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Abstract 

 

Schizophrenia is a serious mental illness with heterogeneous symptoms. Recent 

neuroimaging studies have suggested that schizophrenic symptoms arise from functional 

dysintegration in brain network, not from local brain deficits. This study investigates the 

functional dysintegration in schizophrenia patients using multimodal neuroimaging 

techniques, integrating functional magnetic resonance imagining (fMRI) and 

magnetoencephalography (MEG) data collected during spatial working memory task 

performance. It has been known that schizophrenia patients have deficits in spatial 

working memory where prefrontal and posterior sensory processing areas should be 

functionally coordinated. Twelve schizophrenia patients and eleven normal control 

subjects participated in this study. This study consists of the following four sub-studies; 

1) fMRI regional activation study to identify the brain regions involved in spatial 

working memory and the regions where schizophrenia patients have deficient task-

related activations, 2) cortical source MEG study of local gamma energy to identify 

brain regions where schizophrenia patients have deficient gamma activity, which is an 

index of functional integration within local brain area, 3) large scale functional 

connectivity study using temporal correlation analysis of fMRI time-series between 

regions of interests (ROIs) in the spatial working memory network and interregional 

gamma phase synchrony analysis of the cortical source MEG signals of the ROIs to 

identify brain networks showing abnormal functional connectivity during spatial 

working memory in schizophrenia patients, and 4) association study to investigate the 

relationships between the fMRI and the cortical source MEG functional connectivity 
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indices and clinical symptoms of schizophrenia. These studies revealed that 

schizophrenia patients had dysfunctions in prefrontal and posterior association cortices 

as well as cortico-thlamo-cerebellar system. In addition, they were also found to have 

local and large-scale functional connectivity deficits in the spatial working memory 

network. These functional connectivity indices had associations with the spatial working 

memory task performace. Specific abnormalities in the interregional functional 

connectivity also showed differential associations with the schizophrenic symptoms, 

such as positive, negative, and disorganization symptoms. The neurobiological bases of 

the functional dysintegration syndrome of schizophrenia and the implications of the 

syndrome in characterizing schizophrenia were discussed.  
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Chapter 1: Introduction 

 

Schizophrenia is a serious mental illness with a lifetime prevalence of 0.8~1 % 

across cultural and socioeconomic strata, with typical age of onset ranges from late 

adolescence to young adulthood. The symptoms of schizophrenia encompass nearly all 

aspects of higher-order psychological functioning, including abnormalities in perception 

(hallucinations), inferential thinking (delusions), formation of thoughts and their 

expression in language (formal thought disorder or disorganized speech), motor behavior 

(catatonia), social interaction (socially disorganized behavior), emotional expression 

(affective blunting), subjective emotional experience (anhedonia), initiation of goal-

directed behavior (avolition), fluency of thought and speech (alogia), and focusing and 

maintaining attention (Andreasen, 1997). These symptoms vary from patient to patient, 

sometimes with no overlap (e.g., “affect-laden paraphrenic” versus “emotionally 

impoverished hebephrenic”) (Andreasen et al., 1999). Therefore, schizophrenia has been 

described as a very heterogeneous disorder with various symptoms. Although the 

categorical model have tried to divide schizophrenia patients into mutually exclusive 

groups, such as positive versus negative subtypes (Andreasen, 1985; Crow, 1985), this 

approach failed to achieve this goal since most patients have both positive and negative 

symptoms cross-sectionally and show a tendency to change or evolve when assessed 

longitudinally (Marneros, Deister, & Rohde, 1991). More recently, the dimensional 

approach, which relies on factor analytic techniques, has divided symptoms rather than 

patients into groups, and thus has identified symptom dimensions that can co-occur 

within individual patients (Stuart, Pantelis, Klimidis, & Minas, 1999). This approach 
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provides the three most consistent symptom dimensions of schizophrenia, including 1) 

positive symptoms, such as hallucinations and delusions (reality distortion), 2) negative 

symptoms, such as blunt affect and avolition, and 3) disorganization symptoms, such as 

formal thought disorder and cognitive deficits. However, factor analytic studies only 

demonstrate a statistical relationship. Thus, further studies are needed to validate the 

dimensions and to demonstrate that they in fact have clinical or biological meaning.  

Although many behavioral-level analyses with a basis of phenomenology of 

schizophrenia have investigated symptoms of this disease, the core cause of 

schizophrenia is still unclear. The heterogeneity of schizophrenia may be the major 

source of difficulty in finding the core deficits of schizophrenia at the behavioral level. 

With this difficulty, much effort has been devoted to identifying the location of brain 

disturbances in schizophrenia. The prefrontal cortex (PFC) in particular has long been 

the focus of such research (Weinberger, Aloia, Goldberg, & Berman, 1994). Evidence of 

the PFC as a site of abnormal brain function in schizophrenia is overwhelming, 

including data from many studies of neuropsychological and cognitive function, 

functional neuroimaging, and electrophysiological studies. In general, these studies have 

found that the PFC in schizophrenia patients activates less robustly during the 

performance of cognitive tasks (hypofrontality), in which patients often demonstrate 

performance impairments. Structural imaging studies have also detected reductions in 

prefrontal gray matter in schizophrenia patients (Buchanan et al., 1998; Gur et al., 

2000a). Deficient prefrontal activation, however, is neither an invariable nor solitary 

finding in every study. When patients demonstrated comparable performance in 

cognitive tasks to normal subjects, they tended to show increased prefrontal activation 
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(hyperfrontality), suggesting inefficient prefrontal function. However, recent studies 

demonstrate that prefrontal dysfunction can be manifested as either hyperactivation or 

hypoactivation, depending on the compensatory function of other cortical areas in the 

network for cognitive processing, for example the posterior parietal cortex (PPC) in the 

working memory network (Quintana et al., 2003). Physiologic abnormalities are also 

found in other areas that are anatomically connected to the PFC, especially in 

heteromodal association cortices such as the superior temporal gyrus (STG) and the PPC 

(Pearlson, Petty, Ross, & Tien, 1996) as well as the cingulate gyrus (Tamminga, Vogel, 

Gao, Lahti, & Holcomb, 2000), hippocampus (Weinberger, Berman, Suddath, & Torrey, 

1992), subcortical regions of the thalamus and striatum, and the cerebellum (Andreasen, 

O'Leary, Arndt et al., 1995; Andreasen, O'Leary, Cizadlo et al., 1995).  

With growing evidence that the pathology of schizophrenia may not localize to 

a particular brain area, an alternative perspective has emerged – that this disorder arises 

from the dysfunctional integration of distributed neural processing units. For example, 

reviewing the case for fronto-striatal dysfunction in schizophrenia, Robbins (1990) 

concluded that the pathophysiological basis of schizophrenia is unlikely to be found in a 

single area (e.g. PFC) but is more likely to be associated with dysfunctional integration 

in the cortico-striatal loops, which is necessary for intrinsically generated behavior. On 

the other hand, Friston and Frith (1995) suggest that the specific cortico-cortical 

functional disconnection (e.g. fronto-temporal disconnectivity) may underlie many 

positive symptoms of schizophrenia, which reflect a failure to integrate intrinsically 

generated behavior and concurrent perception. With this conceptualization of 

schizophrenia as a functional disconnection syndrome, many neurophysiological studies 
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have investigated the dysfunctional neural interaction in schizophrenia to find a 

fundamental neural substrate of the disease. In the following sections, recent studies 

providing functional neuroimaging and electrophysiological evidence will be reviewed 

to elucidate the nature of functional dysintegration in schizophrenia and the underlying 

neural mechanism. In particular, these findings will be discussed in terms of their 

relationship with schizophrenic symptoms and cognitive deficits in schizophrenia, which 

might be the most fundamental phenomena of this illness (Heinrichs, 2005) 
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Chapter 2: Functional Neuroimaging Evidence of Fuctional 

Dysintegration in Patients with Schizophrenia 

 

