components using fMRI.
The comparison of the infrequent target and novel events described above in Experiment One
effectively provides some index of the brain areas that support goal-directed processing while
removing the influence of stimulus infrequency. In such a comparison, Kiehl et al. (2001a,
2001b) demonstrated that, while many of the areas activated by the target stimuli were also
activated by the novel events for which no motor response was required, the activation elicited
by the task-relevant target events was significantly greater than that elicited by the novel events
in a majority of the activated brain areas. That is, even when comparing events of equivalent
infrequency, there appears to be preferential recruitment of a widespread network of areas for
stimuli that are relevant to the participant's behavioural goal. However, given that neverexperienced novel events are especially salient stimuli that provoke a strong reorienting of
processing resources, this comparison also affords a less than ideal means of ascertaining the
network supporting goal-directed processing (Downar et al., 2002; Corbetta and Shulman, 2002).
A more appropriate means of distinguishing the processing demands associated with a
behavioural goal from those associated with the attentional capture elicited by either stimulus
infrequency or novelty is to examine the brain response during a task in which a stimulus
requiring a behavioural response is equiprobable with a non-novel stimulus requiring no motor
response, such as may be done in a Go/NoGo paradigm.
Previous research from our laboratory (Liddle et al., 2001) and others' (Watanabe et al., 2002)
have employed equiprobable visual Go/NoGo tasks, however, these studies established a
prepotent motor response for Go trials by introducing cue stimuli prior to the presentation of the
Go and NoGo trials. In such cases, the salience of the non-target 'NoGo' stimulus (and
withholding an inappropriate motor response to that stimulus) is increased relative to the target
'Go' stimulus. Similarly, the findings of Braver et al. (2001) and Menon et al. (2001), who
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employed tasks in which Go and NoGo trials were also equally probable, are complicated by the
inclusion of multiple NoGo stimuli that may have elicited a frequency-related response.
In the present study, we employed event-related fMRI to examine the neural response,
common across the auditory and visual modalities, elicited during the detection of, and motor
response to, a Go stimulus relative to an equiprobable NoGo stimulus that required no motor
response. To remove the attentional effect of event-infrequency and stimulus novelty, we
repeatedly presented only two stimuli, one of which was designated the Go event and the other
the NoGo event. The experiment was conducted in healthy participants only in order to define
the brain regions active during goal-directed processing of salient target events, regardless of
whether the target stimuli were presented in the auditory or visual modality. Based on the
activity elicited by target events relative to novel events in the novelty oddball paradigm (Kiehl
et al., 2001a, 2001b), we hypothesised that goal-directed allocation of processing resources to the
task-relevant Go stimulus would elicit greater activity than the NoGo stimulus in a supramodal
network incorporating limbic, paralimbic, and dorsal and ventral heteromodal association areas.

1.17 Rationale and objectives for Experiment Three:
The symptoms of weakened and disjointed volition that are observed in schizophrenia are
consistent with there being particular abnormality of function within the network of brain areas
that supports goal-directed behaviour. Brown and Pluck (2000) emphasise abnormalities within
a limbic-ventral striatopallidal (basal ganglia) system, or 'motive circuit', as central to
abnormalities of goal-directed behaviour and the translation of motivation into action in
schizophrenia. Limbic cortex, as the source of motivational influences on behaviour, represents
a key site in which patients with schizophrenia may be characterised by functional abnormality
during the processing of task-relevant target stimuli. Paralimbic cortex, which provides a bridge
between the limbic and heteromodal association cortices, is ideally situated to link the
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motivational/goal-directed influences from limbic centres with the multimodal perception of
stimuli in posterior neocortex and the frontal executive processes that select, initiate, and monitor
behaviour. Thus, paralimbic cortex is also a potential site of functional abnormality in
schizophrenia. The goal of the present study was to compare the haemodynamic response
elicited by task-relevant target events in patients with schizophrenia and healthy participants,
particularly within limbic and paralimbic cortex, using the auditory version of the Go/NoGo
paradigm employed in Experiment Three. The auditory modality, rather than visual modality,
was chosen for consistency with the auditory oddball paradigm employed in Experiments One
and Two.

1.18 Rationale and objectives for Experiment Four:
The previous experiments were designed to assess the hypothesis that patients with
schizophrenia are characterised by functional abnormality within a network comprising limbic,
paralimbic, and heteromodal association cortex, as well as subcortical structures, during the
processing of a variety of salient exogenous events, including stimuli that are infrequent, novel,
and/or targeted for a behavioural response. In contrast, this final experiment was designed to
assess whether schizophrenia is also characterised by functional abnormality when salient
exogenous stimuli have been processed incorrectly. That is, Experiment Four examines the brain
areas involved in the internal monitoring of stimulus processing and behaviour. Considerable
evidence demonstrates that schizophrenia is characterised by disordered monitoring and
regulation of self-generated thoughts and behaviour (Frith & Done, 1989; Leudar et al., 1994;
Mlakar et al., 1994; Stirling et al., 1998, 2001; Johns et al., 2001). Moreover, research suggests
that an impaired ability to monitor internally erroneous responses to stimuli contributes to selfmonitoring problems (Malenka et al., 1982, 1986; Frith & Done, 1989). Thus, the present
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experiment examined whether patients with schizophrenia are characterised by functional
abnormality during error responses.
Evidence for a functional abnormality associated with error monitoring in schizophrenia
derives primarily from ERP research investigating a fronto-central negative voltage component
termed error negativity (Ne; Falkenstein, et al., 1990, 1991) or error-related negativity (ERN;
Gehring et al., 1990, 1993). The Ne/ERN peaks around 50-150 ms after the commission of an
erroneous response during tasks that necessitate speeded and accurate response choices, thus
providing a physiological marker of internal error monitoring (see Falkenstein et al., 2000, for a
review). The Ne/ERN is elicited in situations where participants know the correct answer but
fail to execute the correct response (Dehaene et al., 1994), and decreases in amplitude as the
participant's confidence in having committed an error decreases (e.g., in tasks in which the
quality of the stimulus has been degraded; Scheffers & Coles, 2000). Several ERP studies have
demonstrated that the Ne/ERN is attenuated in patients with schizophrenia compared to healthy
adults (Kopp & Rist, 1999; Mathalon et al., 2002), even in paradigms in which the correct
response is readily apparent and errors are easily identifiable (Bates et al., 2002). These results
are consistent with the hypothesis that error responses are processed abnormally in
schizophrenia.
The application of error-eliciting tasks during functional magnetic resonance imaging (fMRI)
provides further neurophysiological evidence of disturbed brain function in patients with
schizophrenia during error commission. Converging evidence from fMRI research (e.g., Carter
et al., 1998; Kiehl et al., 2000a; Ullsperger & von Cramon, 2001) and dipole localisation
analyses of dense-array ERP data (e.g., Dehaene et al., 1994; Miltner et al., 1997; Holroyd et al.,
1998; Luu et al., 2000b) in healthy individuals suggests that the commission of errors, (and the
Ne/ERN), is critically associated with activity in the anterior cingulate cortex (ACC). Carter et
al. (2001) recently reported attenuation of the haemodynamic response during errors of
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commission in patients with schizophrenia compared with healthy participants in the A C C .
Taken together, the ERP and fMRI results imply that impaired error monitoring in schizophrenia
relates to dysfunction in A C C . However, the nature of the error-related processes purported to
underlie the Ne/ERN and A C C activity have been the subject of debate, leaving open the
question as to the root of abnormal error-monitoring in schizophrenia.
Early proposals that the Ne/ERN reflects the activity of a rapid, preconscious error-detection
system that compares and detects mismatch between representations of the intended response
and the actual response (Gehring et al., 1993; Bernstein et al., 1995; Falkenstein et al., 2000;
Scheffers & Coles, 2000) have been challenged. Functional MRI evidence that tasks involving
strong response competition elicit A C C activation irrespective of response accuracy led others to
hypothesise that the A C C functions to detect conflict between incompatible potential responses
rather than overt errors (Carter et al., 1998; MacDonald et a l , 2000; Botvinick et al., 2001).
Other theorists argue that error monitoring incorporates processes related to motivation and/or
affective processing of error responses (Dikman & Allen, 2000; Luu et al., 2000a; Vidal et al.,
2000). For example, Luu et al. (2000a) demonstrated that the amplitude of the Ne/ERN was
larger in participants who reported a propensity to experience negative affect on personality
assessment scales than in participants without this propensity, and further, that the amplitude of
the Ne/ERN decreased in these participants as they affectively disengaged from the task. Also
consistent with the proposal that the error response incorporates a motivational or affective
processing component are a number of fMRI studies that localised activity associated with errors
of commission to the rostral A C C (Kiehl et al., 2000; Braver et al., 2001; Menon et al., 2001; see
also Rubia et al., in press). Activity in the rostral A C C region during errors was dissociated from
activity in more superior, caudal A C C that was elicited during both response inhibition and
target detection processing that included a degree of response competition. Data from a recent
study reporting dipole localisation of error-related ERP components are also consistent with the
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idea that caudal A C C activity may reflect a conflict-detection component to error monitoring that
is dissociated from an affective component mediated by activity in rostral A C C (van Veen &
Carter, 2002b).
Structural and functional dissociation of the A C C into rostral and caudal subregions has been
described on the basis of convergent evidence from cytoarchitectural, lesion,
electrophysiological, and neuroimaging data (Devinsky et al., 1995; Bush et al., 2000; see Figure
5). The caudal A C C , termed the 'cognitive' subdivision, appears to be responsible for mediating
attention and executive functions such as the detection of response conflict via strong reciprocal
interconnections with the dorsolateral prefrontal cortex, parietal cortex, and premotor and
supplementary motor areas. The 'affective' subdivision in the rostral A C C has connections to
limbic and paralimbic areas including the amygdala and hippocampus, and appears primarily
involved in assessing the salience of emotional and motivational information, and in regulating
emotional responses (see Bush et al., 2000 for a review).
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Figure 5. Illustration depicting the segregation of the anterior cingulate cortex into rostral
'affective' (coloured blue) and caudal 'cognitive' (coloured red) subdivisions (from Bush et
al., 2000). Reprinted with permission from Elsevier and John Wiley & Sons, Inc..
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trends in Cognith/e Scim ces

Fig. 1. Anterior cingulate cortex (ACC) anatomy. The upper right part of the figure
contains a reconstructed MRI of the medial surface of the right hemisphere of a single
human brain (anterior towards the left, posterior towards the right). The cortical surface
has been 'partially inflated' to allow simultaneous viewing of gyri and sulci, in this example, a single cingulate gyrus lies between the cingulate sulcus and the corpus callosum. A
schematic representation of cytoarchltectural areas (numbered) of ACC is shown on the
enlarged section (left). Cognitive division areas are outlined in red and affective division
areas are outlined in blue. These simplified localizations are only approximations for illustrative purposes. A schematized flat map of actual anterior cingulate cortical areas is shown
in the bottom right panel. The borders of each sulcus appear as thin unbroken black lines,
whereas a combination of broken and dotted lines outline cingulate areas. (Adapted, with
permission, from Ref.7j
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Functional subspecialisation of the A C C is also supported by neuroimaging studies that
demonstrate reciprocal suppression of rostral A C C and enhancement of caudal A C C activity
during attentionally-demanding cognitive tasks (e.g., divided attention, sequential learning,
working memory, and response competition tasks; see review by Drevets & Raichle, 1998), as
well as the converse condition of suppressed caudal A C C and enhanced rostral A C C activity
during tasks employing emotional stimuli (e.g., Whalen et al., 1998). Carter et al. (2001)
demonstrated that healthy participants, but not patients with schizophrenia, showed an increase
in activity in caudal A C C during the commission of errors in a task that elicited strong response
conflict. This result suggests that error monitoring deficits in schizophrenia may be partially
associated with a more generalised dysfunction in the detection of response conflict. However,
evidence that the amplitude of the Ne/ERN is modulated by the affective or motivational
response to errors (Dikman & Allen, 2000; Luu et al., 2000a) implies that the attenuated
Ne/ERN in schizophrenia may reflect a disturbance in the affective or motivational component
of error monitoring that is related to dysfunction in the rostral A C C .
The idea that disturbed error-related processing in schizophrenia may be related to
motivational or affective processing abnormalities is consistent with the clinical presentation of
schizophrenia. An extensive range of disorders of emotion occur in schizophrenia, of which
blunted affect and inappropriate affect are the most characteristic and tend to be the most
persistent (Bleuler, 1911/1950). Disruptions of motivation and will are reflected in weakened or
disjointed volition (manifest as extended periods of underactivity and poorly organised, illjudged, impulsive activities respectively). PET studies have demonstrated a positive correlation
between rCBF in the A C C and the severity of disorganisation symptoms (which incorporates
inappropriate affect and bizarre, erratic behaviour; Liddle et al., 1992; Ebmeier et al., 1993;
Yuasa, et al., 1995). Using ERPs, Bates et al. (2002) reported a significant negative correlation
between the psychomotor poverty syndrome (which includes the symptoms of blunted affect and
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underactivity) and Ne/ERN amplitude. To the extent that the error-detection signal derives from
a motivational or emotional response to errors generated in rostral A C C , these results suggest
that the motivational and/or affective response to errors of commission in patients with
schizophrenia may be disordered.
The Go/NoGo task used in the present study was previously employed in an ERP study that
demonstrated attenuation of Ne/ERN in patients with schizophrenia compared with healthy
participants (Bates et al., 2002). In fMRI, the task was shown to elicit robust activation in rostral
A C C during errors of commission by healthy participants (Kiehl et al., 2000). In light of the
ERP and fMRI evidence, we hypothesised that patients with schizophrenia would fail to show
the same magnitude of rostral A C C activity during the commission of errors as is observed in
healthy participants. Given the extensive connections between the rostral A C C and limbic and
paralimbic structures, we further hypothesised that reduced activation in limbic and/or
paralimbic areas would be elicited in patients with schizophrenia relative to healthy participants.
To the extent that the Go/NoGo paradigm includes a degree of response conflict, it was also
expected that patients with schizophrenia might show an attenuated response compared to
healthy participants in caudal A C C during errors.
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Chapter 2.0;

Experiment One, Part A: Infrequent target stimulus processing

2.1 Method

2.1.1 Participants
Twenty-eight healthy adults (7 female) and 28 patients with schizophrenia (9 female)
participated in the experiment and provided written informed consent. An additional patient was
recruited but experienced claustrophobia in the scanner and could not complete the experimental
task. In each group, all but one participant was right-handed (assessed using the questionnaire of
Annett, 1970). All procedures complied with University and Hospital ethical requirements.
Patients were stable, partially-remitted, medicated outpatients recruited from community
mental health teams in Vancouver, B C and outpatient programs at the University of British
Columbia Hospital. All patients met DSM-IV criteria for schizophrenia (n = 24) or
schizoaffective disorder (n = 4), as diagnosed by an institutional or University Hospital
psychiatrist, and confirmed by a research psychiatrist on the basis of a clinical interview and case
note review (American Psychiatric Association [APA], 1994). Mean duration of illness was 7
years (SD 7.2), with a range spanning 1 to 24 years.
All patients except two received atypical antipsychotics as their primary medication over the
6-month period preceding scanning. Dosages in each patient were constant during that time.
The majority of patients received olanzapine (mean dose 17.3 mg/day, range 7.5-30), while
seven patients received risperidone (mean dose: 3.4 mg/day, range 2-6), and one patient received
clozapine (500 mg/day). Two patients received a second atypical antipsychotic as an adjunctive
medication (1 mg/day of risperidone and 50 mg/day of clozapine), while three patients received a
typical antipsychotic adjunctive to the atypical medication (5 mg/day of fluphenazine, 5 mg/day
of loxapine, and 2 mg/day of trifluoperazine). One patient received only a typical antipsychotic
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as their primary medication (10 mg/day loxapine), and one patient received no antipsychotic
medication. In addition to antipsychotic medication, several patients were medicated with
benzodiazepines (n = 5), anti-cholinergics (n = 6), and anti-depressants (n = 11).
On the day of scanning, a trained psychiatrist evaluated the symptoms experienced by the
patients with schizophrenia during the week preceding scanning using the Signs and Symptoms
of Psychotic Illness (SSPI) interview schedule (Liddle et al., 2002). The SSPI comprises 20
symptom items scored 0 to 4 according to the severity of the symptom. Mean total score was
12.7 (SD 5.7), with a range of 1 to 23. Syndrome scores were calculated from the items
according to the three-syndrome model of schizophrenia described by Liddle (1987a, 1987b).
Mean syndrome scores for Reality Distortion (sum of 2 items: delusions and hallucinations),
Disorganisation (sum of 3 items: thought disorder, inappropriate affect, and peculiar behaviour),
and Psychomotor Poverty (sum of 3 items: blunted affect, poverty of speech, and underactivity)
respectively were: 2.8 (SD 2.2; range: 0 - 7), 0.6 (SD 1.0; range: 0 - 4), 3.2 (SD 2.6; range 0 - 9).
The low levels of symptomology observed in this sample of patients, (as well as in the samples
reported in the subsequent experiments), is consistent with the partially-remitted state of the
sample recruited.
Healthy participants were medication-free volunteers without history of neurological or Axis I
psychiatric illness. Participant groups did not differ significantly on the demographic variables
of age, gender, parental socioeconomic status (Hollingshead & Redlich, 1958), or on estimates of
premorbid (National Adult Reading Test [NART]; Nelson, 1982; Sharpe & O'Carroll, 1991) and
current (Quick Test; Ammons & Ammons, 1962) intellectual functioning (all tests p > 0.16; see
Table 1 for mean data).
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Table 1. Demographic data for patients with schizophrenia and matched healthy control
participants.

Variable

Age
Parental socioeconomic status (Hollingshead)
Premorbid intellectual functioning (NART)
Current intellectual functioning (Quick Test)

Healthy
Participants
Mean
28.2
3.0
116
109

SD
8.9
1.3
4.6
11.2

Patients with
schizophrenia
Mean
31.6
3.2
115
104

SD
10.1
1.5
4.8
11.8

2.1.2 Procedure
In each of two scanning runs, 244 auditory stimuli were presented to participants using a
computer-controlled visual and auditory presentation package (VAPP;
http://nilab.psychiatry.ubc.ca/vapp/). During auditory stimulus presentation, participants
concurrently fixated a constant visual stimulus, a white rectangle, displayed on a rear-projection
screen mounted at the entrance to the magnet bore and viewed by means of a mirror system
attached to the head coil. Each auditory stimulus was presented for 200 ms using an MRIcompatible auditory sound-system and noise-attenuating (25dB) headphones fitted with insert
earphones. All stimuli were presented at approximately 80dB and each participant reported
being able to hear the stimuli and clearly discriminate them from background scanner noise.
Auditory stimuli comprised three classes: Repeating target stimuli were 1500 Hz tones,
novel stimuli were non-repeating digital noises (e.g., tone sweeps, whistles), and repeating
nontarget stimuli were 1000 Hz tones. Target and novel stimuli (each occurring with a
probability of 0.10) were presented against a background of the nontarget stimuli (probability
0.80), with the requirement that between three-to-five nontarget stimuli preceded each
occurrence of a target or novel stimulus. Stimuli were presented every 2 s, with the interval
between target and/or novel stimuli pseudo-randomly allocated in the range 6-10 s so that those
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stimuli were equally likely to occur at 0, 1, and 2 s after the beginning of a 3 s image-acquisition
period (i.e., TR). Thus, the haemodynamic response to these stimuli was effectively sampled
every second (Josephs et al., 1997).
Participants were instructed to respond as quickly and accurately as possible with their right
index finger to each presentation of the target stimulus, and to not respond to either the novel or
nontarget stimuli. Responses were recorded using an MRI-compatible fibre-optic response
device (Lightwave Medical, Vancouver, BC). Reaction times (RTs) were computed for motor
responses committed within 100-2100 ms post-stimulus. Errors of cornmission included
responses to novel and nontarget stimuli within this time window, while errors of omission
constituted a failure to respond to target stimuli during this time. Participants performed
correctly a block of 12 practice trials prior to scanning.

2.1.3 Imaging parameters
Images were acquired on a standard clinical G E 1.5T system fitted with a Horizon Echospeed upgrade. A custom head holder was used to minimise movement. Conventional spin-echo
T]-weighted sagittal localising images were acquired to view the positioning of the participant's
head in the scanner and to prescribe the functional image volumes. Blood oxygen level
dependent (BOLD) contrast images were collected with a gradient-echo sequence (TR/TE
3000/40 ms, flip angle 90°, 24 x 24 cm field of view, 64 x 64 matrix, 62.5 kHz bandwidth, 3.75
mm x 3.75 mm in plane resolution, 5 mm thickness, 29 slices) that effectively covered the entire
brain (145 mm axial extent). A total of 142 brain volumes were acquired. Four image volumes
collected prior to the presentation of stimuli were discarded from subsequent analyses in order to
exclude the effects of the T i stabilisation process.
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2.1.4 Image processing
Functional images were reconstructed offline, and realigned and motion-corrected using the
procedure described by Friston et al. (1995a) and implemented in Statistical Parametric Mapping
99 (SPM99, Wellcome Department of Cognitive Neurology, London, U K .
http://www.fil.ion.ucl.ac.uk/spm7). To remove the influence of motion from the data, estimated
movement parameters (i.e., three translation and three rotation parameters) were incorporated
into the analysis as covariates of no interest (Friston et al., 1996). Moreover, a Group
(schizophrenic patients, healthy participants) x Movement (translation, rotation) x Displacement
Axis (x, y, z) A N O V A was conducted on the maximal and mean absolute estimated movement
parameters to confirm that the participant groups did not differ significantly in extent of head
motion.
A mean functional image was constructed in each participant and used to derive parameters
for spatial normalisation into the modified Talaraich stereotaxic space implemented in SPM99.
Both affine and nonlinear components were used in the spatial normalisation (Friston et al.,
1995a). The normalisation parameters for each mean image were then applied to the
corresponding functional images for each session, and the images were resampled into isotropic
4mm voxels. The normalised images were smoothed with an 8-mm full width at half-maximum
Gaussian kernel to optimise the signal-to-noise ratio and to compensate for intersubject
anatomical variation. High frequency noise associated with alterations of the applied radio
frequency field was removed using a 0.16 Hz low-pass fifth-order ILR butterworth filter applied
to the fMRI time series at each voxel. While all co-ordinates are reported and displayed in the
modified Talaraich stereotaxic space implemented in SPM99, a transformation algorithm was
applied to these co-ordinates in order to interpret activation patterns within standard Talairach
space (i.e., to identify and label functional areas; Talairach & Tournoux, 1998; see
http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html for the transformation algorithm).

55

2.1.5 Image analysis
Statistical analysis was performed within each voxel using the general linear model approach
implemented in SPM99. Event-related responses were modelled using a synthetic
haemodynamic response function comprised of two gamma functions and their temporal
derivatives (Josephs et al., 1997; Friston et al., 1998). The first gamma function modelled the
haemodynamic response peak at 6-s post-stimulus, and the second gamma function modelled the
small 'overshoot' of the haemodynamic response on recovery. The temporal derivatives of the
gamma functions were included to compensate for slight variation in the peak latency of the
onset of the haemodynamic response. Event-related responses were modelled separately for five
event-types: correct hits to target events ('targets'), correctly-rejected novel events ('novels'),
errors of omission on target events ('misses'), errors of commission on novel events ('novel false
alarms'), and errors of commission on nontarget events ('nontarget false alarms'). The nontarget
events were treated as a baseline and not explicitly modelled. A high-pass filter was applied to
remove noise associated with low frequency confounds (e.g., respiratory artifact).
Within-group analyses of target stimulus processing. For each participant, a contrast image
summarising the amplitude of the fitted response in each voxel for target stimuli relative to the
nontarget baseline was created. These contrast images were then entered into separate secondlevel, one-sample t-tests (27 degrees of freedom) for each participant group in order to test the
null hypotheses that the mean of the observations for target events did not differ significantly
from zero in either the healthy participant group or the patient group. The significance of the
activation elicited by target events in each group was assessed across the entire brain volume at
the cluster level (p < 0.05 corrected for multiple comparisons, with the height threshold for
inclusion in the cluster set at p < 0.005 uncorrected) according to the method of Friston et al.
(1994) implemented in SPM99.
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Between-group comparisons of target stimulus processing. The contrast images were also
entered into an A N C O V A at the second-level (52 degrees of freedom) to test the null hypothesis
that there was no difference between patients with schizophrenia and healthy participants in the
mean amplitude of the fitted haemodynamic response elicited by target events, with the effect of
reaction time to targets removed as a potential confound (i.e., to ensure that reaction time
differences between the healthy and patient groups did not contribute to an activation difference
between groups). As for the within-group analyses, the significance of differences between
healthy participants and patients with schizophrenia for target events were assessed across the
entire brain volume at the cluster level (p < 0.05 corrected for multiple comparisons, with the
height threshold for inclusion in the cluster set at p < 0.005 uncorrected).

2.2 Results

2.2.1 Behavioural data
Mean reaction times to target stimuli for healthy participants (398 ms; SD 78) and patients
with schizophrenia (569 ms; SD 184) differed significantly

[t 4)
(5

= -4.517, p < 0.0001]. Healthy

participants and patients correctly responded to 99.3% and 95.2% of targets respectively. Both
groups committed few error responses: Healthy participants and patients committed false alarms
to novel stimuli on 3.0% and 4.3% of novel trials respectively and false alarms to nontarget
stimuli on 0.03% and 0.13% of nontarget trials respectively. A Group (healthy participants,
patients with schizophrenia) x Inaccuracy (misses, novel false alarms, nontarget false alarms)
A N O V A revealed a significant main effect of Group [F i,
(

5 4 )

= 5.573, p = 0.022], indicating that

patients with schizophrenia performed the task less accurately than healthy participants. While
the Group x Inaccuracy interaction failed to satisfy criteria for significance, planned comparisons
revealed that patients missed more targets and committed more false alarms to nontarget stimuli
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than healthy participants, however, they did not differ significantly from healthy participants on
the number of false alarms committed to novel stimuli [F(i,54) = 1.38, p = 0.246].

2.2.2 Imaging data
The absence of significant main effects and interactions for the Group factor in the ANOVAs
examining maximal and mean head motion during scanning suggests that movement did not
contribute differentially to the haemodynamic results obtained for healthy participants and
patients with schizophrenia. Nevertheless, all results reported in this experiment reflect analyses
in which the estimated movement parameters were entered as covariates of no interest so as
remove movement-related artefacts from the fMRI time series (Friston et al., 1996).
Target stimulus processing: Healthy participants. The second-level, one sample t-test
conducted on data from the 28 healthy participants revealed a single significant cluster of
activation encompassing diverse brain regions (11596 voxels, p < 0.000 corrected; as explained
in the Preface to the thesis, all p values in SPM99 are specified to the third decimal place only).
The cluster of activated voxels is illustrated on transaxial brain slices in Figure 6. For many
voxels within the cluster, t-statistic values were in excess of 5.72, corresponding to a probability
level of 0.05 corrected for multiple comparisons throughout the brain (see Table 2 for voxellevel statistics on selected local maxima within the activated cluster). The random-effects
(between-subjects) results closely replicate the pattern of activation reported in the fixed-effects
(within-subjects) analysis of data taken from a small sample of 10 healthy participants during
auditory target processing (Kiehl et al., 2001a). The cluster incorporates activation in the
amygdala-hippocampal complex, in widespread paralimbic cortex at the frontal operculum,
rostral A C C , caudal A C C , and posterior cingulate cortex (PCC), and in frontoparietal association
cortex at the intraparietal sulcus extending into the precuneus, at the temporoparietal junction,
and in dorsal and ventral frontal areas (particularly in the right hemisphere). Other areas of
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activation, including in the basal ganglia, thalamus, and cerebellum, are detailed in Table 2 and
illustrated in Figure 6.
Target stimulus processing: Patients with schizophrenia. Eight significant clusters of
activation were observed for target processing relative to the nontarget baseline in the onesample t-test conducted on data from the 28 patients with schizophrenia. These clusters are
illustrated on transaxial slices in Figure 7, and cluster statistics and voxel-level statistics from
selected local maxima within the clusters are provided in Table 3. Consistent with the findings
of Kiehl and Liddle (2001), the results suggest that the amount of cortex recruited by patients
with schizophrenia during target processing is less extensive than that activated by healthy
participants. Several limbic and paralimbic regions that were active in healthy participants at the
equivalent significance threshold did not form part of the clusters activated in patients during
target processing, including the amygdala-hippocampal complex, rostral A C C , and PCC.
However, significant activation was apparent in many brain regions, particularly in caudal A C C
and the sensorimotor brain areas typically activated during right-handed responding (e.g., the left
postcentral gyrus and anterior SMA). Indeed, the maximal t-score reported for patients in the
left postcentral gyrus (i.e.,

t(27>

= 18.08, p < 0.000 corrected, at co-ordinate x y z = -40 -32 56)

was greater than that observed in the left postcentral gyrus for the healthy participant group (i.e.,
t(27>

= 12.90, p < 0.000 corrected, at co-ordinate x y z = -36 -44 60), demonstrating that the

experimental procedure and analysis strategy were capable of identifying reliable activation
during target processing in both groups of participants (Callicott et al., 1998). The significant
clusters of activation in patients also incorporated paralimbic cortex at the frontal operculum and
caudal A C C , as well as heteromodal association cortex in the temporoparietal junction and
ventral and dorsal frontal areas. Activation in the intraparietal sulcus was largely restricted to
the inferior bank (i.e., the inferior parietal lobule), with little activation apparent in the superior
parietal lobule and precuneus, especially in the right hemisphere. Whereas activity in the
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dorsolateral prefrontal cortex (Brodmann Areas [BA] 9/10/46) was localised to the right
hemisphere in healthy participants, at the equivalent threshold, patients showed bilateral activity
in this region. Additional regions activated within the clusters are described in Table 3 and
illustrated in the accompanying Figure 7.
Target stimulus processing: Between-group comparisons. The results of the second-level
A N C O V A that directly compared the activation elicited in the patient and healthy groups while
removing the confounding effect of reaction time differences between the groups are illustrated
on transaxial brain slices in Figure 8, and voxel-level statistics for local maxima within the
significant clusters of activation are summarised in Table 4. For the contrast assessing regions in
which activation elicited in healthy participants was significantly greater than that elicited in
patients with schizophrenia, 2 clusters of 3349 and 101 voxels were significant after correcting
for multiple comparisons. These clusters encompassed cortex in the amygdala-hippocampal
complex, paralimbic cortex in the frontal operculum, rostral A C C , caudal A C C , and PCC, and in
heteromodal association areas including bilateral dorsal frontal cortex and cortex at the
intraparietal sulcus extending into precuneus, as well as at the right temporoparietal junction,
anterior medial frontal cortex, bilateral cortex at the temporo-occipital junction and in the
cuneus/lingual gyrus. The greatest relative underactivity was observed in patients compared to
healthy participants in the cerebellum bilaterally and in subcortical areas in the thalamus and
basal ganglia.
The contrast that tested for regions more strongly activated during target processing in
patients with schizophrenia than in healthy participants, revealed no clusters of activation that
were significant after correcting for multiple comparisons. The largest clusters of 38 and 56
voxels (corresponding to uncorrected cluster significance levels of 0.011 and 0.003 respectively)
were located in the medial-middle frontal cortex (i.e. S M A [BA 6], x y z co-ordinate of voxel of
peak activity = -8 -8 60, t 52) = 4.34, p = 0.000 uncorrected) and in the precentral-postcentral gyri
(
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(i.e., sensorimotor cortex [BA 4/1/2/3], x y z co-ordinate of voxel of peak activity = -44 -16 52,
t

(52)

= 4.03, p = 0.000 uncorrected).

