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Functional dysconnectivity in schizophrenia associated with attentional modulation of motor function Garry D. Honey, Edith Pomarol-Clotet, Philip R. Corlett, Rebekah A. E. Honey, Peter J. Mckenna, Edward T. Bullmore and Paul C. Fletcher University of Cambridge, Department of Psychiatry, Cambridge, UK Correspondence to: Dr Paul C. Fletcher, Box 255, University of Cambridge, Department of Psychiatry, Addenbrooke’s Hospital, Hills Road, Cambridge, CB2 2QQ, UK E-mail: [email protected] It is not known whether there is a core abnormality that occurs in all cases of schizophrenia. The cognitive dysmetria hypothesis proposes that there is such an abnormality which is characterized cognitively by a disruption in control and coordination processes, and functionally by abnormal inter-regional connectivity within the cortico-cerebellar-thalamo-cortical circuit (CCTCC). In the current study, we used functional MRI (fMRI) to investigate these two key aspects of the hypothesis. Since patients with schizophrenia show deficits in attention which have been characterized extensively using the continuous performance task (CPT) and since functional imaging studies have also demonstrated that this task engages the CCTCC, we used this task to investigate whether two patient groups with distinct symptom profiles would show functional dysconnectivity within this network. Three groups of subjects participated in the study: healthy volunteers (n = 12), schizophrenia patients with both negative and positive symptoms (n = 11) and schizophrenia patients with primarily positive symptoms (n = 11). Patient groups were matched for age of illness onset and medication, and to the control group for age, gender and handedness. Subjects were scanned using fMRI whilst they performed a modified version of the CPT, involving both degraded and non-degraded stimuli. Stimulus degradation has been shown to produce decrements in sensitivity, which is thought to reflect increased demands on the limited capacity of visual attention. Between-group comparisons revealed that patients with schizophrenia, irrespective of symptomatology, showed attenuation of the anterior cingulate and cerebellar response to stimulus degradation in comparison with control subjects. We also observed disruptions of inter-regional brain integration in schizophrenia. A taskspecific relationship between the medial superior frontal gyrus and both anterior cingulate and the cerebellum was disrupted in both patient groups in comparison with controls. In addition, patients with negative symptoms showed impaired behavioural performance, and abnormal task-related connectivity between anterior cingulate and supplementary motor area. These findings are consistent with theoretical accounts of schizophrenia as a disorder of functional integration, and with the cognitive dysmetria hypothesis, which posits a disconnection within the CCTCC as a fundamental abnormality in schizophrenia, independent of diagnostic subtype. Furthermore, these data show evidence of additional functional deficits in patients with negative symptoms, deficits which may explain the accompanying attentional impairment. Keywords: schizophrenia; functional imaging; cognitive function; attention deficit Abbreviations: CCTCC = cortico-cerebellar-thalamo-cortical circuit; CPT = continuous performance task; fMRI = functional MRI; SMA = supplementary motor area Received May 11, 2005. Revised July 27, 2005. Accepted August 18, 2005. Advance Access publication September 23, 2005



Introduction In an attempt to identify an abnormality that could validate schizophrenia as a single phenotype, Andreasen and #



co-workers (Andreasen et al., 1996, 1998, 1999; Wiser et al., 1998) proposed that a core cognitive deficit, believed to be
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neurodevelopmental in origin, characterizes the disease. This deficit, referred to as ‘cognitive dysmetria’, involves a ‘difficulty in prioritizing, processing, coordinating and responding to information’ (Andreasen et al., 1998), and is thought to occur as a result of a disruption of the feedback mechanism within the cortico-cerebellar-thalamo-cortical circuit (CCTCC; Andreasen et al., 1996, 1998, 1999). Numerous functional imaging studies have provided evidence for a disruption of the components of this circuit in patients with schizophrenia (for review, see Andreasen et al., 1998). This evidence has been observed across a range of cognitive tasks, supporting the notion that cognitive dysmetria is a fundamental process which could potentially explain the diverse profile of neuropsychological deficits typically observed in patients with schizophrenia. However, two central tenets of the theory have yet to be formally tested in conjunction: the first is that the physiological deficit is characterized by ‘disconnections’ between the regional nodes, the second is that this deficit is observed across people with schizophrenia who show differing patterns of symptoms. Cognitive dysmetria is seen as an extension of the neurological concept of dysmetria, more conventionally applied to the motor system, manifest as a disturbance of the coordination of motor activity. Andreasen et al. (1999) suggest that the subtle motor dysfunctions frequently evident in the illness, such as neurological soft signs, premorbid markers and slowed reaction times, may indicate a fundamental disruption in the synchrony of thought and action. We have chosen the continuous performance task (CPT) in order to probe this possibility. The CPT is a classic behavioural assessment of attentional modulation of the motor system (Roswold et al., 1956). It is often disrupted in patients with schizophrenia (for review, see Braff and Light, 2004) and also in non-psychotic familial relatives (Grove et al., 1991; Nuechterlein, 1991; Mirsky et al., 1995; Chen et al., 1997). This may suggest that it has potential as a vulnerability marker (Addington and Addington, 1997). Patients typically show reduced target discrimination and slowed response latency. These deficits are found in chronically hospitalized or in remitted patients (Nuechterlein, 1991) and they fail to improve in line with the resolution of psychotic symptoms (Liu et al., 2000). In addition, functional imaging studies have shown that the task critically involves the functional activation of the nodes of the CCTCC in healthy volunteers (Hager et al., 1998), and elicits deficits in regional activation of this circuit in patients with schizophrenia across auditory and visual modalities (Cohen et al., 1987, 1988, 1997, 1998a; Buchsbaum et al., 1990; Siegel et al., 1993, 1995; Schroeder et al., 1994; Pugh et al., 1996; Volz et al., 1999; Potkin et al., 2002; Eyler et al., 2004; SalgadoPineda et al., 2004). This task is, therefore, a valuable neuropsychological probe with which to investigate the possibility of functional dysconnectivity of the CCTCC across symptom categories in schizophrenia. Patients with negative symptoms show attentional impairment, including deficits elicited by the CPT (Nuechterlein et al., 1986; Hain et al., 1993; Johnstone and Frith, 1996;