Traditionally, functional connectivity over cortical network has been 

investigated by electroencephalography (EEG) or magnetoencephalography (MEG) 

coherence studies. The coherence is a direct measure of the correlation between the 

spectra of two random processes (time-series signals), reflecting functional coupling, or 

interdependence between bivariate signals in a specific frequency band. If the spectra do 

not change in time (stationary), Fourier analysis can be used to provide accurate 

estimates of these spectra and coherence (Challis & Kitney, 1991). This classical 

measure, based on Fourier analysis, has been used widely in EEG studies to investigate 

interregional cortical interaction in schizophrenia. These studies have predominantly 

examined the coherence in alpha frequency band (8~12 Hz), reporting various abnormal 

coherence patterns, such as increased interhemisphereic coherence (M. R. Ford, Goethe, 

& Dekker, 1986; Merrin, Floyd, & Fein, 1989; Wada, Nanbu, Jiang, Koshino, & 

Hashimoto, 1998) during resting state, and diminished task-induced coherence in the 

frontal area (Tauscher, Fischer, Neumeister, Rappelsberger, & Kasper, 1998) and across 

anterior and posterior regions (Hoffman et al., 1991; Michelogiannis, Paritsis, & Trikas, 

1991; Shaw, Colter, & Resek, 1983). However there are some problems in terms of 

methodological issues as well as an underlying assumption for this approach. First, the 

assumption that neural signals are stationary is not appropriate because non-stationary is 

the rule rather than the exception in neural processing (Lachaux et al., 2002). Second, 

technical problems such as the choice of a reference electrode has a great effect on 
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coherence measures, resulting in interpretation problems (Fein, Raz, Brown, & Merrin, 

1988; Rappelsberger, 1989). Lastly, coherence cannot differentiate the effect of 

amplitude and phase on the magnitude of functional connectivity (Lachaux, Rodriguez, 

Martinerie, & Varela, 1999). Considering the importance of phase synchrony in 

measurement of functional coupling in fast oscillatory neural signals, coherence studies 

may result in misleading conclusions. The issue of phase synchrony in EEG/MEG 

signals will be discussed in a later section. With these problems, this paper will mainly 

focus on functional connectivity studies using metabolic response signals measured by 

positron emission tomography (PET) and functional magnetic resonance imaging 

(fMRI).  

With the recognition of cognitive processes as emergent properties of 

interconnected modules, recent functional neuroimaging studies have begun to highlight 

the way in which brain regions interact, (Tononi, Sporns, & Edelman, 1992). Such 

neural interactions have been investigated by correlation analysis of regional brain 

activation time series measured by PET or fMRI (Friston, Frith, Liddle, & Frackowiak, 

1993). In these studies, functional connectivity is defined as “the temporal correlation 

between spatially remote neurophysiological events” (Friston, 1998, p. 90). That is, if an 

increase (or decrease) of activity in one region is associated with an increase (or 

decrease) of activity in another region, these two regions may be considered functionally 

connected. Usually, functional connectivity of a specific brain region with the other 

brain regions has been examined either by direct calculation of correlation of each pairs 

of time series metabolic activation signals in a seed voxel or averaged signals of 

spherical volumes of prespecified regions of interest, or by analysis of covariance 
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(ANCOVA) which generates a map representing relative strength of connectivity with a 

specific brain region (covariate). The patterns of correlation evoked by an experiment, 

defining distributed systems whose components exhibit coherent activity, can be also 

characterized by eigenvectors of the functional connectivity matrix. This procedure 

generates eigenimages associated with the functional connectivity or covariance matrix, 

which represents the principal components of the time-series (Friston et al., 1993). 

Independent component analysis (ICA) approach has been also used to identify 

functionally connected brain networks, separating the fMRI data into a set of spatially 

distinct networks and their temporal courses (Calhoun, Adali, Pearlson, & Pekar, 2001a).  

ICA is a method to recover underlying signals from linear mixtures of these signals and 

to determine a set of components that are maximally independent of each other (Calhoun 

& Adali, 2006). Studies utilizing ICA approach have investigated functional networks in 

resting state or task-induced fMRI data using cognitive tasks (e.g., auditory oddball task). 

Although these functional connectivity measures have somewhat different approaches to 

identify functional association across brain regions, all of the measures are based on 

temporal correlation (covariation across time) of BOLD time-series signals, thus 

providing interregional functional connectivity pattern, not implying any directional or 

causal relationship between the regions.  

A related but conceptually different measure is effective connectivity. Effective 

connectivity reflects the influence that one brain region exerts over another. That is, two 

brain regions may be considered effectively connected if their relationship can be shown 

to be a causal one (Friston et al., 1993). To examine effective connectivity, it is required 

to depend on a hypothesis-led approach in which an anatomical model (path model) 
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consisting of two or more regions is defined. Connections between these regions are 

designated on the basis of empirical neuroanatomy. The connections are allocated 

weightings or path strengths in such a way that the model of inter-regional influences 

accounts best for the observed variance-covariance structure generated by the functional 

neuroimaging time series. Standard measures of effective connectivity or causal 

relationship between brain regions require a model which embodies an a priori 

hypothesis about which regions and which (directionally specified) connections are 

important in accounting for the data. It involves an assessment of the measured activity 

in a selected brain region in terms of the extent to which activity in that region predicts 

activity in other regions. Effective connectivity studies usually have used structural 

equation modeling (SEM) to estimate an optimal path model. Regression analysis has 

also been used to examine a modulatory effect of one region on the relationship between 

two other regions (Fletcher, McKenna, Friston, Frith, & Dolan, 1999).  

Studies with these approaches have examined functional disconnectivity in 

schizophrenia patients while they are resting or performing various tasks, such as 

verbal/semantic tasks and non-verbal cognitive tasks. In following sections, the findings 

of functional disconnectivity in neural networks for various cognitive processing in 

schizophrenia patients will be discussed in terms of their relationship with schizophrenic 

symptoms.  
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Functional Disconnectivity in Schizophrenia during Resting State: Default Mode 

Network 

Some researchers have examined the functional connectivity emerged from 

spontaneous low-frequency (<0.1 Hz) fluctuations in the BOLD fMRI signals during a 

resting state. This approach shows that, during rest, the brain is intrinsically organized 

into a functional architecture that includes both “task-positive” and “task-negative” 

networks, which were shown to be negatively correlated to each other (Fox et al., 2005). 

The task positive network consists of regions routinely activated during goal-directed 

task performance, such as the dorsolateral PFC (DLPFC), ventral PFC, insula cortex, 

supplementary motor area (SMA), PPC, and the frontal eye field (FEF), while the task 

negative network consists of regions that commonly exhibit a decrease in activity during 

task performance and is implicated in various aspects of self-referential processing, such 

as medial PFC, posterior cingulate cortex, medial/lateral parietal cortex, inferior 

temporal cortex and the cerebellum. The latter introspectively oriented network referred 

to collectively as the “default mode network” (Fransson, 2005). Because the mental 

processes involved in the default mode network are relevant to schizophrenic symptoms, 

many studies have investigated whether the default mode network activity is aberrant in 

schizophrenia patients, using resting state or cognitive task paradigms (see Table 1 for 

the summaries).  

In a study that investigated whole brain interconnectivity during rest, it was 

reported that schizophrenia patients showed decreased resting state functional 

connectivities widely distributed throughout the entire brain rather than restricted to a 

few specific brain regions (Liang et al., 2006). A more recent study focusing on 
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functional connectivity within the default network found that schizophrenia patients 

have a reduced correlation of spontaneous BOLD signal in posterior cingulate cortex 

with those of the other components of the default network, including lateral parietal, 

medial PFC, and the cerebellum (Bluhm et al., 2007). In addition, the posterior cingulate 

connectivities with other brain areas outside of the default network show a significant 

positive correlation with positive symptoms. Zhou and his colleagues further 

investigated resting-state functional connectivity in paranoid (2007a) and first-episode 

schizophrenia patients (2007b) using temporal correlations with seed brain regions. To 

examine aberrant functional connectivity in task-positive and task-negative networks in 

paranoid schizophrenia patients, they reconstructed those networks by analyzing brain-

wise temporal correlation with task-positive (right DLPFC) and task-negative (posterior 

cingulated cortex and precuneus; PCC/PCu) components (Zhou, Liang, Tian et al., 2007). 