61

Figure 6. Illustration of the significant cluster of activation observed in healthy
participants during target stimulus processing relative to the nontarget stimulus baseline.
Data are presented in the modified Talairach space used in SPM99, and rendered onto transaxial
slices of a standard reference brain according to neurological convention (i.e., the left
hemisphere is illustrated on the left). Transaxial slices are presented in 4mm increments starting
from z = -52 below to z = 64 mm above the AC-PC plane. The image is thresholded at a height
of t(27) = 2.77, corresponding to a significance level of p < 0.005 uncorrected for multiple
comparisons conducted throughout the whole brain. The range of t-score values within the
cluster are defined in the colourbar located at bottom right. The cluster is significant at p < 0.05
corrected for multiple comparisons.

62

Table 2. Selected local maxima contained within the significant cluster of activation
observed in healthy participants during target stimulus processing relative to the nontarget
stimulus baseline. F o r each of the local maxima, the Talairach co-ordinates, t score, and the
probability of achieving that t score, both when correcting for multiple comparisons conducted
throughout the whole brain ('Peon-') >d when no correction is applied ('P ncorr'), are reported.
ar

U

Talairach
Co-ordinates
t score

Anatomical Area (Brodmann Area)

p
1

corr

^uncorr t

x

y

z

Limbic - Paralimbic Cortex
L. Amygdala
R. Amygdala
L. Hippocampus
L. Hippocampus
R. Hippocampus
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/22/21)
R. Anterior Superior Temporal Sulcus (38/22/21)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Subcallosal Gyrus (25)
Rostral Anterior Cingulate Cortex (24/32)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
Posterior Cingulate Cortex (31)
Posterior Cingulate Cortex (23/31)
Posterior Cingulate Cortex (30)

-24
24
-16
-32
24
28
-56
52
-32
36
-44
32
12
0
-8
-8
-16
4
12

-4
0
-12
-24
-12
-32
8
12
20
24
0
16
24
36
12
-8
-32
-40
-68

20
-24
-20
-12
-16
-8
-12
-12
-12
-16
8
0
-12
24
36
48
40
24
8

4.15
5.08
3.73
3.59
4.57
4.64
7.98
11.22
7.27
9.56
10.11
10.15
7.03
6.81
8.47
8.05
6.79
7.49
6.11

0.883
0.267
0.991
0.998
0.597
0.544
0.000
0.000
0.001
0.000
0.000
0.000
0.002
0.003
0.000
0.000
0.003
0.001
0.018

0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Temporoparietal Junction
L. Superior Temporal Gyrus (22/21)
R. Superior Temporal Gyrus (22/21)
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-64
52
-60
64

-36
-40
-48
-36

8
4
24
24

8.89
8.53
6.27
5.96

0.000
0.000
0.012
0.027

0.000
0.000
0.000
0.000

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus (7)

-24
28
-60
-36
48
36
-24
12

-56
-52
-32
-52
-40
-56
-72
-76

60
60
40
48
56
44
48
36

8.06
6.18
11.96
4.60
10.36
6.19
7.42
6.10

0.000
0.015
0.000
0.578
0.000
0.015
0.001
0.018

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Dorsal and Ventral Frontal Cortex
L. Middle-Inferior Frontal Gyri (46)
L. Precentral gyrus (44)
L. Precentral Gyrus (6)
R. Inferior Frontal Gyrus (9)
R. Precentral Gyrus (6)

-16
-56
-36
56
32

44
4
-16
12
-12

12
20
64
24
52

6.11
7.18
8.49
8.27
6.56

0.018
0.001
0.000
0.000
0.005

0.000
0.000
0.000
0.000
0.000

continued over...
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Table 2 continued.

Anatomical Area (Brodmann Area)

Talairach
Co-ordinates

tscore

p
corr

p

1

x

y

z

-36
52
-4
20
-52
60
-56

-44
-32
-16
52
-24
-16
-64

60
52
52
28
12
8
-4

12.90
9.38
8.53
5.88
12.38
8.39
7.15

0.000
0.000
0.000
0.032
0.000
0.000
0.001

0.000
0.000
0.000
0.000
0.000
0.000
0.000

56

-52

0

8.55

0.000

0.000

-16
8

-76
-84

4
-12

7.14
7.44

0.001
0.001

0.000
0.000

-12
4
-8
8
-12
8
-12
16
-4
-4
-28
16
16

-20
-16
12
8
20
8
4
12
-28
-24
-68
-52
-68

4
8
-8
-8
-4
0
0
0
0
-32
-36
-28
-48

8.43
7.61
7.67
5.57
6.19
7.35
8.35
6.92
7.98
4.68
9.45
11.17
9.72

0.000
0.000
0.000
0.075
0.015
0.001
0.000
0.002
0.000
0.514
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Other Neocortex
L. Postcentral Gyrus (5)
R. Postcentral Gyrus, (40)
Medial Frontal Gyrus (6)
R. Superior-Middle Frontal Gyri (10/9)
L. Transverse-Superior Temporal Gyri (41/42/22)
R. Transverse-Superior Temporal Gyri (41/42/22)
L. Middle-Inferior Temporal / Middle Occipital
Gyri (37/21/19/29)
R. Middle-Inferior Temporal / Middle Occipital
Gyri (21/19/37/39)
L. Cuneus / Lingual-Fusiform Gyri (17/18)
R. Lingual-Fusiform Gyri / Cuneus (17/18)

Subcortical Structures
L. Thalamus
R. Thalamus
L. Ventral Striatum
R. Ventral Striatum
L. Caudate
R. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons
L. Cerebellum (Uvula)
R. Cerebellum (Dentate)
R. Cerebellum (Inferior Semi-Lunar Lobule)

Note: L. = Left, R. = Right. All local maxima reported were contained within a single cluster comprising 11596
voxels, which was significant at p < 0.000 corrected, tin SPM99, values beyond three decimal places are not
provided.
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Figure 7. Illustration of the eight significant clusters of activation observed in patients with
schizophrenia during target stimulus processing relative to the nontarget stimulus baseline.
Data are presented in the modified Talairach space used in SPM99, and rendered onto transaxial
slices of a standard reference brain according to neurological convention (i.e., the left
hemisphere is illustrated on the left). Transaxial slices are presented in 4mm increments starting
from z = -52 below to z = 64 mm above the A C - P C plane. The image is thresholded at a height
of t(27)= 2.77, corresponding to a significance level of p < 0.005 uncorrected for multiple
comparisons conducted throughout the whole brain. The range of t-score values within the
clusters are defined in the colourbar located at bottom right. The clusters are significant at p <
0.05 corrected for multiple comparisons.
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Table 3. Selected local maxima contained within the eight significant clusters of activation
observed in patients with schizophrenia during target stimulus processing relative to the
nontarget stimulus baseline. For each of the local maxima, the Talairach co-ordinates, t score,
and the probability of achieving that / score, both when correcting for multiple comparisons
conducted throughout the whole brain ( ' P

c o r r

' ) and when no correction is applied ('P ncorr'), are
U

reported. Clusters are indicated with a superscript label (a-h) and described at the conclusion of
the table.

Talairach
Co-ordinates
Functional Anatomic Area (Brodmann Area)

t score

p
1

corr

p
x

uncorr

X

y

z

Limbic - Paralimbic Cortex
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (24/32)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)

-56
52
-32
28
-44
36
8
8
-8

8
12
24
24
-4
16
36
20
0

-8
-12
-4
-4
8
0
20
36
48

5.71
9.09
6.83
8.13
8.91
9.82
3.00
8.92
10.16

0.052
0.000
0.003
0.000
0.000
0.000
1.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.000

Temporoparietal Junction
L. Superior Temporal Gyrus (22)
R. Superior Temporal Gyrus (22)
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-60
60
-64
56

-36
-44
-24
-36

12
8
28
32

5.11
7.82
7.96
5.45

0.230
0.000
0.000
0.103

0.000
0.000
0.000
0.000

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus (7)

-28
-44
48
-12
4

-48
-40
-44
-44
-44

64
48
48
52
48

8.53
9.29
5.48
3.69
3.52

0.000
0.000
0.094
0.999
1.000

0.000
0.000
0.000
0.001
0.001

44
40
12
4 ..
0
8
44
44
8
12

24
8
16
28
56
40
24
8
8
20

5.33
3.05
5.21
4.96
3.47
4.47
6.34
4.08
5.37
5.13

0.139
1.000
0.193
0.380
1.000
0.783
0.010
0.962
0.126
0.238

0.000
0.003
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000

a

b

a

b

a

b

a

a

a

a

b

a
b

a

a

b

a

a

Dorsal and Ventral Frontal Cortex
L. Middle Frontal Gyrus (10)
L. Inferior Frontal Gyrus (46)
L. Inferior Frontal / Precentral Gyri (44)
L. Precentral / Inferior Frontal Gyri (6/9)
R. Middle Frontal Gyrus (6)
R. Middle Frontal / Precentral Gyri (9)
R. Middle Frontal Gyrus (46/10)
R. Middle Frontal Gyrus (10/46)
R. Precentral Gyrus (44)
R. Inferior Frontal Gyrus (45/9)
f

f

a

b

b

d

d

b

b

a

-36
-36
-60
-60
, 32
52
28
40
60
52

continued over..
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Table 3 continued.

Functional Anatomic Area (Brodmann Area)

Talairach
Co-ordinates

t score

p

corr

p

uncorr

x

y

z

0
-40
60
-48
60
-56
-60
56
-20
12
16

12
-32
-16
-28
-36
-56
-12
-20
-72
-80
-68

48
56
28
16
20
4
-12
-12
4
12
-4

9.01
18.08
5.85
8.93
7.15
5.35
4.45
7.91
4.66
3.97
3.28

0.000
0.000
0.035
0.000
0.001
0.135
0.793
0.000
0.642
0.984
1.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001

-12
12
-28
28
8
-4
-32
16

-20
-20
-8
4
-20
-32
-56
-60

4
8
-4
8
-8
-36
-36
-20

4.36
4.27
3.75
3.03
5.55
4.19
4.44
7.28

0.849
0.896
0.998
1.000
0.079
0.935
0.801
0.001

0.000
0.000
0.000
0.003
0.000
0.000
0.000
0.000

1

1

Other Neocortex
Medial Frontal Cortex (6)
L. Postcentral Gyrus (2)
R. Postcentral Gyrus (3)
L. Superior-Transverse Temporal Gyri (42/22)
R. Superior-Transverse Temporal Gyri (42/22)
L. Middle Temporal Gyrus (21/37)
L. Middle Temporal Gyrus (21)
R. Middle Temporal Gyrus (21)
L. Cuneus (17)
R. Cuneus (18)
R. Lingual Gyrus (18)
a

a

b

J

b

a

a

b

8

c

c

Subcortical Structures
L. Thalamus
R. Thalamus
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons
L. Cerebellum
R. Cerebellum (Declive)
a

e

a

b

e/a

a

h

c

Note: L. = Left, R. = Right. Cluster a = 2997 voxels, p < 0.000 corrected; b = 1419 voxels, p < 0.000 corrected; c =
323 voxels, p < 0.000 corrected; d = 125 voxels; p < 0.000 corrected; e = 89 voxels, p < 0.003 corrected; f = 61
voxels, p < 0.021 corrected; g = 66 voxels; p < 0.041 corrected; h = 51 voxels, p < 0.046 corrected.
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Figure 8. Illustration of the two significant clusters of activation in which healthy
participants were characterised by a greater haemodynamic response than patients with
schizophrenia during target stimulus processing relative to the nontarget stimulus baseline.
The effect of the confounding influence of a significant difference in reaction time to target
stimuli between the healthy and patient groups was removed in the analysis. Data are presented
in the modified Talairach space used in SPM99, and rendered onto transaxial slices of a standard
reference brain according to neurological convention (i.e., the left hemisphere is illustrated on
the left). Transaxial slices are presented in 4mm increments starting from z = -52 below to z =
64 mm above the A C - P C plane. The image is thresholded at a height of tp2) 2.67,
corresponding to a significance level of p < 0.005 uncorrected for multiple comparisons
conducted throughout the whole brain. The range of t-score values within the cluster are defined
in the colourbar located at bottom right. The cluster is significant at p < 0.05 corrected for
multiple comparisons.
=
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Table 4. Selected local maxima contained within the two significant clusters of activation
in which healthy participants were characterised by a greater haemodynamic response
than patients with schizophrenia during target stimulus processing relative to the
nontarget stimulus baseline. The effect of the confounding influence of a significant difference
in reaction time to target stimuli between the healthy and patient groups was removed in the
analysis. For each of the local maxima, the Talairach co-ordinates, t score, and the probability of
achieving that t score, both when correcting for multiple comparisons conducted throughout the
whole brain ('P orr') and when no correction is applied ('P ncorr'X are reported. Clusters are
C

U

indicated with a superscript label (a-b) and described at the conclusion of the table.

Talairach
Co-ordinates
p

p

* corr

* uncorr

4.13
4.38
3.48
3.16
4.15
4.48
5.16
3.98
2.98
4.91
2.91
5.10
4.87
3.69
3.42

0.662
0.429
0.994
1.000
0.645
0.347
0.044
0.797
1.000
0.106
1.000
0.054
0.122
0.961
0.997

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.000
0.000
0.000

52
48
44
44
36
52

4.34
3.16
2.93
3.26
4.67
4.12

0.468
1.000
1.000
1.000
0.223
0.668

0.000
0.000
0.003
0.000
0.000
0.000

-8
48
40

3.36
3.55
3.33

0.999
0.988
0.999

0.000
0.000
0.000

t score

Functional Anatomic Area (Brodmann Area)
X

y

z

Limbic - Paralimbic Cortex
L. Amygdala
R. Amygdala"
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21)
L. Anterior Superior Temporal Sulcus (38/21)
R. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (24/32)
Subcallosal Gyrus (25/11)
Posterior Cingulate Cortex (30/31)
Posterior Cingulate Cortex (23/31) .

-20
24
32
-56
-36
60
40
-32
28
-24
40
0
12
-20
4

-4
-12
-28
12
12
4
16
24
24
16
0
36
24
-68.
-40

-24
-16
-12
-16
-20
-4
-20
-12
-20
-8
-12
12
-12
. 4
24

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus(7)
R. Precuneus (7)

-28
28
-32
36
-20
12

-68
-68
-60
-56
-56
-72

-48
40
40

32
12
12

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

Dorsal and Ventral Lateral Frontal Cortex
L. Inferior-Middle Frontal Gyri (47/11)
R. Middle-Superior Frontal Gyri (8/6)
R. Precentral Gyrus (9)
a

a

a

continued over..
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Table 4 continued.
Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)

Other Neocortex
L. Superior Frontal Gyrus (9)
L. Medial Frontal Gyrus (10)
L. Medial-Superior Frontal Gyri (10)
R. Superior-Middle-Medial Frontal Gyri (9)
R. Superior-Medial Frontal Gyri (10)
R. Inferior-Middle Frontal Gyri (9)
L. Middle-Inferior Temporal / Middle Occipital
Gyri (37/20)
L. Inferior Temporal Gyrus (37/19)
L. Middle Occipital / Temporal Gyri (19/18/39)
R. Middle Temporal Gyrus (39/19)
R. Inferior Temporal Gyrus (37/19)
R. Superior-Middle Occipital Gyri (19/21)
R. Middle Occipital / Temporal Gyri / Cuneus
(19/39/17/18)
R. Inferior Occipital Gyrus (19)
Cuneus (18/19)
L. Cuneus (18)
L. Lingual Gyrus (18/19)
a

a

a

a

a

a

p
1

corr

p

* uncorr

X

y

z

-12
-12
-16
20
20
28
-48

48
44
52
56
60
20
-56

40
28
12
32
0
36
-16

3.07
4.66
3.68
4.90
3.89
3.66
3,39

1.000
0.231
0.963
0.109
0.861
0.969
0.998

0.000
0.000
0.000
0.000
0.000
0.000
0.000

-56
-32
48
56
40
28

-68
-88
-72
-56
-80
-80

-4
16
20
-8
24
12

4.46
3.41
4.52
3.83
4.88
3.14

0.362
0.998
0.319
0.902
0.118
1.000

0.000
0.000
0.000
0.000
0.000
0.000

44
0
-20
-12

-76
-80
-100
-76

-12
20
8
-4

3.06
4.30
3.22
3.88

1.000
0.503
1.000
0.872

0.000
0.000
0.000
0.000

-12
8
-8
8
-8
8
-12
20
0
8
-28
-4
16
20

-8
-4
12
12
4
0
4
16
-28
-40
-68
-72
-68
-72

12
12
-8
-8
0
12
0
0
0
-40
-36
-24
-52
-28 .

4.40
5.21
5.02
3.62
4.02
5.39
5.65
4.97
4.34
3.06
6.17
6.05
4.78
4.67

0.411
0.038
0.072
0.980
0.759
0.019
0.008
0.085
0.463
1.000
0.001
0.002
0.164
0.225

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000
0.000
0.000
0.000

a

b

b

a

a

a

a

a

a

b

a

Subcortical Structures
L. Thalamus
R. Thalamus
L. Ventral Striatum
R. Ventral Striatum
L. Caudate
R. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons"
L. Cerebellum (Uvula)
L. Cerebellum (Declive)
R. Cerebellum (Inferior Semi-Lunar Lobule)
R. Cerebellum (Declive)
a

a

a

a

a

a

a

a

a

a

a

a

a

:

Note: L. = Left, R. = Right. Cluster a = 3349 voxels, p < 0.000 corrected; b = 101 voxels, p < 0.005 corrected.
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2.3 Discussion

This experiment was designed to ascertain the cerebral sites that support the processing of
infrequent target stimuli in healthy participants and patients with schizophrenia, and to localise
functional disturbance associated with salient target processing in schizophrenia. The data
obtained from healthy participants are consistent with previous research from our laboratory
conducted using smaller samples and fixed-effects (within-subjects) analyses (Kiehl et al.,
2001a, 2001b), and demonstrate that a corticolimbic network encompassing limbic, paralimbic,
frontoparietal association cortex, and subcortical areas mediates the processing of infrequent
target stimuli. By contrast, and in spite of relatively preserved task performance, patients with
schizophrenia showed significant activation in only a subset of the areas active in healthy
participants at an equivalent threshold. Most notably absent in the patient group at the adopted
threshold was any activation of the limbic cortex (i.e., amygdala and hippocampus).
Consistent with our hypothesis, direct comparison of the participant groups revealed
widespread dysfunction throughout much of the corticolimbic network in schizophrenia.
Relative underactivity in patients was observed in the amygdala-hippocampal complex, in
paralimbic cortex in the frontal operculum, rostral A C C , caudal A C C , and PCC, and in
association cortex bilaterally in the dorsal frontal cortex and in the intraparietal sulcus extending
into the precuneus, as well as in the inferior aspects of the right temporoparietal junction.
Dysfunction was also observed subcortically in the thalamus, throughout the basal ganglia, and
in the cerebellum. These group differences were apparent even when the potential effect of RT
and accuracy differences between the groups were controlled in the analysis. Thus, the observed
dysfunction in schizophrenia is likely due to primary abnormality in this circuitry rather than to
the secondary effect of poorer task performance in schizophrenia. Moreover, these widespread
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functional abnormalities were observed even in the present sample of chronic, partially-remitted
patients who were characterised by quite low levels of symptomology.
These fMRI results augment previous behavioural, autonomic, and ERP evidence for the
presence of information processing and attentional dysfunctions in schizophrenia (Bernstein,
1987; Braff, 1993; Bredgaard and Glenthoj, 2000). Abnormal activity was particularly notable
in limbic cortex, as well as in paralimbic cortex, and subcortically in the ventral striatum and
thalamus (i.e., those brain areas that provide the primary connections between limbic cortex and
heteromodal association cortex). Functional abnormality within these areas is likely to
contribute to dysfunction in the frontoparietal networks that are specialised for applying goaldirected attention and for re-orienting sustained attention to incoming salient stimuli (Corbetta
and Shulman, 2002), thus making it difficult for patients to focus processing resources on the
most significant stimuli. Moreover, extrapolating from the theory of Knight and Scabini (1998)
to the pattern of dysfunction observed in patients with schizophrenia, abnormality in the
hippocampus may contribute to a problem in comparing incoming stimuli with a template of the
recent past, thus giving rise to a failure to adequately detect deviation from the template and a
subtle but increased difficulty in formulating an appropriate behavioural response to the stimuli.
The prominence of the limbic-paralimbic abnormalities observed during task-relevant target
stimulus processing are consistent also with the disturbances in motivation and volition that are
described clinically in schizophrenia. Although patients performed well at this task and correctly
responded to over 95% of target stimuli, the pattern of activation suggests that they and the
healthy participants were not equivalently engaged by the exogenous, task-relevant target
stimuli.
Other brain areas characterised by a relative reduction in haemodynamic activity in patients
compared to healthy participants included the thalamus and cerebellum, where differences
between groups were among the most marked. Functional abnormality in these regions during
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cognitive task performance has been suggested by Andreasen and colleagues to represent the
cardinal pathophysiology of schizophrenia (Andreasen et al., 1998, 1999). That is, dysfunction
within cortical-thalamic-cerebellar-cortical circuitry is suggested to disrupt the fluid coordination of mental processes and underlie the diverse symptomology expressed in
schizophrenia. While the present results are consistent with these areas being particularly
impaired during salient information processing in schizophrenia, it must be noted that the present
task involved only very simple cognitive operations, and that target processing was associated
with a subsequent motor-response that also recruits activity in thalamic and cerebellar regions.
Thus, the present task is not well-suited to identifying purely cognition-related functional
disturbances in these brain areas. Such abnormalities are more reliably elicited following the
processing of stimuli that do not require a behavioural response, as is described in the following
section (Chapter 3.0).
It is not possible to ascertain the degree to which medication effects may have contributed to
the pattern of differences between the patient and healthy groups. ERP research with previously
unmedicated first-episode patients (e.g., Hirayasu et al., 1998; Salisbury et al., 1998; Demiralp et
al., 2002) and patients withdrawn from medication (Faux et al., 1993; Ford et al., 1994b) has
demonstrated a reduction in the amplitude of the P3 response elicited by auditory oddball target
events, implying that at least some of the functional abnormalities observed in this study may be
independent of medication status. Preliminary fMRI data from a study conducted in our
laboratory using the same experimental task applied in the present study with a sample of eight
previously unmedicated first-episode patients demonstrated relative reduction of haemodynamic
activity in patients compared to healthy participants in the amygdala-hippocampus, frontal
operculum (at the anterior superior temporal sulcus) and PCC, as well as at the intraparietal
sulcus and in the cerebellum (Kiehl et al., 2001c). Moreover, data collected in that same patient
group following six weeks of treatment with atypical antipsychotic medication indicated
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increases in haemodynamic activity relative to the baseline (pre-treatment) scan in the amygdalahippocampus and PCC. These results suggest that functional abnormalities in at least part of the
corticolimbic network are present prior to antipsychotic treatment, and moreover, that
medication, at least following a short term of administration, remediates functioning in key areas
of the network. Results from the present study suggest that residual functional abnormalities
remain within the corticolimbic network mediating the processing of infrequent target stimuli
even following persistent medication use.
Significant differences in haemodynamic activity between healthy participants and patients
were not observed in the primary and secondary auditory cortices, although a small, nonsignificant cluster of 7 voxels in the right superior temporal gyrus was comparatively more
active in patients than in healthy participants. Significant differences were also not revealed in a
supplementary analysis conducted in primary auditory cortex by Kiehl and Liddle (2001), in
spite of considerable ERP research suggesting that the function of these areas may be abnormal
in schizophrenia during low-frequency, deviant stimulus processing (i.e., as indexed by the
reduction in amplitude of the M M N observed in schizophrenia; see Michie, 2001). However, the
M M N is typically elicited during passive auditory oddball task presentation. By requiring a
motor-response and active processing of the infrequent deviant target stimuli, the active version
of the auditory oddball task utilised in the present experiment may not have been sensitive to
subtle abnormality in these areas.
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Chapter 3.0: Experiment One, Part B: Attentional orienting to salient novel stimuli

3.1 Methods

The novelty processing data reported in this section were acquired in the same scanning runs
as the target processing data described in the previous section. The haemodynamic response to
target and novel stimuli have been described in separate sections because they address different
aspects of the processing of salient exogenous stimuli. Thus, the methods section of the previous
section should be referred to for information describing the participants, task procedure, imaging
parameters, and image processing procedures. A direct comparison of the haemodynamic
response elicited by target and novel stimuli is described in the next section (Chapter 4.0).

3.1.1 Image analysis
Statistical analysis was performed within each voxel using the general linear model approach
implemented in SPM99 (Wellcome Department of Cognitive Neurology, London, UK.
http://www.fil.ion.ucl.ac.uk/spm/). Modelling of the event-related responses to correctlyrejected novel stimuli were described previously in the target processing section.
Within-group analyses of novel stimulus processing. For each participant, a contrast image
summarising the amplitude of the fitted response to novel stimuli relative to the nontarget
baseline at each voxel was created. Separate second-level, one-sample t-tests on the contrast
images for each participant group (27 degrees of freedom) were conducted to test the null
hypotheses that the mean of the observations for novel events in each group did not differ
significantly from zero.
Between-group comparisons of novel stimulus processing. The contrast images were also
entered into an independent samples t-test at the second-level (54 degrees of freedom) to test the
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null hypothesis that there was no difference between patients with schizophrenia and healthy
participants in the mean amplitude of the fitted haemodynamic response elicited by novel events.
The within-group and between-group tests were assessed for significance at the cluster level
across the entire brain volume (p < 0.05 corrected for multiple comparisons, with the height
threshold for inclusion set at p < 0.005 uncorrected) according to the method of Friston et al.
(1994) implemented in SPM99.
Within- and between-group analyses of the functional cerebral asymmetry of attentional
orienting processes. To test the hypothesis that healthy participants would show greater extent of
activation in the right hemisphere than in the left during novel stimulus processing (i.e., to test
the right lateralisation of attentional orienting function), the number of activated voxels that
exceeded the height threshold of p < 0.005 uncorrected for multiple comparisons in the right and
the left hemispheres were compared using a repeated measures t-test. This analysis was then
also conducted within the patient group. To directly compare the pattern of lateralisation
between groups, a laterality index that controls for intersubject variability in absolute brain size
[(number of suprathreshold right hemisphere voxels - number of suprathreshold left hemisphere
voxels) / total number of suprathreshold voxels] was computed for each participant and entered
into an independent samples t-test (see Bullmore et al., 1995 for a discussion of the relative
merits of using the laterality index as a measure of cerebral asymmetry).

3.2 Results

3.2.1 Behavioural data
Behavioural results pertaining to novelty stimulus processing were described previously in the
target processing section. The A N O V A described in that chapter revealed that, although patients
were generally less accurate at performing the task than healthy participants, the planned
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comparison comparing the groups on the number of false alarms committed to novel stimuli
indicated that patients did not differ significantly from healthy participants [F(i, ) = 1.38, p =
54

0.246].

3.2.2 Imaging data
As described for target processing, the results reported in this chapter reflect analyses in
which the estimated movement parameters were entered as covariates of no interest so as remove
movement-related artefacts from the fMRI time series (Friston et al., 1996).
Novel stimulus processing: Healthy participants. The second-level one sample t-test conducted
on healthy participant data revealed five significant clusters of activation elicited during the
processing of infrequent, novel auditory events relative to a baseline of frequent, nontarget
stimulus processing. Cluster statistics and voxel-level statistics from selected local maxima
within the significant clusters are reported in Table 5 and the clusters of activation are illustrated
on transaxial slices in Figure 9.
In healthy participants, novelty processing elicited activation in a widespread network of
bilateral limbic-paralimbic-association-subcortical areas, including the amygdala-hippocampal
complex and parahippocampal gyrus, in the frontal operculum, medial paralimbic cortex in the
rostral A C C , caudal A C C , mid-cingulate cortex, and PCC, in heteromodal association cortex at
the temporoparietal junction, the intraparietal sulcus extending medially into precuneus,
dorsolateral frontal cortex, as well as in the SMA, and subcortically in the thalamus, basal
ganglia, midbrain, and cerebellum. At the applied threshold, activation of the ventrolateral
frontal cortex was lateralised to the right hemisphere.
The repeated-measures t-test comparing the number of suprathreshold voxels activated in the
right and left hemispheres (i.e., those voxels exceeding a height threshold of 0.005 uncorrected)
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indicated a laterality effect in healthy participants, with more extensive activation elicited in the
right hemisphere than in the left

[t(27)

= 2.752, p = 0.010].