G. D. Honey et al. Buchanan et al., 1997; Liu et al., 1997; Roitman et al., 1997). This may be due to reduced information processing capacity (Cornblatt et al., 1985; Braff, 1993) associated with abnormal frontotemporal and cerebellar metabolism (Potkin et al., 2002) and may be compounded by frontal lobe pathology (Sanfilipo et al., 2000; Mathalon et al., 2001; Sigmundsson et al., 2001). The current study sought to explore further the relationship between inter-regional functional deficits within the CCTCC circuit and attentional deficits in schizophrenic patients. The aim of the study was to identify physiological deficits common to patients across symptom types and then to identify those which are specific to patients with negative symptoms. We, therefore, scanned two groups of patients with schizophrenia. The groups differed on the basis of the presence or absence of negative symptoms. We incorporated two frequently employed versions of the CPT, involving both degraded and non-degraded stimuli, in order to index the attentional modulation of the motor system. Stimulus degradation has been shown to produce decrements in sensitivity, which is thought to reflect increased demands on the limited capacity of visual attention (Nuechterlein et al., 1983; Mass et al., 2000). On the basis of the cognitive dysmetria theory of schizophrenia, we predicted that patients would exhibit functional dysconnectivity within the CCTCC associated with increasing attentional load. Furthermore, if this dysconnectivity truly provides a marker for the disease process, we predicted that it would be observed irrespective of symptomatology. In addition, given the relationship between negative symptoms and attentional impairment, which is not typically related to positive symptoms, we hypothesized that this cognitive impairment would be mediated by further abnormalities in the physiological systems supporting attentional processing in patients with negative symptoms, which distinguished them from healthy volunteers and patients without negative symptoms.



Methods Subjects Forty-two participants were recruited for the study. Two healthy volunteers and six patients were unable to comply with the scanning procedure; data are therefore reported on the remaining 34 subjects. All subjects gave written informed consent prior to involvement and received an honorarium for participation. The research protocol was approved by the Addenbrooke’s NHS Trust research ethics committee. Twenty-two outpatients with a diagnosis of schizophrenia according to DSM-IV criteria completed the study. Patients were sub-divided into patients presenting with both negative and positive symptoms (n = 11) (for convenience, these patients will subsequently be referred to as the negative patient group, as this was the only group presenting with pronounced negative symptoms), and those with primarily positive symptoms and mild/absent negative symptoms (n = 11) (subsequently referred to as the positive patient group). Current and previous psychopathology was assessed using the Comprehensive Assessment of Symptoms and History (CASH) (Andreasen et al., 1992a). All patients were receiving stable doses



Attentional deficits in schizophrenia of atypical anti-psychotic medication at the time of study, except one patient (positive group) treated with haloperidol. Age at the time of illness onset was matched across groups. Patients were characterized by repeated hospitalizations over a chronic period of illness. Twelve healthy volunteers were recruited by advertisement within the local community. Control subjects had normal structural MR brain scans, confirmed by neuroradiological assessment, and had no previous history of neurological or psychiatric illness, based on subject’s reports during an informal screening questionnaire. All subjects were right-handed and reported no alcohol/substance abuse within 12 months prior to participation in the study. Subjects were matched for age, gender and IQ as measured using the National Adult Reading Test (NART) (Nelson, 1982) across groups.



Continuous performance test A modified version of the original CPT (Roswold et al., 1956) was administered. The task was modified in two ways. First, we used both visually non-degraded and degraded stimuli (numerals 0, 2 4 6 and 8). The use of such degradation has been shown to accelerate the sensitivity decrement which occurs over time (Nuechterlein et al., 1983) (Fig. 1). Stimuli were degraded by randomly inverting 40% of the pixels, as this level of degradation has been shown to optimally elicit behavioural differences between patients with schizophrenia and healthy volunteers, which are not evident with increased levels of stimulus degradation (Mass et al., 2000). Secondly, stimuli were presented in 30 s blocks of either consistently degraded or nondegraded stimuli. As a reference condition for functional MRI (fMRI) image analysis, two baseline conditions were presented in which no digits were shown, but luminance was matched to the two task conditions: these stimuli were constructed by randomly inverting 40% of pixels, corresponding to the mean number of black pixels in the degraded and non-degraded task conditions (Fig. 1). The experiment was therefore a 2 (task) · 2 (degradation) factorial design. Each of the four conditions was presented five times. In each group, an ABBAABBAAB order of presentation was administered to half of the subjects, and BAABBAABBA to the other subjects, with each task preceded by its corresponding baseline condition. Each condition was preceded by a 2 s instruction screen indicating subsequent presentation of task (‘Ready’) or baseline (‘Relax’). In each block, 28 stimuli were presented for 42 ms, with an inter-stimulus interval of 958 ms, in accordance with the procedure reported by Mass et al. (2000). Task stimuli consisted of even-numbered single digits. Subjects were instructed to indicate the presentation of a target stimulus, the number zero, by pressing a response key with the right index finger. No response was required for non-targets. Target
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stimuli were presented on 25% of trials, pseudo-randomly interspersed amongst non-targets. In the baseline condition, numbers were not presented and no response was required from the subject. The number of black pixels in the baseline conditions corresponded to the degraded and non-degraded task conditions, producing equivalent luminance across task and baseline. Two configurations of random configurations of black pixels were presented for each baseline condition, which oscillated at a rate in order to match the rate of stimulus presentation for the task condition.