Functional connectivity was analyzed by computing within network and between 

network correlations. Group comparison results indicated that patients had aberrant 

functional connectivity in within task-negative network (e.g., altered positive 

correlations between left dorsal medial PFC and right inferior temporal gyrus) and 

between networks (e.g., altered anti-correlation between PCC/PCu and right dorsal 

premotor cortex). These results suggested altered intrinsic interregional functional 

connectivities in patients with paranoid schizophrenia. In a study with first-episode 

schizophrenia patients who had little effect of medications, brain-wise temporal 

correlation analysis with seed region of bilateral DLPFC revealed that the first-episode 

patients had reduced functional connectivity of the bilateral DLPFC with parietal, 

posterior cingulated, thalamus, and striatum as well as enhanced functional connectivity 
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of the left DLPFC with left mid-posterior temporal lobe and the paralimbic regions 

(Zhou, Liang, Jiang et al., 2007). These results suggested that schizophrenia patients had 

abnormal functional connectivity of DLPFC not only during active cognitive processes, 

but also during resting state. In a subsequent study, resting state functional connectivity 

of hippocampus with other brain regions in paranoid schizophrenia patients was 

investigated with concurrent anatomical connectivity by diffusion tensor imaging (DTI) 

(Zhou et al., 2008). Correlation analysis with seed region of anterior hippocampus found 

that bilateral hippocampi showed reduced functional connectivities to brain regions 

involved in episodic memory, such as PCC, extrastriate cortex, medial PFC, and 

parahippocampal gyrus. The integrity of fornix, a major pathway linking the 

hippocampus with other brain regions, was also found to be damaged in the concurrent 

DTI analysis, providing convergent evidence of functional and anatomical disconnection 

of hippocampus in schizophrenia patients.  

Recent studies utilizing ICA have also found aberrant default mode functional 

connectivity in schizophrenia patients (Calhoun, Maciejewski, Pearlson, & Kiehl, 2008; 

Garrity et al., 2007). Unlike previous studies, these studies used cognitive task paradigm, 

such as auditory oddball task, to study default mode network. Garrity et al (2007) 

investigated abnormal spatial and temporal patterns of default mode network in 

schizophrenia patients using spatial ICA with infomax algorithm (Calhoun, Adali, 

Pearlson, & Pekar, 2001b) to generate a default mode mask and independent 

components for individuals. Correlation analysis identified default mode components for 

individual subjects by computing spatial correlation between ICs and the default mode 

mask. The amplitude of the default mode activity negatively correlated with the oddball 
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task; decreasing during the task and increasing during rest. Patients showed significant 

spatial alterations in the default mode network, especially in frontal, anterior cingulate, 

and parahippocampal gyri, as well as significantly higher temporal fluctuations in higher 

frequency. Activity in patients’ medial frontal, temporal, and cingulate gyri correlated 

with severity of positive symptoms, suggesting association of schizophrenic symptoms 

with aberrant functional connectivity within default mode network. Calhoun et al (2008) 

applied similar method described above to discriminate schizophrenia and bipolar 

patients using fMRI data collected during auditory oddball task. To increase sensitivity 

and specificity of the discrimination, temporal lobe and default mode networks were 

identified using spatial ICA and jointly used in the discrimination. Temporal lobe 

network having positive fluctuation with the task and default mode network having 

negative fluctuation with the task were reliably identified in all participants, but showed 

group differences in the amplitude of the activity (healthy controls > bipolar > 

schizophrenia patients, in both temporal lobe and default mode networks). A multistage 

classification algorithm based on the temporal lobe and default mode networks could 

differentiate these groups with an average sensitivity and specificity of 90 and 95%, 

respectively.  

In summary, schizophrenia patients had abnormal default mode network 

functional connectivity not only during resting state, but also during cognitive task 

performances. Given that the default mode network is considered to reflect self-

monitoring and stimulus-independent thought processes (Fransson, 2005), such 

disorganization in the network of schizophrenia patients may be related to their positive 

symptoms associated with a false recognition of internally generated thought as arising 
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endogenously (Frith & Done, 1988). Consistent with this hypothesis, frontal, temporal, 

and cingulate components activities of default mode network in schizophrenia patients 

had significant correlations with the severity of positive symptom. Furthermore, 

aberration in default mode network activity could differentiate schizophrenia patients 

from not only from control subjects, but also from bipolar disorder patients, suggesting 

that this aberrant functional connectivity and activity within default mode network 

reflect pathophysiology of schizophrenia.  
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Table 1. Summary of the functional connectivity studies of default mode network in patients with schizophrenia. 

Authors Subjects 
(% male, mean age) 

Experimental 
Paradigm Analysis Methods  Findings 

Liang et al 
(2006) 

15 SCZ (47%, 23±2) & 15 

controls (47%, 23±3) 

Resting state 
(fMRI) 

Correlation analysis of each 
pair of 116 regional 
activations in the whole 
brain 

- SCZ showed a decreased resting state functional connectivity widely 
distributed throughout the entire brain, rather than restricted to a few 
specific brain regions 

Bluhm et al 
(2007) 

17 SCZ (82%, 34±14) & 

17 controls (82%, 31±13) 

Resting state 
(fMRI) 

Analysis of covariation map 
with seed voxels of the PCC 

- SCZ showed reduced correlation of PCC with those of the other 
components of the default network (lateral parietal, medial PFC, & the 
cerebellum). 

- The PCC connectivity with other regions outside of the default network 
had positive correlation with positive symptoms. 

Zhou et al 
(2007a) 

18 paranoid SCZ (56%, 
24±5) & 18 controls 

(50%, 25±4) 

Resting state 
(fMRI) 

Correlation analysis with 
seed regions of right DLPFC 
& PCC/PCu 

- SCZ showed increased positive correlations between task-negative network 
components (bilateral dMPFC, right ITG, & left MFG) as well as altered 
negative correlations between task-positive & task negative networks 
(reduced negative correlation b/t PCC/PCu & right dPM; increased 
negative correlation b/t left dMPFC & left insula).  

Zhou et al 
(2007b) 

17 first episode SCZ 
(71%, 23±6) & 17 

controls (71%, 26±6) 

Resting state 
(fMRI) 

Correlation analysis with 
seed regions of bilateral 
DLPFC 

- SCZ had reduced bilateral DLPFC functional connectivity with parietal 
lobe, PCC, thalamus, and striatum as well as enhanced functional 
connectivity of the left DLPFC with the left mid-posterior temporal lobe & 
paralimbic regions.  

Zhou et al 
(2008) 

17 paranoid SCZ (41%, 
24±6) & 14 controls 

(50%, 27±6) 

Resting state 
(fMRI) 

Correlation analysis with 
seed regions of bilateral 
anterior hippocampi 

- SCZ had reduced bilateral anterior hippocampi functional connectivity 
with PCC, extrastriate cortex, medial PFC, & parahippocampal gyrus.  

Garrity et al 
(2007) 

21 SCZ (71%, 41±10) & 

22 controls (73%, 41±11) 

Auditory 
oddball task 
(fMRI) 

Spatial ICA & correlation 
analysis b/t individual ICs & 
default mode mask  

- SCZ had increased default mode activities in middle/superior /medial 
frontal gyri, ACC, & PCC. Larger regions of the parahippocampal gyrus 
were involved in default network in patients than controls.  

- SCZ also had increased temporal fluctuation of the default mode activity in 
high frequency range.  

- SCZ had significant correlations of the medial frontal, temporal, and 
cingulate gyri activity with positive symptoms.  