Novel stimulus processing: Patients with schizophrenia. Five significant clusters of activation
elicited by novelty processing relative to the nontarget baseline were also revealed in the onesample t-test for patients with schizophrenia. These clusters are illustrated on transaxial slices in
Figure 10 and cluster and voxel-level statistics from selected local maxima within the significant
clusters are reported in Table 6.
Generally, these clusters encompassed a subset of the regions activated in healthy participants
at an equivalent threshold, including association cortex bilaterally at the temporoparietal
junction, and dorsal and ventral lateral frontal cortex, and paralimbic cortex in the frontal
operculum, caudal anterior- and mid-cingulate gyri (which extended into the SMA). There also
appeared to be a limited activation in limbic cortex in the right amygdala-parahippocampal
gyrus.
Whereas the activation of ventrolateral frontal cortex was right lateralised in healthy
participants, this area was activated bilaterally in patients with schizophrenia. The voxel-level
statistics reported for patients in the region of the temporoparietal junction incorporated slightly
greater t-score values than observed for healthy participants, indicating strong activation in
patients in parts of the network of areas activated in healthy participants during novelty
processing. Patients activated more extensive regions of mid-cingulate cortex than healthy
participants, yet strikingly failed to activate the limbic cortex in the left amygdala-hippocampal
complex, paralimbic cortex in the rostral A C C and PCC, and association cortex bilaterally at the
intraparietal sulcus-precuneus, in more superior regions of dorsolateral frontal cortex particularly
on the right, and subcortically in the thalamus, basal ganglia, midbrain, and cerebellum.
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Figure 9. Illustration of the five significant clusters of activation observed in healthy
participants during novel stimulus processing relative to the nontarget stimulus baseline.
Data are presented in the modified Talairach space used in SPM99, and rendered onto transaxial
slices of a standard reference brain according to neurological convention (i.e., the left
hemisphere is illustrated on the left). Transaxial slices are presented in 4mm increments starting
from z = -52 below to z = 64 mm above the A C - P C plane. The image is thresholded at a height
of t(27) = 2.77, corresponding to a significance level of p < 0.005 uncorrected for multiple
comparisons conducted throughout the whole brain. The range of t-score values within the
cluster are defined in the colourbar located at bottom right. The clusters are significant at p <
0.05 corrected for multiple comparisons.
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Table 5. Selected local maxima contained within the five significant clusters of activation
observed in healthy participants during novel stimulus processing relative to the nontarget
stimulus baseline. For each of the local maxima, the Talairach co-ordinates, t score, and the
probability of achieving that t score, both when correcting for multiple comparisons conducted
throughout the whole brain ('P orr') and when no correction is applied ('Puncorr'), are reported.
C

Clusters are indicated with a superscript label (a-e) and described at the conclusion of the table.

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)

p
1

corr

p
1

uncorr

x

y

z

Limbic - Paralimbic Cortex
L. Amygdala
R. Amygdala
L. Hippocampus
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (24/32)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
Posterior Cingulate Cortex (31/23/29/30)

-24
20
-28 •
32
-52
56
-36
36
-36
40
0
4
-4
0

-4
-8
-20
-20
12
8
20
16
16
8
32
28
4
-36

-24
-16
-12
-12
-16
-12
-12
-4
-12
-12
28
36
36
28

4.79
5.12
3.81
3.08
7.86
10.17
6.83
6.19
4.93
5.52
4.35
4.61
5.26
6.88

0.437
0.250
0.983
1.000
0.000
0.000
0.003
0.015
0.362
0.080
0.747
0.564
0.172
0.002

0.000
0.000
0.000
0.002
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Temporoparietal Junction
L. Superior Temporal Gyrus (22)
R. Superior Temporal Gyrus (22)
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-64
56
-60
64

-36
-40
-48
-28

20
4
24
32

7.80
11.97
3.48
4.58

0.000
0.000
1.000
0.591

0.000
0.000
0.001
0.000

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus(7)

-36
36
-36
36
-4
8

-64
-60
-56
-60
-60
-76

52
48
40
44
48
36

5.61
6.28
6.31
5.38
4.52
6.25

0.066
0.011
0.011
0.124
0.635
0.012

0.000
0.000
0.000
0.000
0.000
0.000

-46
-48
-56
52
52
48
48
48

4
4
20
16
16
32
4
16

40
36
16
8
28
8
48
40

4.59
4.91
3.75
5.98
5.80
5.20
5.62
4.86

0.590
0.362
0.989
0.025
0.041
0.198
0.066
0.392

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

b

a

b

a

b

a

b

a

b

a

b

b

b

b

b

a

b

a

b

b

b

b

b

b

Dorsal and Ventral Frontal Cortex
L. Precentral Gyrus (6)
L. Inferior-Middle Frontal Gyrus (9)
L. Inferior-Middle Frontal Gyrus (45)
R. Precentral Gyrus (44)
R. Inferior-Middle Frontal Gyrus (9)
R. Inferior Frontal Gyrus (46/45)
R. Middle Frontal / Precentral Gyrus (6/8)
R. Middle Frontal Gyrus (9)
e

e

e

a

a

a

a

a

continued over..
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Table 5 continued.
Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)

Other Neocortex
L. Transverse-Superior Temporal Gyrus (42/41/22)
R. Transverse-Superior Temporal Gyrus (42/41/22)
L. Middle-Inferior Temporal / Occipital Gyrus
(21/39/37/19)
R. Middle-Inferior Temporal / Occipital Gyrus
(21/39/37/19)
R. Postcentral Gyrus (40)
R. Superior-Middle Frontal Gyrus (10/9)
Medial-Superior Frontal Gyrus (8)

b

a

p
1

p

corr

* uncorr

x

y

z

-64
64
-64

-24
-20
-56

4
12
0

11.61
5.07
6.78

0.000
0.272
0.003

0.000
0.000
0.000

64

-48

-8

6.55

0.026

0.000

52
16
8

-36
52
40

52
28
44

5.63
6.58
4.54

0.064
0.005
0.622

0.000
0.000
0.000

-8
4
-12
12
0
-40
12

-16
-12
4
0
-24
-60
-80

8
8
-4
-4
-4
-40
-36

4.55
5.82
5.00
3.02
6.16
8.05
6.34

0.612
0.038
0.308
1.000
0.016
0.000
0.010

0.000
0.000
0.000
0.003
0.000
0.000
0.000

b

a

b

a

b

Subcortical Structures
L. Thalamus (Medial Dorsal Nucleus)
R. Thalamus (Medial Dorsal Nucleus)
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
L. Cerebellum (Tuber)
R. Cerebellum (Uvula)
d

d

d

d

a

c

c

Note: L. = Left, R. = Right. Cluster a = 1628 voxels, p < 0.000 corrected; b = 2145 voxels, p < 0.000 corrected; c =
636 voxels, p < 0.000 corrected; d = 113 voxels, p < 0.003 corrected; e = 79 voxels; p < 0.021 corrected.
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Figure 10. Illustration of the five significant clusters of activation observed in patients with
schizophrenia during novel stimulus processing relative to the nontarget stimulus baseline.
Data are presented in the modified Talairach space used in SPM99, and rendered onto transaxial
slices of a standard reference brain according to neurological convention (i.e., the left
hemisphere is illustrated on the left). Transaxial slices are presented in 4mm increments starting
from z = -52 below to z = 64 mm above the AC-PC plane. The image is thresholded at a height
of t<27) = 2.77, corresponding to a significance level of p < 0.005 uncorrected for multiple
comparisons conducted throughout the whole brain. The range of t-score values within the
cluster are defined in the colourbar located at bottom right. The clusters are significant at p <
0.05 corrected for multiple comparisons.
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Table 6. Selected local maxima contained within the five significant clusters of activation
observed in patients with schizophrenia during novel stimulus processing relative to the
nontarget stimulus baseline. For each of the local maxima, the Talairach co-ordinates, t score,
and the probability of achieving that t score, both when correcting for multiple comparisons
conducted throughout the whole brain ('Peon')

and when no correction is applied ('Puncorr'X are

reported. Clusters are indicated with a superscript label (a-e) and described at the conclusion of
the table.

Talairach
Co-ordinates

Functional Anatomic Area (Brodmann Area)

t score

p
1

corr

p

* uncorr

X

y

z

-52
52
-36
48
-36
36
8
-8

8
12
24
20
20
20
28
-4

-20
-12
0
-8
4
0
32
48

4.07
7.62
6.28
7.48
3.61
5.72
5.77
6.09

0.974
0.000
0.011
0.000
0.998
0.045
0.043
0.019

0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000

-56
60
-60
64

-40
-44
-44
-32

16
4
24
32

10.33
12.09
4.48
3.26

0.000
0.000
0.663
1.000

0.000
0.000
0.000
0.001

-56
-36
44
40

16
40
12
4

20
12
24
40

6.14
3.23
4.54
4.32

0:017
1.000
0.753
0.888

0.000
0.002
0.000
0.000

-60
64
-68
60
4

-20
-28
-40
-48
8

12
12
0
0
60

7.15
7.83
7.05
7.85
5.05

0.001
0.000
0.002
0.000
0.296

0.000
0.000
0.000
0.000
0.000

Limbic - Paralimbic Cortex
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
b

a

c

a

0

a

d

d

Temporoparietal Junction
L.
R.
L.
R.

Superior Temporal Gyrus (22)
Superior Temporal Gyrus (22)
Inferior Parietal Lobule (40/39)
Inferior Parietal Lobule (40/39)
b

a

b

a

Dorsal and Ventral Frontal Cortex
L. Inferior Frontal / Precentral Gyrus (45/44/9/6)
L. Middle Frontal Gyrus (10/46)
R. Inferior Frontal / Precentral Gyrus (45/9)
R. Middle Frontal / Precentral Gyrus (9/6/8)

c

c

e

e

Other Neocortex
L. Transverse-Superior Temporal Gyrus (42/41/22)
R. Transverse-Superior Temporal Gyrus (42/41/22)
L. Middle Temporal Gyrus (21)
R. Middle Temporal Gyrus (21)
Superior - Medial Frontal Gyrus (6)

b

a

b

a

d

Note: L. = Left, R. = Right. Cluster a = 754 voxels, p < 0.000 corrected; b = 557 voxels, p < 0.000 corrected; c =
145 voxels, p < 0.000 corrected; d = 252 voxels, p < 0.000 corrected; e = 120 voxels; p < 0.000 corrected.
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Unlike the result obtained in the healthy participant group, the repeated-measures t-test
comparing the number of suprathreshold voxels activated in the right and left hemispheres was
non-significant in the patient group, indicating a reduction in the normal pattern of laterality
observed in healthy participants

[t 7)
(2

= 1.593, p = 0.123].

Novel stimulus processing: Between-group comparisons. Cluster statistics and voxel-level
statistics from selected local maxima within the seven significant clusters identified by the twosample t-test directly comparing the pattern of activation elicited by novel stimuli in the healthy
participant and patient groups are reported in Table 7 and illustrated on transaxial slices in Figure
11.
Patients with schizophrenia were characterised by significant relative underactivity compared
with healthy participants in diverse brain areas, including the right amygdala-hippocampal
complex and parahippocampal gyrus, paralimbic cortex in the right frontal operculum, rostral
A C C and PCC, as well as association cortex at the right temporo-parietal-occipital junction,
bilateral dorsal frontal cortex, and bilateral cortex in the intraparietal sulcus and precuneus.
Subcortically, patients showed highly significant relative reductions of activity in the bilateral
cerebellum, with underactivity also apparent in the thalamus and basal ganglia. A further cluster
of 36 voxels centred in left posterior hippocampal gyrus in which healthy participants showed
greater activation than patients survived only at a cluster significance of p < 0.05 uncorrected for
multiple comparisons, but is notable given the lesion data suggesting a critical role for posterior
hippocampus in novelty detection (Knight, 1996).
No significant clusters were observed in which patients showed greater activation than healthy
participants after the criterion for cluster significance of p < 0.05 corrected for multiple
comparisons was applied. As was observed for target processing, the largest non-significant
cluster of 32 voxels (p = 0.019 uncorrected) was located in the medial frontal gyrus (i.e., S M A

[BA 6], x y z co-ordinate of voxel of peak activity within the cluster = -8 4 56, t(54> = 3.96, p =
0.000 uncorrected).
Though failing to reach significance [t 5 = 1.304, p = 0.198], the independent samples t-test
(

4)

comparing groups on the laterality index showed a tendency towards reduced lateralisation in
patients relative to controls (healthy mean = 0.21, SD = 0.27; patient mean = 0.11, SD = 0.26).
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Figure 11. Illustration of the seven significant clusters of activation in which healthy
participants were characterised by a greater haemodynamic response than patients with
schizophrenia during novel stimulus processing relative to the nontarget baseline. Data are
presented in the modified Talairach space used in S P M 9 9 , and rendered onto transaxial slices o f
a standard reference brain according to neurological convention (i.e., the left hemisphere is
illustrated on the left). Transaxial slices are presented in 4 m m increments starting from z = -52
below to z = 64 m m above the A C - P C plane. The image is thresholded at a height o f t( ) = 2.67,
corresponding to a significance level of p < 0.005 uncorrected for multiple comparisons
conducted throughout the whole brain. The range o f t-score values within the cluster are defined
in the colourbar located at bottom right. The cluster is significant at p < 0.05 corrected for
multiple comparisons.
52
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Table 7. Selected local maxima contained within the seven significant clusters of activation
in which healthy participants were characterised by greater activation than patients with
schizophrenia during novel stimulus processing relative to the nontarget stimulus baseline.
For each of the local maxima, the Talairach co-ordinates, t score, and the probability of
achieving that t score, both when correcting for multiple comparisons conducted throughout the
whole brain ('P ') and when no correction is applied ('P ncorr'X are reported. Clusters are
indicated with a superscript label (a-b) and described at the conclusion of the table.
corr

U

Talairach
Co-ordinates
Functional Anatomic Area (Brodmann Area)

Limbic - Paralimbic Cortex
R. Amygdala
R. Hippocampus
R. Anterior Superior Temporal Sulcus (38/21/22)
R. Orbitofrontal Cortex (47)
R. Anterior Insula (13)
Rostral Ant. Cingulate Cortex (24/32)
Posterior Cingulate Cortex (31/30/29/23)
d

d

d

d

d

b

8

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus(7)
f

8
f

e

8

8

Dorsal and Ventral Frontal Cortex
R. Middle Frontal Gyrus (6/8)
b

Other Neocortex
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)
R. Middle-Superior Temporal / Middle Occipital
Gyrus (39/19)
R. Postcentral Gyrus (40)
L. Superior-Middle- Medial Frontal Gyrus (9/10)
f

e

t score

p
1

corr

p
L

uncorr

x

y

z

24
20
44
36
44
8
0
16

0
-12
16
28
0
48
-36
-56

-24
-16
-20
-16
0
8
24
8

4.32
4.98
4.75
4.35
3.19
4.13
4.30
3.79

0.466
0.077
0.171
0.434
1.000
0.639
0.477
0.912

0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000

-32
40
-56
42
-4
16

-68
-60
-48
-56
-64
-76

52
48
48
48
48
52

4.70
4.58
4.52
4.49
4.21
4.59

0.196
0.262
0.302
0.666
0.571
0.255

0.000
0.000
0.000
0.000
0.000
0.000

44
32

16
12

44
60

4.51
3.61

0.638
0.976

0.000
0.000

-60
48
44

-56
-56
-64

32
32
12

3.32
3.22
4.88

0.999
1.000
0.110

0.001
0.001
0.000

52
-12
-12
16
12

-36
44
36
56
40

52
32
48
28
44

4.01
5.42
4.76
6.65
5.78

0.758
0.016
0.165
0.000
0.004

0.000
0.000
0.000
0.000
0.000

-8
8
-12
28
-24
28

-12
-4
4
-8
-76
-76

12
12
0
-8
-44
-36

3.43
5.04
4.14
3.08
7.06
6.82

1.000
0.063
0.631
1.000
0.000
0.000

0.001
0.000
0.000
0.002
0.000
0.000

e

8

b

R. Superior-Middle-Medial Frontal Gyrus (9/10)

b

Subcortical Structures
L. Thalamus (Medial Dorsal Nucleus)
R. Thalamus (Anterior Nucleus)
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
L. Cerebellum (Pyramis)
R. Cerebellum (Uvula)
c

c

c

a

a

c

Note: L. = Left, R. = Right. Cluster a = 888 voxels, p < 0.000 corrected; b = 549 voxels, p < 0.000 corrected; c =
145 voxels, p < 0.000 corrected; d = 144 voxels; p < 0.001 corrected; e = 91 voxels, p < 0.009 corrected; f = 102
voxels, p < 0.005 corrected; g = 494 voxels, p < 0.000 corrected.
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3.3 Discussion

The present experiment employed event-related fMRI during performance of the novelty
oddball paradigm in order to localise the functional abnormalities associated with disturbed
involuntary orienting to salient novel stimuli in schizophrenia. While patients and healthy
participants performed comparably in terms of their accuracy of non-responding to novel stimuli,
marked functional differences were nevertheless apparent between the groups. Indeed, the
abnormalities elicited during novel stimulus processing in patients appeared more extensive than
those described for target stimulus processing, suggesting that reorienting of processing
resources to salient novel stimuli may be particularly disturbed in schizophrenia.
In healthy individuals, results converged with existing neuroimaging (Kiehl et al., 2001a,
2001b, Downar et al., 2002), intracranial recording (Halgren et al., 1998), and lesion (Knight,
1984, 1996; Knight et al., 1989; Daffner et al. 2000) data in demonstrating the recruitment of a
distributed network of brain sites when attentional resources are involuntarily reoriented away
from an ongoing target detection task to incidentally process infrequent novel events. Activation
was observed throughout widespread paralimbic and heteromodal association cortex, as well as
subcortically in the thalamus, basal ganglia, midbrain, and cerebellum. Moreover, activation was
apparent in the amygdala-hippocampus (cf. previous fMRI studies by Kiehl et al., 2001a,
2001b), bringing the fMRI data in line with the lesion and intracranial evidence for limbic
involvement in novel stimulus processing.
Many of these brain areas were also active during novelty processing in patients with
schizophrenia, with activation apparent bilaterally in heteromodal association cortex at the
temporoparietal junction, and ventrolateral and dorsolateral frontal cortex, in paralimbic cortex at
the frontal operculum, caudal anterior and mid-cingulate gyri and S M A , and in the right
amygdala-parahippocampal gyrus. In the anterior temporoparietal junction, the amplitude of the
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fitted response was non-significantly greater in patients than in healthy participants, suggesting
that the analysis model was capable of detecting significant activation in both patients and
healthy participants, and indicating that hypoactivity in patients with schizophrenia was not
generalised throughout the network supporting novelty processing.
However, while function in parts of the corticolimbic circuitry supporting orienting to salient
novel stimuli was comparable in patients and healthy participants, multiple loci of dysfunction
appear to contribute to the attentional orienting abnormalities observed in schizophrenia during
salient novel stimulus processing. Direct comparison of the healthy and patient data revealed
relative underactivity in patients bilaterally in heteromodal association cortex at the intraparietal
sulcus-precuneus and dorsal frontal cortex, in paralimbic cortex in the rostral A C C extending
into medial frontal cortex and in the PCC. Other regions of relative underactivity in patients
were observed in the right hemisphere only, including cortex in the frontal operculum, the
amygdala-hippocampus-parahippocampal gyrus, and cortex at the temporo-parietal-occipital
junction. Subcortically, bilateral areas in the thalamus, the basal ganglia, and the cerebellum
were also underactive in patients relative to healthy participants. The observation of relative
underactivity during the processing of novel stimuli presented within the context of the oddball
paradigm suggests that patients have difficulty reorienting processing resources to salient events
that interrupt ongoing attention to the designated target detection task.
ERP research examining novelty oddball processing in brain lesioned patients has emphasised
the importance of intact limbic cortex for attentional orienting to novel events, particularly the
posterior hippocampal cortex (Knight, 1996). The data obtained in the present experiment in
healthy participants suggest that limbic cortex generally (i.e., the anterior amygdala-hippocampal
complex and posterior hippocampal cortex), is involved in involuntarily orienting processing
resources towards salient novel events. Patients with schizophrenia showed dysfunction within
the right amygdala-hippocampal complex and in widespread paralimbic cortex. These extensive
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limbic-paralimbic abnormalities imply that patients may be less engaged by the novel stimuli
and therefore less inclined to effectively assess their potential significance for ongoing
behaviour.
Interesting differences also emerged between the healthy participant and patient groups in the
ventral frontoparietal network proposed by Corbetta and Shulman (2002) to be particularly
engaged during the processing of salient novel events. Lesions at the temporoparietal junction
have been related to a reduction in amplitude of both the P3b elicited during voluntary orienting
to task-relevant target events and the P3a elicited by involuntary orienting to infrequent novel
and target events (Knight et al., 1989; Yamaguchi and Knight, 1991; Knight, 1997; Verleger et
al., 1994). Recent fMRI data imply there may be sub-regions within the temporoparietal
junction that are specialised for processing task-irrelevant novel stimuli and task-relevant target
events (Downar et al., 2001, 2002). The previous section demonstrated underactivity of the
temporoparietal junction in patients with schizophrenia relative to healthy participants during the
processing of infrequent target events. Data from the current analysis reveal that the relative
underactivity observed in the temporoparietal region during novelty processing by patients lies
more posteriorly than that reported for target processing, that is, in the right temporal-parietaloccipital junction. In contrast to lesions in these posterior regions, lesions of the prefrontal
cortex differentially reduce P3a and P3b responses, with the former being especially effected
(Knight, 1984, 1997; Yamaguchi and Knight, 1991; Daffner et al., 2000). Corbetta and Shulman
(2002) posit that ventral frontal areas may function to evaluate the novelty of a stimulus, whereas
the temporoparietal junction is more involved in determining its behavioural significance. In the
current experiment, the right ventral frontal cortex was extensively activated in the healthy
participant group during involuntary orienting to novel stimuli. While activation appeared less
extensive in this region in patients, significant differences between patients and healthy
participants in the ventral frontal region were restricted to cortex in the right frontal operculum
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(i.e., paralimbic cortex incorporating orbitofrontal areas, along with the anterior insula and
cortex at anterior superior temporal sulcus). These results may imply that patients retain the
ability to evaluate novelty per se, yet experience difficulty in extracting the relevance (or rather,
irrelevance) of the novel stimuli for subsequent behaviour.
The contribution of the task context to the present results may be most clearly observed in
dorsal frontal and parietal association cortex. In Corbetta and Shulman's (2002) model, the
dorsal frontoparietal areas form a system that is involved in preparing and applying goal-directed
selection for stimuli and responses. Detection of salient events by the ventral frontoparietal
system interrupts activity in that network so as to reorient attention to salient events. In healthy
participants, novel stimuli elicited strong bilateral activity in the intraparietal sulcus extending
into the precuneus, and in dorsal frontal cortex. On direct comparison of the participant groups,
significantly reduced haemodynamic activity in patients relative to healthy participants was
observed in both the frontal and parietal areas. A similar pattern of reduced dorsal frontoparietal
activity in patients was reported for the infrequent target stimuli in the previous section. The
current data suggest that the function of the dorsal frontoparietal areas is disrupted in patients
even for salient stimuli that require no subsequent behavioural response. Thus, even though
some degree of function was retained in the ventral frontoparietal areas specialised for detecting
salient stimuli, patients seem particularly impaired at reorienting processing resources when a
salient novel stimulus must interrupt the current task set. That is, there may be a breakdown in
schizophrenia of the co-ordinated function of the dorsal and ventral frontoparietal systems that is
necessary for orienting to salient stimuli. Given the widespread disturbance observed in patients
throughout limbic-paralimbic cortex, it is suggested that a resulting impairment in motivational
state may impact on frontoparietal systems and interfere with patients' ability to appropriately
assess the relevance of the exogenous stimulus to subsequent behaviour (i.e., there is particular
disturbance of the decision/evaluative component of stimulus salience). The idea that a

91
motivational impairment may contribute to frontal abnormality is consistent with the findings of
Daffner et al. (2000), who demonstrated that the P3a elicited by novel stimuli in frontal lobe
lesioned patients was markedly reduced in amplitude, and further, that the P3a amplitude
attenuation was strongly negatively correlated with measures of apathy (i.e., a reduced P3a
amplitude was associated with higher apathy scores).
Cerebellar and subcortical (thalamus and basal ganglia) function were also prominently
disturbed in patients during orienting to novel stimuli, in spite of there being no requirement to
respond overtly to these stimuli. Andreasen et al. (1998, 1999) place particular emphasis on
disordered function of the cerebellum and thalamus in her 'cognitive dysmetria' model of
schizophrenia, in which disruption in prefrontal-thalamic-cerebellar connectivity produces
difficulties in prioritising, processing, co-ordinating, and responding to information, all of which
are relevant to successful performance of the novelty oddball paradigm. The results from the
current and previous analyses, however, suggest that dysfunction during the processing of salient
exogenous information is more widespread, and in particular, encompasses critical disturbance in
higher processing centres located within limbic and paralimbic cortex.
Consistent with research demonstrating a right hemispheric dominance of certain attentional
functions in healthy participants (Posner and Peterson, 1990; Mesulam, 1999), suprathreshold
activation throughout the right hemisphere was more extensive than in the left. In patients with
schizophrenia, this pattern of hemispheric asymmetry during involuntary attentional orienting
did not emerge, consistent with previous evidence for a reduction in the normal pattern of
cerebral asymmetry (Posner et al., 1998). The nonsignificant trend for group differences in the
measure of global hemispheric asymmetry may emerge more strongly in future analyses that
could limit the assessment of laterality differences specifically to sites within the corticolimbic
network elucidated in the current experiment as mediating the healthy brain's response to salient
novel stimuli.
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Patients with schizophrenia appear to successfully engage those areas of the brain that have
been associated with the automatic/pre-attentive detection of auditory stimulus deviance (as
indexed by the MMN), that is, primary auditory and auditory association cortex. Although
M M N reductions are among the most consistent ERP abnormalities reported in patients with
schizophrenia (Michie, 2001), a recent study indicated that the M M N elicited by novel sounds
may be less impaired in schizophrenia than the conventional M M N elicited by repeated rare
deviants (Grzella et al., 2001). However, imaging an unattended novelty oddball task is
recommended in order to properly characterise any potential group difference in the
haemodynamic activity elicited by novel stimulus deviants in brain regions touted as likely
generators of the M M N .
The infrequency of committing a motor response in the novelty oddball paradigm renders it
unlikely that any pre-potent tendency to respond was established during the task (in the current
version, target stimuli represented only 10% of all trials). However, it remains possible that the
deviation of both target and novel stimuli from the preponderant nontarget baseline prompted a
mobilising of response-related resources that had to be subsequently inhibited for novel trials.
Typically, event-related fMRI studies investigating response inhibition create a pre-potent
tendency to respond either by presenting a preponderance of trials for which a motor response is
required (i.e., targets/Go trials; e.g., Garavan et al., 1999; Braver et al., 2001), or by inserting cue
or warning stimuli prior to the presentation of the target/Go or nontarget/NoGo stimuli (e.g.,
Konishi et al., 1998; Liddle et al., 2001; Watanabe et a l , 2002). When the activation elicited by
the nontarget/NoGo stimulus is directly compared to that elicited by the target/Go stimulus,
inhibition of a motor response that occurs in the context of a pre-potent tendency to respond
elicits bilateral activation in dorsolateral (BA 46/9) and ventrolateral (BA 44/45) prefrontal
cortex, as well as in cortex at the intraparietal sulcus (encompassing both the superior [BA 7] and
the inferior [BA 40] parietal lobules). Thus, to the extent that any need to inhibit a motor
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response was created for infrequent novel stimuli in the current task, response inhibition
processes may have contributed to the activation apparent in the prefrontal and parietal cortices.
By extension, the relatively decreased activity observed in the intraparietal sulcus of patients
with schizophrenia compared to healthy participants may be in part attributable to a disturbance
in response inhibition processes in patients with schizophrenia (Kiehl et al., 2000b), although
imaging studies have typically related response inhibition problems in schizophrenia to the
prefrontal cortices (Rubia et al., 2001; Perlstein et al., 2003).
All but one of the patients recruited into the current experiment were medicated with
antipsychotics. Thus, it is possible that medication status may contribute to the results obtained
in this study. However, ERP research has shown that the amplitude reduction in the P3a elicited
by novel stimuli in patients with schizophrenia is not dependent on medication status (Grillon et
al., 1991a; Merrin and Floyd, 1994). Future research using previously unmedicated first-episode
patients with schizophrenia will provide an opportunity to assess whether a similar pattern of
functional abnormality during salient stimulus processing is present prior to the commencement
of neuroleptic treatment.
Although patients strongly activated parts of the corticolimbic network that is recruited by
healthy participants during orienting to salient novel stimuli, there were no brain areas in which
patients were characterised by significantly greater activation than healthy participants. Previous
research has suggested that patients with schizophrenia may experience an increased
vulnerability to distraction by task-irrelevant stimuli (Braff, 1993; Grillon et al., 1991a). Such
abnormality might have been reflected in relative overactivity in patients in parts of the network
during novel stimulus processing, even given the comparable performance accuracy between the
patient and healthy participant groups on correct non-responses to novel stimuli. However,
distraction by task-irrelevant novel stimuli might more appropriately be indexed by measuring
the brain's response to infrequent target stimuli presented immediately following.the novel
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stimuli rather than the response to novel stimuli per se (cf. Grillon et al., 1991a). That is, there
may be some further decrement in processing and responding to a target event that immediately
follows a novel stimulus relative to a target event that follows a nontarget (baseline) stimulus. In
the task design implemented in the current experiment only task-irrelevant nontarget events
immediately followed a novel stimulus, so the effect of distractibility by novel events on the
task-relevant target events cannot be readily assessed.
However, it is also possible that areas of relative overactivity during novel stimulus
processing in the patient group may emerge when the response to the infrequent target and novel
stimuli are compared directly. Previous research from our laboratory using the active oddball
detection paradigm (Kiehl et al., 2001a; 2001b) demonstrated that, in healthy participants,
relatively greater activation is observed for target than for novel stimuli within many of sites
activated by both types of salient stimuli (including the amygdalo-hippocampal complex,
paralimbic cortex at the frontal operculum, parahippocampal gyrus, caudal A C C and PCC,
posterior association cortex at the temporoparietal junction and at the intraparietal sulcus and
precuneus, as well as in anterior frontal areas, and the thalamus, basal ganglia, and cerebellum).
If patients with schizophrenia experience increased distractibility by the task-irrelevant novel
stimuli, then they might not show the same pattern of relatively greater target-related activation
within the network of corticolimbic sites. The following section reports the comparison of the
participant groups in an analysis that directly compares the activation elicited by target and novel
stimulus processing.
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Chapter 4.0: Experiment One, Part C: Target and novel stimulus processing
comparisons

4.1 Method

4.1.1 Image analysis
Additional contrasts were specified to estimate and test for differences in the amplitude of the
fitted haemodynamic response elicited by the target and novel stimuli at each voxel. For each
participant, two contrast images were created in which voxel values represented the difference in
amplitude of the fitted response for (i) target stimuli relative to novel stimuli, and (ii) novel
stimuli relative to target stimuli. Separate one-sample t-tests were conducted within each group
to determine whether there were any brain regions in which the mean difference between the
stimulus types differed significantly from zero. A two sample t-test was conducted to directly
compare the participant groups on the mean difference in amplitude of the fitted response
between target and novel stimuli (i.e., to assess whether there was a Group x Stimulus Type
interaction). Significant clusters of activation were again assessed at p < 0.05 corrected for
multiple comparisons across the entire brain (height threshold for inclusion at p < 0.005
uncorrected; Friston et al., 1994).