Behavioural data analysis The signal detection theory (Green and Swets, 1966) index of sensitivity (d0 ) was used to measure subjects’ ability to discriminate targets from non-targets separately for the degraded and nondegraded conditions. Response latency and target discrimination were recorded during scanning. Between-group differences in target discrimination and response latency were compared using a one-way analysis of variance (ANOVA) and post hoc t-tests.



fMRI data acquisition Imaging data were collected using a Bruker Medspec (Ettlingen, Germany) scanner operating at 3 tesla. T2 -weighted echo-planar images, depicting BOLD contrast, were acquired in each session (TE, 27.5 ms; TR, 1.1 s). Twenty-one slices (each of 4 mm thickness; interslice gap, 1 mm; matrix size, 65 · 64) per image were acquired. Five hundred and seventy whole-brain volumes were acquired; the first six EPI images in each session were subsequently discarded to avoid T1 equilibration effects.



fMRI data analysis Image pre-processing fMRI data were analysed using statistical parametric mapping (SPM2; Wellcome Department of Cognitive Neurology, London, UK). This included slice acquisition time correction, withinsubject image realignment, spatial normalization to a standard template (Friston and Frith, 1995) and spatial smoothing using a Gaussian kernel (8 mm full width at half-maximum). The time-series in each session was high-pass filtered (to a maximum of 1/120 Hz).



Modelling BOLD responses Blocks of stimuli were modelled using a boxcar function incorporating a delay appropriate to the haemodynamic response. This function was used as a covariate in a general linear model in order to generate a parameter estimate for each voxel for each of two condition contrasts: (i) main effects of task (degraded and



Fig. 1 Group averages in target discrimination and reaction time for degraded and non-degraded stimuli.
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non-degraded) versus baseline (degraded and non-degraded); (ii) the effects of stimulus degradation on task-related activations (degraded task versus degraded baseline compared to nondegraded task versus non-degraded baseline). The linear combinations of parameter estimates for each contrast were stored as separate images for each subject. These contrast images were entered into second level ANOVA models as described below, to permit inferences about condition effects within- and between-groups, treating inter-subject variability as a random effect.



Between-group comparisons Analysis of between-group differences was conducted using a between-subjects ANOVA model separately for the contrasts of task versus baseline and degraded versus non-degraded tasks (relative to each baseline, respectively, as described above). Two betweengroup comparisons were conducted: healthy volunteers were compared with all patients, in order to determine the effect of schizophrenia; secondly the negative patient group was compared with the positive patient group in order to determine the impact of negative symptoms on functional activation.



Masking Type I error control. Whole-brain analyses of imaging data pose a number of statistical problems, including the risk of false positive results due to multiple comparisons. In order to eliminate this risk as far as possible, we used a combined masking procedure to ensure that we only performed statistical tests on regions of a priori interest and that we only looked for group differences in areas that showed responsiveness in the three subject groups as a whole. Thus, to begin with a structural mask was constructed using the automated anatomical labelling (AAL) template (Tzourio-Mazoyer et al., 2002), implemented using ROI software (Maldjian et al., 2003). This mask comprised key regions under test [frontal (including inferior, middle, superior and medial frontal gyri, but excluding orbitofrontal and ventral prefrontal regions), anterior cingulate cortex, striatal, thalamic and cerebellar regions]. On the basis of previous studies of attentional function, we additionally included the parietal cortex and superior temporal gyrus in this mask. All subsequent analyses were confined to the regions demarcated by this mask. We further reduced the size of the mask for each of the effects of interest (main effects of task and effects of stimulus degradation) by performing initial F tests (across all three subject groups) and limiting further pairwise analyses to those regions surviving the F test (P < 0.05). Since the ensuing pairwise t-tests, comparing group effects, were orthogonal to the across group F-tests, this constitutes a statistically rigorous approach to limiting the number of voxel-wise comparisons performed.



Constraining group comparisons. We were primarily interested in two types of group activation differences. First, we wished to establish differences between the control subjects and the schizophrenic groups, irrespective of symptomatology. Thus, we did not wish this comparison to be contaminated by regions in which the group difference was primarily attributable to one of the schizophrenic groups and not found in the other. We, therefore, produced an ‘exclusive’ mask comprising regions which showed a significant difference (at a suitably lenient threshold of P < 0.05) between the two groups of patients (for each of the key task comparisons). Any regions showing such a difference, however subtle, were excluded from the controls versus patients analysis for these comparisons.