Calhoun et al 
(2008) 

21 SCZ (71%, 35±12), 14 

BPD (72%, 33±10), & 26 

controls (73%, 30±9) 

Auditory 
oddball task 
(fMRI) 

Spatial ICA and correlation 
analysis b/t individual ICs & 
default mode mask 

- Coherent brain networks of temporal lobe & default mode networks 
classified the 3 groups with an average sensitivity & specificity of 90 & 
95 %, respectively.  
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(Table 1, continued) 

Abbreviations: ACC: anterior cingulate cortex, BPD: bipolar disorder patients, dMPFC: dorsal medial prefrontal cortex, dPM: dorsal premotor cortex, ITG: 

inferior temporal gyrus, MFG: middle frontal gyrus, PCC: posterior cingulate cortex, PCu: precuneus, SCZ: schizophrenia patients. 



16 

Functional Disconnectivity in Neural Network for Verbal and Semantic Processing 

in Schizophrenia  

Functional integration in neural networks during active task performance has 

also been investigated using similar analytic approach with PET and fMRI data. Many 

neuroimaging studies using verbal tasks, such as verbal fluency, sentence completion, 

and verbal learning tasks, have demonstrated functional dysintegration in 

verbal/semantic network in schizophrenia (see Table 2 for the summaries). These verbal 

tasks have been shown to typically activate the left PFC, the superior temporal gyrus 

(STG), as well as the anterior cingulate cortex (ACC) (Nathaniel-James, Fletcher, & 

Frith, 1997; Spence et al., 2000).  

Friston and Frith (1995) assessed cortico-cortical interaction in chronic 

schizophrenia patients using PET scans during three verbal tasks (a verbal fluency task, 

a semantic categorization task, and a word shadowing task). Patients were found to 

demonstrate dramatic differences in the level and direction of correlations across 

prefrontal and temporal brain regions compared to normal controls. Profound negative 

interaction between the left PFC and the bilateral STG was seen in controls but not in 

patients. In addition, positive correlations between the left PFC and the left temporal 

cortex were marked in patients but not in the controls. In a subsequent PET study 

(Fletcher, Frith, Grasby, Friston, & Dolan, 1996), this abnormal fronto-temporal 

disintegration was supported by an indirect evidence that schizophrenia patients failed to 

show the commonly observed deactivations of the STG in the presence of the PFC 

activation. Spence et al (2000) also examined functional connectivity between the left 

DLPFC and the left STG during a verbal fluency task, but the expected fronto-temporal 
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disconnectivity was not found in schizophrenia patients. Given the clinical stability of 

the patients in this study compared to that of the previous study, it was interpreted that 

the fronto-temporal functional disconnectivity is state-dependent rather than trait-

dependent. This suggestion was also supported in a later fMRI study (Lawrie et al., 

2002) using sentence completion task, showing that correlation coefficients between the 

left temporal cortex and the left DLPFC were significantly reduced in schizophrenia 

patients, especially in patients with auditory hallucination, compared to normal controls. 

Shergill et al (2003) also examined fronto-temporal connectivity in the context of the 

feed-forward model of hallucination, which explains auditory hallucination as a failure 

of monitoring inner speech (Frith & Done, 1988). With the hypothesis that increasing 

the rate of covert articulation of a word would increase the activation of brain areas 

involved in speech generation (left inferior frontal cortex) and perception (temporal 

cortex), this study examined functional connectivity in these brain areas of 

schizophrenia patients who had a history of prominent auditory hallucinations. It was 

observed that patients prone to auditory hallucination showed a reduced correlation of 

left inferior frontal activity with right middle and superior temporal gyri, suggesting that 

the functional disconnection between the PFC and the STG may underlie the auditory 

hallucination as a failure to monitor inner speech. That is, in a perspective of feed-

forward model of sensorimotor integration (Wolpert, Ghahramani, & Jordan, 1995), a 

lack of efferent copy signal from the PFC to the STG may result in the failure of 

monitoring inner speech. Recent study using verbal memory task reported differential 

functional connectivities of lateral PFC with temporal lobe during word encoding period 

(Wolf et al., 2007). In this study, temporal correlation analysis was carried out between 



18 

activation time courses of two bilateral PFC, including DLPFC and ventrolateral PFC 

(VLPFC), and two temporal lobe regions, including STG and parahippocampal gyrus in 

left hemisphere. It was revealed that schizophrenia patients had reduced connectivities 

between the DLPFC and the two temporal lobe regions during encoding, while they had 

increased connectivities between the VLPFC and the same temporal lobe regions, 

suggesting that the reduced DLPFC-temporal connectivity might underlie encoding 

deficits in schizophrenia patients. Given that the functional connectivities of DLPFC 

with temporal regions during encoding had positive correlation with subsequent 

recognition accuracy while those of VLPFC did not, it was suggested that the increased 

functional connectivity of VLPFC with temporal lobe regions might represent an 

ineffective compensatory effort.  

Another finding of functional disconnectivity in verbal/semantic network in 

schizophrenia includes disintegration of the ACC with other brain regions, which is 

associated with fronto-temporal disconnectivity. The ACC has extensive anatomical 

connections with the DLPFC, motor areas and thalamus and is implicated in attention 

and response selection (Devinsky, Morrell, & Vogt, 1995). The ACC has been reported 

to be anatomically and neurochemically abnormal in some post mortem studies of 

schizophrenia (Benes, Majocha, Bird, & Marotta, 1987), hypoactive in acutely psychotic 

patients generating words, and subject to enhanced dopaminergic modulation (Dolan et 

al., 1995). Spence et al. (2000) found that stable schizophrenic patients had functional 

disconnectivity between the left DLPFC and the ACC relative to normal controls, 

although their fronto-temporal connectivity was intact, suggesting that the ACC’s 

functional integration with the DLPFC may be abnormal even when patients are 
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clinically stable. Deficient functional integration associated with the ACC in 

schizophrenia was also demonstrated by the structural equation modeling approach, 

examining effective connectivity in functional network for semantic processing, 

including PFC, STG, and ACC (Jennings, McIntosh, Kapur, Zipursky, & Houle, 1998). 

Compared to normal controls, chronic schizophrenia patients showed different patterns 

of functional interactions, such as reduced effective connectivity from the left inferior 

PFC to the left STG, decreased reciprocal effective connectivity between the left inferior 

PFC and the ACC, and decreased effective connectivity from the ACC to the right 

frontopolar area. These results suggest that schizophrenia patients may not alter their 

functional networks appropriately to cope with new stimuli or situations, and that the 

process is largely mediated by ACC. In another hypothesis-led analysis of effective 

connectivity using regression, Fletcher et al (1999) examined the putative role of ACC 

modulating fronto-temporal connectivity. It was shown that during verbal learning task, 

normal functional connectivity between the PFC and the STG is modulated by the ACC. 

This cingulate modulation of fronto-temporal connectivity was shown to be disrupted in 

schizophrenia patients.  

Avoiding possible confounding effects of medication or disease chronicity, 

recent studies also examined first-episode schizophrenia patients as well as subjects with 

genetic risk to schizophrenia. In a study with never-medicated first-episode 

schizophrenia patients, Boksman et al (2005) also investigated functional connectivity of 

ACC during verbal fluency task using covariate analyses with ACC as a covariate of 

interest. The results showed localized interaction of the ACC with the left temporal 

cortex in normal controls. In contrast, multiple widespread and non-localized regions 
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showed positive covarying activity with the ACC in schizophrenia patients, who also 

exhibited reduced activations in the right ACC as well as the right PFC than controls. 

With these results, it was suggested that the dysfunctional ACC activation and its 

functional dysintegration with temporal cortex may be present at the beginning of the 

illness and underlie acute psychotic symptoms, such as auditory hallucinations. In a 

recent study examining a large sample of subjects with high genetic risk of 

schizophrenia who have two or more first- or second-degree relatives with schizophrenia 

(69 high risk subjects and 21 controls), other patterns of functional disconnectivity were 

identified including the thalamus and the cerebellum (Whalley et al., 2005). During a 

sentence completion task, the high risk subjects, even who reported isolated transient or 

partial psychotic symptoms did not show abnormal functional connectivity between the 

DLPFC and the STG. Instead, compared to normal controls, decreased connectivity 

between the right medial PFC including the dorsal ACC and the contralateral cerebellum 

were found in the high risk subjects. In addition, negative correlation between the left 

thalamic nucleus and the medial PFC was found in the high risk subjects, unlike in 

normal controls. These results suggest that previous finding of fronto-temporal 

disconnectivity may be associated specifically with the presence of active 

symptomatology in the established schizophrenia state. On the other hand, deficient 

functional connectivity in networks including the PFC, the cerebellum, as well as the 

subcortical regions of the thalamus may be a more fundamental, trait-related 

abnormality associated with vulnerability to schizophrenia.  