4.2 Results

4.2.1 Imaging Data
Target relative to novel stimulus processing: Healthy participants. In healthy participants,
the second-level, one-sample t-test that tested for brain areas in which the difference in the
amplitude of the fitted haemodynamic response for target events relative to novel events was
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significantly different from zero revealed a single large cluster of 6306 voxels that was
significant after correction for multiple comparisons. This cluster is illustrated oh transaxial
brain slices in Figure 12, and selected local maxima from within the cluster are reported in Table
8. Incorporated within the cluster are areas of limbic and paralimbic cortex that showed
significant activation in healthy participants during both target and novel stimulus processing.
Also activated within the cluster are bilateral heteromodal association areas in the intraparietal
sulcus, in parietal cortex at the temporoparietal junction, as well as in dorsal frontal/premotor
areas and posterior ventral frontal cortex, all of which were significantly activated in healthy
participants by both target and novel events. Activation was also observed throughout the basal
ganglia, thalamus, cerebellum, and brainstem structures. Thus, although this network of areas
was active in healthy participants during orienting to novelty, the areas were activated more
strongly by target processing.
The analysis also highlights the difference in haemodynamic activity elicited by auditory
target and novel stimuli within the occipital cortex, as was suggested by the comparisons of each
stimulus type against the nontarget baseline. That is, whilst auditory target stimuli elicited
suprathreshold activation in widespread occipital cortex in healthy participants, salient novel
stimuli that required no behavioural response did not.
Target relative to novel stimulus processing: Patients with schizophrenia. In patients with
schizophrenia, the one-sample t-test examining the difference in response amplitude for target
relative to novelty processing revealed five significant clusters of activation. These clusters
encompassed a subset of the areas the were preferentially active in healthy participants for target
relative to novel events (see Figure 13 and Table 9). As in the healthy participants, the
paralimbic areas that were active in patients during both target and novel stimulus processing
were more strongly activated by the target stimuli relative to novel stimuli. Bilateral intraparietal
sulcus and parietal cortex in the temporoparietal junction, as well as dorsal frontal/premotor and

97
posterior ventral frontal areas were also more strongly activated by target stimuli than novel
stimuli in patients with schizophrenia.
Although in healthy participants preferential activation for targets relative to novel stimuli in
the right anterior superior-middle frontal cortex did not survive stringent correction for multiple
comparisons, in patients with schizophrenia, this area was significantly more active during target
than during novel stimulus processing. Conversely, in spite of having observed suprathreshold
activation in parts of the occipital cortex in the comparison of target, but not novel, stimuli
relative to the nontarget baseline, this difference between target and novel stimulus processing
did not emerge as significant at the applied threshold.
Novel relative to target stimulus processing: Healthy participants. After correction for
multiple comparisons across the entire brain was applied, the second-level, one-sample t-test
conducted on data from the 28 healthy participants revealed no brain areas to be significantly
more active during novelty processing than during target processing. Two clusters of 42 and 32
voxels were significant only at an uncorrected level (p = 0.014 and p = 0.028 respectively). The
larger of these was located in the left posterior intraparietal sulcus (i.e., encompassing activation
in both the inferior parietal lobule [BA 40] and superior parietal lobule [BA7]), and extending
further posteriorly into the precuneus (BA 19; xyz co-ordinate of the voxel of peak activation
within the cluster = -36 -72 40, t = 4.58, p = 0.000 uncorrected). The other cluster of activation
encompassed the left inferior-middle frontal gyri (BA 9/45/46; xyz co-ordinate of the voxel of
peak activation within the cluster = -52 16 24, t = 4.50, p = 0.000 uncorrected).
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Figure 12. Illustration of the significant cluster of activation in which target stimulus
processing elicited a greater haemodynamic response than novel stimulus processing in
healthy participants. Data are presented in the modified Talairach space used in SPM99, and
rendered onto transaxial slices of a standard reference brain according to neurological
convention (i.e., the left hemisphere is illustrated on the left). Transaxial slices are presented in
4mm increments starting from z = -52 below to z = 64 mm above the A C - P C plane. The image
is thresholded at a height of t^t) = 2.77, corresponding to a significance level of p < 0.005
uncorrected for multiple comparisons conducted throughout the whole brain. The range of tscore values within the cluster are defined in the colourbar located at bottom right. The cluster is
significant at p < 0.05 corrected for multiple comparisons.
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Table 8. Selected local maxima contained within the significant cluster of activation in
which target stimulus processing elicited a greater haemodynamic response than novel
stimulus processing in healthy participants. For each of the local maxima, the Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple
comparisons conducted throughout the whole brain ('P orr') and when no correction is applied
('Puncorr'), are reported.
C

Talairach
Co-ordinates

Functional Anatomic Area (Brodmann Area)

/score

p
1

corr

uncorr

y

z

-24
16
-28
28
-60
56
-24
36
-32
28
0
-8
4
-20
20

4
0
-8
-40
4
8
16
24
0
12
40
12
0
-68
-64

-20
-16
-24
0
-4
-8
-12
-12
-12
-12
16
36
48
8
4

5.29
3.24
2.78
8.30
4.81
4.98
5.99
4.46
6.08
5.90
4.64
6.74
8.92
4.50
3.40

0.155
1.000
1.000
0.000
0.390
0.295
0.024
0.640
0.020
0.031
0.505
0.003
0.000
0.603
0.999

0.000
0.002
0.005
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

-56
56

-28
-36

24
28

3.84
4.82

0.970
0.385

0.000
0.000

-24
28
-36
48
-20
8

-56
-52
-44
-36
-68
-60

64
60
56
56
52
-64

7.69
3.40
7.99
4.55
5.05
3.89

0.000
1.000
0.000
0.571
0.257
0.959

0.000
0.001
0.000
0.000
0.000
0.000

-56
60
-36
32

0
12
-16
-12

24
16
60
52

4.26
3.47
9.58
4.96

0.784
0.999
0.000
0.305

0.000
0.001
0.000
0.000

Limbic - Paralimbic Cortex
L. Amygdala
R. Amygdala
L. Hippocampus
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (24/32)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
Posterior Cingulate Cortex (30)
Posterior Cingulate Cortex (30)

p
A

X

Temporoparietal Junction
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus(7)

Dorsal and Ventral Frontal Cortex
L. Precentral / Inferior Frontal Gyri (6/9)
R. Inferior Frontal / Precentral Gyri (44/9/6)
L. Precentral / Middle Frontal Gyri (4/6)
R. Precentral / Middle Frontal Gyri (6)

continued over..
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Table 8 continued.
Talairach
Co-ordinates

Functional Anatomic Area (Brodmann Area)

tscore

P

corr

p

X

y

z

-4
12
-48
64
-56
-40
64
-44
56
60
-48

-12
36
-24
-8
0
-36
-36
-28
-24
-16
-64

67
36
8
12
24
36
36
56
48
20
4

7.86
4.26
4.51
3.25
4.26
6.07
3.64
12.78
5.96
5.30
3.47

0.000
0.782
0.601
1.000
0.784
0.020
0.994
0.000
0.026
0.153
0.999

0.000
0.000
0.000
0.002
0.000
0.000
0.001
0.000
0.000
0.000
0.001

-28
-16
-16
52
16
32
16

-72
-100
-88
-56
-76
-92
-76

8
8
28
-8
-16
0
12

7.40
4.78
3.29
3.64
6.96
4.52
5.25

0.001
0.409
1.000
0.994
0.002
0.597
0.173

0.000
0.000
0.000
0.001
0.000
0.000
0.000

-12
8
-8
12
-8
8
-32
12
-4
4
-20
-36
16
8

-24
-24
8
12
12
8
0
8
-24
-36
-80
-52
-56
-72

4
0
-8
-8
0
4
0
-4
-20
-40
-24
-36
-24
-52

7.69
4.95
5.30
5.98
5.03
4.50
6.86
4.74
3.99
4.21
7.64
6.52
11.72
7.00

0.000
0.311
0.150
0.025
0.258
0.604
0.003
0.435
0.926
0.817
0.000
0.006
0.000
0.002

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

L

1

uncorr

Other Neocortex
Medial Frontal Gyrus (6)
Medial Frontal Gyrus (9)
L. Superior-Transverse Temporal Gyri (42/41)
R. Superior-Transverse Temporal Gyri (42/41)
L. Precentral / Inferior Frontal Gyri (6/9)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Postcentral Gyrus (2/5)
R. Postcentral Gyrus (2)
R. Postcentral Gyrus (40)
L. Middle-Inferior Temporal / Middle Occipital
Gyri (37/19)
L. Middle Occipital Gyrus (18)
L. Cuneus (18/17)
L. Cuneus (19)
R. Inferior Temporal Gyrus (37)
R. Lingual / Fusiform Gyri (18/19)
R. Middle-Inferior Occipital Gyri (18/19)
R. Cuneus (18/17)

Subcortical Structures
L. Thalamus
R. Thalamus
L. Ventral Striatum
R. Ventral Striatum
L. Caudate
R. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons
L. Cerebellum (Declive)
L. Cerebellum (Culmen)
R. Cerebellum (Culmen)
R. Cerebellum (Inferior Semi-Lunar Lobule)

Note: L. = Left, R. = Right. All local maxima reported were contained within a single cluster comprising 6306
voxels, which was significant at p < 0.000 corrected.
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Figure 13. Illustration of the five significant clusters of activation in which target stimulus
processing elicited a greater haemodynamic response than novel stimulus processing in
patients with schizophrenia. Data are presented in the modified Talairach space used in
SPM99, and rendered onto transaxial slices of a standard reference brain according to
neurological convention (i.e., the left hemisphere is illustrated on the left). Transaxial slices are
presented in 4mm increments starting from z = -52 below to z = 64 mm above the AC-PC plane.
The image is thresholded at a height of t(27) = 2.77, corresponding to a significance level of p <
0.005 uncorrected for multiple comparisons conducted throughout the whole brain. The range of
t-score values within the clusters are defined in the colourbar located at bottom right. Clusters
are significant at p < 0.05 corrected for multiple comparisons.
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Table 9. Selected local maxima contained within the five significant clusters of activation
in which target stimulus processing elicited a greater haemodynamic response than novel
stimulus processing in patients with schizophrenia. For each of the local maxima, the
Talairach co-ordinates, t score, and the probability of achieving that t score, both when
correcting for multiple comparisons conducted throughout the whole brain ('P orr') and when no
C

correction is applied ('P ncorr'), are reported. Clusters are indicated with a superscript label (a-e)
U

and described at the conclusion of the table.

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
z

p
1

corr

p
1

uncorr

X

y

Limbic - Paralimbic Cortex
L. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Anterior Insula (13)
R. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (24/32)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)

-32
-56
60
-44
44
-12
8
-8

-20
4
8
4
0
36
8
0

-12
4
4
0
-4 .
28
40
48

2.97
5.20
5.16
5.82
5.91
3.84
6.47
7.89

1.000
0.202
0.221
0.038
0.030
0.993
0.007
0.000

0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Temporoparietal Junction
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-60
60

-44
-32

28
24

3.72
3.83

0.997
0.993

0.000
0.000

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus(7)

-28
36
28
-40
36
40
-16

-48
-56
-48
-52
-36
-52
64

64
60
64
48
44
56
52

7.23
3.55
4.40
4.00
6.30
3.78
6.64

0.001
1.000
0.808
0.972
0.011
0.996
0.004

0.000
0.001
0.000
0.000
0.000
0.000
0.000

-28
-60
56
28
40
40

-20
4
8
60
44
44

68
32
28
8
28
12

9.88
4.93
4.48
3.05
4.10
3.61

0.000
0.410
0.754
, 1.000
0.951
0.999

0.000
0.000
0.000
0.003
0.000
0.001

a

a

c

a

0

a

a

a

a

0

a

0

c

a
c

c

a

Dorsal and Ventral Frontal Cortex
L. Precentral / Middle Frontal Gyri (6)
L. Precentral / Inferior Frontal Gyri (6/9)
R. Inferior Frontal / Precentral Gyri (9/44/45/6)
R. Superior Frontal Gyrus (10)
R. Middle Frontal Gyrus (10)
R. Middle Frontal Gyrus (46)
a

a

0

c

c

c

continued over..
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Table 9 continued.

Functional Anatomic Area (Brodmann Area)

Talairach
Co-ordinates

a

a

c

0
c

a

a

c

b

a

d

a

b/d

b

b

b

b

0

corr

p
A

uncorr

z

-40
-52
48
40
60
-4
-64
52
12

-32
-24
-28
-40
-16
-8
-28
-20
-92

60
16
40
64
28
52
16
12
-24

15.68
8.99
8.26
5.42
6.19
8.26
3.21
3.87
3.54

0.000
0.000
: 0.000
0.112
0.014
0.000
1.000
0.995
, 1.000

0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000
0.001

-20
8
-24
24
-8
-4
-24
-40
12
40

-20
-20
-4
0
-28
-32
-60
-60
-56
-60

4
8
0
0
-20
-36
-24
-44
-20
-40

4.61
4.18
5.26
3.49
4.58
4.34
7.44
5.49
9.61
5.26

1 0.657
0.922
0.169
1.000
0.676
0.843
0.001
0.092
0.000
0.169

0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000

Subcortical Structures
L. Thalamus
R. Thalamus
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons"
L. Cerebellum (Declive)
L. Cerebellum (Cerebellar Tonsil)
R. Cerebellum (Declive)
R. Cerebellum (Tuber)

p
1

y

Other Neocortex
L. Postcentral Gyrus (2)
L. Postcentral Gyrus (40)
R. Postcentral Gyrus (2)
R. Postcentral Gyrus (5)
R. Postcentral Gyrus (3)
Medial-Superior Frontal Gyri (6)
L. Superior-Transverse Temporal Gyrus (42/41/22)
R. Superior-Transverse Temporal Gyrus (42/41/22)
R. Lingual Gyrus (17)

t score

X

Note: L. = Left, R. = Right. Cluster a = 2412 voxels, p < 0.000 corrected; b = 904 voxels, p < 0.000 corrected; c =
778 voxels, p < 0.000 corrected; d = 64 voxels; p < 0.021 corrected; e = 78 voxels, p < 0.008 corrected.
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Novel relative to target stimulus processing: Patients with schizophrenia. In comparison to
the healthy participant data, three significant clusters of activation were revealed by the secondlevel, one-sample t-test conducted on data from the 28 patients with schizophrenia after wholebrain correction was applied. These clusters are described in Table 10 and illustrated on
transaxial brain slices in Figure 14. A cluster comprising 64 voxels incorporated, and extended
more superiorly than, the nonsignificant cluster reported for the healthy participant group within
the left inferior-middle frontal gyri. The other two clusters were located bilaterally in temporal
cortex at the temporoparietal junction, and in the right hemisphere, activation extended anteriorly
within the middle temporal gyrus.
Group by Task interaction. The two-sample t-test that tested for areas exhibiting a Group x
Task Interaction (i.e., areas in which the participant groups showed a differential pattern of
activation for target relative to novelty processing and/or for novelty relative to target
processing), revealed a single significant cluster of activation comprising 91 voxels (see Table
11 and Figure 15). The cluster incorporated activation in the left amygdala and in paralimbic
cortex within the left frontal operculum and rostral A C C , as well as subcortical activation in the
basal ganglia. Examination of the data revealed that healthy participants exhibited greater
activation in this area during target relative to novel stimulus processing than did patients with
schizophrenia. This effect is presented graphically in Figure 16a, which illustrates the mean
magnitude of the difference in amplitude of the fitted response for target relative to novel stimuli
in the healthy participant and patient groups within selected limbic and paralimbic voxels listed
in Table 11. Although not included in the figure, the same pattern of relatively greater activation
in healthy participants during target relative to novel stimulus processing was observed in the
basal ganglia structures listed in the table.
Although data from the one sample t-tests suggested that patients may be characterised by
relatively increased activity in the right anterior superior-middle frontal cortex during target
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relative to novel stimulus processing compared with healthy participants, this effect emerged
only at an uncorrected significance level (i.e., in the right anterior superior-middle frontal cortex
the peak voxel of activity in the Group x Task interaction was at xyz co-ordinate = 40 44 12, t =
2.08, p = 0.021 uncorrected). The mean magnitude of the difference in amplitude of the fitted
response for target relative to novel stimuli in the healthy participant and patient groups within
this voxel of peak activity is illustrated in Figure 16b.
Likewise, the suggestion that patients may be characterised by relatively increased activity
bilaterally in the temporal lobes during novel relative to target stimulus processing compared to
healthy controls was also apparent at an uncorrected level of significance only (i.e., in the left
temporoparietal junction the peak voxel of activity in the Group x Task interaction was at xyz
co-ordinate = -64 -36 0, t = 2.80, p = 0.004 uncorrected; in the right hemisphere, the peak voxel
of activation lay more anteriorly in the middle temporal gyrus at xyz co-ordinate = 60 -12 -8, t =
3.40, p = 0.001 uncorrected). The mean magnitude of the difference in amplitude of the fitted
response for novel relative to target stimuli for each group within these voxels is illustrated in
Figure 16c.
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Figure 14. Illustration of the three significant clusters of activation in which novel stimulus
processing elicited a greater haemodynamic response than target stimulus processing in
patients with schizophrenia. Data are presented in the modified Talairach space used in
SPM99, and rendered onto transaxial slices of a standard reference brain according to
neurological convention (i.e., the left hemisphere is illustrated on the left). Transaxial slices are
presented in 4mm increments starting from z = -52 below to z = 64 mm above the AC-PC plane.
The image is thresholded at a height of tyi) - 2.77, corresponding to a significance level of p <
0.005 uncorrected for multiple comparisons conducted throughout the whole brain. The range of
t-score values within the clusters are defined in the colourbar located at bottom right. Clusters
are significant at p < 0.05 corrected for multiple comparisons.
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Table 10. Selected local maxima contained within the three significant clusters of
activation in which novel stimulus processing elicited a greater haemodynamic response
than target stimulus processing in patients with schizophrenia. F o r each of the local
maxima, the Talairach co-ordinates, t score, and the probability o f achieving that t score, both
when correcting for multiple comparisons conducted throughout the whole brain ('P orr') and
C

when no correction is applied ('P corr'), are reported. Clusters are indicated with a superscript
un

label (a-c) and described at the conclusion of the table.

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x

y

P

corr

1

z

p
1

uncorr

Dorsal and Ventral Frontal Cortex
L. Middle Frontal Gyrus (9/46)
L. Middle Frontal Gyrus (8/6)
L. Inferior Frontal Gyrus (9/45)

-56
-44
-52

16
20
20

36
48
24

4.50
4.12
4.29

0.737
0.945
0.870

0.000
0.000
0.000

Other Neocortex
L. Superior Temporal Gyrus (22)
L. Middle Temporal Gyrus (21)
R. Superior Temporal Gyrus (22)
R. Middle Temporal Gyrus (21)

-64
-68
56
56

-44
-36
-36
-12

12
0
4
-8

4.10
6.92
3.65
7.29

0.950
0.002
0.999
0.001

0.000
0.000
0.001
0.000

c

c

c

b

b

a

a

Note: L. = Left, R. = Right. Cluster a = 116 voxels, p < 0.001 corrected; b = 65 voxels, p < 0.019 corrected; c = 64
voxels, p < 0.021 corrected.

Table 11. Selected local maxima contained within the significant cluster of activation in
which healthy participants were characterised by a greater haemodynamic response than
patients with schizophrenia during target relative to novel stimulus processing. F o r each of
the local maxima, the Talairach co-ordinates, t score, and the probability of achieving that t
score, both when correcting for multiple comparisons conducted throughout the whole brain
C-Pcorr') and when no correction is applied ('P ncorr'X are reported.
U

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x

y

z

Limbic - Paralimbic Cortex
L. Amygdala / Parahippocampal Gyrus
L. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (25)
Rostral Anterior Cingulate Cortex (32)

-24
-24
-28
-4
4

4
24
12
16
20

Subcortical Structures
L. Ventral Striatum
L. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)

-8
-8
-16

12
20
12

-20
-12
-8
-4
' -8

-8
0
-8

p
1

corr

p
1

uncorr

2.89
2.97
3.89
3.59
3.40

1.000
1.000
0.822
0.971
0.995

0.003
0.002
0.000
0.000
0.001

3.84
3.45
2.87

0.855
0.992
1.000

0.000
0.001
0.003

Note: L. = Left, R. = Right. All local maxima reported were contained within a single cluster comprising 91 voxels,
which was significant at p < 0.014 corrected.
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Figure 15. Illustration of the significant cluster of activation in which healthy participants
were characterised by a greater haemodynamic response than patients with schizophrenia
during target relative to novel stimulus processing. Data are presented in the modified
Talairach space used in SPM99, and rendered onto transaxial slices of a standard reference brain
according to neurological convention (i.e., the left hemisphere is illustrated on the left).
Transaxial slices are presented in 4mm increments starting from z = -52 below to z = 64 mm
above the A C - P C plane. The image is thresholded at a height of
= 2.67, corresponding to a
significance level of p < 0.005 uncorrected for multiple comparisons conducted throughout the
whole brain. The range of t-score values within the cluster are defined in the colourbar located
at bottom right. The cluster is significant at p < 0.05 corrected for multiple comparisons.
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Figure 16. Graphical representation of the mean magnitude (± 2 standard errors) of the
difference in amplitude of the fitted response for target and novel stimuli in the healthy
participant and patient groups at selected voxels, (a) Selected limbic-paralimbic voxels from
within the cluster in which the groups differed significantly on target relative to novel stimulus
processing, (b) A right anterior superior-middle frontal voxel in which a trend existed for group
differences during target relative to novel stimulus processing, (c) Bilateral middle temporal
voxels in which there was a trend for group differences during novel relative to target stimulus
processing.

Healthy
Patient
LEFT AMYGDALA (-24,4,-20)

Healthy
Patient
LEFT ANTERIOR INSULA (-28,12, -8)

Healthy
Patient
ROSTRAL ACC (-4,16,-4)

Healthy
Patient
RIGHT MIDDLE FRONTAL (40,44,12)

Healthy
Patient
RIGHT MIDDLE TEMPORAL (60, -12, -8)

Healthy
Patient
LEFT MIDDLE TEMPORAL (-64,36,0)
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4.3 Discussion

In healthy participants, direct comparison of the haemodynamic response elicited by the
infrequent target and novel stimuli revealed relatively greater activity for target events at many
sites within the corticolimbic network of areas that was activated during the processing of both
salient stimulus types. These areas encompassed limbic-paralimbic cortex, and heteromodal
association cortex at the intraparietal sulcus and temporoparietal junction. In frontal association
cortex, the relatively greater activation of dorsal and ventral frontal areas by target stimuli was
limited to posterior frontal/premotor cortex adjoining sensorimotor cortex. Relatively greater
activation for targets was also observed subcortically in the thalamus, basal ganglia, and
cerebellum.
Preferential activation for target events in several of these areas (particularly in parietal
association cortex, premotor cortex, SMA, and subcortical structures) is commensurate with their
role in preparing and applying an overt motor response to target events, an action that was not
required for the novel stimuli in the current task paradigm. However, co-activation of these
structures with limbic-paralimbic cortex is also consistent with the hypothesis that activity in a
widespread corticolimbic circuit is modulated by the relative salience of exogenous stimuli.
Thus, in the context of active oddball task performance, infrequent target stimuli are associated
with greater activation within the circuit than infrequent novel stimuli that require no behavioural
response (see also Kiehl et al., 2001a, 2001b). Conversely, in passive performance of the
novelty oddball task, the infrequent 'target' deviants are no longer task-relevant, and are
consequently less salient than their infrequent novel counterparts (see Downer et al., 2002).
In healthy participants, the visual cortex was also more active during the processing of
auditory target stimuli than during novel stimulus processing. Previous research using the
auditory oddball task has also reported activation of the middle occipital gyrus and cuneus
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during target relative to novel stimulus processing (Kiehl et al., 2001b). Due to the absence of
interconnections linking the unimodal association areas that serve the different sensory
modalities (Pandya and Yeterian, 1985), activation within visual cortex during an auditory task
may reflect the activity of feedback projections from the heteromodal association cortices which
are responsive to both auditory and visual stimuli. It has been suggested that much of the
cerebral activity that occurs in healthy participants during target processing in the oddball task is
not essential for task performance, but rather, reflects a strategy in which it is advantageous to
activate extended brain areas in order to prepare a flexible response to the oddball stimuli (Kiehl
and Liddle, 2001; Liddle, 2001).
In general, a similar pattern of relatively greater activity elicited by target compared to novel
stimuli was observed in patients with schizophrenia. However, the contrast testing for a Group x
Task interaction revealed some important differences between the groups. A significant cluster
of activation, reflecting relatively greater activation in the healthy participants compared to
patients during target relative to novel stimulus processing, encompassed the amygdalaparahippocampal gyrus, paralimbic cortex at the frontal operculum and rostral A C C , and the
basal ganglia (i.e., ventral striatum, caudate, and putamen/globus pallidus). These areas
comprise major components of a basal forebrain circuit that modulates behavioural choice, as
well as mood, reward assessment, and visceral function (Price, 2003). This circuit, which is
illustrated in Figure 17 (Cardinal et al., 2002), comprises the amygdala-hippocampus, ventral
striatum (or 'nucleus accumbens' in rodents), ventral pallidum, the orbitomedial frontal cortex,
rostral A C C , anterior insula, and the medial thalamus. We suggest that the structures within this
circuit play a crucial role in modulating activity within an extended corticolimbic network that
processes salient exogenous stimuli in order to determine an appropriate behavioural response to
the stimuli. Moreover, the observed difference in activity apparent between the participant
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groups in these structures is consistent with the idea that these brain areas are not activated or
modulated appropriately in schizophrenia.

Figure 17. Schematic illustration of the basal forebrain circuit that modulates behavioural
choice. For simplicity, the hippocampus, although part of the circuit, is not shown (from
Cardinal et al., 2002). Reprinted with permission from Elsevier.

R.N. Cardinal et al. / Neuroscience and Bicbehavioral Reviews 26 (2002) 321—352

\
MD
thalamus

VP

neuromodulator
projection system
Fig. 3. Simplified schematic illustrating components of the limbic corticostriatal loop (heavy lines) and the relationships between regions of the prefrontal
cortex, amygdala, and ventral striatum discussed in the text. For clarity, hippocampal structures are not shown. (Abbreviations: OFC, orbitofrontal cortex;
mFFC, medial prefrontal cortex; ACC, anterior cingulate cortex; BLA, basolateral amygdala; CeA, central nucleus of the amygdala; VTA, ventral tegmental
area; SNc, substantia nigra pars compacta; AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; VP, ventral palEdum; MD, mediodorsal.)
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In addition to the relative underactivity of the limbic cortex in patients during target relative
to novel stimulus processing, there was also a trend for relative hyperactivity in the right
dorsolateral prefrontal area in patients relative to healthy participants. Although many studies
have reported task-related hypofrontality in patients with schizophrenia, other studies have
demonstrated task-related increases in dorsolateral prefrontal cortex activity (e.g., during
working memory task performance; Callicott et al., 2000; Manoach et al., 1999, 2000). In the
context of the preserved behavioural performance of patients on the current task, the relatively
greater activation observed in the prefrontal cortex of patients during target relative to novel
stimulus processing may represent a compensatory mechanism that serves to counteract the
relative underactivity observed in limbic cortex and related subcortical areas in the basal
forebrain.
There was also a nonsignificant trend for patients with schizophrenia to show relative
overactivity bilaterally in the temporoparietal junction during novel relative to target stimulus
processing, perhaps indicative of increased distractibility by the task-irrelevant novel stimuli in
patients (see Grillon et al., 1991a). This activation lay posterior and inferior to primary auditory
cortex, suggesting that this was not an effect caused primarily by a protracted auditory
processing of never-experienced auditory events. Corbetta and Shulman (2002) have suggested
that the temporoparietal junction is particularly concerned with determining the behavioural
significance of a salient event. Thus, overactivity of this cortex during novel relative to target
stimulus processing in patients may reflect the assignation of relatively greater processing
resources to determining the task-irrelevance of the novel stimuli in this task. That is, the
distractibility associated with novel stimuli presented in the context of the novelty oddball
paradigm may relate more to problems determining a novel stimulus' behavioural relevance than
to difficulties evaluating its novelty per se.
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Chapter 5.0: Experiment Two: Supramodal processing of frequent target stimuli relative
to nontarget stimuli in healthy participants

The following study was designed in order to ascertain more clearly the impact of taskrelevance (i.e., behavioural-salience) on the corticolimbic network that supports infrequent target
and novel stimulus processing. We employed a task that removed the salience contributed by
stimulus infrequency and stimulus novelty, and allowed a direct comparison of the activity
associated with a frequent and familiar stimulus that signalled the need to engage in a
behavioural response from an equally-frequent and familiar stimulus that required no subsequent
response. In order to characterise the supramodal nature of the healthy brain's response to taskrelevant stimuli, the task was conducted in both the auditory and visual modalities with healthy
participants only.

5.1 Methods

5.1.1 Participants
Ten right-handed volunteers (mean age 24.4 years, SD 5.1; 5 female) with normal visual and
auditory acuity participated in the study (handedness assessed using the questionnaire of Annett,
1970). Participants were medication-free and without history of neurological or psychiatric
illness. All procedures complied with University and Hospital ethical requirements, and
participants provided written informed consent prior to scanning.

5.1.2 Task
Visual and auditory stimuli were presented to the participant by a computer-controlled
presentation system (http://nilab.psychiatry.ubc.ca/vapp/). Visual stimuli were displayed on a
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rear projection screen mounted at the entrance to the magnet bore. Participants viewed the
screen from a distance of approximately 2 metres by means of a mirror system attached to the
head coil. The scanning room and magnet bore were darkened to permit easy visualisation of the
stimuli. During both visual and auditory scanning runs, a white 62 x 32 cm rectangular box was
presented continuously on the screen to ensure a restricted fixation space during all tasks.
The visual stimuli for the Go and NoGo trials were counterbalanced across participants such
that five participants were instructed to respond to the stimulus letter 'X' and to make no motor
response to the letter 'K', while the other five subjects responded to the letter 'K' and made no
motor response to the letter 'X'. The letters were presented in random order, in white font
against a black background, for a period of 200 ms and subtended a visual angle of
approximately 6 degrees. Two visual stimulus runs, each containing 35 Go and 35 NoGo trials,
were presented to the participant. All trials were presented against a background of no
stimulation (i.e., a 'resting' baseline). An ISI of seven seconds ensured that the stimuli had an
equal probability of occurring zero, one, or two seconds after the commencement of the three
second image volume acquisition period (i.e., TR). Thus, the haemodynamic response to each
stimulus type was effectively sampled at one second intervals (Josephs et al., 1997). A constant
ISI of 7 seconds was also chosen to minimise any orienting response elicited by unpredictability
of the occurrence of a stimulus.
Auditory stimuli were delivered to the participant via insert earphones fitted into 30 dB
sound-attenuating MRI-compatible headphones.