G. D. Honey et al. This helps to ensure that all patient versus control differences are actually found between controls and all patients, rather than arising out of a disproportionately large effect in one of the two schizophrenia groups. In order to further ensure that this procedure had successfully filtered out effects of no interest, we plotted parameter estimates across all groups for the regions surviving this series of tests. Since these masks were orthogonal to the contrast between patients and controls, parameter estimates were appropriately adjusted for the reduced search volume. Second, in attributing unique differences to the negative symptom group, we wished to ensure that such differences were found when comparing the negative group both to the positive symptom group and to the control group. We thus initially constructed a mask on the basis of the contrast between negative patients versus control subjects, and applied this ‘inclusively’ to the negative versus positive patient group comparisons. Thus we could ensure that effects which we are attributing uniquely to the negative symptom group were found whether this group was compared to control subjects or to patients with positive symptoms. Once again, in order to further ensure that this procedure had successfully identified brain responses unique to the negative symptoms group, we plotted parameter estimates across all groups for the regions surviving this series of tests. Since the contrast used to identify the mask and that used to compare the patient groups are non-orthogonal, no adjustment of statistical thresholds was made with regard to the reduced search volume. For these a priori ROI analyses, a threshold of P < 0.005, uncorrected for multiple comparisons, was set for all contrasts described above. In order to further reduce type I error, we adopted a cluster threshold of >5 voxels for activated foci.



Analysis of task-dependent brain interactions within the CCTCC Having identified regions in which there was a group difference in task-related activation associated with attentional load, as indexed by stimulus degradation, we sought to examine group differences in brain regions which showed a task-specific correlation with these regions. This was implemented using an analysis of ‘psychophysiological interactions’ (Friston et al., 1997). In this approach, we identify condition-specific correlations between activity in a selected region, and activity in other brain regions. We selected the anterior cingulate gyrus and cerebellar vermis, since these regions exhibited a between-group difference in task-related activity associated with attentional load. For each of these regions, individual time-series were extracted using a 2 mm sphere centred on the foci identified from the group-based comparison of task-related activation. A 2 mm sphere was considered sufficient to average across several voxels to produce a greater signal-to-noise ratio through averaging while being sufficiently small to avoid averaging across functional regions. These data were multiplied by a vector specifying the task · degradation interaction, in order to produce a vector representing the task · region covariate, with task and region incorporated separately into the model. This contrast produced individual t-statistic maps for each region, which were stored as separate images for each subject. These contrast images were entered into second level analyses, to permit inferences about condition effects within each group and between groups, treating inter-subject variability as a random effect. The psycho-physiological interactions analysis, therefore, determined regions in which there was a significant difference in correlation with activity in the selected regions, as a function of whether subjects



Age



3.19 [0.5] 0.42[0.05] 3.7 [2.1]



0.38 [0.05] 5.4 [3.1]



4.34 [0.6]



2.85 [0.6] 3.74 [0.9] 0.45[0.06] 6.73 [3.1] 11.36 [2.3] 0.41 [0.06]



24.72 [6.4] 16.4 [7.1]



20.45 [9.3] 22.2 [4.2]



Clozapine (10) Amisulpiride (1) Clozapine (8) Risperidone (1) Olanzapine (1) Haloperidol (1)



3.44 [0.5] 0.42 [0.06] 4.61 [0.3] 0.37 [0.04] – – – – –



Healthy 110.1 [10.7] 33.3 [11.8] 2 volunteers Negative 103.2 [12.5] 42.64 [9.2] 1 schizophrenia Positive 111.9 [7.5] 41.1 [10.9] 2 schizophrenia



Regional activation maps for the between-group comparisons are presented in Fig. 2; co-ordinates of significant foci are detailed in Table 2. Compared to healthy controls, patients showed reduced activation of left putamen, medial frontal gyrus and bilateral posterior parietal cortex (Fig. 2A; Table 2). Increased activation of a broad range of regions was observed in patients relative to controls, including bilateral thalamus, left caudate, bilateral inferior and superior parietal cortex, superior temporal gyrus, supplementary motor area (SMA)



IQ



Regional fMRI response Task versus baseline



Group



Target discrimination and reaction time data are presented in Fig. 1. One-way ANOVA revealed a significant effect of degradation, with reduced target discrimination [F(1,31) = 174.6; P < 0.0001] and increased response latency [F(1,31) = 100.4; P < 0.0001] for the degraded compared to the nondegraded stimuli condition. There was a main effect of group for discrimination [F(1,31) = 4.9; P = 0.015] but not reaction time [F(1,31) = 1.82; P = 0.179]. Post hoc comparisons exploring the effect of group using Tukey’s HSD test indicated that the negative schizophrenia group showed significantly reduced discrimination (P = 0.012) compared to healthy volunteers, but not the positive schizophrenia group (P = 0.528). The two-way interactions between group and degradation were non-significant for both discrimination and response latency (P > 0.05). Combining data from the negative and positive patient groups, patients showed reduced target discrimination compared to controls [F(1,32) = 5.41; P = 0.026], but there was no group difference in reaction time [F(1,32) = 1.11; p = 0.3]; two-way interactions between group and degradation were non-significant for both discrimination and reaction time for controls compared to patients [P > 0.05].