Recent PET study with large samples (41 medication-free schizophrenia patients 

and 59 normal controls) also provided evidence of cortico-thalamic functional 
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disconnectivity in schizophrenia patients (Mitelman, Byne, Kemether, Hazlett, & 

Buchsbaum, 2005). In a systemic examination of functional connectivity of thalamus 

with whole cortical Brodman’s areas during a verbal learning task, intercorrelations 

between left mediodorsal nucleus of the thalamus and frontal, temporal, and selected 

parietal cortical regions demonstrated a metabolic disconnection in patients with 

schizophrenia, with especially strong group differences in the DLPFC (area 9) and the 

medial temporal (areas 28 and 34) cortices. Mediodorsal nucleus, a major association 

nucleus of thalamus, is regarded as an important part of the circuits among association 

cortical regions, such as PFC, STG, and PPC (Sherman & Guillery, 1996). It has been 

reported that schizophrenia patients have reduced volume as well as cell number in the 

thalamus, especially in mediodorsal nucleus (Danos et al., 2003; Pakkenberg, 1990). 

Therefore, these results of metabolic disconnection in schizophrenia suggest a possibility 

that fronto-temporal functional disconnection may be associated with reduced functional 

integration via thalamic association nuclei.  

Taken as a whole, schizophrenia patients can be characterized by a 

dysfunctional integration in neural network for verbal tasks requiring semantic 

processing, which is supported in flexible coordination between the PFC, the 

superior/middle temporal cortex, the ACC as well as thalamic association nuclei and 

cerebellum. In particular, the functional disconnectivity between the PFC and the 

temporal cortex may be associated specifically with active symptomatology of 

schizophrenia with a manifestation of auditory hallucinations. The ACC may have a 

modulatory role in the functional integration of the semantic processing network, such as 

the fronto-temporal functional connectivity. The putative role of the thalamus and the 
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cerebellum in the functional disconnection syndrome of schizophrenia may be trait-

related and fundamental, in that they are involved in almost every cognitive process 

requiring coordination of sensory/motor processing (Andreasen, 1997). In particular, 

considering that the cerebellum acts as a ‘comparator mechanism’ in both motor and 

verbal tasks, to compare intended with actual performance and to modulate cerebral 

cortical activity appropriately (Blakemore, Wolpert, & Frith, 1998), functional 

dysintegration of the cerebellum with other brain regions may be associated with 

positive symptoms of schizophrenia, which is a failure of self monitoring of the 

endogenous process with the exogenous events.  
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Table 2. Summary of the functional/effective connectivity studies of schizophrenia during verbal cognitive task performance.  

Authors Subjects 
(% male, mean age) 

Experimental 
Paradigm Analysis Methods  Findings 

Friston & 
Frith 
(1995) 

18 chronic SCZ 
(middle-aged) & 6 
normal controls (age 
matched) 

verbal fluency, 
semantic 
categorization, & 
word shadowing 
task (PET) 

Eigenimage approach 
generating patterns of correlated 
neural clusters [Functional 
Connectivity]  

- Normal patterns of positively correlated regions of the DLPFC & bilateral 
STG, & negatively correlated regions of posterior ITG were reversed in 
patients.  

- Patients showed positive correlations between left DLPFC & bilateral 
temporal regions.  

Jennings et 
al 
(1998) 

8 SCZ (100%, 37 years 
old) & 8 male controls 
(100%, age matched)  

Lexical decision 
& orthographical 
identification task 
(PET) 

SEM with components of left 
inferior PFC, left STG, ACC, & 
bilateral frontopolar cortex 
[Effective Connectivity] 

- Compared to the controls, patients exhibited reduced effective connectivity 
from the left inferior PFC to the left STG, decreased reciprocal effective 
connectivity between the left inferior PFC & the ACC, & decreased 
effective connectivity from the ACC to the right frontopolar area.  

Fletcher et 
al 
 (1999)  

12 SCZ (100%) & 7 
controls (6 men, age 
matched)  

Verbal learning & 
recall task (PET) 

Regression analysis with 
predictor of the product of ACC 
& PFC activity, & dependent 
variable of STG activity 
[Effective Connectivity] 

- In controls, the product of PFC & ACC activity significantly predicted a 
STG decrease.  

- Patients showed the opposite pattern, suggesting reduced mediation of 
ACC.  

Spence et 
al  
(2000) 

10 SCZ & 10 controls 
(gender & age matched) 

Verbal fluency 
task (PET) 

Analysis of covariation map 
with seed voxels of left DLPFC 
[Functional Connectivity] 

- Decreased functional connectivity between the left DLPFC & ACC, but no 
functional disconnectivity between the left DLPFC & STG in the patients.  

Lawrie et al  
(2002) 

8 SCZ patients (38%, 
29±6) & 10 normal 
controls (50 %, 26±5) 

Sentence 
completion task 
(fMRI) 

Temporal correlation analysis 
between activations of left 
DLPFC & left STG [Functional 
Connectivity] 

- Significantly reduced functional connectivity between the left DLPFC & 
the left STG in the patients.  

- The patients with auditory hallucinations showed significantly lower 
correlation than the patients without hallucinations.  

Shergill et 
al 
(2003) 

8 SCZ (100%, 31±9) & 
8 controls (100%, 29±5)  

Covert 
articulation task 
(fast vs. slow 
articulation) 
(fMRI) 

Analysis of covariation map 
with seed voxels of the left 
inferior frontal gyrus 
[Functional Connectivity]  

- Controls had positive correlation of the left inferior frontal gyrus with left 
S/MTG, & inferior parietal lobule.  

- Patients had reduced correlation of left inferior frontal activity with 
middle/temporal gyri, right insula, right PHIP, ITG, fusiform gyri, 
precentral gyrus & the medial parietal lobe.  

Boksman et 
al 
(2005) 

10 first-episode SCZ (90%, 
24±4 years) & 10 controls 
(90%, 22±5)  

Verbal fluency 
task (fMRI) 

Analysis of covariation map 
with seed voxels of the right 
ACC [Functional Connectivity] 

- The controls showed localized positive covariation of the ACC with the 
left temporal lobe, while the patients exhibited multiple widespread & non-
localized regions of positively covarying activity.  

Whalley et 
al 
(2005) 

42 high risk subjects 
without symptoms (40%, 
27±3), 27 high risk 
subjects with symptoms 
(48%, 25±3), & 21 
controls (62%, 27±3) 

Sentence 
completion task 
(fMRI) 

Analysis of covariation map 
with seed voxels of the DLPFC, 
S/MTG, MedFG, thalamus, & 
PPC [Functional Connectivity] 

- Both high risk groups had reduced functional connectivity between the 
right medial PFC & the contralateral cerebellum, & increased functional 
connectivity between the left parietal & left prefrontal regions.  

- Both high risk groups had negative correlations between MedFG, 
thalamus, & the cerebellum, which were not found in the controls.  

- No functional disconnectivity between DLPFC & STG was found in the 
high risk subjects.  
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(Table 2, cont.) 
 

 
 

 
 

 
 

Mittelman 
et al (2005) 

41 SCZ (78 %, 37±15) 
& 59 normal controls 
(76 %, 40±15) 

Verbal learning 
task (PET) 

Analysis of covariation map (39 
cortical Broadman’s area) with 
seed voxels of the mediodorsal 
nucleus of the thalamus 
[Functional Connectivity] 

- Patients showed reduced functional connectivity between the left 
mediodorsal nucleus & frontal, temporal (medial & lateral), & selected 
parietal cortical regions. In particular, strong group difference was found in 
the functional connectivity of the thalamus with the PFC (area 9) & medial 
temporal cortex (area 28 & 34).  