Five participants were instructed to respond to

a 1000 Hz tone and make no response to a 1500 Hz tone, while the other five subjects responded
to the 1500 Hz tone and made no response to the 1000 Hz tone. As in the visual paradigm,
stimulus duration was 200 ms, with an ISI of 7 seconds. All stimuli were presented at
approximately 80 dB, and each participant indicated their ability to hear and discriminate the
stimuli from the background noise created by the scanner. Two auditory stimulus runs, each
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containing 35 Go and 35 NoGo stimuli, were collected in each participant. The presentation
order of the visual and auditory runs was counterbalanced so that half of the participants received
the two auditory runs prior to the visual runs.
Across both stimulus modalities, participants were informed of the importance of fast and
accurate performance. Participants responded with their right index-finger to the Go stimuli
using a commercially available MRI-compatible fibre-optic response device (Lightwave
Medical, Vancouver, B.C.). Reaction times to Go events were computed for trials in which the
participants responded within 1500 ms of stimulus onset. Failure to respond to a Go event
within 1500 ms of stimulus onset constituted an error of omission. Errors of commission were
defined as responses that occurred within 1500 ms of the onset of a NoGo stimulus. To ensure
comprehension of the task instructions, participants performed a practice block of ten trials prior
to scanning.
Post-hoc examination of stimulus presentation order following randomisation revealed that
almost 60 percent of trials involved a switch from one stimulus event type to the other on
subsequent trials, with only 41 percent of stimuli following a stimulus of the same type. Should
participants have become aware of the slight bias towards switching after each trial, the decision
to respond or withhold responding to a stimulus may have become slightly easier and evoked a
relatively reduced haemodynamic response to the stimulus. While this would make it harder to
detect the brain response to the stimuli relative to baseline, it should not have differentially
affected the haemodynamic response elicited by the Go and NoGo events.

5.1.3 Imaging parameters
Functional images were acquired in the same manner as outlined previously for the auditory
oddball task. For both the auditory and the visual sensory modalities, two scanning runs of 167
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functional image volumes were collected, with the initial 4 images excluded from subsequent
analyses in order to remove the influence ofTi stabilisation effects.

5.1.4 Image processing
Functional images were processed and analysed using the Statistical Parametric Mapping 99
software (SPM99, Wellcome Department of Cognitive Neurology, London, UK.
http://www.fil.ion.ucl.ac.uk/spm/). Images were reconstructed offline. Each scanning series was
independently realigned and motion-corrected using the procedure described by Friston et al.
(1996). Corrections for translations and rotations did not exceed 2.5 mm and 3 degrees
respectively for any participant. A mean functional image was constructed independently for
each scanning series (i.e., 'session') in each participant, and used to derive parameters for spatial
normalisation into the modified Talaraich (Talairach and Tournoux, 1988) stereotaxic space
implemented in SPM99. Both affine and nonlinear components were used in the normalisation
(Friston et al., 1995a). The normalisation parameters for each mean image were then applied to
the corresponding functional images for each session, and the images resampled into isotropic
4mm voxels. The normalised images were subsequently smoothed with an 8-mm full-width-athalf-maximum Gaussian kernel to optimise the signal-to-noise ratio and to compensate for
intersubject anatomical variation. High frequency noise associated with scanner artefacts was
removed using a 0.16 Hz low-pass fifth-order IIR butterworth filter applied to the fMRI time
series at each voxel. A high-pass filter was applied to remove noise associated with low
frequency confounds (e.g., respiratory artefact).

5.1.5 Image analysis
Statistical analysis was performed using the general linear model approach implemented in
SPM99 to estimate and statistically test the effect of the Go and NoGo events on the
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haemodynamic response elicited within each voxel. Event-related responses to Go and NoGo
stimuli were modelled using a synthetic haemodynamic response function comprised of two
gamma functions and their temporal derivatives (Friston et al., 1998; Josephs et al., 1997). The
first gamma function modelled the haemodynamic response using a peak latency of 6 s, and the
second gamma function modelled the small 'overshoot' of the haemodynamic response on
recovery. The temporal derivatives of the gamma functions were included to compensate for
slight variation in the peak latency of the onset of the haemodynamic response. Errors of
commission and omission were modelled separately from correct responses to Go events and
correct non-responses to NoGo events. The confounding effects of fluctuations in global signal
intensity between image volumes were removed using an adjusted proportional scaling routine
(Desjardins et al., 2001). While all co-ordinates in this study are reported and displayed in the
modified Talairach stereotaxic space implemented in SPM99, a transformation algorithm was
applied to these co-ordinates in order to localise the activations within standard Talairach space
(Talairach and Tournoux, 1988; see http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html for
the transformation algorithm).
Conjunction analyses across sensory modalities. Contrasts were specified to estimate and test
for differences in the amplitude of the fitted haemodynamic response between Go and NoGo
events, and between each of these event types and baseline ('resting') activation, using t-tests at
each voxel. Conjunction analyses as implemented in SPM99 (Friston et al., 1999a; Price and
Friston, 1997; Price et al., 1997) were performed to identify brain regions that were commonly
activated across the auditory and visual modalities. The results from the conjunction analyses
form the basis of this paper because they enable the elucidation of supramodal activity, common
across the auditory and visual modalities, in a small sample of participants (Friston et al.,
1999b). As t-tests were conducted in each voxel across the entire brain, a correction for multiple
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comparisons based on the theory of Gaussian fields was applied (Friston et al., 1995b) and all
reported voxels satisfy a corrected significance criterion of p < 0.05.
Random-effects analyses within sensory modalities. To verify the results obtained in the
conjunction analyses with analyses that take account of both inter- and intrasubject variability,
direct comparisons of the amplitudes of the fitted haemodynamic response to Go and NoGo
events were conducted separately within each sensory modality using second-level, randomeffects analyses (Friston et al., 1999a). For the auditory and for the visual modality separately,
contrast images representing the amplitude of the fitted response in each voxel for (a) Go trials
relative to NoGo trials, and (b) NoGo trials relative to Go trials, were computed for each
participant. These contrast images were then entered into separate second-level, one-sample ttests (9 degrees of freedom) for each sensory modality. The resultant SPMjt} in each sensory
modality was thresholded at a t-value of 2.82 (corresponding to a significance threshold of p <
0.01 uncorrected for multiple comparisons), and significant clusters of activation were
determined at a cluster significance of p < 0.05 corrected for multiple comparisons (Friston et al.,
1994).
Similar thresholding was applied in further random-effects analyses that tested for modalityspecific (i.e., non-supramodal) activations in the direct comparison of Go and NoGo events.
Contrast images comparing the response to Go and NoGo events for each subject, separately for
each modality, were entered into a second-level, paired t-test (9 degrees of freedom) to elucidate
any brain areas in which the Go relative to NoGo comparison was significantly greater in one
sensory modality relative to the other.
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5.2 Results

5.2.1 Behavioural data
The mean reaction time and percentage of correct hits for Go events was 425 ms (SD 87 ms)
and 99.0% respectively in the auditory modality and 402 ms (SD 46 ms) and 99.9% respectively
in the visual modality. A paired-samples t-test revealed that mean reaction time did not differ
significantly across modalities [t(9) = 0.973, p = 0.356]. Three of 10 participants made a total of
seven errors of omission in the auditory task, and one participant made one error of omission in
the visual task. The mean percentage of false alarms to NoGo events (i.e., errors of commission)
was 2.1 % (SD 1.18) and 5.7 % (SD 2.75) in the auditory and visual modalities respectively.
While errors of omission did not differ significantly across the modalities [t 9) = 1.765, p =
(

0.111], participants made significantly more errors of commission during the visual task than
during the auditory task [t(9) = -2.785, p = 0.021].

5.2.2 Imaging data
Go versus NoGo event comparisons - Conjunction analyses across sensory modalities. The
results of the conjunction analysis across the auditory and visual sensory modalities, indicating
the brain areas in which a significantly greater haemodynamic response was elicited by Go
events than by NoGo events, are summarised in Table 12, and illustrated in Figure 18. Go
events elicited greater activity than NoGo events in widespread neocortex, including in the
limbic cortex, bilateral paralimbic cortex in the frontal operculum, caudal anterior cingulate,
mid-cingulate, and posterior cingulate gyri, and in association cortex at the temporoparietal
junction, and the anterior intraparietal sulcus extending medially and posteriorly into the
precuneus, as well as in bilateral frontal cortex. Other cortical and subcortical (e.g., basal
ganglia and thalamus) regions are reported in Table 12.
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Figure 18 also illustrates the results of the conjunction analysis that tested for regions in
which NoGo events elicited a greater haemodynamic response than Go events. This analysis
revealed activation in the rostral extreme of the anterior cingulate cortex (BA 32; x y z coordinate of the voxel of peak activation = -8 36 -4, t

(9)

= 4.30, p < 0.000 corrected, 12 voxels)

and in the left lateral inferior frontal gyrus (BA 45; x y z = -56 24 20, t

(9)

= 3.27, p < 0.005

corrected, 2 voxels). Two further single voxels of activation survived correction for multiple
comparisons across the whole brain and were located in the superior frontal cortex (BA 6; x y z
= -56 -64 40, t 9) = 3.21, p < 0.01 corrected) and in the posterior aspect of the inferior parietal
(

lobule (BA 39; x y z = -12 12 64, t

(9)

= 3.11, p < 0.05 corrected).

Go versus NoGo event comparisons - Random-effects analyses conducted within the sensory
modalities. The random-effects analyses conducted separately for the auditory and visual
sensory modalities closely replicate the pattern of activity revealed in the conjunction analyses
across modalities (Tables 13 and 14 and Figures 19 and 20 respectively). In the auditory
modality, nine clusters of activation survived correction for multiple comparisons conducted
across the whole brain, while eight clusters survived correction in the visual modality. In both
modalities, these clusters incorporated bilateral activation in limbic cortex, in paralimbic cortex
at the frontal operculum and in the caudal anterior cingulate and posterior cingulate gyri, and
posterior association cortex at the temporoparietal junction and intraparietal sulcus extending
medially into the precuneus.
No significant clusters of activation were reported in the random-effects analyses that tested
for regions in which greater activity was elicited during NoGo events than Go events. In the
auditory modality, a small, non-significant cluster of four voxels was observed in rostral anterior
cingulate cortex (BA 32; x y z co-ordinate of the voxel of peak activation within the cluster = -8
36 -8, t 9) = 3.67, p = 0.003 uncorrected). In the visual modality, the corresponding non(
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significant cluster in the rostral anterior cingulate cortex comprised only two voxels ( x y z coordinate of the voxel of peak activation = -12 36 -8, t

(9)

= 3.90, p = 0.002 uncorrected).

Modality of presentation comparisons for Go and NoGo events. The random-effects analyses
that directly compared the sensory modalities on the Go relative to NoGo event contrast failed to
reveal any brain areas in which the auditory modality was more active than the visual modality.
However, a cluster of 37 voxels in medial frontal cortex (BA 10, x y z co-ordinate of the voxel of
peak activation = -8 52 20, t 9) = 6.53, p = 0.005 uncorrected) was significantly more active in the
(

visual modality than in the auditory modality. In light of the behavioural data indicating a larger
number of false alarms committed to NoGo events in the visual modality than in the auditory
modality, this result suggests that discriminating the Go and NoGo events in the visual modality
may have been slightly more difficult than in the auditory task. However, the general paucity of
differences between modalities is consistent with the concept of a supramodal network for the
processing of and response to stimuli that are task-relevant.
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Figure 18. Illustration of the brain regions in which a significantly different amplitude of
the haemodynamic response was elicited by Go and NoGo events in healthy participants as
revealed by a conjunction analysis of the auditory and visual sensory modalities.
Significantly greater activity elicited during Go than during NoGo events is presented in the
yellow-red colour range. The converse condition, in which significantly greater activity was
elicited during NoGo than during Go events is presented in the blue-purple colour range. Data
are presented in the modified Talairach space used in SPM99, and rendered onto transaxial slices
of a standard reference brain according to neurological convention (i.e., the left hemisphere is
illustrated on the left). Transaxial slices are presented in 4mm increments starting from z = -52
below to z = 64 mm above the A C - P C plane. The image is thresholded at a significance level of
p < 0.05 corrected for multiple comparisons conducted throughout the whole brain. The range of
t-score values in each comparison are defined in the colourbars located at right.
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Table 12. Brain regions in which a greater haemodynamic response was elicited during Go
events than during NoGo events in healthy participants based on a conjunction analysis of
the auditory and visual sensory modalities. The Talairach co-ordinates of each voxel, the t
score, and the probability of achieving that t score when correction for multiple comparisons
conducted throughout the whole brain ('P orr') is applied are reported.
C

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x

y

z

p
x

corr

Limbic - Paralimbic Cortex
L. Amygdala
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
Posterior Cingulate Cortex (29/30/23)

-28
32
-60
52
-20
20
-44
44
0
-4
0

4
-16
4
16
16
16
12
16
8
-8
-44

-20
-16
-4
-8
-24
-16
-4
-8
40
48
20

5.27
3.83
6.54
6.32
4.34
3.84
3.45
3.94
8.81
9.41
3.76

0.000
0.001
0.000
0.000
0.000
0.001
0.008
0.000
0.000
0.000
0.001

Temporoparietal Junction
L. Superior Temporal Gyrus (22)
R. Superior Temporal Gyrus (22)
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-64
56
-60
56

-36
-40
-40
-40

20
20
20
24

7.10
4.65
4.97
4.68

0.000
0.000
0.000
0.000

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus (7)

-16
32
-52
44
-12
8

-56
-56
-36
-40
-52
-52

64
56
48
48
68
68

6.03
3.27
9.71
3.15
5.59
5.95

0.000
0.024
0.000
0.050
0.000
0.000

Dorsal and Ventral Frontal Cortex
L. Middle Frontal Gyrus (9/8)
R. Middle-Superior Frontal Gyri (10/46)
L. Precentral Gyrus (6/4)
R. Precentral Gyrus (6/4)

-40
40
-64
32

32
40
0
-16

40
24
24
64

3.36
3.33
4.46
6.34

0.014
0.017
0.000
0.000

continued over..
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Table 12 continued.
Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)

Other Neocortex
R. Superior Frontal Gyrus (11)
Medial Frontal Gyrus (6)
L. Postcentral Gyrus (3/2/1/5)
R. Postcentral Gyrus (3/2/1/5)
L. Superior-Transverse Temporal Gyrus (42/41/22)
R. Superior-Transverse Temporal Gyrus (42/41/22)
L. Middle-Inferior Temporal / Middle Occipital Gyri
(39/19/37)
R. Middle-Inferior Temporal / Middle Occipital Gyri
(39/19/37)
L. Lingual Gyrus / Cuneus (18/17)
R. Lingual Gyrus / Cuneus (18/17)
Subcortical Structures
L. Thalamus
R. Thalamus
R. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons
L. Cerebellum
R. Cerebellum

Note: L. = Left, R. = Right.

p
1

corr

x

y

z

24
-4
-32
24
-56
60
-48

56
-20
-32
-32
-28
-20
-72

-12
52
68
68
16
8
8

3.18
10.83
14.63
6.01
12.64
5.07
5.63

0.042
0.000
0.000
0.000
0.000
0.000
0.000

56

-64

-4

5.65

, 0.000

-16
4

-84
-88

4
8

4.66
4.05

0.000
0.000

-20
12
12
-28
24
-4
-8
-24
12

-16
-4
20
0
4
-28
-28
-72
-60

8
12
-4
4
0
-8
-28
-28
-20

5.22
4.87
3.29
5.41
4.48
4.20
3.21
5.20
10.15

0.000
0.000
0.021
0.000
0.000
0.000
0.036
0.000
0.000
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Figure 19. Illustration of the two significant clusters of activation observed in healthy
participants in which Go events elicited a greater haemodynamic response than did NoGo
events in the auditory sensory modality. Data are presented in the modified Talairach space
used in SPM99, and rendered onto transaxial slices of a standard reference brain according to
neurological convention (i.e., the left hemisphere is illustrated on the left). Transaxial slices are
presented in 4mm increments starting from z = -52 below to z = 64 mm above the AC-PC plane.
The image is thresholded at a height of t( = 2.82, corresponding to a significance level of p <
0.01 uncorrected for multiple comparisons conducted throughout the whole brain. The range of
t-score values within the cluster are defined in the colourbar located at bottom right. The cluster
is significant at p < 0.05 corrected for multiple comparisons.
9)
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Figure 20. Illustration of the five significant clusters of activation observed in healthy
participants in which Go events elicited a greater haemodynamic response than did NoGo
events in the visual sensory modality. Data are presented in the modified Talairach space used
in SPM99, and rendered onto transaxial slices of a standard reference brain according to
neurological convention (i.e., the left hemisphere is illustrated on the left). Transaxial slices are
presented in 4mm increments starting from z = -52 below to z = 64 mm above the AC-PC plane.
The image is thresholded at a height of
2.82, corresponding to a significance level of p <
0.01 uncorrected for multiple comparisons conducted throughout the whole brain. The range of
t-score values within the cluster are defined in the colourbar located at bottom right. The cluster
is significant at p < 0.05 corrected for multiple comparisons.
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Table 13. Selected local maxima contained within the two significant clusters of activation
reported for the auditory sensory modality in which Go events elicited a greater
haemodynamic response than NoGo events. For each of the local maxima, the Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple
comparisons conducted throughout the whole brain ( ' P

c o r r

' ) and when no correction is applied

('Puncorr'X are reported. Clusters are indicated with a superscript label (a-b) and described at the
conclusion of the table.

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x

y

z

p
A

corr

p

* uncorr

Limbic - Paralimbic Cortex
L. Amygdala
R. Amygdala
L. Hippocampus
R. Hippocampus
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
Posterior Cingulate Cortex (31)

-20
28
-24
32
36
-56
60
-20
16
-40
42
4
0
-12

4
0
-16
-16
-20
-4
4
20
20
0
8
16
0
-24

-20
-16
-16
-16
-12
0
-4
-16
-20
0
-4
40
44
44

4.76
2.85
3.41
3.97
5.92
5.80
6.76
4.03
3.20
4.19
3.46
6.35
4.52
6.14

1.000
1.000
1.000
1.000
0.998
0.999
0.966
1.000
1.000
1.000
1.000
0.990
1.000
0.995

0.001
0.009
0.004
0.002
0.000
0.000
0.000
0.001
0.005
0.001
0.004
0.000
0.001
0.000

Temporoparietal Junction
L. Superior Temporal Gyrus (22)
R. Superior Temporal Gyrus (22)
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-64
64
-64
64

-36
-28
-32
-28

8
12
28
24

3.87
2.88
10.65
4.50

1.000
1.000
0.025
1.000

0.002
0.009
0.000
0.001

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus (7)

-28
24
-44
52
-12
12

-52
-52
-40
-36
-52
-64

64
68
52
44
56
64

7.39
4.05
10.00
5.30
9.18
3.91

0.500
1.000
0.043
1.000
0.088
1.000

0.000
0.001
0.000
0.000
0.000
0.002

-60
60.
52
52
52

0
-20
8
12
12

32
44
40
32
38

3.61
5.74
4.73
3.04
4.28

1.000
0.999
1.000
1.000
1.000

0.003
0.000
0.001
0.007
0.001

a

a

a

a

A

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

Dorsal and Ventral Frontal Cortex
L. Precentral Gyrus (6)
R. Precentral Gyrus (4)
R. Middle-Inferior Frontal Gyrus (9)
R. Inferior Frontal Gyrus (44/45)
R. Middle Frontal / Precentral Gyri (9/6)
a

a

a

a

a

continued over...
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Table 13 continued.
Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)

p
1

corr

p

* uncorr

x

y

z

Other Neocortex
Medial Frontal Gyrus (6)
R. Postcentral Gyrus (40)
R. Postcentral Gyrus (3)
L. Superior-Transverse Temporal Gyrus (42/41/22)
R. Superior-Transverse Temporal Gyrus (42/41/22)
L. Middle Temporal Gyrus (39/37)
L. Cuneus / Lingual Gyrus (23/17/18)
R. Cuneus /Lingual-Fusiform Gyri (23/18)

-4
60
20
-60
60
-48
-16
4

0
-20
-40
-24
-28
-72
-72
-72

52
20
60
12
16
8
8
8

11.55
12.05
6.06
5.07
5.20
8.83
5.95
4.17

0.013
0.009
0.996
1.000
1.000
0.120
0.998
1.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001

Subcortical Structures
L. Thalamus
R. Thalamus
R. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons"
L. Cerebellum (Pyramis)
L. Cerebellum (Uvula)
R. Cerebellum (Culmen)
R. Cerebellum

-20
12
8
-28
16
0
-8
-8
-28
16
28

-20
-16
8
-12
4
-28
-28
-80
-68
-56
-52

0
4
0
-4
4
-12
-28
-36
-32
-24
-36

7.19
5.16
2.84
8.93
6.12
4.59
3.02
6.39
5.35
9.64
4.66

0.622
1.000
1.000
0.110
0.995
1.000
1.000
0.988
1.000
0.059
1.000

0.000
0.000
0.009
0.000
0.000
0.001
0.007
0.000
0.000
0.000
0.001

a

a

a

a

a

b

a

a

a

a

a

a
a

a

a

a

a

a

Note: L. = Left, R. = Right. Cluster a = 3274 voxels, p < 0.000 corrected; b = 47 voxels, p < 0.041 corrected.
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Table 14. Selected local maxima contained within thefivesignificant clusters of activation
reported for the visual sensory modality in which Go events elicited a greater
haemodynamic response than NoGo events. For each of the local maxima, the Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple
comparisons conducted throughout the whole brain ('Pcorr') and when no correction is applied
('Funcorr'), are reported. Clusters are indicated with a superscript label (a-e) and described at the

conclusion of the table.

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
X

y

z

p
1

corr

p
1

uncorr

Limbic - Paralimbic Cortex
L. Amygdala
R. Amygdala
L. Hippocampus
R. Hippocampus
L. Anterior Superior Temporal Sulcus (38/21/22)
R. Anterior Superior Temporal Sulcus (38/21/22)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Anterior Insula (13)
R. Anterior Insula (13)
Rostral Anterior Cingulate Cortex (24)
Rostral Anterior Cingulate Cortex (25)
Caudal Anterior Cingulate Cortex (24/32)
Mid-Cingulate Cortex (24)
Posterior Cingulate Cortex (31)
Posterior Cingulate Cortex (30)

-28
20
-36
36
-56
56
-24
48
24
-32
42
0
0
4
8
-12
8

0
4
-20
-16
4
12
12
20
8
8
12
32 '
16
16
-20
-28
-56

-16
-20
-16
-16
0
-8
-20
-4
-16
-4
-4
28
-4
40
44
44
4

5.38
3.94
3.97
2.88
6.29
7.36
5.42
6.27
5.71
5.22
4.47
3.28 •
3.34
5.28
7.38
7.77
3.23

1.000
1.000
1.000
1.000
0.987
0.518
1.000
0.988
0.999
1.000
1.000
1.000
1.000
1.000
0.508
0.338
1.000

0.000
0.002
0.002
0.009
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.005
0.004
0.000
0.000
0.000
0.005

Temporoparietal Junction
L. Superior Temporal Gyrus (22)
R. Superior Temporal Gyrus (22)
L. Inferior Parietal Lobule (40/39)
R. Inferior Parietal Lobule (40/39)

-64
56
-60
56

-36
-36
-32
-44

12
8
24
24

7.07
5.58
9.57
6.74

0.709
0.999
0.062
0.958

0.000
0.000
0.000
0.000

Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
L. Precuneus (7)
R. Precuneus(7)

-16
20
-52
8
4

-56
-52
-40
-56
-60

64
64
56
64
68

5.55
3.57
7.55
3.04
10.11

1.000
1.000
0.426
1.000
0.039

0.000
0.003
0.000
0.007
0.000

-60
56
60
60

-16
24
4
-20

44
4
20
40

5.89
3.30
5.82
4.19

0.998
1.000
0.998
1.000

0.000
0.005
0.000
0.001

a

a

a

d

a

0

a

c

a

a

c

a
a

a

a

a

a

a

b

a

b

a

a

a

a

a

Dorsal and Ventral Frontal Cortex
L. Precentral Gyrus (4/6)
R. Inferior Frontal Gyrus (45)
R. Inferior Frontal / Precentral Gyrus (44/6)
R. Precentral Gyrus (4)
a

c

b

b

continued over..
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Table 14 continued.
Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x

y

z

P
r

corr

p
1

uncorr

Other Neocortex
Medial Frontal Gyrus (6)
L. Postcentral Gyrus (2)
L. Postcentral Gyrus (40)
R. Postcentral Gyrus (2/3)
R. Postcentral Gyrus (1/2)
L. Superior-Transverse Temporal Gyrus (42/41/22)
R. Superior-Transverse Temporal Gyrus (42/41/22)
R. Middle-Inferior Temporal Gyri (21)
L. Inferior-Middle Occipital Gyri (19/18)
R. Inferior-Middle Occipital /Lingual Gyri (18)
L. Cuneus (19)
L. Cuneus / Lingual Gyrus (17/18/19)
R. Cuneus/Lingual Gyrus (19)

-4
-44
-56
60
56
-56
56
64
-44
40
0
-8
24

-20
-24
-24
-20
-28
-28
-24
-28
-76
-84
-84
-88
-76

52
52
16
24
48
16
12
-16
-12
-12
32
4
-8

6.75
10.44
5.09
8.56
3.85
5.55
6.94
3.15
3.28
3.88
4.09
3.61
5.49

0.957
0.030
1.000
0.155
1.000
1.000
0.937
1.000
1.000
1.000
1.000
1.000
1.000

0.000
0.000
0.000
0.000
0.002
0.000
0.000
0.006
0.005
0.002
0.001
0.003
0.000

Subcortical Structures
L. Thalamus
R. Thalamus
L. Caudate
R. Caudate
L. Lentiform (Putamen / Lateral Globus Pallidus)
R. Lentiform (Putamen / Lateral Globus Pallidus)
Midbrain
Pons
L. Cerebellum (Cerebellar Tonsil)
R. Cerebellum (Culmen)

-8
16
-4
12
-28
24
8
0
-40
20

-12
-8
12
24
8
8
-32
-12
-52
-52

12
12
0
0
0
0
-20
-32
-40
-24

7.14
9.05
2.86
5.85
6.35
3.92
5.22
3.46
9.40
11.23

0.657
0.513'
1.000
0.998
0.985
1.000
1.000
1.000
0.072
0.016

0.000
0.000
0.009
0.000
0.000
0.002
0.000
0.004
0.000
0.000

a

a

a

b

b

a

b

d

a

a

e

a
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Note: L. = Left, R. = Right. Cluster a = 2932 voxels, p < 0.000 corrected; b = 312 voxels, p < 0.000 corrected; c =
76 voxels, p < 0.004 corrected; d = 53 voxels; p < 0.032 corrected; e = 51 voxels, p < 0.038 corrected.

132
Go and NoGo events relative to baseline. Conjunction analyses conducted across the auditory
and visual sensory modalities for Go events relative to a baseline of rest and for NoGo events
relative to a baseline of rest revealed several brain regions which were significantly activated in
both conditions and which did not show a differential effect for Go and NoGo events (see Figure
21 and Table 15). These areas included superior aspects of the rostral anterior cingulate cortex
near to its transition into caudal anterior cingulate cortex, sections of insular cortex bilaterally,
and in ventrolateral and dorsolateral prefrontal-premotor cortex, particularly in the right
hemisphere.