Table 1 Clinical, behavioural and demographic details



Behavioural performance



Gender Age at (females) onset



Duration of Antipsychotic Symptom ratings illness medication (number of subjects) SAPS SANS



CASH ratings were unavailable for one subject due to technical difficulties. Negative symptoms, assessed using the Scale for the Assessment of Negative Symptoms (SANS) score, were greater in the negative group (M = 11.36, SD = 2.3) compared to the positive group (M = 3.7, SD = 2.06), which was statistically significant, t(19) = 7.94; P < 0.0001. Positive symptoms, rated using the Scale for the Assessment of Positive Symptoms (SAPS) were not significantly different between groups [t(19) = 0.98, P > 0.05]. Duration of illness and age of onset of psychosis were matched across patient groups (Table 1).



Non-degraded Degraded task task



Results Clinical assessments



Non-degraded Degraded task task



were performing the degraded or non-degraded versions of the task. In order to draw inferences based on differences between (i) controls and patients, and (ii) negative and positive patients, between-group comparisons were masked using the strategy described above, using identical statistical thresholds.
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Fig. 2 Between-group differences in activity associated with task versus baseline. For each between group comparison (A–C), maximum intensity projections from sagittal, coronal and axial perspectives are presented. On the right of the figure, parameter estimates from selected regions are shown for each group to illustrate group differences. For each of these selected regions, activation is superimposed on a representative T1-weighted image rendered into the same anatomical space, and sectioned in order to visualize the region from which the selected parameter estimates were extracted. For details of co-ordinates see Table 2.



and cingulate gyrus (Fig. 2B and Table 2). The negative patient group showed increased activation of right middle frontal gyrus, right superior temporal gyrus and left superior parietal cortex (Fig. 2C and Table 2).



anterior cingulate and cerebellum. No increases were observed in the patient group, and there were no significant differences between positive and negative patient groups.



Degraded versus non-degraded stimuli



Psycho-physiological interactions Anterior cingulate



Regional activation maps for the between-group comparisons are presented in Fig. 3; co-ordinates of significant foci are detailed in Table 3. Patients showed reduced activation of



On the basis of the observed difference in the response amplitude of the anterior cingulate and cerebellum in patients
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compared to controls, we selected these regions to evaluate between-group differences in task-related correlations of activity in the anterior cingulate and other regions of the CCTCC, and similarly for the cerebellum. This analysis, Table 2 Co-ordinates of significant foci for pairwise contrasts between task and baseline Brain region



Controls > patients Angular gyrus *Putamen Medial frontal gyrus Angular gyrus Patients > controls Superior frontal gyrus Inferior parietal lobule Posterior cingulate Post-central gyrus Superior frontal gyrus Inferior parietal lobule *Caudate nucleus Thalamus Pre-central gyrus Superior parietal lobule Superior temporal gyrus Inferior parietal lobule Thalamus Inferior parietal lobule Superior temporal gyrus Cingulate gyrus Cerebellum Thalamus Middle frontal gyrus Inferior frontal gyrus Negative > positive Superior temporal gyrus *Middle frontal gyrus Superior parietal lobule
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4.11 4.08 4.06 3.89 3.88 3.81 3.68 3.65 3.64 3.59 3.57 3.52 3.28 3.23 3.19 3.19 3.17 3.15 2.96 2.79
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3.13 2.94 2.91



0.001 0.002 0.002



Asterisks indicate selected regions for which parameter estimates plotted are plotted in Fig. 2.
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therefore, serves to determine whether the influence of cingulate-mediated processes engendered by the degraded CPT (relative to the visually-matched baseline) upon other brain regions differs across groups, compared to that observed for the non-degraded version. Group comparisons of correlation maps for the anterior cingulate are presented in Fig. 4; co-ordinates of significant foci are detailed in Table 4. In control subjects, increased task-related correlation of cingulate activity was observed in the left inferior frontal gyrus, and extensively within the medial superior frontal gyrus (Fig. 4A) compared to patients. Schizophrenic patients showed greater tasked-related correlation of cingulate activity with right pre/post-central gyri and left cerebellum (Fig. 4B). Patients with negative symptoms showed greater correlation of cingulate activity within a nearby foci of the cingulate gyrus (Fig. 4C). Increased task-related correlation between the anterior cingulate and SMA was observed for the controls and positive patient group, but not the negative patients (Fig. 4D).



Cerebellum Between-group comparisons of correlation maps for the cerebellum are presented in Fig. 5; co-ordinates of significant foci are detailed in Table 5. Task-related correlation of activity in the cerebellum was significantly greater in the degraded condition for the controls compared to the patients in the medial Table 3 Co-ordinates of significant foci for pairwise contrasts between degraded and non-degraded stimuli Brain region



Controls > patients Anterior cingulate Cerebellum



MNI co-ordinates x



y



z



0 4



26 52



34 28



Z-score



P-value



3.93 3.38



0.0001 0.0001



Fig. 3 Between-group differences in activity associated with degraded versus non-degraded stimuli. The figure is presented as described previously. See Table 3 for co-ordinates.
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Fig. 4 (A–D) Psycho-physiological interactions with task-related activity in anterior cingulate. The figure is presented as described previously. See Table 4 for co-ordinates.