Foucher et 
al (2005) 

13 SCZ (69 %, 35±8) & 

11 controls (73 % 35±6)  

Lexical decision 
& retrieval task 
(fMRI)  

Functional clustering analysis to 
identify the ‘core’ & the ‘rest’ & 
FC analysis using correlations 
between brain regions within the 
core [Functional Connectivity]. 

- SCZ had excessive core-rest integration than controls. (The core includes 
frontal, parietal, occipito-temporal regions & STG).  

- SCZ showed an increased left-right frontal functional connectivity & 
decreased anterior-posterior axis functional connectivity (between the PFC 
& the PPC, & between the DLPFC & the inferior-temporal cortex).  

Wolf et al 
(2007) 

14 SCZ (86 %, 35±8) & 
14 controls (93 %, 
35±8) 

Word encoding, 
letter N-back, word 
recognition tasks 
(fMRI) 

Temporal correlation analysis 
between activations of DLPFC, 
VLPFC, STG, PHIP in left 
hemisphere [Functional 
Connectivity].  

- SCZ had reduced functional connectivity of the DLPFC with STG and 
PHIP, while they had increased functional connectivity of VLPFC with 
STG and PHIP during encoding period.  

- Higher temporal-DLPFC functional connectivity during encoding 
associated with higher recognition accuracy, while temporal-VLPFC 
functional connectivity did not show such association with the accuracy.  

 
Abbreviations: MedFG (medial frontal gyrus), PHIP (parahippocampal gyrus), S/MTG (superior/medial temporal gyrus) 
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Functional Disconnectivity in Neural Network for Non-Verbal Cognitive 

Processing in Schizophrenia  

Besides verbal tasks, schizophrenia patients have been found to show 

performance deficits as well as aberrant brain activations for various non-verbal 

cognitive tasks. N-back task is one of the most frequently used experimental paradigms 

to probe these functional deficits in schizophrenia. In this task, subjects are instructed to 

determine whether the presented stimulus was the same as the one presented n-times 

previously, a process that requires working memory. Working memory is the capacity to 

keep information “on-line” as necessary for an ongoing task, which is disturbed in 

schizophrenia and has been linked to abnormal regional blood flow, especially in 

DLPFC (E. E. Smith & Jonides, 1999). Many recent studies have demonstrated 

abnormal functional connectivity associated with working memory deficits in 

schizophrenia. Using canonical variate analysis on PET data, Meyer-Lindenberg et al 

(2001) characterized patterns of correlated interregional activity in the working memory 

network, which was most dissimilar between schizophrenia patients and normal controls. 

This analysis generated eigenimages perfectly separating all patients scans from those of 

the normal controls, in which the patients’ pattern was characterized by coherent activity 

among the inferior temporal lobe, hippocampus, and the cerebellum, whereas the normal 

controls’ pattern was characterized by coherent activity across the DLPFC and ACC 

bilaterally. Although the results could not directly provide evidence of functional 

disconnectivity between specific brain regions in schizophrenia, these group differences 

in the eigenimage pattern indicate that schizophrenia patients have deficient prefrontal 

functional connectivity, which may be associated with increased involvement of 
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hippocampus and cerebellum in the coordinated interregional interaction. In a later study, 

the direct measures of functional connectivity between lateral PFC and other brain areas 

in working memory network of schizophrenia patients was examined using PET data 

(Kim et al., 2003). The regional activation results revealed group differences in right 

lateral PFC activations for 2-back working memory task, in that right ventrolateral PFC 

(VLPFC) activation was observed in schizophrenia patients, while right DLPFC 

activation was observed in controls. In the analysis of group differences in the 

correlations between activations in lateral PFC (DLPFC for controls and VLPFC for 

patients) and other regional activations showing increased activation for 2-back working 

memory task, it was found that normal controls showed significant functional 

connectivity of the right lateral PFC with the left frontal pole and both sides of the PPC 

in control subjects, while schizophrenia patients did not show such significant functional 

connectivity. Considering the critical role of DLPFC and parietal cortex in spatial and 

verbal working memory (Friedman & Goldman-Rakic, 1994; Perlstein, Carter, Noll, & 

Cohen, 2001), these results suggest underlying deficits in the integration of the DLPFC-

PPC circuits in schizophrenia, which is associated with their working memory deficits. 

To understand such discrepancies in the two subject groups, it may be helpful to 

consider the distinct functional role of ventral and dorsal PFC in working memory; 

dorsal PFC is recruited when active manipulation or monitoring within working memory 

is required, whereas the ventral PFC is the site for active comparisons of information 

held in working memory (Petrides, 1994). Given the activation in VLPFC rather than in 

DLPFC for working memory task, schizophrenia patients may depend on a mnemonic 

process rather than a normally dominant executive process. This dysfunctional prefrontal 
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regional specialization and its disintegration with PPC is also supported and extended by 

a recent study, which examined relative contribution of the dorsal and the ventral PFC in 

the fronto-parietal working memory network in schizophrenia patients (Tan et al., 2006). 

In response to increased working memory load (2-back vs. 1-back), the greater response 

in the dorsal but not the ventral PFC was found in high-performing relative to low-

performing normal controls, indicating that the dorsal PFC was selectively involved in 

successfully processing additional working memory executive load. In contrast, patients 

had disproportionately greater activation in the ventral but not the dorsal PFC in 

response to increased working memory load compared to performance-matched controls. 

These results suggest that schizophrenia patients require additional activation from the 

ventral PFC to compensate for their inefficient dorsal PFC function for successful 

performance in working memory task. The analyses of functional connectivity between 

dorsal/ventral PFC and PPC further supported this interpretation. Schizophrenia patients 

showed increased functional connectivity between the ventral PFC and PPC, while 

controls showed increased connectivity between the dorsal PFC and PPC. In addition, 

the functional connectivity levels of these regions were inversely correlated with each 

other, with lower connectivity between the dorsal PFC and PPC predicting higher 

connectivity between the ventral PFC and PPC, and vice versa. This dissociation 

supports the compensatory role of increased ventral PFC-PPC functional integration in 

schizophrenia. The discrepancy with the previous study (Kim et al., 2003), of not finding 

increased functional connectivity between VLPFC and PPC, might be attributed to the 

fact that the patients had significant performance deficit in the previous study, which 

was not the case in the latter study.  
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 The schizophrenic deficits in complex interregional interaction in the working 

memory network was also investigated by the hypothesis-driven approach using SEM on 

fMRI data, to examine effective connectivity between various components in the 

network (Schlosser, Gesierich, Kaufmann, Vucurevic, Hunsche et al., 2003). The path 

model has mostly unidirectional pathways between components of the bilateral DLPFC, 

VLPFC, parietal cortex, the cerebellum and the thalamus. This model was determined 

with guide from the anatomical and functional model of cortical organization for 

working memory. The statistical inferences about group differences revealed significant 

difference in overall path model as well as individual path coefficients, such as reduced 

effective connectivity from the PFC to the cerebellum and enhanced connectivity from 

the thalamus to the PFC in schizophrenia patients, compared to normal controls. In 

addition, reductions in bidirectional path coefficients between bilateral DLPFC, VLPFC 

and parietal cortex were also found, especially in patients treated with typical 

antipsychotic medication. A subsequent study with the same approach examined 

effective connectivity in the cortico-subcortical-thalamic circuitry for medication free 

schizophrenia patients (for at least 2 weeks prior to fMRI investigation), reporting 

partially consistent but somewhat different results (Schlosser, Gesierich, Kaufmann, 