Table 15. Brain regions activated in the conjunction analysis of the auditory and visual
sensory modalities during both Go events relative to a rest baseline and NoGo events
relative to a rest baseline but not differentially active during Go and NoGo events. The
Talairach co-ordinates of each voxel, the t score, and the probability of achieving that t score
when correction for multiple comparisons conducted throughout the whole brain ('P rr') is
applied are reported.
CO

NoGo events versus baseline

Go events versus baseline
Functional Anatomic Area
(Brodmann Area)

Talairach
Co-ordinates
X

L. Rostral Anterior Cingulate
Gyrus (24/32)
R. Rostral Anterior Cingulate
Gyrus (24/32)
L. Mid Insula
R. Mid Insula
L. Inferior-Middle Frontal Gyrus
(44/45/9)
R. Inferior-Middle Frontal Gyrus
(44/45/9)
L. Precentral-Middle Frontal
Gyrus (6)
R. Precentral-Middle Frontal
Gyrus (6)

Note: L. = Left, R. = Right.

y

t score
z

p

* corr

Talairach
Co-ordinates
X
z
y

tscore

p
x

corr

-12

28

24

3.34

0.015

-12

28

24

3.17

0.044

8

28

24

4.88

0.000

8

28

24

4.66

0.000

-40
36
-48

0
0
16

4
8
20

5.77
6.74
4.22

0.000
0.000
0.000

-40
36
-44

4
0
16

4
8
20

3.57
5.30
4.54

0.003
0.000
0.000

48

20

20

7.97

0.000

48

20

20

7.74

0.000

-52

-4

40

5.66

0.000

-44

-8

52

7.51

0.000

44

-4

52

7.68

0.000

44

-4

52

7.96

0.000
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Figure 21. Illustration of the brain regions significantly activated by both Go and NoGo
events and not differentially activated by those events, as revealed by a conjunction
analysis of the auditory and visual sensory modalities in healthy participants (indicated in
yellow). Red areas are those in which significantly greater activity was elicited during Go events
than during NoGo events. Residual areas in which significant activity was elicited during NoGo
events only are indicated in green. Data are presented in the modified Talairach space used in
SPM99, and rendered onto transaxial slices of a standard reference brain according to
neurological convention (i.e., the left hemisphere is illustrated on the left). Transaxial slices are
presented in 4mm increments starting from z = -52 below to z = 64 mm above the AC-PC plane.
The image is thresholded at a significance level of p < 0.05 corrected for multiple comparisons
conducted throughout the whole brain.
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5.3 Discussion

The results of the current experiment confirm that a widespread, supramodal corticolimbic
network of brain areas is preferentially recruited during the processing of a target (Go) stimulus
that prescribes a subsequent motor response relative to the processing of an equally probable and
familiar stimulus for which no motor response is required. This network incorporates limbic
cortex (amygdala-hippocampus), paralimbic cortex at the frontal operculum, caudal anterior
cingulate, mid-cingulate and posterior cingulate gyri, and association cortex at the
temporoparietal junction, anterior intraparietal sulcus extending medially and posteriorly into the
precuneus, and dorsal frontal cortex. These results closely replicate the results from the
comparison of infrequent target and novel stimuli in Experiment One (Part C; see also Kiehl et
al., 2001a, 2001b), which demonstrated greater activation in this extended network for infrequent
task-relevant (target) events than for infrequent task-irrelevant (novel) events. However, the
current findings indicate that this supramodal network of areas is preferentially engaged by goaldirected processing of behaviourally-salient exogenous stimuli even when the stimuli are neither
infrequent nor novel.
Co-activation of widespread limbic cortex and paralimbic cortex in the Go relative to NoGo
event comparison is compatible with the idea that a motivational component conferred on the
relatively more salient Go event contributes to the difference in brain activation between the Go
and NoGo events in the present task. Hitherto, the cingulate gyrus has been considered the main
site through which motivational, effortful, and emotional influences are bought to bear on
selecting the targets of attention (Mesulam, 1981, 1999; Kim et al., 1999, Maddock, 1999; Paus,
2001; Winterer et al., 2002). The extensive connectivity between limbic cortex and the cingulate
gyrus, and output from the cingulate motor cortex to primary and supplementary motor cortex,
putamen, and the spinal cord, suggests that the cingulate cortex is ideally situated to mediate
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limbic influences on voluntary motor behaviour (Morecraft and Van Hoesen, 1998; Paus, 2001;
Vogt et al., 1992). Several studies have described activity in the A C C that is specific to conflict
between response options rather than conflict at the level of stimulus identification (Milham et
al., 2001; van Veen et al, 2001). By contrast, the PCC may mediate anticipatory attention toward
events of intrinsic or experientially-acquired salience (Kim et al., 1999; Hopfinger et al., 2000;
Mesulam et al., 2001), and thus provide an site for early motivational biasing of exogenous
stimulus processing (i.e., during the stimulus identification phase).
The results of the present study imply that activity in paralimbic cortex around the frontal
operculum also contributes to the goal-directed processing of task-relevant stimuli. Paralimbic
cortex at the frontal operculum provides an additional interface between limbic cortex in the
medial temporal lobes and frontoparietal association cortices (Mesulam and Mufson, 1982a,
1982b; Mesulam, 1998). Cortex at the anterior superior temporal sulcus receives projections
from both the dorsal, 'where' visual pathway in posterior parietal cortex and the ventral, 'what'
visual pathway in the inferior temporal cortex (Baizer et al., 1991). Likewise, auditory 'where'
and 'what' processing streams converge within rostral superior temporal cortex (Rauschecker
and Tian, 2000; Karnath, 2001). Cortex at the anterior superior temporal sulcus also receives
input from other paralimbic regions (cingulate, insula, and orbitofrontal cortex) and subcortical
structures (claustrum, thalamus, and brainstem; Markowitsch et al., 1985; Moran et al., 1987). It
is thus ideally situated to link the multimodal perception of stimuli performed in posterior
neocortex and the frontal executive processes that select, initiate, and monitor behaviour with the
motivational/goal-directed influences from limbic centres.
Work by Karnath and colleagues with patients exhibiting spatial neglect (Karnath, 2001;
Karnath et al., 2001) demonstrated a critical role for cortex at the rostral superior temporal sulcus
in spatial attention, as was previously reported in non-human primates (Watson et al., 1994).
Having observed activation in this region in the present task using foveally-presented visual
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stimuli and in the auditory oddball task during bilateral tone presentation (see also Kiehl et al.,
2001a, 2001b), we suggest that activity in the anterior superior temporal sulcus extends beyond
spatial processes. The anterior superior temporal sulcus may more generally facilitate the
selection of stimuli and responses according to the organism's motivational state.
In the present study, greater activation was also elicited by Go stimuli than by NoGo stimuli
in subcortical brain areas, including the bilateral putamen and thalamus. However, using the
current paradigm, the contribution of goal-directed attention to activation in these areas cannot
be distinguished from activation associated with motor responding. The role of these regions in
goal-directed attention may be more successfully ascertained using paradigms requiring covert
responding to target stimuli (e.g., counting target stimuli).
Many studies have reported right hemisphere dominance in certain attentional processes (see
Posner and Petersen, 1990; Mesulam, 1999, Corbetta and Shulman, 2002). In particular, a right
frontoparietal network, embracing the lateral prefrontal cortex and the superior parietal lobule is
engaged during vigilance tasks in which the participant is required to identify target stimuli
embedded in a series of non-target stimuli (Pardo et al., 1991). Consistent with this previous
observation, our data revealed that both Go and NoGo stimuli elicited predominantly right-sided
activation of lateral prefrontal cortex, while Go stimuli elicited activation of the right superior
parietal lobule.
However, in many brain regions, the activation elicited by the Go stimuli was bilateral, and in
some instances, there was a tendency towards greater activation in the left hemisphere than the
right. As would be expected from the fact that the participants in this study responded with their
right index finger, Go stimuli elicited greater activation of the primary sensorimotor cortex,
supplementary motor cortex, and thalamus in the left hemisphere than the right (while in the
cerebellum, greater activity was observed on the right). However, apparently greater activation
in the left (vs. right) temporoparietal junction and mid-cingulate cortex is less readily explained
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by theright-handedresponding. Braver et al. (2001) observed greater activation of the left midcingulate and left temporoparietal cortex duringright-handedresponses to target stimuli than
duringright-handedresponses in a two-handed response-choice task, and concluded that the
observed left hemisphere bias during target detection was unlikely to be due to the handedness of
the response. Future research that separates the detection of the Go stimuli from an immediate
behavioural response (e.g., by a delayed cue signalling for the commission of a motor response)
may provide insight into the laterality of goal-directed attention, as well as information about the
time-course in which limbic and paralimbic influences are brought to bear on frontoparietal
association areas during goal-directed attention.
In addition to those areas differentially activated by Go and NoGo events, other frontal
regions were similarly activated by both event types, including sites in ventral and dorsal frontal
cortex, caudal A C C , and regions of insular cortex. Although there were few voxels in which
NoGo stimuli elicited greater activation than the Go stimuli, these were mainly located in frontal
cortex. In contrast, in the parietal cortex, NoGo stimuli elicited little activation, whereas Go
stimuli elicited extensive activation. These observations are consistent with the evidence that the
P3 event-related potential elicited by task-irrelevant distracter/novel stimuli is maximal at
frontocentral sites and attenuated over posterior cortex, whereas that elicited by target stimuli is
maximal over parietal cortex (Katayama and Polich, 1998; Friedman et al, 2001).
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Chapter 6.0: Experiment Three: Frequent target relative to nontarget stimulus
processing in patients with schizophrenia

In the present experiment, the auditory version of the equiprobable Go/NoGo task was
conducted to ascertain whether patients with schizophrenia showed functional abnormality
within the corticolimbic network supporting task-relevant stimulus processing during the
processing of Go stimuli.

6.1 Methods

6.1.1 Participants
Sixteen healthy adults (11 male) and 16 patients with schizophrenia (13 male) participated in
the experiment and provided written informed consent. An additional patient was recruited into
the study, but was subsequently excluded due to his inability to clearly discriminate the auditory
stimuli during scanning. All healthy participants were newly recruited (i.e., none had formed
part of the sample included in the previous experiment). In each group, all but one participant
was right-handed (assessed using the handedness questionnaire of Annett, 1970). All procedures
complied with University and Hospital ethical requirements, and participants provided written
informed consent prior to scanning.
Patients were stable, partially-remitted, medicated outpatients recruited from community
mental health teams in Vancouver, B C and outpatient programs at the University of British
Columbia Hospital. All patients met DSM-IV criteria for schizophrenia, as diagnosed by an
institutional or University Hospital psychiatrist (APA, 1994). Mean duration of illness was 9.9
years (SD 7.4), with a range spanning 2 to 24 years. All patients received stable doses of
atypical antipsychotics as their primary medication over the preceding 6-month period. Seven
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patients received olanzapine (mean dose 16.4 mg/day, range 7.5-30), five patients received
risperidone (mean dose: 3.4 mg/day, range 2-8), two patients received quetiapine (mean dose
350 mg/day, range 300-400), and two patients received clozapine (mean dose 500 mg/day, range
400-600). Two patients also received a typical antipsychotic adjunctive to the atypical
medication (1 mg of haloperidol and 25 mg of loxapine). In addition to antipsychotic medication,
several patients were medicated with benzodiazepines (n = 2), anti-cholinergics (n = 4), and antidepressants (n = 10).
On the day of scanning, a trained psychiatrist evaluated the symptoms experienced by the
patients with schizophrenia during the week preceding scanning using the SSPI interview
schedule (Liddle et al., 2002). Consistent with the partially-remitted status of the patients
recruited, overall symptom levels reported were low, with a mean total score on the SSPI of 9
(SD 3.9; range 2 to 15). Syndrome scores were calculated from the items according to the threesyndrome model of schizophrenia described by Liddle (1987a, 1987b). Mean syndrome scores
for Reality Distortion (sum of 2 items: delusions and hallucinations), Disorganisation (sum of 3
items: thought disorder, inappropriate affect, and peculiar behaviour), and Psychomotor Poverty
(sum of 3 items: blunted affect, poverty of speech, and underactivity) respectively were: 2.4 (SD
2.1), 0.8 (SD 1.2), 1.3 (SD 1.7).
Healthy participants were medication-free volunteers without history of neurological or Axis I
psychiatric illness. Participant groups did not differ significantly on the demographic variables
of age, gender, parental socioeconomic status (Hollingshead & Redlich, 1958), or on estimates of
premorbid (National Adult Reading Test [NART]; Nelson, 1982; Sharpe & O'Carroll, 1991) and
current (Quick Test; Ammons & Ammons, 1962) intellectual functioning (p> 0.05; see Table
16).
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Table 16. Demographic data for patients with schizophrenia and matched healthy control
participants.

Variable

Age
Parental socioeconomic status (Hollingshead)
Premorbid intellectual functioning (NART)
Current intellectual functioning (Quick Test)

Healthy
Participants
Mean
28.8
3.3
118
109

SD
6.7
1.6
3.3
9.3

Schizophrenic
Patients
Mean
30.8
3.5
116
104

SD
10.1
1.5
5.5
10.7

6.1.2 Task
Auditory stimuli were presented to the participants by a computer-controlled presentation
system ('Presentation' version 0.52, Neurobehavioural Systems: http://nbs.neuro-bs.com/). Two
stimulus runs were constructed using the task parameters described previously for the auditory
runs of the Go/NoGo task presented in Experiment Three. Designation of the 1000Hz and
1500Hz tones as the 'Go' stimulus was counterbalanced across participants such that half the
participants from each group responded for the 1000 Hz tone, while the remainder responded for
the 1500 Hz tone. Stimuli were presented at approximately 80 dB via insert earphones fitted into
30 dB sound-attenuating MRI-compatible headphones, and each participant indicated their
ability to hear and discriminate the stimuli from the background noise created by the scanner.
Reaction times to Go events were computed for trials in which participants responded within
100-2100 ms of stimulus onset. Failure to respond to a Go event within this time constituted an
error of omission. Errors of commission were defined as responses that occurred within this
time window following a NoGo stimulus. To ensure comprehension of the task instructions,
participants performed a practice block of ten trials prior to scanning.
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6.1.3 Imaging parameters
Functional images were acquired using the same parameter as were outlined previously for
the auditory oddball detection task. Two scanning runs of 173 functional image volumes were
collected, with the initial 4 images excluded from subsequent analyses to remove the influence
ofTi stabilisation effects.

6.1.4 Image processing
Functional images were processed and analysed using the Statistical Parametric Mapping 99
software (SPM99, Wellcome Department of Cognitive Neurology, London, U K .
http://www.fil.ion.ucl.ac.uk/spm/). Image reconstruction, realignment, and spatial normalisation
were conducted as described previously for the auditory oddball task. To remove the influence
of motion from the data, estimated movement parameters (i.e., three translation and three
rotation parameters) were entered into the analysis as covariates of no interest (Friston et al.,
1996). Moreover, a Group (schizophrenic patients, healthy participants) x Movement
(translation, rotation) x Displacement Axis (x, y, z) A N O V A was conducted on the maximal and
mean absolute estimated movement parameters to confirm that the participant groups did not
differ significantly in the extent of head motion. The normalised images were subsequently
smoothed with a 12-mm full-width-at-half-maximum Gaussian kernel to optimise the signal-tonoise ratio and to compensate for intersubject anatomical variation. High frequency noise
associated with scanner artefacts was removed using a 0.16 Hz low-pass fifth-order IIR
butterworth filter applied to the fMRI time series at each voxel. A high-pass filter was applied to
remove noise associated with low frequency confounds (e.g., respiratory artefact).
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6.1.5 Image analysis
Statistical analysis was performed using the general linear model approach implemented in
SPM99 to estimate and statistically test the effect of the Go and NoGo events on the
haemodynamic response within each voxel. Event-related responses to Go and NoGo stimuli
were modelled using a synthetic haemodynamic response function comprised of two gamma
functions and their temporal derivatives (Josephs et al., 1997; Friston et al., 1998). Errors of
commission on NoGo events and errors of omission on Go events were modelled separately
from correct responses ('hits') to Go events and correct non-responses to NoGo events. The
confounding effects of fluctuations in the global signal intensity between image volumes were
removed using an adjusted proportional scaling routine (Desjardins et al., 2001).
Replication of the results obtained for Go relative to NoGo processing in the previous
Go/NoGo experiment. While this experiment was designed primarily to test for differences
between the patient and healthy groups in the processing of task-relevant events, a preliminary
random-effects analysis was conducted to corroborate the results obtained in the previous
experiment, which demonstrated a supramodal network of brain areas in which greater activity
was observed for Go events requiring a subsequent behavioural response than for NoGo events
which required no response. Thus, for each healthy participant only, contrasts were specified to
estimate and test for differences in the amplitude of the fitted haemodynamic response elicited
by Go and NoGo events at every voxel. Significant differences in amplitude for Go and NoGo
events were assessed at the cluster level across the entire brain volume (p < 0.05 corrected for
multiple comparisons, height threshold for inclusion at p < 0.01 uncorrected) according to the
method implemented in SPM99 (Friston et al., 1994).
Between-group comparisons for Go event processing. In order to identify differences
between the groups in the magnitude of the activity elicited during the processing of taskrelevant events, contrast images were created representing the amplitude of the fitted

143
haemodynamic response for Go events relative to baseline ('resting') activation at each voxel for
each participant. These images were first entered into a second-level, one-sample t-test (15
degrees of freedom) for each participant group in order to test the null hypothesis that the mean
of the observations for Go events did not differ significantly from zero in either the healthy
participant group or the patient group. The images were subsequently also entered into a secondlevel A N C O V A (28 degrees of freedom) to test the null hypothesis that there was no difference
between patients with schizophrenia and healthy participants in the mean amplitude of the fitted
haemodynamic response elicited by Go events, with the effect of reaction time to Go stimuli
removed as a potential confound (i.e., to ensure that reaction time differences between the
healthy and patient groups did not contribute to an activation difference between groups).
On account of the relatively small sample size employed in the present experiment, in
addition to conducting an undirected search for differences between the participant groups across
the whole brain, we also tested for group differences using a restricted search of 10 regions-ofinterest (ROIs) identified a priori (e.g., see method applied in Kiehl et al., 2001d). Based on
healthy participant data obtained in the previous experiments, we identified 10 ROIs within
limbic and paralimbic cortex that are active during the processing of stimuli that signal the need
to engage in a subsequent behavioural response (i.e., Go and Target stimuli). A region was
defined as a spherical volume encompassing 555mm , which constituted an area corresponding
3

to one resolution element (a measure of the spatial smoothness of the image, and an approximate
estimate of an independent observation given the signal correlations that exist between
neighbouring voxels in fMRI data). The 10 ROIs were centred on voxels identified in the
previous Go/NoGo experiment, including eight voxels in which Go events elicited significantly
greater activity than NoGo events (i.e., in the left amygdala, right hippocampus, bilateral anterior
STS and orbitofrontal cortex, caudal A C C , and PCC; see Table 12 for co-ordinates), while the
remaining two voxels were located in the left and right rostral A C C , where Go and NoGo events
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both elicited significant, but statistically equivalent, levels of activity (see Table 15 for coordinates). Significant differences between the healthy participant and patient groups within the
10 ROIs were determined at p < 0.05 after applying a bonferroni correction for conducting
multiple ROI comparisons. Because the magnitude of the haemodynamic activity elicited by Go
events in the 10 limbic and paralimbic sites was correlated in the previous Go/NoGo experiment,
the mean correlation between the sites in that study was entered as a parameter in the calculation
of an appropriate bonferroni correction using the method of Simple Interactive Statistical
Analysis (SISA, http://home.clara.net/sisa/bonhlp.htm).

Specifically, the mean amplitude of the

fitted response elicited by the auditory and visual Go events was extracted for each of the 10
healthy participants used in the previous Go/NoGo experiment at each of the 10 sites, and the
average correlation between the activity elicited at each site was considered when determining
the bonferroni correction to apply when conducting 10 two-tailed t-tests on the current data set.
Based on a correlation between the outcome variables of 0.28, to conserve an overall alpha level
of 0.05, an alpha level of 0.0097 was adopted for each test.
The significance of differences between healthy participants and patients with schizophrenia
for Go events across the entire brain volume were assessed at the cluster level (p < 0.05
corrected for multiple comparisons, with the height threshold for inclusion in the cluster set at p
< 0.01 uncorrected; Friston et al., 1994).

6.2 Results

6.2.1 Behavioural data
Mean reaction times to Go events for healthy participants (444 ms, SD 79) and patients with
schizophrenia (560 ms, SD 131) differed significantly [too

=

-3.027, p = 0.005]. However, both

participant groups performed the task well, and the groups did not differ significantly on the
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accuracy of task performance. On average, healthy participants and patients correctly responded
to 99.1% and 98.8% of Go events respectively, and made errors of commission on only 2.6%
and 2.5% of NoGo trials respectively.

6.2.2 Imaging data
Go versus NoGo event comparison. The results of the random-effects analysis that examined
the difference in the magnitude of the fitted haemodynamic response elicited by Go and NoGo
events in healthy participants were largely consistent with the results obtained in the previous
Go/NoGo experiment that demonstrated greater activity in a supramodal network encompassing
the limbic, paralimbic, and frontoparietal association cortices during the processing of Go events
than during the processing of NoGo events (see Figure 22). However, there were several
departures from the previous results, presumably due in part to the greater detection power
afforded by the increased sample size employed in the present study. Whereas previously the
amount of activity elicited by Go and NoGo events in paralimbic cortex at the more superior
aspects of the rostral A C C and in parts of the insula did not differ significantly, in the present
analysis these areas comprised part of the network of areas in which greater activity was elicited
by Go trials than by NoGo trials. Moreover, more extensive activation than previously noted
was observed for Go relative to NoGo stimulus processing in bilateral anterior frontal areas.
Conversely, whereas Go events had previously elicited significantly greater activity than NoGo
events bilaterally in the temporo-occipital junction, this result emerged in the present analysis
only when a less stringent correction threshold was applied.
There were no clusters in which significantly greater activity was observed during processing
of NoGo trials than during Go trials, even when no correction for multiple comparisons was
applied.
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Go event processing relative to resting baseline: Within-group analyses. The results of the
one-sample t-tests conducted within the participant groups revealed significant activation for Go
events relative to resting baseline throughout diverse cortical and subcortical areas in both the
healthy participant and patient groups (see Figures 23 and 24 respectively). The figures
demonstrate that Go events elicited activation in both groups throughout the paralimbic cortex
and in both dorsal and ventral frontoparietal association cortices. However, at the chosen
threshold, activation in the amygdala and anterior hippocampus was apparent in the healthy
participant group only.
While the activation elicited in healthy participants at this threshold was more extensive than
that apparent in the patient group, the largest t-scores were observed within the superior temporal
gyrus in the patient rather that the healthy group (BA 22, voxel of peak activation at x y z coordinate = 56 4 -8, t(i ) = 12.05, p = 0.000 corrected for multiple comparisons conducted across
5

the whole brain). Thus, the experimental procedure and analysis strategy successfully identified
activation in both groups of participants (Callicott et al., 1998).
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Figure 2 2 . Illustration of the significant cluster of activation observed in healthy
participants in which Go events elicited a greater haemodynamic response than NoGo
events. Data are presented in the modified Talairach space used in SPM99, and rendered onto
transaxial slices of a standard reference brain according to neurological convention (i.e., the left
hemisphere is illustrated on the left). Transaxial slices are presented in 4mm increments starting
from z - -52 below to z = 64 mm above the AC-PC plane. The image is thresholded at a height
of td5) 2.60, corresponding to a significance level of p < 0.01 uncorrected for multiple
comparisons conducted throughout the whole brain. The range of t-score values within the
cluster are defined in the colourbar located at bottom right. The clusters are significant at p <
0.05 corrected for multiple comparisons.
=
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Figure 23. Illustration of the significant cluster of activation observed in healthy
participants during Go events relative to a baseline of rest. Data are presented in the
modified Talairach space used in SPM99, and rendered onto transaxial slices of a standard
reference brain according to neurological convention (i.e., the left hemisphere is illustrated on
the left). Transaxial slices are presented in 4mm increments starting from z = -52 below to z =
64 mm above the A C - P C plane. The image is thresholded at a height of t0)
2.60,
corresponding to a significance level of p < 0.01 uncorrected for multiple comparisons
conducted throughout the whole brain. The range of t-score values within the cluster are defined
in the colourbar located at bottom right. The clusters are significant at p < 0.05 corrected for
multiple comparisons.
=
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Figure 24. Illustration of the significant cluster of activation observed in patients with
schizophrenia during Go events relative to a baseline of rest. Data are presented in the
modified Talairach space used in SPM99, and rendered onto transaxial slices of a standard
reference brain according to neurological convention (i.e., the left hemisphere is illustrated on
the left). Transaxial slices are presented in 4mm increments starting from z = -52 below to z =
64 mm above the A C - P C plane. The image is thresholded at a height of t(is) = 2.60,
corresponding to a significance level of p < 0.01 uncorrected for multiple comparisons
conducted throughout the whole brain. The range of t-score values within the cluster are defined
in the colourbar located at bottom right. The clusters are significant at p < 0.05 corrected for
multiple comparisons.
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Go event processing relative to resting baseline: Between-group comparisons. The secondlevel A N C O V A that compared the mean magnitude of the fitted haemodynamic response
elicited by Go events relative to the resting baseline in the patient and healthy participant groups
(while removing the confounding effect of reaction time differences between groups), revealed a
single cluster in which healthy participants were characterised by significantly greater
haemodynamic activity than patients with schizophrenia. The cluster is illustrated on transaxial
brain slices in Figure 25 and voxel-level statistics for local maxima within the cluster are
summarised in Table 17. The cluster incorporated activation in the PCC, at the left intraparietal
sulcus, and in bilateral precuneus-cuneus.
The results of the directed search for group differences during Go event processing relative to
resting baseline within the 10 limbic and paralimbic ROIs are summarised in Table 18. After
applying a bonferroni correction that set the overall alpha level to 0.05 for two-tailed testing in
the 10 regions, significantly greater activation was observed in the healthy participant group than
in the patient group in the rostral A C C , PCC, and in bilateral orbitofrontal cortex. A trend for
greater activation in healthy participants than patients with schizophrenia was observed in the
left amygdala (p = 0.052 corrected), right parahippocampus, and left anterior STS (i.e., these
areas were significant at p < .05 if no correction for multiple comparisons was applied). No
differences between groups were observed in the caudal A C C or in the right anterior STS, even
at an uncorrected level. Figure 26 illustrates the mean magnitude of the fitted response elicited
by Go events (solid lines) relative to resting baseline for the healthy participant and patient
groups for the voxels listed in Table 18. For comparative purposes, the mean magnitude of the
fitted response elicited by NoGo events relative to the resting baseline in each of these voxels is
also illustrated for each group (hashed lines).
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Figure 25. Illustration of the significant cluster of activation in which healthy participants
were characterised by a greater haemodynamic response than patients with schizophrenia
during Go events relative to a baseline of rest. The confounding influence of a significant
difference in reaction time to Go events between the healthy and patient groups was removed in
the analysis. Data are presented in the modified Talairach space used in SPM99, and rendered
onto transaxial slices of a standard reference brain according to neurological convention (i.e., the
left hemisphere is illustrated on the left). Transaxial slices are presented in 4mm increments
starting from z = -52 below to z = 64 mm above the AC-PC plane. The image is thresholded at a
height of 1(28) 2.47, corresponding to a significance level of p < 0.01 uncorrected for multiple
comparisons conducted throughout the whole brain. The range of t-score values within the
cluster are defined in the colourbar located at bottom right. The cluster is significant at p < 0.05
corrected for multiple comparisons.
=
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Table 17. Selected local maxima contained within the significant cluster of activation in
which healthy participants were characterised by a greater haemodynamic response than
patients with schizophrenia during Go events relative to a baseline of rest. The confounding
influence of a significant difference in reaction time to G o events between the healthy and
patient groups was removed in the analysis. For each of the local maxima, the Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple
comparisons conducted throughout the whole brain ('P orr') and when no correction is applied
('Funcorr'), are reported.
C

Talairach
Co-ordinates
Functional Anatomic Area (Brodmann Area)

t score
x

y

z

p

*

p

corr

Paralimbic Cortex
Posterior Cingulate Cortex (31)
L. Posterior Cingulate Cortex (30/23)
R. Posterior Cingulate Cortex (30/23)

*

uncorr

0
-12
12

-36
-52
-60

40
8
12

3.19
3.11
3.39

0.948
0.967
0.877

0.002
0.002
0.001

-48
-48
-56
-4
4

-64
-60
-60
-76
-76

48
44
28
32
36

2.91
2.62
3.17
3.22
3.01

0.990
0.999
0.954
0.930
0.982

0.004
0.007
0.002
0.002
0.003

-12
12
16

-80
-88
-92

24
24
8

3.55
3.39
3.33

0.792
0.877
0.901

0.001
0.001
0.001

Intraparietal Sulcus
L.
L.
L.
L.
R.

Superior Parietal Lobule (7)
Inferior Parietal Lobule (40)
Inferior Parietal Lobule (40/39)
Precuneus (7)
Precuneus(7)

Other Neocortex
L. Cuneus (18/19)
R. Cuneus (19)
R. Cuneus / Middle Occipital Gyrus (18)

Note: L. = Left, R. = Right. All local maxima reported were contained within a single cluster comprising 517
voxels, which was significant at p < 0.010 corrected.
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Table 18. Voxels of peak activation within the 10 regions of interest in which a
significantly greater haemodynamic response was elicited in healthy participants than
patients with schizophrenia during Go events relative to a baseline of rest. The confounding
influence of a significant difference in reaction time to G o events between the healthy and
patient groups was removed in the analysis. For each of the local maxima, the Talairach coordinates, t score, and the probability of achieving that t score, both when correcting for multiple
comparisons conducted within 10 ROIs in which correlated haemodynamic activity is observed
(two-tailed t-tests; ' P r ' ) and when no correction is applied ('P ncorr'), are reported.
c o r

U

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x

y

z

4
-20
16
24
20
36
36
-52

-16
-28
-8
-20
-16
28
28
24

p

P

* corr

* uncorr

0.052
0.077
0.206
0.001
0.041
0.010
0.021
0.026

0.010
0.015
0.040
0.000
0.008
0.002
0.004
0.005

Limbic - Paralimbic Cortex
L. Amygdala
R. Parahippocampus
L. Anterior Superior Temporal Sulcus (38)
L. Orbitofrontal Cortex (47)
R. Orbitofrontal Cortex (47)
L. Rostral Anterior Cingulate Cortex
R. Rostral Anterior Cingulate Cortex
Posterior Cingulate Cortex (23)
a

-20
32
-56
-28
24
. , -4.
0
8

2.46
2.28
1.80
3.99
2.56
3.13
2.88
2.79

Note:
The most significant voxel within the ROI was located inferior to the hippocampus within the paralimbic
parahippocampal gyrus. L. = Left, R. = Right.
a
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Figure 26. Graphical representation of the mean magnitude of the fitted response (± 2
standard errors) during Go stimuli (solid lines) and NoGo stimuli (hashed lines) relative to
a baseline of rest for the healthy participant and patient groups in the voxel of peak
activation within selected limbic and paralimbic regions-of-interest. A l l voxels were
significant at p < 0.05 uncorrected for multiple comparisons. Underlined voxels indicate those
that remained significant after a correction was applied to compensate for conducting tests within
10 regions of correlated activity.
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Healthy
Patient
LEFT AMYGDALA (-20,4, -16)

Healthy
Patient
LEFT ORBITFORQNTAL CORTEX (-28,24, -20)

Healthy
Patient
LEFT ROSTRAL ACC (-4, 36, 28)

Healthy
Patient
RIGHT PARAfflPPOCAMPUS (32, -20, -28)

Healthy
Patient
RIGHT ORBITOFRONTAL CORTEX (24,20, -16)

Healthy
Patient
RIGHT ROSTRAL ACC (0,36,28)
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Figure 26 continued.