Attentional deficits in schizophrenia



Brain (2005), 128, 2597–2611



Table 4 Co-ordinates of significant foci demonstrating psycho-physiological correlations with the anterior cingulate gyrus (MNI co-ordinates: 0 24 36) Brain region



MNI co-ordinates x



Controls > patients Medial superior frontal gyrus Medial superior frontal gyrus Medial superior frontal gyrus Medial frontal gyrus Medial superior frontal gyrus Inferior frontal gyrus Inferior frontal gyrus Medial superior frontal gyrus Inferior frontal gyrus Patients > controls Pre-central gyrus Post-central gyrus Pre-central gyrus Cerebellum Pre-central gyrus Negative > positive Anterior cingulate Negative < positive SMA
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32 16 12 28 60
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14



20



28



3.07



0.001



4



2



66



3.05



0.001



superior frontal gyrus. Indeed, this was remarkably similar to the group difference in pattern of task-related correlation with the anterior cingulate noted earlier. Task-related cerebellar activity was correlated with a small focus in the left middle frontal gyrus in patients but not controls (Fig. 5A). Several regions showed increased correlation with cerebellar activity in the negative patient group; however, as these were observed for the non-degraded condition, which was unpredicted, these are reported in Table 5 for completeness, but will not be considered further.



Summary In thalamus bilaterally, in left caudate nucleus and in frontal and temporal regions, the response to the task (irrespective of stimulus degradation) compared to baseline was abnormally high in the patient groups (irrespective of symptom profile). Conversely, there was under-activation in middle frontal gyrus, putamen and angular gyrus in the patient groups. We observed further differences in activation that appeared to be dependent upon the symptom profile. Specifically, people with negative symptoms showed over-activation in superior temporal, parietal and superior frontal regions compared with controls and patients with positive symptoms. While symptom patterns did not appear to be associated
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with differences in association with stimulus degradation, there was an overall attenuation of the anterior cingulate and cerebellar responses to increasing task difficulty in both groups of people with schizophrenia compared to control subjects. Having observed these failures of response in anterior cingulate cortex and cerebellum, we used psycho-physiological interactions methodology to establish whether these regions showed abnormal task-dependent connectivity in schizophrenia. These findings are summarized in Fig. 6. Stimulus degradation was associated with increased connectivity between anterior cingulate cortex and left lateral and medial frontal cortex in control subjects. This relationship was disrupted in both groups of patients, irrespective of symptoms. Patients, however, show increased task-dependent connectivity between anterior cingulate and two key regions: cerebellum and pre- and post-central gyrus. In addition, patients with negative symptoms showed reduced connectivity between anterior cingulate and the SMA, compared to patients with positive symptoms and to controls.



Discussion Schizophrenia is increasingly conceptualized as a disorder of integration between brain regions (Friston and Frith, 1995; Bullmore et al., 1997). The current study demonstrates that inter-regional relationships in brain activity are indeed disrupted in schizophrenia. More specifically, while both anterior cingulate and cerebellum show a task-specific relationship with medial superior frontal gyrus in healthy volunteers, this relationship appears disrupted in people with schizophrenia. Furthermore, this disruption was noted irrespective of the clinical presentation. An interpretation of these findings is that, in healthy subjects, the superior frontal gyrus has a mediating or coordinating role but that this is impaired or lost in schizophrenia. This supports the prediction of the cognitive dysmetria hypothesis of schizophrenia, which posits both that a disconnection within the CCTCC is a fundamental abnormality in schizophrenia, and that this disconnection is independent of diagnostic subtype. However, there was a pattern of disruption that appeared unique to the group showing negative symptoms, in whom the functional connection between the anterior cingulate and SMA was abnormal, in comparison with healthy controls and with patients showing primarily positive symptoms. This extends the cognitive dysmetria hypothesis, and shows that, in addition to the core abnormality, common to all patients, negative symptoms are associated with further functional deficits. These additional deficits may explain the association between negative symptoms and attentional impairment. We observed two abnormalities in the anterior cingulate cortex in people with schizophrenia. First, they showed, irrespective of symptoms, a failure of task-related activation in responding to the demands of the more difficult (degraded) task. Second, the pattern of task-related connectivity was
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Fig. 5 (A–C) Psycho-physiological interactions with task-related activity in cerebellum. The figure is presented as described previously. See Table 5 for co-ordinates.



disrupted. This suggests both that the region is failing to respond and that the functional circuit of which it forms a part is abnormally integrated. Our findings are in keeping with numerous post-mortem and in vivo structural imaging studies showing neuronal cell loss in this region in schizophrenic patients (Benes and Bird, 1987; Goldstein et al., 1999; Sigmundsson et al., 2001; Job et al., 2002; Shapleske et al., 2002; Velakoulis et al., 2002; Szeszko et al., 2003; Stark et al., 2004; Woo et al., 2004; Todtenkopf et al., 2005). It is consistent too with functional imaging studies of schizophrenic patients who have shown failure of anterior cingulate



activation across a range of cognitive paradigms, including response anticipation (Quintana et al., 2004), cognitive interference (Heckers et al., 2004), conflict (Dehaene et al., 2003), stroop (Yucel et al., 2002; Weiss et al., 2003), verbal encoding/retrieval (Crespo-Facorro et al., 1999; Fletcher et al., 1999; Ragland et al., 2001; Hofer et al., 2003), CPT (Siegel et al., 1995; Keilp et al., 1997; Salgado-Pineda et al., 2004), response inhibition (Rubia, 2002; Laurens et al., 2003) and facial affect recognition (Hempel et al., 2003). While a precise role for the region has not been defined and, indeed, it is likely that there are a number of functional sub-divisions, anterior
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Table 5 Co-ordinates of significant foci demonstrating psycho-physiological correlations with the cerebellum (MNI co-ordinates: 4 52 28) Brain region