Vucurevic, & Stoeter, 2003). The patients without medication also showed reduced 

bidirectional connectivity between the bilateral DLPFC, VLPFC, and parietal cortex as 

well as increased connectivity from the thalamus to the bilateral VLPFC. Contrary to the 

previous findings with medicated patients, this study failed to show reduction in 

effective connectivity from the PFC to the cerebellum, but found increased connectivity 

from the right parietal cortex to the right DLPFC and from the left VLPFC to the left 
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DLPFC. The common findings of the increased thalamo-cortical effective connectivity 

in the two studies is unexpected in the light of the previous finding of reduced thalamic 

volume (Danos et al., 2003) as well as reduced functional connectivity between the 

thalamus and the PFC (Mitelman et al., 2005). In addition, although the increased 

effective connectivity from the VLPFC to the DLPFC and from the parietal cortex to the 

DLPFC might reflect a compensatory process necessary to accomplish the task, given 

the relatively short period of off-medication, null findings of the previous study for these 

altered effective connectivity cannot be explained simply by medication effects. The 

possible discrepancy between these two studies and their contradictory findings with 

other studies may mainly result from the limitations of the hypothesis-driven approach, 

such as the simplified path model that does not include reciprocal pathways to ensure 

stable model estimation. That is, inclusion of significant feedback paths, for example, 

from the DLPFC to the parietal cortex, may lead to quite different group differences in 

the individual path coefficients. In addition, considering the small sample size (6 

subjects per group in these two studies), the complex pattern of effective disconnectivity 

in schizophrenia needs to be further investigated by future studies with a greater sample 

size and a more realistic SEM.  

Continuous performance task (CPT) with degraded stimuli (DS-CPT) was also 

used to probe functional disconnectivity in schizophrenia. Stimulus degradation requires 

increased demands on the limited capacity of visual attention. Thus the DS-CPT has 

been used to probe greater vigilance decrement in schizophrenia patients than in normal 

controls (Nuechterlein, Edell, Norris, & Dawson, 1986). Honey et al (2005) reported that 

abnormal functional connectivity in schizophrenia patients was observed in response to 
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stimulus degradation, such as disruption of interregional integration between the medial 

superior frontal gyrus (including DLPFC) and both the ACC and the cerebellum, 

regardless of their symptomatology. Patients also showed greater functional connectivity 

of the cerebellum with both the ACC and the pre-central gyrus. In addition, patients with 

negative symptoms showed impaired behavioral performance as well as abnormal task-

related connectivity between the ACC and the SMA. These results suggest that the 

abnormality in functional integration between the PFC and the cerebellum may underlie 

the fundamental deficits of schizophrenia. The negative symptom specific reduction in 

functional connectivity between the ACC and the SMA may cause dysfunctional control 

of goal-directed behavior and subsequent reduction of motivated behavior, providing a 

physiological basis for the generation of negative symptoms in schizophrenia.  

Recently, a different version of CPT, corresponding to the 1-back working 

memory task, was used to investigate the functional connectivity within the frontal 

cortex of schizophrenia patients, reporting specific functional disconnectivity between 

right DLPFC and other frontal regions (Salgado-Pineda et al., 2007). A spectral 

reordering algorithm was used to separate groups of regions of interest (ROIs) in frontal 

cortex by reordering (i.e., a permutation of the rows and the column) the correlation 

matrix of the time-series of the ROIs, so that groups of ROIs with high correlations 

appear in the reordered matrix. This procedure allows the identification of several 

components of neural assemblies in frontal cortex for CPT performance, such as medial 

frontal gyrus, DLPFC, SMA, and anterior/posterior inferior frontal gyri. The CPT led to 

the positive correlation of the right DLPFC with the left DLPFC and the SMA, and 

negative correlation between the right DLPFC and the medial and the anterior/inferior 
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frontal cortex in normal controls. Such differential functional clustering in the frontal 

cortex was considered to reflect specialization of functional integration for control of 

attention to the external world and the expression of the self-referential activities 

(Fransson, 2005). In contrast, these relations were absent or strongly lowered in 

schizophrenia patients, suggesting that dysfunctional integration in the frontal cortex 

may underlie their cognitive dysfunction as well as distorted perception of the external 

world in relation with internal motivations. Although such dysfunctional connectivity 

within the frontal cortex might be associated with its connections to other brain 

structures, such results provide further evidence that the failure of PFC to support 

cognitive functions is originated from breakdown of dynamic functional integration 

within frontal circuitry, not from the isolated DLPFC dysfunction.  

Although a majority of functional disconnectivity findings in schizophrenia 

patients have been observed between brain regions activated by specific tasks, another 

type of disconnectivity has also been identified between activated and deactivated 

components in the working memory network. Measuring PET data during n-back 

working memory task, Meyer-Lindenberg et al (2005) found that, during 2-back 

condition, the DLPFC, PPC, ACC, thalamus, and the cerebellum is activated, while the 

hippocampal formation (HF), medial frontal cortex, and lateral temporal cortex is 

deactivated. The functional connectivity analysis with covariate of HF revealed that 

normal controls show a diminished negative correlation between the left HF and the 

right DLPFC and PPC regions for working memory performance, while schizophrenia 

patients show persistent negative coupling between those regions. These results indicate 

that, under normal circumstances, the HF is not only deactivated but also less 
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functionally coupled to the DLPFC-PPC circuit underlying executive function during 

working memory. Thus, such unmodulated persistent coupling of these structures in 

patients indicates a regionally specific alteration of HF-DLPFC functional linkage in 

schizophrenia. That is, the failure to modulate HF-DLPFC linkage and the lack of HF-

DLPFC compartmentalization might to some degree contribute to the DLPFC 

dysfunction in schizophrenia. On the other hand, given the comparable performance of 

patients with controls, it is inferred that the observed persistent linkage of the DLPFC 

with the HF may also reflect an alternative strategy depending on declarative memory 

due to the failure of executive control supported by DLPFC.  

 Such lack of functional compartmentalization in schizophrenia can be also 

explained by a functional integration theory proposed by Tononi et al. (1998). This 

theory suggests that effective brain functioning is based on an integrated neuronal 

assembly which is separated from the remaining part of the brain, where the former is 

referred to as “the core” and the latter as “the rest.” Tononi et al (1998) proposed a 

functional clustering analysis to utilize mutual information estimate that measures the 

amount of information shared by two systems in order to identify strongly interactive 

brain regions. In a new approach using this functional clustering analysis on fMRI data, 

Foucher et al. (2005) identified the core (with high functional clustering) and the rest 

(without functional clustering) for lexical decision and retrieval tasks, with the core 

including the frontal, parietal, occipito-temporal regions, and the STG. Examination of 

the integrity within the core and the rest as well as integration between the core and the 

rest revealed that the core is too highly integrated with the rest in the brain of 

schizophrenia patients. Such excessive core-rest integration might result in a higher level 



33 

of noise in the core, which has been proposed as a primary anomaly in schizophrenia 

(Winterer et al., 2004). In addition, the functional connectivity analyses between the 

components in the core also revealed that, compared to normal controls, patients have 

increased left-right frontal connectivity as well as decreased anterior-posterior axis 

connectivity, such as reduced connectivity between the PFC and the PPC and between 

the DLPFC and the inferior-temporal cortex.  

Recent study investigating functional connectivity of DLPFC with other brain 

regions in first-episode schizophrenia patients during cognitive control task found 

significant association of the DLPFC functional connectivity with severity of 

schizophrenic symptoms as well as cognitive performance (Yoon et al., 2008). In this 

study, brain-wise analysis of temporal correlations with seed region of DLPFC revealed 

that patients had reduced functional connectivities of DLPFC with task-related brain 

regions (e.g., right inferior parietal lobule and left premotor cortex) compared to controls. 

The DLPFC functional connectivity had significant positive correlation with the task 

performance in all participants. Furthermore, the DLPFC functional connectivity had 

significant negative correlation with the severity of disorganization symptoms and 

significant positive correlation with global functioning measure.  
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Table 3. Summary of the functional/effective connectivity studies of schizophrenia patients during non-verbal cognitive task 

performance.  