Healthy
Patient
LEFT ANTERIOR STS (-32, -28,52)

Healthy
Patient
POSTERIOR CINGULATE CORTEX (-28, -44, 64)

6.3 Discussion

The results of the current experiment provide further support for the hypothesis that healthy
participants recruit a widespread corticolimbic network of brain areas during the processing of
task-relevant stimuli. During Go stimulus processing, healthy participants recruited the limbic
cortex (i.e., the amygdala-hippocampus), paralimbic cortex at the frontal operculum and
throughout the cingulate gyrus, and dorsal and ventral frontoparietal association cortex.
Although activation elicited by Go events in patients with schizophrenia was generally less
extensive than that apparent in the healthy participants at an equivalent threshold, the processing
of task-relevant Go events also elicited activation within the majority of these areas in patients.
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However, at the chosen threshold, activation was not apparent in the amygdala and anterior
hippocampal gyrus.
An undirected search across the whole-brain for sites in which the participant groups differed
in the amount of activity elicited by the Go events revealed a significant cluster within posterior
cortex encompassing paralimbic cortex in the PCC and association cortex at the left intraparietal
sulcus. The PCC has been ascribed a role in monitoring sensory events and evaluating one's
own behaviour (Vogt et al., 1992), and in mediating anticipatory attention toward salient
exogenous events (Kim et al., 1999; Hopfinger et al., 2000; Mesulam et al., 2001). Cortex at the
intraparietal sulcus, along with dorsal frontal areas, contributes to the assembly and coordination of stimulus-response mappings, taking a lead role when these mappings are simple or
well-learned, and can be prepared in advance (Corbetta and Shulman, 2002). It functions to
characterise salient events and specify cognitive plans that target such events for behaviour
(Andersen and Buneo, 2002; Gottlieb, 2002). Thus, the PCC and intraparietal cortex may
together facilitate an early, preferential bias in the processing of stimuli that have been targeted
for behaviour (i.e., task-relevant exogenous stimuli). In spite of the relatively preserved
behavioural performance demonstrated by patients with schizophrenia on this simple task,
dysfunction within these areas may imply that the normal motivational salience ascribed to a
task-relevant stimulus in less effectively imparted to the Go/target event, such that processing
that event is less biased, and the event is thus less efficiently distinguished from the less salient
NoGo stimulus.
The motivational influences that bias processing of the task-relevant Go event may be
disturbed in schizophrenia due to the widespread dysfunction observed in limbic-paralimbic
cortex during Go event processing. Relative underactivity in patients with schizophrenia
compared to healthy participants was observed in the rostral A C C , PCC, and in bilateral
orbitofrontal cortex, with additional nonsignificant trends for relative underactivity in the left
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amygdala, right parahippocampus, and the left anterior superior temporal sulcus. The rostral
A C C and orbitofrontal cortex are major routes by which limbic influences are brought to bear on
stimulus processing and, in particular, response formulation (Cardinal et al., 2002). Their
hypoactivity in patients with schizophrenia implies that insufficient 'late' biasing of stimulusresponse mappings may be present in addition to the early biasing problems imparted by
posterior cortex (especially PCC) dysfunction.
As in the auditory oddball task, these abnormalities were observed even in a partially-remitted
patient sample characterised by low levels of symptomology. This is consistent with the idea
that functional abnormality during salient stimulus processing is a core abnormality in
schizophrenia. However, future research employing a sample of first-episode, neuroleptic-naive
patients with schizophrenia is needed to ascertain whether the abnormality is present already in
early stages of the illness, and prior to the administration of antipsychotic medications.
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Chapter 7.0: Experiment Four: Erroneous processing of salient exogenous stimuli

The previous experiments suggest that patients with schizophrenia experience critical
dysfunction of limbic and paralimbic cortex during the processing of salient exogenous stimuli,
perhaps indexing a problem in focusing processing resources on events of motivational/affective
or experiential significance. In schizophrenia, marked abnormalities are apparent not just in the
selection and initiation of mental activity and behaviour, but also in the monitoring of that
behaviour. This final experiment compares the brain response elicited in healthy participants
and patients with schizophrenia when a salient exogenous stimulus is processed incorrectly and
an error ensues.

7.1 Methods
7.1.1 Participants
Sixteen healthy adults (12 male) and 10 patients with schizophrenia (9 male) participated in
the experiment and provided written informed consent. All participants were right-handed (as
assessed using the questionnaire of Annett, 1970), with normal or corrected-to-normal visual
acuity. All procedures complied with University and Hospital ethical requirements.
Patients were stable, partially-remitted, medicated outpatients recruited from community
mental health teams in Vancouver, B C and outpatient programs at the University of British
Columbia Hospital. All patients met DSM-IV criteria for schizophrenia, as diagnosed by an
institutional or University Hospital psychiatrist (APA, 1994). Mean duration of illness was 11
years (SD 3.1), with a range spanning 2 to 30 years. All patients received a stable dose of an
atypical antipsychotic as their primary medication over the 6-month period preceding scanning.
Five patients received olanzapine (mean dose 17.5 mg/day, range 7.5-30), while four patients
received risperidone (mean dose: 5.0 mg/day, range 2-8), and one patient received clozapine
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(225 mg/day). One patients received a second atypical antipsychotic as an adjunctive medication
(75 mg/day of clozapine), while two patients received a typical antipsychotic adjunctive to the
atypical medication (5 mg/day of loxapine and 6 mg/day of trifluoperazine). In addition to
antipsychotic medication, several patients were medicated with anti-depressants (n = 3) and
benzodiazepines (n = 1).
On the day of scanning, a trained psychiatrist evaluated the symptoms experienced by the
patients with schizophrenia in the week preceding scanning using the SSPI interview schedule
(Liddle et al., 2002). Mean total score on the SSPI was 8.3 (SD 1.6), with a range of 1 to 18.
Syndrome scores were calculated from the items according to the three-syndrome model of
schizophrenia described by Liddle (1987a, 1987b). Mean syndrome scores for Reality Distortion
(sum of 2 items: delusions and hallucinations), Disorganisation (sum of 3 items: thought
disorder, inappropriate affect, and peculiar behaviour), and Psychomotor Poverty (sum of 3
items: blunted affect, poverty of speech, and underactivity) respectively were: 2.0 (SD 0.7), 0.9
(SD 0.4), 1.0 (SD 0.5). As in the other experiments reported, the low levels of symptomology
observed in patients was consistent with their partially-remitted status.
Healthy participants were medication-free volunteers without history of neurological or Axis I
psychiatric illness. Participant groups did not differ significantly on the demographic variables
of age, gender, parental socioeconomic status (Hollingshead & Redlich, 1958), or on estimates of
premorbid (National Adult Reading Test [NART]; Nelson, 1982; Sharpe & O'Carroll, 1991) and
current (Quick Test; Ammons & Ammons, 1962) intellectual functioning (p > 0.05; see Table
19).
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Table 19. Demographic data for patients with schizophrenia and matched healthy control
participants.

Healthy
Participants

Variable

Mean
Age
32.3
3.7
Parental socioeconomic status (Hollingshead)
Premorbid intellectual functioning (NART)
116
Current intellectual functioning (Quick Test)
107
Note: Data from one healthy participant was not available.
8

SD
10.6
1.2
6.1
9.7

Schizophrenic
Patients
Mean
32.9
3.5
116
101

SD
12.9
1.0
7.3
8.2

a

7.1.2 Procedure
A single scanning run comprising 246 visual stimuli was presented to participants using a
computer-controlled visual and auditory presentation package
(http://nilab.psychiatry.ubc.ca/vapp/). Stimuli were displayed on a rear-projection screen
mounted at the entrance to the magnet bore and subtended a visual angle of approximately 3 x 5
degrees. Each stimulus appeared for 240 ms in white text within a continuously displayed
rectangular fixation box. Participants viewed the screen from a distance of approximately 2
metres by means of a mirror system attached to the head coil. The scanning room and magnet
bore were darkened to permit easy visualisation of the stimuli.
Participants were instructed to respond as quickly and accurately as possible with their right
index finger to each presentation of the Go stimulus (the letter 'X'; occurrence probability =
0.84). They were instructed not to respond to the NoGo stimulus (the letter 'K'; occurrence
probability = 0.16). Prior to scanning, participants completed a brief practice session of
approximately 10 trials to promote speeded responding to the Go stimulus and thus increase the
likelihood of errors of commission.
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The SOA between Go stimuli varied pseudorandomly between 1000, 2000, and 3000 ms,
subject to the constraint that three Go stimuli were presented within each consecutive 6-s period.
In light of the protracted evolution of the haemodynamic response elicited by a single stimulus, it
was anticipated that the Go stimuli would generate a sustained, relatively constant baseline
haemodynamic activity. The NoGo stimuli were interspersed among the Go stimuli in a
pseudorandom manner subject to three constraints: the minimum SOA between a Go and NoGo
stimulus was 1000 ms; the SOA between successive NoGo stimuli was in the range 10-15 s; and
NoGo stimuli had an equal likelihood of occurring at 0, 1, or 2 s after the beginning of a 3-s
acquisition period. Thus, the haemodynamic response to each NoGo stimulus occurred as a
perturbation set against the relatively constant haemodynamic response to Go stimuli. By
jittering stimulus presentation relative to the acquisition time, the haemodynamic response to the
stimuli of interest was effectively sampled at 1-s intervals.
Motor responses were recorded using a commercially available MRI compatible fibre-optic
response device (Lightwave Medical, Vancouver, BC). Reaction times to Go events were
computed for trials in which the participants responded within 1000 ms of stimulus onset. Errors
of commission were defined as responses that occurred within 1000 ms of the onset of a NoGo
stimulus. Correctly-rejected NoGo events ('correct rejects') were determined by the absence of
a motor response within 1000 ms of the NoGo stimulus.

7.1.3 Imaging parameters
Images were acquired on a standard clinical G E 1.5T system fitted with a Horizon Echospeed upgrade. A custom head holder was used to prevent movement. Conventional spin-echo
Ti-weighted sagittal localising images were acquired to view the positioning of the participant's
head in the scanner and to prescribe the functional image volumes. Blood oxygen level
dependent (BOLD) contrast images were collected with a gradient-echo sequence (TR/TE
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3000/40 ms, flip angle 90°, 24 x 24 cm field of view, 64 x 64 matrix, 62.5 kHz bandwidth, 3.75
mm x 3.75 mm in plane resolution, 5 mm thickness, 29 slices) that effectively covered the entire
brain (145 mm axial extent). A total of 142 brain volumes were acquired. Four image volumes
collected prior to the presentation of stimuli were discarded from subsequent analyses in order to
remove the effects of the T i stabilisation process.

7.1.4 Image processing
Functional images were reconstructed offline, and realigned and motion-corrected using the
procedure described by Friston et al. (1995a) and implemented in Statistical Parametric Mapping
99 (SPM99, Wellcome Department of Cognitive Neurology, London, U K .
http://www.fil.ion.ucl.ac.uk/spm/). Corrections for translations and rotations did not exceed 3.0
mm and 2.5 degrees respectively for any participant. A Group (schizophrenic patients, healthy
participants) x Movement (translation, rotation) x Displacement Axis (x, y, z) A N O V A was
conducted on maximal estimated movement parameters to ensure that the groups did not differ in
extent of head motion.
A mean functional image was constructed in each participant and used to derive parameters
for spatial normalisation into the modified Talaraich stereotaxic space implemented in SPM99.
Both affine and nonlinear components were used in the spatial normalisation (Friston et al.,
1995b). The spatial normalisation parameters for each mean image were then applied to the
corresponding functional images for each session, and the images were resampled into isotropic
4mm voxels. The normalised images were smoothed with an 8-rnm full width at half-maximum
Gaussian kernel to optimise the signal-to-noise ratio and compensate for intersubject anatomical
variation. High frequency noise associated with alterations of the applied radio frequency field
was removed using a 0.16 Hz low-pass fifth-order IIR butterworth filter applied to the fMRI time
series at each voxel. While all co-ordinates in the present paper are reported and displayed in the
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modified Talaraich stereotaxic space implemented in SPM99, a transformation algorithm was
applied to these co-ordinates in order to localise activation patterns within standard Talairach
space (i.e., to identify and label functional areas: Talairach & Tournoux, 1998; see
http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html for the transformation algorithm).

7.1.5 Image analysis
Statistical analysis was performed within each voxel using the general linear model approach
implemented in SPM99. Event-related responses to both errors of commission (EoC) and
correct-rejects (CR) on NoGo stimuli were modelled using a synthetic haemodynamic response
function comprised of two gamma functions and their temporal derivatives (Josephs et al., 1997;
Friston et al., 1998). The first gamma function modelled the haemodynamic response peak at 6-s
post-stimulus, and the second gamma function modelled the small 'overshoot' of the
haemodynamic response on recovery. The occurrence of the erroneous motor response
determined the timing of EoC (i.e., response-locked timing)* whereas the timing of CR
corresponded to the presentation of the NoGo stimulus (i.e., stimulus-locked timing). Responselocked timing for EoC was chosen for consistency with standard ERP data analysis methods.
The temporal derivatives of the gamma functions were included to compensate for slight
variation in the peak latency of the onset of the haemodynamic response. The response to the Go
events was treated as a baseline and not explicitly modelled. A high-pass filter was applied to
remove noise associated with low frequency confounds (e.g., respiratory artifact). The
confounding effects of fluctuations in global signal intensity between image volumes were
removed using an adjusted proportional scaling routine (Desjardins et al., 2001).
Two contrast images were specified for each participant, summarising the amplitude of the
fitted response in each voxel to: (1) EoC relative to the baseline of motor responding to Go
events, and (2) CR relative to the baseline of responding to Go events. These contrast images
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were then entered into separate two-sample t-tests at the second-level to test the null hypothesis
that there was no difference between patients with schizophrenia and healthy participants in the
mean amplitude of the fitted haemodynamic response for either of these event types. The
contrast images were also entered into a second-level one-sample t-test for each group to test the
null hypothesis that the mean of the observations on each event type did not differ significantly
from zero in either healthy participants or patients with schizophrenia.
To test the significance of the a priori hypothesis of reduced activation in rostral A C C in
patients with schizophrenia compared to healthy participants during EoC, a correction for
multiple comparisons at p < 0.05 within a predefined 12-mm diameter spherical region-ofinterest (ROI) was applied. This ROI was centred on the rostral A C C voxel identified in Kiehl et
al. (2000a) as preferentially active in healthy participants during EoC compared to CR on NoGo
trials (voxel co-ordinates x y z = -8 45 15). In addition to voxels within the rostral A C C , this
ROI also incorporated voxels in the medial frontal gyrus (corresponding to Brodmann area 10).
To ascertain whether patients with schizophrenia showed reduced activation compared to
healthy participants in the region of caudal A C C that was preferentially active in healthy
participants during EoC compared to CR trials in Kiehl et al. (2000a), a second ROI in caudal
A C C was specified (12-mm diameter sphere centred on voxel co-ordinates x y z = 4 22 40).
To examine the specificity of the results to error trials rather than NoGo trials in general, both
the rostral and caudal ROIs were also applied to the comparison of patients with schizophrenia
and healthy participants on CR trials.
Non-directed searches for differences between healthy participants and patients with
schizophrenia on EoC and CR across the entire brain volume were implemented at the cluster
level (p < 0.05 corrected for multiple comparisons, height threshold p < 0.01 uncorrected)
according to the method of Friston et al. (1994) implemented in SPM99.
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7.2 Results

7.2.1 Behavioural data
Mean reaction times for correct-hits to Go trials and EoC on NoGo trials for patients with
schizophrenia were 393 ms (SD 60) and 349 ms (SD 48) respectively; and for healthy
participants were 334 ms (SD 41) and 306 ms (SD 45) respectively. For subsequent reaction
time analyses, correct-hits to Go trials were differentiated into three types; those that followed an
error of commission to a NoGo trial (EoC-0°)> those that followed a correctly-rejected NoGo
trial (CR-Go), and those that followed another correct-hit to a Go trial (Go-Go). Mean reaction
time and accuracy data for these different categories of correct-hits to Go trials and for EoC on
NoGo trials are provided in Table 20.
Reaction time (RT) data were analysed using a Group (healthy participants, schizophrenic
patients) x Condition (EoC, EoC-Go, CR-Go, Go-Go) A N O V A . The analysis revealed a
significant main effect of Group [F(i, 4) = 9.18, p = 0.006] indicating that healthy participants
2

responded to the stimuli faster than the patients with schizophrenia. The slowed performance of
patients with schizophrenia on this task is consistent with that typically observed on speeded RT
tasks (e.g., Ngan & Liddle, 2000).
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Table 20. Behavioural data for patients with schizophrenia and matched healthy control
participants.

Healthy
Participants

Variable

Schizoph renic
Patients

SD

Mean

SD

334
321
300
306

44
76
50
45

398
408
358
349

66
100
59
48

205
16.6

1.2
7.2

203
16.3

2.6
6.4

Mean
Mean Reaction Time (ms)
Correct-hits on Go trials
- Following correctly-hit Go trial
- Following error to NoGo trial
- Following correctly-rejected NoGo trial
Errors of commission on NoGo trials
Accuracy (n)
Correct-hits on Go trials
Errors of commission on NoGo trials

The main effect of Condition was also significant
significant Group x Condition interaction

[F( j ) =
3

2

[F 3,72)
(

= 7.40, p = 0.0002], however, a non-

1-33, p = 0.27] indicated that patients with

schizophrenia responded more slowly than healthy participants across all trial types. The results
of post-hoc Scheffe tests conducted on the RT means for the main effect of Condition are
reported in Table 21. The RT for Go trials following an EoC were significantly longer than
those for Go trials following a correctly-rejected NoGo stimulus, demonstrating that participants
modified their response behaviour after committing an error. This was particularly true for
patients with schizophrenia. A planned comparison between EoC-Go trials versus CR-Go trials
confirmed that the increase in RT following errors was significant within the schizophrenic
patient group

[F i
(

>24

)

= 7.90, p = 0.0097]. The RT to Go trials following correctly-rejected NoGo

trials was less than that to Go trials following other correct Go trials, which may reflect the fact
that NoGo trials were always followed by Go trials. As expected, our results replicate previous
research demonstrating that EoC are associated with faster responding than occurs on correct-

167
hits to Go trials, possibly reflecting premature or impulsive response decisions on error trials
(e.g., Pailing et al., 2002).
Both healthy participants and patients with schizophrenia correctly identified the majority of
Go stimuli (99.6% and 98.7% respectively), although patients responded to significantly fewer
Go stimuli than healthy participants [t 4) = 2.42, p = 0.024]. On NoGo trials, healthy
(2

participants and patients with schizophrenia did not differ significantly on accuracy of
responding [t ) = 0.94, p = 0.93].
(24

Table 21. Significance of post-hoc Scheffe tests on reaction time means for the main effect
of Condition.

Reaction Time Condition
Go-Go
(Mean: 366 ms)
Go-Go
EoC-Go
CR-Go

EoC-Go
(Mean: 365 ms)
.9993

CR-Go
(Mean: 329 ms)
.0124*
.0178*

EoC
(Mean: 327 ms)
.0082*
.0120*
.9991

Note: Condition Go-Go = Correct-hits to Go trials following another correctly-hit Go trial; EoC-Go = Correct-hits
to Go trials following an error of commission to a NoGo trial; CR-Go = Correct-hits to Go trials following a
correctly-rejected NoGo trial; EoC = Errors of commission on NoGo trials

7.2.2 Imaging data
The non-significant main effect and interactions for Group in the A N O V A examining head
motion [main effect: F i
(

i 2 4 )

= 0.613, p = 0.44] indicate that the healthy participant and

schizophrenic patient groups did not significantly differ on any estimated maximum head motion
parameter, which suggests that movement did not contribute differentially to the haemodynamic
results across groups.

168
Errors of commission. Within the ROI centred in the rostral A C C , direct comparison of the
magnitude of the fitted response in the two groups during EoC revealed significantly greater
activation in healthy participants compared to patients with schizophrenia (co-ordinates of voxel
of peak activation: x y z = -8 52 16, t 24) = 3.11, p = 0.043 corrected for multiple comparisons
(

within the volume of interest). Examination of the magnitude of the fitted response at this peak
voxel in the healthy participant and schizophrenic patient groups separately provided
clarification of the nature of this effect (see Figure 27, solid lines). Consistent with the findings
of Kiehl et al. (2000a), healthy participants showed significant recruitment of the rostral
ACC/medial frontal gyrus during EoC (co-ordinates of voxel of peak activation: x y z = -8 52 16,
t(24) = 4.39, p = 0.009 corrected for multiple comparisons within the volume of interest). By
contrast, in the patients with schizophrenia, EoC were associated with a failure to activate this
region.
Direct comparison of the magnitude of the fitted response in the two groups during EoC in the
ROI centred in caudal A C C revealed no significant difference between patients with
schizophrenia and healthy participants at p < 0.05 corrected for multiple comparisons within the
ROI volume. Inspection of the magnitude of the fitted response within the ROI for the healthy
participant and schizophrenic patient groups separately provided some evidence that both groups
recruited caudal A C C during EoC (co-ordinates of voxel of peak activation for healthy
participants: x y z = 0 24 36,

t 24>
(

= 1.88, p = 0.0392 uncorrected for multiple comparisons; for

patients with schizophrenia: x y z = 8 28 40, t 4) = 3.20, p = 0.0054 uncorrected). Indeed, there
(2

was a trend for patients with schizophrenia to show greater activation than healthy participants
within this region of the caudal A C C (co-ordinates of voxel of peak activation : x y z = 8 24 44,
t 24) = 2.18, p = 0.0194 uncorrected for multiple comparisons).
(
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Figure 27. Mean magnitude of the fitted response (± 2 standard errors of the mean) at the
voxel of peak activation (x y z co-ordinates = -8 52 16) located within the rostral anterior
cingulate cortex/medial frontal gyrus region-of-interest identified in the comparison of
errors of commission on NoGo trials relative to a baseline of responding to Go trials. The
magnitude of the fitted response is provided for errors of commission to NoGo trials (EoC; solid
lines) and correctly-rejected NoGo trials (CR; hashed lines) relative to baseline in patients with
schizophrenia (right) and healthy participants (left).

•2

1

.1

-.2.

Healthy

Patients

A non-directed search of the entire brain to identify additional regions in which healthy
participants demonstrated significantly greater activation than patients with schizophrenia during
EoC failed to identify any clusters satisfying the criteria of correction for multiple comparisons.
The four largest clusters of activation were located in the posterior cingulate gyrus (24 voxels;
peak voxel co-ordinate and statistics: x y z = 0 -44 12, t24) = 4.43, p = 0.001 uncorrected for
(

multiple comparisons across the entire brain), the rostral ACC/medial frontal gyrus (24 voxels,
peak voxel co-ordinate and statistics: x y z = -12 60 0, t(24) = 3.18, p = 0.001 uncorrected), the
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left hippocampus (14 voxels, peak voxel co-ordinate and statistics: x y z = -32 -20 -12, t 24) =
(

3.37, p = 0.001 uncorrected), and the left angular gyrus (14 voxels, peak voxel co-ordinate and
statistics: x y z = -48 -72 32, t 4) = 3.21, p = 0.002 uncorrected). Although none of these
(2

clusters satisfied stringent criteria for significance after correction for multiple comparisons in
the entire brain volume, it is noteworthy that the three most significant clusters were located in
limbic or paralimbic cortex. These clusters are illustrated in Figure 28 (red colourmap).
In the converse comparison that sought to identify brain regions in which patients with
schizophrenia showed significantly greater activation than healthy participants during EoC, two
clusters of 165 and 157 voxels respectively were observed (see Table 22 and Figure 28 [blue
colourmap]). These clusters were located bilaterally in the intraparietal sulcus and precuneus,
with the larger cluster in the left hemisphere extending anteriorly into sensorimotor cortex. To
clarify the nature of the difference between the groups, the amplitude of the fitted response in
each participant during EoC was determined. Figure 29 illustrates the mean magnitude of the
fitted response elicited during EoC in the patient and healthy participant groups for selected local
maxima situated within the cluster. The Figure indicates disparate patterns of activation in the
participant groups. While patients with schizophrenia show relatively increased activation of
these brain areas during EoC relative to the Go stimulus baseline, healthy participants were
characterised by a relative decrease in the haemodynamic response during EoC relative to the Go
baseline. That is, in spite of a motor response having been made for both trial types, in healthy
participants only these brain areas were more strongly activated during Go trials than during
EoC.
Correctly-rejected trials. The ROI analysis directly comparing the magnitude of the fitted
response in healthy participants and patients with schizophrenia in the rostral A C C for CR trials
did not reveal any significant voxel satisfying the correction within the specified small volume of
interest. For the purposes of comparison, the magnitude of the fitted response for CR trials at the
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peak voxel identified for EoC is provided in the healthy participant and schizophrenic patient
groups separately in Figure 27 (hashed lines). The figure indicates that neither the healthy
participants nor the patients with schizophrenia showed significant recruitment of the rostral
A C C during CR trials.
Similarly, the ROI analysis that directly compared the magnitude of the fitted response
between groups in caudal A C C for CR trials revealed no significant voxel satisfying correction
within the volume of interest. Neither healthy participants nor patients with schizophrenia
showed significant recruitment of this region of the caudal A C C during CR trials.
The non-directed search of the entire brain for regions showing greater activation in healthy
participants compared to patients with schizophrenia during correctly-rejected NoGo trials failed
to identify any clusters satisfying the criteria of correction for multiple comparisons. However,
as for EoC, a large cluster of 34 suprathreshold voxels was located in posterior cingulate gyrus
(peak voxel x y z = 0 -52 12,

t(24>

= 3.80, p = 0.001 uncorrected for multiple comparisons across

the entire brain; see Figure 30 [red colourmap]).
Four clusters were significantly more active in patients with schizophrenia than in healthy
controls during CR trials (see Table 23 and Figure 30 [blue colourmap]). As for EoC, two of
these clusters were located bilaterally at the intraparietal sulcus, with the two remaining clusters
located in the left visual and right premotor cortex. Figure 31 illustrates the mean amplitude of
the fitted response for the patient and healthy participant groups in selected local maxima
situated within the four clusters. As was apparent for EoC, a differential pattern of responding
characterised the patient and healthy groups during CR trials, with only the patient group

s

showing relative activation of these areas relative to the Go stimulus baseline. Healthy
participants were characterised by a relative decrease in activity in these areas during CR trials as
compared to activity elicited during Go stimulus processing.
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Figure 28. Illustration of the clusters of activation in which the amplitude of the
haemodynamic response elicited during Errors of Commission relative to the Go baseline
differed between healthy participants and patients with schizophrenia. The limbic and
paralimbic cortex clusters in which greater haemodynamic activity was observed in healthy
participants than in patients are presented in the yellow-red colour range. These clusters were
significant only when no correction for multiple comparisons conducted throughout the brain
was applied. The two significant clusters of activation in which greater haemodynamic activity
was observed in patients than in healthy participants are presented in the blue-purple colour
range. These clusters are significant at p < 0.05 corrected for multiple comparisons. The range
of t-score values within the clusters are defined in the colourbars located at right. Data are
presented in the modified Talairach space used in SPM99, and rendered onto transaxial slices of
a standard reference brain according to neurological convention (i.e., the left hemisphere is
illustrated on the left). Transaxial slices are presented in 4mm increments starting from z = -52
below to z = 64 mm above the A C - P C plane. The image is thresholded at a height of tp*) - 2.49,
corresponding to a significance level of p < 0.005 uncorrected for multiple comparisons.
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Table 22. Selected local maxima contained within the two significant clusters of activation
in which patients with schizophrenia were characterised by a greater haemodynamic
response than healthy participants during Errors of Commission relative to the Go
stimulus baseline. F o r each o f the local maxima, the Talairach co-ordinates, t score, and the
probability of achieving that t score, both when correcting for multiple comparisons conducted
throughout the whole brain ( ' F

c o r r

' ) and when no correction is applied ('P corr')> are reported.
un

Clusters are indicated with a superscript label (a-b) and described at the conclusion of the table.

Talairach
Co-ordinates
t score

Functional Anatomic Area (Brodmann Area)
x
Intraparietal Sulcus
L. Superior Parietal Lobule (7)
R. Superior Parietal Lobule (7)
L. Inferior Parietal Lobule (40)
R. Inferior Parietal Lobule (40)
L. Precuneus(7)
L. Precuneus (7/19)
R. Precuneus(7)
R. Precuneus / Cuneus (7/19)

b

a

b
a

b

b

a

a

Other Neocortex
L. Precentral Gyrus (4)
L. Postcentral Gyrus (2/5/3)
R. Superior-Middle Occipital Gyri (19)
b

b

a

y

z

p
1

corr

p
* uncorr

-24
28
-32
32
-20
-24
20
28

-72
-64
-56
-60
-64
-76
-64
-80

44
52
48
44
52
36
52
32

4.42
3.88
3.66
3.13
2.92
4.01
4.55
3.64

0.888
0.996
1.000
1.000
1.000
0.990
0.816
1.000

0.000
0.000
0.001
0.002
0.004
0.000
0.000
0.001

-32
-28
32

-28
-44
-84

52
64
20

2.89
3.17
4.14

1.000
1.000
0.975

0.004
0.002
0.000

Note: L. = Left, R. = Right. Cluster a = 157 voxels, p < 0.001 corrected; b = 165 voxels, p< 0.001 corrected.
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Figure 29. Graphical representation of the mean magnitude of the fitted response (± 2
standard errors) during Errors of Commission relative to the Go stimulus baseline for the
healthy participant and patient groups in selected voxels in the intraparietal sulci and left
sensorimotor cortex. Selected voxels lie within the two clusters in which patients with
schizophrenia were characterised by significantly greater activation during error responses than
healthy participants (see Table 22).
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Healthy
Patient
LEFT SUPERIOR PARIETAL LOBULE (-24, -72,44)

Healthy
Patient
RIGHT SUPERIOR PARIETAL LOBULE (28, -64,52)

Healthy
Patient
LEFT INFERIOR PARIETAL LOBULE (-32,-56,48)

Healthy
Patient
RIGHT INFERIOR PARIETAL LOBULE (32,-60,44)

Healthy
Patient
LEFT PRECENTRAL GYRUS (-32,-28,52)

Healthy
Patient
LEFT POSTCENTRAL GYRUS (-28, -44,64)

175

Figure 30. Illustration of the clusters of activation in which the amplitude of the
haemodynamic response elicited during Correct Rejects relative to the Go baseline differed
between healthy participants and patients with schizophrenia. The posterior cingulate cortex
cluster in which greater haemodynamic activity was observed in healthy participants than in
patients is presented in the yellow-red colour range. This cluster was significant only when no
correction for multiple comparisons conducted throughout the brain was applied. The four
significant clusters of activation in which greater haemodynamic activity was observed in
patients than in healthy participants are presented in the blue-purple colour range. These clusters
are significant at p < 0.05 corrected for multiple comparisons. The range of t-score values within
the clusters are defined in the colourbars located at right. Data are presented in the modified
Talairach space used in SPM99, and rendered onto transaxial slices of a standard reference brain
according to neurological convention (i.e., the left hemisphere is illustrated on the left).
Transaxial slices are presented in 4mm increments starting from z = -52 below to z = 64 mm
above the A C - P C plane. The image is thresholded at a height of t(24) = 2.49, corresponding to a
significance level of p < 0.005 uncorrected for multiple comparisons.
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Table 23. Selected local maxima contained within the four significant clusters of activation
in which patients with schizophrenia were characterised by a greater haemodynamic
response than healthy participants during Correct Rejects relative to the Go stimulus
baseline. For each of the local maxima, the Talairach co-ordinates, t score, and the probability
of achieving that t score, both when correcting for multiple comparisons conducted throughout
the whole brain ('P orr') and when no correction is applied ('P orr'), are reported. Clusters are
indicated with a superscript label (a-d) and described at the conclusion of the table.
C

unc

Functional Anatomic Area (Brodmann Area)

Talairach
Co-ordinates

t score

Pcorr

p
L

uncorr

x

y

z

-24
28
-28
44
-20
20

-76
-60
-56
-44
-76
-60

44
56
48
44
48
56

3.28
2.96
3.82
3.85
3.70
3.57

1.000
1.000
0.999
0.998
1.000
1.000

0.002
0.003
0.000
0.000
0.001
0.001

24
40
28
40
40

-12
8
20
0
4

60
40
44
36
28

4.44
3.20
2.88
2.66
3.22

0.882
1.000
1.000
1.000
1.000

0.000
0.002
0.004
0.007
0.002

-32
40
32
-24
-44
-16
-20

-60
-36
-40
-72
-80
-84
-80

32
44
52
32
0
4
-4

3.95
4.30
3.80
3.03
4.57
3.90
3.18

0.995
0.936
0.999
1.000
0.810
0.997
1.000

0.000
0.000
0.000
0.003
0.000
0.000
0.002

Intraparietal Sulcus
L.
R.
L.
R.
L.
R.