Controls > patients Medial superior frontal gyrus Medial frontal gyrus Medial superior frontal gyrus Medial superior frontal gyrus Patients > controls Middle frontal gyrus Negative < positive Inferior frontal gyrus Cingulate gyrus Superior parietal lobule Pre-central gyrus Pre-central gyrus Inferior frontal gyrus Post-central gyrus
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Fig. 6 Schematic representations of group differences in functional connectivity within the CCTCC.



cingulate cortex is likely to participate in higher order coordination and control processes (for review see Allman et al., 2001; Rushworth et al., 2004). Our finding that it shows abnormal activation and disrupted integration with other key brain regions is in keeping with the view that such control and coordination processes may represent a fundamental abnormality in schizophrenia. The observed disruption of cingulate functional connectivity in schizophrenia was independent of clinical presentation
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and was highly specific, both anatomically and cognitively. That is, it was observed in relation to cingulo-prefrontal connections and seen in the setting of the most demanding version of the task. The anatomical relationship between these structures is well established, and the functional system which these regions support has been theoretically implicated in both schizophrenia and attentional (dys)function. The medial superior frontal gyrus and anterior cingulate are major components of the archicortical system, according to Sanides’ ‘evolutionary cytoarchitectonic dual trends’ model (Sanides, 1969). The archicortical system is theoretically distinct from the more ventrolateral palaeocortical system, a partitioning corroborated by extensive autoradiographic tracing studies (Pandya et al., 1981). Bilder and co-workers suggest that this dual division of frontal neocortex is directly relevant to understanding the neurocognitive deficits of schizophrenia, and that the profile of neuropsychological impairment in schizophrenia is consistent with a defect of the archicortical trend (Bilder, 1997; Christensen and Bilder, 2000). More specifically, Tamminga et al. (2000, 2003) have suggested that attentional and working memory deficits in schizophrenia are a consequence of anterior cingulate and medial frontal dysfunction. The observation of disrupted connectivity between anterior cingulate and medial frontal cortex in the current study is, therefore, consistent with several contemporary theories of the pathophysiology of schizophrenia. Furthermore, we have demonstrated that these misconnections within frontal cortex have important implications for corticocerebellar interactions. The relationship between specific symptoms and disconnections within the CCTCC is not yet known. Andreasen et al. (1999) proposed that disruptions of the CCTCC could engender different symptom profiles. In relation to negative symptoms, it was suggested that impedance of information flow in the circuit could give rise to symptoms such as alogia or affective blunting. One possibility is that symptom formation may be linked to specific disconnections within the CCTCC. In this study we observed that functional connectivity between anterior cingulate and SMA was disrupted in patients with negative symptoms, but not in patients with primarily positive symptoms. There are strong anatomical connections between these two regions (Bates and Goldman-Rakic, 1993; Luppino et al., 1993) and it has been suggested that they are involved jointly in mediating the context-sensitive, goalsetting functions of the prefrontal cortex, sensory analysis functions of the inferior parietal lobule, and the executive components of the motor system (Goldberg, 1985). Posner and Raichle (1996), moreover, proposed that midline frontal areas including anterior cingulate cortex and SMA participated in a key aspect of attentional control: ‘the control of goal-directed behaviour, target detection, error detection, conflict resolution and inhibition of automatic responses,’ (Berger and Posner, 2000). It is possible that the observed disruption of cingulate-SMA connectivity in patients with negative symptoms causes or reflects a failure to engage in these attentional controlling processes leading to impaired
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target detection as observed in this study. Perhaps, more generally, they could be manifest in a disruption of goaldirected behaviour, providing a physiological basis for the generation of negative symptoms in schizophrenia. This is compatible with the assessment of the post-operative pattern of cognitive impairments reported by Ochsner et al. (2001) in a psychiatric patient following anterior cingulotomy. The observed deficits led them to conclude: ‘anterior cingulate cortex may monitor the goal-related significance of stimuli and signal (to other prefrontal components of the executive control system) when behavioural change and re-orientation of attention is required.’ (Ochsner et al., 2001). To our knowledge this is the first functional imaging study to directly compare degraded and non-degraded versions of the CPT in schizophrenic patients. Comparison to previous studies is, therefore, not straightforward, and is further complicated by the use of different versions of the CPT. However, we note that despite these methodological differences, several studies have also previously reported abnormal function of the anterior cingulate during CPT performance in patients with schizophrenia (Buchsbaum et al., 1992; Schroder et al., 1996; Cohen et al., 1997, 1998a; Volz et al., 1999; Carter et al., 2001) and in non-psychotic familial relatives (Thermenos et al., 2004). In addition, Cohen et al. (1998b) found that reduced metabolism in the right anterior midprefrontal cortex predicted a better response to neuroleptics, and reduced cingulate metabolism predicted a poor response. Using PET scanning and a degraded version of the CPT, Schroder et al. (1996) showed that both delusions and negative symptoms were associated with attenuated anterior cingulate and medial frontal responses. With regard to negative symptoms, our findings partially replicate those of the only previous functional imaging study to examine the effects of negative symptoms on regional activation during CPT performance (Potkin et al., 2002). Potkin and colleagues reported differences in right hemispheric activation, particularly in the temporal and ventrolateral prefrontal cortices in patients with negative symptoms. Similar regional abnormalities were observed in the present study. Whilst we observed increased activation of these regions in association with negative symptoms, Potkin and colleagues reported decreased activation. Possible reasons for this apparent discrepancy include the use of different versions of the task employed together with different symptom profiles, medication status, imaging modality and sample size. In considering the observations made in this study, we should raise some important caveats. First, we must acknowledge that these findings are based upon limited numbers of subjects and, while this is, to a large extent, mitigated by the fact that we are testing a priori hypotheses based upon a welldefined model, nevertheless they should for this reason, be treated cautiously. Furthermore, patients studied were treated with atypical neuroleptic medication. While this is not a problem in interpreting the differences between the two patient groups (both being medicated), it should be considered in evaluating the patient versus control comparisons.



G. D. Honey et al. We believe that there are number of grounds for attributing our findings to schizophrenia rather than to medication. First, we know that cognitive deficits in schizophrenia are not due to treatment (indeed, if anything, higher doses and chronic treatment seem to improve cognition (King, 1990; Mortimer, 1997). Focusing on treatment with atypical neuroleptics (given that 21 of our 22 subjects were on atypicals) and, in particular, to a possible impact upon attentional processing, there is much evidence that performance on a task comparable to the one that we report is not affected (Daniel et al., 1996; Stuve et al., 1997) nor performance on other attentional tasks (Goldberg et al., 1993; Zahn et al., 1994). This point is also supported by a meta-analysis (Keefe et al., 1999). There is, though, some evidence of an impact of atypical treatment: Stip and Lussier (1996) noted a normalization of performance. From the perspective of changes in brain metabolism produced by drug treatment, the most recent meta-analysis (Hill et al., 2004) suggests no regionally specific effects. Furthermore, previous studies have reported that task-related activation in the anterior cingulate is reduced in neuroleptic-naı¨ve patients (Andreasen et al., 1992b) and is increased in this region (Braus et al., 2001, 2002) and the cerebellum (Stephan et al., 2001) with atypical anti-psychotic treatment. One may speculate that the effect of treatment in these patients would therefore, if anything, predispose against finding a disease-related deficit in these regions. Of course, future studies involving drug-naı¨ve subjects are required to resolve this question ultimately. There are some other technical issues in this study warranting further consideration. Firstly, we consider the behavioural performance of the subjects during scanning. The patients were clearly engaged in the task, and mean group performance was acceptable (mean number of targets correctly identified: controls = 98.0%; positive group = 92.6%; negative group = 88.2%). The target discrimination of the negative patient group was significantly reduced compared to controls. An important question is, therefore, whether group differences in activation for the task versus baseline contrast are wholly or partly attributable to differential performance. We do not believe that this possibility renders our key findings ambiguous given that these relate to the effects of stimulus degradation on brain response. Since there were no between-group behavioural differences in responses to degraded versus nondegraded stimuli, behavioural differences cannot be directly invoked to account for the reported functional abnormalities. A second consideration relates to whether the cognitive and physiological deficits observed may relate to deficits in early visual processing of the stimuli, rather than, or in combination with, higher order functions. Whilst we are not able to exclude this possibility on the basis of these data, it might lead us to expect a greater impact of stimulus degradation stimuli in the patients, or specifically in the negative symptoms group, which was not observed in this study. Finally, the issue of the negative/positive distinction in schizophrenia is worthy of further consideration. In this study, we chose the strategy of identifying patients with



Attentional deficits in schizophrenia mixed positive and negative symptoms, and comparing these with patients exhibiting only positive symptoms in order to identify common effects and those effects unique to the presence of negative symptoms. It might be argued that the effects that we here attribute to schizophrenia as a whole are actually produced by positive symptoms alone. Whilst this possibility cannot be excluded, we do not believe that it provides a likely explanation of the data. Previous studies have consistently demonstrated an association between attentional impairment and negative symptoms (Nuechterlein et al., 1986; Hain et al., 1993; Johnstone and Frith, 1996; Buchanan et al., 1997; Liu et al., 1997; Roitman et al., 1997), as observed in this study, and it is, therefore, unlikely that the physiological correlate of increasing attentional demand would be specific to positive symptoms. We chose to adopt the grouping strategy used in this study based on the consideration that the typical clinical presentation involves a mixture of both positive and negative symptoms; thus to select samples with exclusively positive or negative symptoms may reflect extremes of the illness, which may be unrepresentative of the general clinical population. A limitation of our approach is that we are not able to distinguish between primary and secondary negative symptoms in this study. However, our findings are consistent with those of Buchanan et al. (1997) indicating that CPT performance impairment is related to the deficit syndrome, which is based on the presence of primary, enduring negative symptoms. Future replications of the current findings could incorporate the deficit/nondeficit categorization, or sub-syndromal groupings based on multivariate methods, such as factor analysis, to relate more definitively the disconnectivity between anterior cingulate and SMA to negative symptoms. In conclusion, the current study has identified deficits of functional connectivity within the prefrontal cortex and projection areas, which are commensurate with contemporary theories of the pathophysiological basis of schizophrenia. Models of anterior cingulate (dys)function provide some indication of the physiological basis of schizophrenia, and the core dysfunction of attentional perturbation associated with negative symptoms.
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