Superior Parietal Lobule (7)
Superior Parietal Lobule (7)
Inferior Parietal Lobule (40)
Inferior Parietal Lobule (40)
Precuneus (7)
Precuneus(7)

d
c

d

c

d

0

Dorsal and Ventral Frontal Cortex
R.
R.
R.
R.
R.

Middle Frontal / Precentral Gyri (6)
Middle Frontal / Precentral Gyri (9)
Middle Frontal Gyrus (8)
Precentral Gyrus (6)
Inferior Frontal Gyrus (9)

b
b

b

b

b

Other Neocortex
L.
R.
R.
R.
L.
L.
L.

Inferior Parietal Lobule (40/39)
Inferior Parietal Lobule / Postcentral Gyrus (40)
Postcentral Gyrus (2/40)
Precuneus / Cuneus (19)
Middle-Inferior Occipital Gyri (19/18)
Cuneus (17)
Lingual Gyrus (18/17)
d

c

d

a

a

a

c

Note: L. = Left, R. - Right. Cluster
a = 82 voxels, p < 0.039 corrected; cluster b = 134 voxels, p< 0.003
corrected; cluster c = 115 voxels, p< 0.007 corrected; cluster d = 86 voxels, p< 0.031 corrected.
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Figure 31. Graphical representation of the mean magnitude of the fitted response (± 2
standard errors) during Correct Rejects relative to the Go stimulus baseline for the healthy
participant and patient groups in selected voxels in the intraparietal sulci, right premotor
cortex, and left visual cortex. Selected voxels lie within the four clusters in which patients with
schizophrenia were characterised by significantly greater activation during correct rejects than
healthy participants (see Table 23).
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7.3 Discussion

The current study sought to ascertain whether schizophrenia is associated with functional
abnormality in the brain response elicited when salient exogenous stimuli are processed
incorrectly and an error ensues. Indeed, results demonstrate that schizophrenia is characterised
by relative underactivity of the rostral A C C during the commission of errors. Whereas errors
elicited increased haemodynamic activity in this region in healthy participants, patients with
schizophrenia failed to recruit this area during EoC. Consistent with previous research
indicating that this region is specifically involved in error processing (Kiehl et al., 2000a; Braver
et al., 2001; Menon et al., 2001), the rostral A C C activation in healthy participants was not
observed during correct non-response to NoGo stimuli.
ERP research has demonstrated an attenuation in the amplitude of the fronto-centrally
distributed Ne/ERN in patients with schizophrenia relative to healthy participants (Kopp & Rist,
1999; Bates et al., 2002; Mathalon et al., 2002). Our fMRI results suggest that a failure to
sufficiently activate the rostral A C C during error commission may contribute to the attenuated
Ne/ERN observed in patients with schizophrenia. The observation of aberrant activity in the
rostral A C C during EoC is consistent with the hypothesis that patients with schizophrenia
experience a disturbed affective and/or motivational response to having committed an error. As
an interface between limbic-paralimbic areas and widespread frontal cortex, the A C C is ideally
situated to mediate the influence of the motivational and emotional state of an individual on the
processing of, and response to, sensory stimuli. Disturbances in affect and motivation are
common and persistent symptoms of schizophrenia. Bates et al. (2002) demonstrated that the
expression of psychomotor poverty symptoms (including blunted affect and underactivity) is
particularly associated with the attenuation of Ne/ERN. Thus, the attenuation of rostral A C C
activity during EoC in patients with schizophrenia may reflect a relative diminution of the

179
affective or motivational response associated with their realisation that an error has been
committed.
Relative underactivity in patients with schizophrenia compared to healthy participants was not
apparent in the caudal A C C region identified by Kiehl et al. (2000a) as being preferentially
active during EoC compared to CR trials in healthy participants. Indeed, there was a trend for
patients to show greater activity than healthy participants in this area. This finding contrasts
with that of Carter et al. (2001), who demonstrated diminished haemodynamic activity in the
caudal A C C of patients with schizophrenia during errors that were elicited using a task that
employed degraded stimuli to increase error rates. However, there are notable differences
between the present study and that of Carter et al. (2001). As well as impaired caudal A C C
function, the patients with schizophrenia in that study exhibited a significantly reduced slowing
of RT after error commission. In healthy individuals, RTs typically increase and fewer errors are
committed following an erroneous response, which is consistent with the adoption of a more
conservative response strategy following detection of an error (Rabbitt, 1966). Carter et al.
(2001) interpreted the decreased error-related activity in caudal A C C and the reduced post-error
performance adjustment as evidence for impaired internal monitoring function in schizophrenia.
In comparison, the present Go/NoGo paradigm employed stimuli that were relatively easier to
discriminate than the degraded stimuli employed in Carter et al. (2001), and errors were easily
identifiable. Accordingly, the behavioural data obtained using this simple task revealed that
patients with schizophrenia exhibited as great an increase in RT as was exhibited by healthy
participants for Go trials following EoC relative to Go trials following CR. That is, patients
appropriately modified their response behaviour following the commission of an error. This
observation implies that they appropriately detected their error responses. Taken together, the
results of the present study and those of Carter et al. (2001) suggest that there may be dissociable
rostral and caudal A C C contributions to error processing, the relative strength of which may be
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modulated by task paradigm. Impairments in an internal monitoring component in schizophrenia
might be reflected in caudal A C C underactivity, whereas disturbance in a subjective affective
error assessment process may be associated with relative decreases in rostral A C C activity in
schizophrenia. In the present experiment, underactivity of the rostral A C C was observed in
patients relative to healthy participants in conjunction with a trend for overactivity of the caudal
A C C . This pattern of activity is similar to that observed in healthy participants during
attentionally-demanding cognitive tasks (Drevets and Raichle, 1998), whereas the converse
condition of suppressed caudal A C C and enhanced rostral A C C activity is observed in tasks
employing emotional stimuli (Whalen et al, 1998). Thus, the present results suggest that patients
may have found the task both more cognitively demanding (calling for relatively greater internal
monitoring) and less affectively/motivationally engaging than did the healthy participants.
The question of the relative contributions of rostral and caudal A C C dysfunction to the
attenuated Ne/ERN observed in schizophrenia is unresolved. A recent report on sourcelocalisation of high-density ERP data from healthy participants modelled the Ne/ERN as having
a caudal A C C generator (van Veen and Carter, 2002b). The rostral A C C was also active during
error processing, but later in time, and related to a positive error-related ERP component termed
the error-positivity or Pe (Falkenstein et al., 2000). The current temporal resolution of fMRI
does not allow the identification of differential Ne/ERN- and Pe-related contributions to A C C
activity, and either component might be related to the rostral A C C activity elicited in healthy
participants during error responses in the present study. However, previous research has failed
to observe differences in Pe amplitude between patients with schizophrenia and healthy
participants in spite of detecting a reduction in Ne/ERN amplitude in schizophrenia (Mathalon et
al., 2002). Unpublished ERP data from a study in our laboratory that employed the same task as
in the present study also failed to identify a difference in Pe amplitude between a small sample of
acutely-ill patients with schizophrenia and healthy participants during EoC, in spite of observing
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a reduction in Ne/ERN amplitude in patients compared to healthy participants (Bates et al.,
submitted).
In addition to the error-related failure to activate rostral A C C , there was some evidence for
relative underactivity of the hippocampus and PCC in patients with schizophrenia compared with
healthy participants during EoC. While these activations in limbic-paralimbic cortex outside the
rostral A C C did not satisfy multiple correction criteria across the whole-brain and must be
interpreted with caution, they are suggestive of widespread dysfunction within the limbic system
in schizophrenia. Relative underactivity in patients in extended limbic cortex provides further
support for the hypothesis that the error-related abnormality in rostral A C C function is associated
with a disturbed emotional or motivational reaction to errors in schizophrenia. While the
hippocampal and rostral A C C underactivity in schizophrenia were associated specifically with
EoC, the PCC underactivity was also observed during correct response behaviour (i.e., on
correctly-rejected NoGo events). Vogt et al. (1992) proposed a functional dichotomy between
the anterior and posterior cingulate cortices, whereby the former is involved with executive
functions and the emotional regulation of behaviour and the latter subserves evaluative events
such as monitoring sensory events and the organism's own behaviour. Thus, the reported
underactivity in PCC in schizophrenia may reflect a generalised impairment in the ability to
evaluate infrequent salient stimuli which occur against a background of more common events
that signal an alternative behavioural response. Such a breakdown in posterior evaluative
functions might be expected to increase the likelihood of error responses.
In addition to observing areas of relative underactivity in patients with schizophrenia, a
number of brain areas were characterised by greater activity in patients than in the healthy
participants. On NoGo trials, regardless of the accuracy of their subsequent response, patients
with schizophrenia showed a relative increase in activity bilaterally around the intraparietal
sulcus. This result reflected not only a relative increase in activity during NoGo trials compared
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to the Go stimulus baseline in patients with schizophrenia, but also the converse pattern of a
relative decrease in activity in this area during NoGo trials compared to Go trials in healthy
participants. Unfortunately, the task design employed in this experiment does not permit an
examination of the activation of these areas relative to a baseline of rest (i.e., a non-task
baseline). Without the capacity to assess NoGo responses against a 'true baseline', it is not
possible to determine whether healthy participants actively suppressed these areas when a NoGo
stimulus was presented, or whether they simply did not activate them as much as during Go
trials. The previous experiments demonstrated that healthy participants strongly activate the
intraparietal areas during Go (i.e., target) stimulus processing. Other studies have reported
activation of the intraparietal sulcus during response inhibition on NoGo trials that occurred in
the context of prepotent responding to Go stimuli (Garavan et al., 1999; Braver et al., 2001;
Liddle et al., 2001; Menon et al., 2001). These results imply the intraparietal sulcus area plays
an important role in assessing the relevance of incoming stimuli for the purposes of deciding
whether or not a behavioural response to the stimuli is required. The current results suggest that
patients with schizophrenia fail to modulate activity within this area as required by task
demands. Overactivity in the intraparietal sulcus of patients was previously described during
performance of a simple, randomly-cued movement task (relative to routine [i.e., predictable]
movements) in patients with delusions of alien control (Spence et al., 1997). By implication, in
the current study, patients with schizophrenia may have experienced relatively greater difficulty
in rapidly deciding the appropriate (non-)behaviour for the infrequent and unpredictable NoGo
stimulus. Frith et al. (2000) postulate that overactivity in the intraparietal sulcus results from the
lack of an inhibitory signal from the prefrontal cortex. Certainly, the previous experiments,
along with a wealth of published literature, demonstrated functional abnormality occurring in the
prefrontal cortex of patients with schizophrenia. Moreover, a number of studies have described
how the normal co-ordination of prefrontal and parietal activity breaks down in schizophrenia
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(see review by McGuire and Frith, 1996). Using a variety of working memory tasks, Quintana et
al. (2003) showed that cortex at the intraparietal sulcus may become hyperactive in
schizophrenia in order to compensate for disturbed prefrontal function. They further
demonstrated that while such a strategy may preserve performance on simple tasks, when this
compensatory attempt is unsuccessful, the result can be both prefrontal and parietal
hyperactivity. Although evidence of premotor rather than prefrontal abnormality was found in
the present study, this does not exclude the possibility of a failure of the prefrontal cortex to
inappropriately modulate spatially-remote activity at the intraparietal sulcus during this task.
The other clusters of increased activity in patients with schizophrenia relative to healthy
participants during correctly-rejected NoGo trials occurred in right premotor cortex and left
unimodal visual association cortex. Premotor cortex is involved in the planning and production
of movements, particularly movements guided by external stimuli. The hyperactivated region
was ipsilateral to the responding hand and the activation occurred during a trial that involved
suppression, rather than commission, of a prepotent motor act. In acts of simple motor
responding, patients with schizophrenia are characterised by reduced lateralisation of premotor
activation compared to healthy participants (Mattay et al., 1997). Our results suggest that
patients with schizophrenia also show a loss of hemispheric specialisation during regulation of
motor activity. The explanation for the greater activation in visual association cortex is also
uncertain. However, previous neuroimaging research has described an increase in the relative
magnitude of signal intensity (Renshaw et al., 1994) and extent of activation (Taylor et al., 1997)
in patients with schizophrenia relative to healthy participants in striate cortex during photic
stimulation. Our results suggest that abnormalities in visual cortex function may extend beyond
the initial processing of sensory stimuli in the context of minimal task requirements (i.e.,
maintaining fixation on visual stimuli) to disturbed function in areas concerned with evaluating
the identity of visual stimuli.
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The reported underactivity in rostral A C C and extended limbic-paralimbic cortex during EoC
in patients with schizophrenia relative to healthy participants was observed in spite of the low
levels of symptomology reported by the patients, who were outpatients living and functioning in
the community. Reality distortion symptoms (i.e., delusions and hallucinations) were the most
common symptoms reported, with a variable, though relatively low occurrence of disorganised
or negative symptoms reported across the patient group. Further research in a larger patient
group is needed to clarify the relationship between affective and motivational disturbance (as
well as other symptomology) and the relative reduction in rostral A C C activity during error
commission in schizophrenia.
This study examined the cortical response to the commission of errors in a medicated patient
population, which raises the possibility that some of the observed differences between groups
may be attributable to the effects of antipsychotic medication. Previous neuroimaging studies
that have examined frontal function in unmedicated patients with schizophrenia have
demonstrated both hypofrontality (Andreasen et al., 1992) and hyperfrontality (e.g., Ebmeier et
al., 1993) of function, with patient symptomology contributing to variability in the extent of
dysfunction. A C C function may be differentially affected by type of antipsychotic medication,
as Braus et al. (2000, 2002) report higher levels of neuronal function markers in patients
receiving atypical antipsychotics than in those receiving typical antipsychotics. The present
study indicates that rostral A C C activity is reduced compared to healthy participants even in a
sample of patients who were receiving atypical antipsychotic medication. Further research
examining error-related activity in unmedicated patients pre- and post-treatment is required to
determine the effect of antipsychotic medication on error processing and internal monitoring in
schizophrenia.
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Chapter 8.0:

General Discussion

8.1 Summary of results
The first three experiments reported in this thesis employed event-related fMRI techniques to
characterise the distributed neural circuit that supports the processing of salient exogenous
stimuli in healthy participants, and to identify functional abnormality occurring within that
network during salient stimulus processing in patients with schizophrenia. Using the same
event-related techniques, the final experiment explored whether schizophrenia is additionally
characterised by functional abnormality in the brain response elicited when salient exogenous
stimuli are processed incorrectly and an error ensues.
The results suggest that, in healthy participants, a distributed corticolimbic network of brain
areas is active during the processing of events that are made salient by their relevance to
immediate behavioural goals, their infrequency, and/or their novelty. This network incorporates
the amygdala-hippocampal complex, paralimbic cortex in the cingulate gyrus and frontal
operculum, frontoparietal association cortex, and subcortical structures in the basal ganglia,
thalamus, midbrain, and cerebellum. The results suggest further that activity within the network
may be modulated by the relative salience of incoming stimuli, with the network particularly
engaged during the processing of stimuli that signal the need to perform an overt behavioural
response.
In spite of the relatively preserved behavioural performance of patients with schizophrenia on
the simple paradigms employed, relative underactivity was observed throughout the
corticolimbic network during salient stimulus processing by patients. Particular abnormality was
observed in limbic and paralimbic cortex, where dysfunction was apparent regardless of the type
of salient stimulus being processed (i.e., infrequent target, infrequent novel, or the frequent target
stimulus). Dysfunction was most consistently apparent in the amygdala-anterior hippocampal
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complex, the rostral A C C , and the PCC. Relative hypoactivity in limbic and paralimbic areas
(specifically, the hippocampus, rostral A C C , and PCC) was also observed in patients during
errors of commission to infrequent stimuli that signalled the need to withhold a prepotent motor
response.
Abnormality in the dorsal and ventral frontoparietal subnetworks described by Corbetta and
Shulman (2002) was also apparent in patients during salient stimulus processing. The more
marked dysfunction was observed in the dorsal network that embraces cortex at the intraparietal
sulcus and dorsal frontal areas and is purported to support goal-directed selection of stimuli and
responses. Within the ventral network, abnormality was predominantly apparent in the
temporoparietal(-occipital) j unction.
There were several notable differences between the pattern of dysfunction elicited within the
frontoparietal association areas and that elicited within limbic-paralimbic cortex. Unlike the
generalised abnormality apparent in limbic and paralimbic cortex during the processing of all
salient stimulus types, dysfunction within the association areas appeared relatively more
dependent on the nature of the salient stimulus being processed. For example, whereas
infrequent and frequent target stimulus and infrequent novel stimulus processing were all
associated with relative underactivity of cortex in the intraparietal sulcus-precuneus, dysfunction
within frontal areas was particularly pronounced during novel stimulus processing. This seems
broadly consistent with ERP research demonstrating attenuation in schizophrenia of the
frontocentrally-maximal P3a elicited by novel stimuli and of the parietally-maximal P3b elicited
by target stimuli (Grillon et al., 1990, 1991a; Merrin and Floyd, 1994). Another difference in the
pattern of abnormality apparent in the limbic-paralimbic cortex and the association cortices was
that while cortex in the limbic and paralimbic areas were consistently hypoactive in patients
relative to healthy participants across all tasks, the pattern of abnormality within the intraparietal
sulcus varied across experiments. The pattern of relative underactivity observed in the
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intraparietal sulcus during infrequent target, frequent target, and infrequent novel stimulus
processing reversed for errors of commission to infrequent NoGo (nontarget) stimuli, with
relative hyperactivity apparent during errors in patients compared to healthy participants. Thus,
the functional abnormality characterising patients with schizophrenia in intraparietal cortex
appears to be a failure to appropriately modulate activity according to the task demands. It is
suggested that such a failure may arise as a result of a disrupted co-ordination of activity
between this area and the higher brain centres located in limbic-paralimbic areas and frontal
cortex which may bias activity in posterior parietal cortex.

8.2 Contribution of the research to understanding the neural basis of salient stimulus processing
Mesulam (1998) proposed that motivational influences arising in the limbic cortex are
channelled via paralimbic areas to heteromodal association cortex so that exogenous information
may be processed according to its significance rather than solely according to the surface
properties of the stimulus. Based on oddball detection studies, Knight and Scabini (1998)
ascribed a critical role to the hippocampus in the processing of salient exogenous stimuli. They
posited that neural circuits dependent on the hippocampal region allow incoming stimuli to be
compared against a template of the recent past. Deviation from the template activates a
distributed corticolimbic system that facilitates a behavioural response to the event and its
integration into memory. The results obtained in the present studies support this theory, but in
addition, imply that the theory must be extended to explicitly incorporate a contribution from the
amygdala to the processing of salient exogenous stimuli. In line with the hypotheses of
Mesulam (1998), we suggest that the amygdala may contribute to salient stimulus processing
through a 'motivated (top-down) biasing' of activity within the corticolimbic network, such that
stimuli that have potential relevance for behaviour are processed preferentially. That is, the
influence of situational context, past experience, and present and future goals may be brought to
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bear on the processing of incoming information and the formulation of an appropriate response
via a network of brain areas centred in both the amygdala and hippocampus. For novel and
infrequent stimuli, the motivational biasing provided by the amygdala may be relatively
automatic, as the brain seeks out never-experienced or unexpected alterations in the environment
that may require a change in ongoing behaviour. However, we suggest that activity in this
circuit may also be more consciously modulated such that a stimulus targeted to evoke a
prescribed behaviour also receives preferential processing.
The motivated biasing of stimulus processing by the limbic cortex is likely to occur via the
modulation of activity within the frontoparietal heteromodal association areas that ultimately
decipher the nature of the exogenous stimulus and formulate an appropriate behavioural or
cognitive response to the stimulus. Paralimbic cortex in the cingulate and frontal operculum, as
well as cortico-striato-thalamic and cortico-thalamic-cerebellar circuits, provide a critical means
by which the biases arising in limbic cortex are brought to bear on the heteromodal association
areas. The paralimbic areas exert dynamic executive control over stimulus processing and
response formulation (Posner and Petersen, 1990; Mesulam, 1998), and monitor the accuracy of
this process so that remedial action may be initiated as necessary.

8.3 Implications of dysfunction within the corticolimbic network for information processing in
schizophrenia
Abnormality within the corticolimbic network in schizophrenia appears to contribute not only
to inefficient processing of salient exogenous events, but also, to insufficient consideration of the
significance of a self-generated error for ongoing stimulus processing strategies. The disorders
of motivation and volition that are described clinically in schizophrenia are consistent with the
idea that functional abnormality in the limbic cortex may lead to impairment in the motivated
biasing of salient exogenous stimulus processing. Moreover, the low levels of symptomology
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reported by the patients recruited to the experiments in this thesis imply that subtle motivational
problems may affect information processing even in the absence of marked clinical impairments
in motivation or volition. That is, an impaired ability to appropriately focus limited processing
resources on salient exogenous stimuli may represent a fundamental abnormality in
schizophrenia. An implication of these results is that some normalisation of the brain response
in schizophrenia may be achieved if the motivational deficits of the patients can be ameliorated.
One approach to testing this might be to examine whether functional changes are elicited when
the salience of the exogenous stimuli is manipulated (e.g., by associating particular stimuli with
a monetary reward).
Previous research has suggested that the ability of patients to maintain relatively normal task
performance (apart from a slowing of reaction time) while concurrently failing to engage large
areas of cortex implies that healthy participants typically engage brain areas that are not essential
for task performance but simply confer a flexibility in responding to incoming stimuli (Kiehl and
Liddle, 2001; Liddle, 2001). The present results imply that what the extended corticolimbic
network of areas provides is preferential (biased) processing of salient stimuli. Apparently,
what is lacking in schizophrenia is an appropriate modulation of activity in these distributed
brain areas so that task performance is at its most efficient. The relative preservation of
performance accuracy in patients with schizophrenia may also imply that the functional
abnormalities observed in patients were relative and not absolute in nature, and that subthreshold
activation within key areas of the corticolimbic network may preserve the ability to perform the
task accurately whilst contributing to slowed task performance in patients. That is, the
dysfunction contributes to a breakdown in the efficiency of salient stimulus processing, but does
not prevent it altogether, at least in these samples of relatively well-functioning, partiallyremitted patients with schizophrenia.
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Task slowing without an outright inability to perform the task is also consistent with an
impaired co-ordination of activity at spatially-remote but connected brain sites in schizophrenia
(Friston and Frith, 1995; McGuire and Frith, 1996). While the diverse brain areas incorporated
within the corticolimbic network make specialised contributions to the processing of salient
stimuli, efficient information processing should be construed as an emergent property of coordinated activity throughout the network. This process appears to be particularly impaired in
schizophrenia.
The present work augments previous research positing information processing disturbances as
the core abnormality in schizophrenia (Braff, 1993; Andreasen et al., 1998) by identifying
functional abnormality within a distributed corticolimbic network during salient exogenous
stimulus processing. Even during the performance of tasks that placed relatively low demands
on information processing resources, and in spite of ostensibly equivalent levels of performance
with healthy participants, patients with schizophrenia were characterised by widespread
disturbance. Previous research by Andreasen and colleagues (1996, 1998, 1999; Fuller et al.,
2003) suggested that disruption to the connectivity between prefrontal, thalamic, and cerebellar
regions lay at the heart of information processing problems in schizophrenia. The present
research implies that the fundamental functional abnormality is more widespread, and critically,
incorporates dysfunction within limbic and paralimbic cortex in addition to problems in
association and subcortical areas.

8.4 Recommendations for future research
The goal of this thesis was to describe the network of brain areas that support the processing
of salient stimuli in healthy individuals, and to elucidate functional abnormality in that network
during salient stimulus processing by patients with schizophrenia. A series of experiments was
performed in order to characterise the brain response elicited by a variety of salient stimuli,
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including infrequent target events, infrequent novel events, and frequent target events, as well as
erroneous responses committed during salient stimulus processing. In each of the studies,
random-effects analyses that accounted for the variability present between-subjects in addition to
the within-subject variability were conducted to ensure that the patterns of activity observed in
the healthy and patient groups could be considered representative of the populations from which
they were drawn. However, all but the first experiment employed relatively small sample sizes
arid thus afforded less power to reliably detect differences between the participant groups (see
Friston et al., 1999b). In Experiments Three and Four, ROIs specified a priori enabled an
examination of group differences within key sites of the corticolimbic network, however, the
analyses examining the response elsewhere in the brain may have been limited by the power
afforded by the small patient samples employed. It would be useful to repeat these experiments
with larger samples in order to fully characterise the whole-brain response during task
performance.
The use of a larger patient sample would also afford an examination of whether particular
symptoms are related to an exaggeration of abnormality within different regions of the
corticolimbic network. Previous research (summarised in Liddle, 2001), indicates that the major
clusters of schizophrenic symptoms (i.e., syndromes) are associated with abnormality in different
regions of the corticolimbic network described in this thesis (see Table 24). While the present
studies suggest that an impaired ability to appropriately focus limited processing resources on
salient exogenous stimuli represents a core abnormality that is present even in partially-remitted
patients experiencing relatively few symptoms, this does not preclude a relationship between the
syndromes of schizophrenia and more pronounced abnormality within a particular part of the
circuit. Determining the existence of a relationship between the syndromes and pronounced
abnormality at particular locations within the network would provide further insight into the
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specialised roles that the various components of the network perform in supporting the
processing of salient stimuli.

Table 24. Summary of the aberrant regional cerebral activity associated with the
characteristic syndromes of schizophrenia.

Syndrome

Reality Distortion

Characteristic Symptoms

• Delusions
• Hallucinations

Functional Abnormality

Overactive: medial temporal
cortex, frontal cortex, ventral
striatum
Underactive: posterior
cingulate

Disorganisation

• Formal thought disorder
• Inappropriate affect
• Bizarre behaviour

Overactive: medial frontal
cortex, anterior cingulate,
thalamus
Underactive: ventral frontal
cortex, insula, parietal cortex

Psychomotor Poverty
(core negative symptoms)

• Poverty of speech
• Blunted affect
• Decreased spontaneous
movement/A volition

Overactive: basal ganglia
Underactive: frontal cortex,
parietal cortex

The results reported in this thesis suggest that there is an impaired co-ordination of neural
activity at spatially-remote sites during salient stimulus processing, that is, a disorder in the
'functional connectivity' between brain areas. An important next step in the development of this
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body of research is to explicitly test the integrity of the functional connectivity between the sites
within the corticolimbic network in schizophrenia. Functional connectivity is demonstrated by a
non-zero temporal correlation between spatially remote neurophysiological (functional) events.
Future analyses might use techniques based on Principal Components Analysis (e.g., Friston et
al., 1993; Friston, 1994; Woodward et al., submitted) to both elucidate patterns of correlated
activity within the distributed corticolimbic network in healthy participants, and to ascertain a
breakdown of this connectivity in patients with schizophrenia.
As noted previously in the discussion section to each study, the effect of the patients'
medication status on the results obtained cannot readily be ascertained. Future studies could
employ these simple paradigms with first-episode, neuroleptic-nai've patients to determine if the
functional abnormalities are present already in the early stages of the illness and prior to
antipsychotic treatment. Moreover, follow-up scanning of such patients may provide important
insight into the relationship between pharmacological intervention, symptom resolution, and
normalisation of function within the corticolimbic network. For example, Moore et al. (1999)
describe how dysfunction within limbic and prefrontal structures results in the dysregulation of
the forebrain dopamine systems, which in turn leads to striking abnormality in cortical-basal
ganglia-thalamic circuits and the behaviours mediated by these circuits. Using PET, Liddle et al.
(1992) demonstrated overactivity of the ventral striatum and limbic cortex (i.e., the
hippocampus-parahippocampal gyrus) in patients experiencing hallucinations and/or delusions
(see also Silbersweig et al., 1995). Subsequently, Liddle et al. (2000) demonstrated significant
reduction in metabolism within the right ventral striatum immediately following the first dose of
risperidone in neuroleptic naive first-episode patients with schizophrenia. The decrease
remained significant after six weeks' treatment. Their study suggests that atypical antipsychotics
help to normalise overactivity in key areas of the corticolimbic network in patients with
schizophrenia.
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The specificity of the functional abnormality within the corticolimbic network to patients with
schizophrenia must also be determined. To the extent that motivational and affective problems
are also characteristic of major depression and bipolar disorder, and that P3 abnormalities have
been previously reported in these groups (see Polich and Herbst, 2000), it is reasonable to expect
that these patient groups might also be characterised by abnormality within the corticolimbic
network supporting salient stimulus processing. Neuroimaging studies of the mood disorders
have demonstrated abnormality within key areas of the network, including in paralimbic A C C ,
lateral frontal cortex, and the basal ganglia (Bench et al., 1992; Drevets et al., 1992; Mayberg et
al., 1994; see also a review by Mayberg, 2003). It will be important to determine whether mood
disordered patients demonstrate a pattern of abnormality similar to the widespread dysfunction
that is apparent in schizophrenia, or whether functional abnormality within the network is
localised within particular structures such as the A C C .

8.5 Conclusion
Effective cognition and behaviour entails the preferential allocation of limited processing
resources to salient features of the environment. This thesis demonstrates that salient stimulus
processing is supported by a corticolimbic network encompassing limbic, paralimbic,
frontoparietal association cortex, and subcortical structures. This network is activated by
exogenous events made salient by their infrequency, novelty, and/or by their relevance to
immediate behavioural goals, particularly the latter. It is suggested that limbic areas mediate the
preferential allocation of limited processing resources to salient stimuli via a 'motivated (topdown) biasing' of activity within the corticolimbic network. In this way, stimuli that (may)
have relevance for behaviour are processed preferentially. Patients with schizophrenia are
characterised by widespread dysfunction within this network, even when task performance is
relatively preserved and when symptom levels are low. Particular abnormality is apparent within
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the limbic and paralimbic areas, consistent with the idea that patients experience a disturbance in
the motivated biasing of neural activity that sustains the preferential processing of salient stimuli.
Problems in processing salient stimuli and in monitoring the responses to such stimuli may
constitute a core feature of the illness.
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