Authors Subjects 
(% male, mean age) 

Experimental 
Paradigm Analysis Methods  Findings 

Meyer-
Lindenberg et 
al (2001) 

13 SCZ patients (69 %, 
33±8) & 13 controls 
(69 %, 30±8) 

2-back working 
memory task 
(PET) 

Eigenimage analysis 
[Functional Connectivity]  
 

- First eigenimage differentiated patients’ correlated activation 
pattern of ITL, hippocampus, & the cerebellum from that of the 
controls (high correlation between DLPFC & bilateral cingulate 
gyrus).  

Kim et al 
(2003) 

12 SCZ patients (50 %, 
26±4) & 12 controls 
(50 %, 26±5)  

2-back working 
memory task 
(PET) 

Analysis of covariation map with 
seed voxels of lateral PFC 
[Functional Connectivity]  

- The controls exhibited significant correlation between the DLPFC 
& the PPC, while the patients did not show such correlation 
between the VLPFC & the PPC.  

Schlosser et al 
(2003a) 

12 SCZ patients (50 %, 
29±7 years) & 6 controls 
(50 %, 29±2)  

2-back working 
memory task 
(fMRI) 

SEM with components of bilateral 
DLPFC, VLPFC, parietal cortex, 
cerebellar cortex, & thalamus 
[Effective Connectivity] 

- Both SCZ groups had reduced effective connectivity from the left 
DLPFC to the contralateral cerebellum & increased connectivity 
from the thalamus to the DLPFC & VLPFC.  

- Typical antipsychotic SCZ group had greater bidirectional 
connectivity between the DLPFC, VLPFC, & parietal cortex than 
atypical SCZ group.  

Schlosser et al 
(2003b) 

6 SCZ patients (83 %, 
31±4 years) & 6 controls 
(83 %, 32±5) 

2-back working 
memory task 
(fMRI) 

SEM with components of bilateral 
DLPFC, VLPFC, parietal cortex, 
cerebellar cortex, & thalamus 
[Effective Connectivity] 

- The patients exhibited reduced bidirectional EC between the 
DLPFC, VLPFC & parietal cortex, & increased EC from the 
thalamus to the VLPFC.  

- The EC from the left VLPFC to the left DLPFC & from the right 
parietal cortex to the right DLPFC was increased in patients.  

Honey et al 
(2005) 

11 SCZ with positive Sx, 
11 SCZ with both positive 
& negative Sx, & 20 
controls (age & gender 
matched) 

DS-CPT (fMRI) Analysis of covariation map with 
seed voxels of the ACC & the 
cerebellar vermis in cerebellum 
[Functional Connectivity]  
 

- The patients exhibited reduced FC between the DLPFC & both the 
ACC & the cerebellum.  

- The patients with negative symptoms did not show increased 
correlation of the ACC with SMA, which was observed in controls 
& patients with positive symptoms.  

Meyer-
Lindenberg et 
al (2005) 

22 SCZ (73 %, 31±7) & 
22 controls (73 %, 32±8) 

2-back working 
memory task 
(PET) 

Analysis of covariation map with 
seed voxels of the entire HF  
[Functional Connectivity]  
 

- During 2-back condition, the controls showed reduction in the FC between 
the left HF & right DLPFC, which was increased in 0-back condition.  

- Such functional coupling of the left HF-right DLPFC was 
persistently found in the patients during 2-back condition.  

Tan et al 
(2006)  

24 SCZ (50 %, 33±9) & 
26 controls (69 %, 32±9) 

2-back working 
memory task 
(fMRI) 

Analysis of covariation map with 
seed voxels of DLPFC & VLPFC  
[Functional Connectivity]  

- During 2-back condition, the controls showed increased FC 
between the DLPFC & the PPC, while the patients showed 
increased FC between the VLPFC & the PPC.  

Salgado-Pineda 
et al (2007) 

14 SCZ (50 %, 25±4) & 
14 controls (gender & age 
matched)  

CPT (1-back 
working memory 
task) (fMRI) 

Spectral reordering algorithm for 
correlation matrix of 55 regions 
of interest in frontal cortex  
[Functional Connectivity]  
 

- During CPT, the controls showed positive correlation of the right DLPFC 
with the left DLPFC & the SMA, & negative correlation between the right 
DLPFC & the medial & anterior/inferior frontal cortex.  

- The patients showed severe weakening of the correlation between 
the DLPFC & other frontal areas during CPT.  
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(Table 3, cont.) 
 
Yoon et al 
(2008) 

 
 
25 first-episode SCZ 
(68 %, 20±4) & 24 
controls (54 %, 22±4) 

 
 
AX-CPT cognitive 
control task 
(fMRI) 

 
 
Analysis of covariation map with 
seed voxels of DLPFC 

 
 
- The patients had reduced FC between the DLPFC and task-relevant 

brain regions, including right IPL & left PM.  
- Significant correlations were found between the DLPFC FC & task 

performance, disorganization symptom, & global functioning.  
 
Abbreviations: IPL: inferior parietal lobule, ITL: inferior temporal lobule, Sx: symptom.  
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Abnormal Functional Connectivity and Schizophrenia Symptoms 

As discussed so far, schizophrenia patients have various functional 

dysintegrations across cortico-cortical and cortico-subcortical networks. However, 

comparison of these findings needs careful consideration of the methodological 

differences across the studies (Horwitz, 2003). Firstly, the conceptual difference 

between functional and effective connectivity does not allow direct comparison of the 

results from those studies. That is, the strength of the effective connectivity denoting 

causal effect from one region to another cannot be directly compared to that of the 

functional connectivity just reflecting a covariation of two regions across time. Secondly, 

the selection of the seed voxels as regions of interest differs across studies, in terms of 

the size of the voxels and the ways to determine the regions. For example, some studies 

chose a voxel of maximum activation, while other studies chose spherical volumes of 

prespecified regions of interest as well as entire volumes of a target brain region (e.g. 

hippocampal formation). On the other hand, while some study chose seed voxels based 

on anatomical criterion or on the findings of previous studies, a majority of these studies 

determined seed voxels based on the maximum activation locations. Third, the analysis 

of covariance generating covariation map and the direct correlation analysis on two 

specified regions of interest may yield somewhat different results due to the difference 

in how the interregional functional disconnectivity was determined.  

 In spite of the limitations for the comparison across studies, the various findings 

of functional dysintegration in schizophrenia patients suggest some principal 

characteristics of dysfunctional connectivity associated with schizophrenia symptoms. 

First, regardless of the types of the tasks, (e.g. verbal or non-verbal), the PFC, especially 
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the DLPFC has been implicated in dysfunctional integration in schizophrenia patients, in 

terms of their functional coupling with posterior association cortex, such as temporal or 

parietal cortex (Friston & Frith, 1995; Kim et al., 2003; Lawrie et al., 2002; Shergill et 

al., 2003). The posterior cortical processes unconstrained by the PFC input may be the 

common pattern of functional dysintegration to underlie both positive symptoms and 

cognitive deficits in schizophrenia patients. Second, the functional dysintegrations in 

schizophrenia patients may include specific compensatory interregional connectivity to 

overcome their inefficient PFC function and its functional disconnectivity. For example, 

the increased VLPFC-PPC (Tan et al., 2006) and VLPFC-temporal lobe (Wolf et al., 

2007) functional coupling as well as the persistent HF-DLPFC coupling (Meyer-

Lindenberg et al., 2005) emerged for successful task performance, in the presence of the 

DLPFC deficits. Third, not only schizophrenia patients but also their biological relatives 

show trait-related cortico-thalamic and cortico-cerebellar functional dysintegration, 

regardless of the type of the task. These results are consistent with the “cognitive 

dysmetria” hypothesis proposed by Andreasen (Andreasen et al., 1999), who 

emphasized the role of cortico-cerebellar-thalamic-cortical circuit (CCTCC) as a 

fundamental neurophysiological substrate of schizophrenia. A disruption of the feedback 

mechanism within the CCTCC may lead to a difficulty in prioritizing, processing, 

coordinating and responding to information, which underlie functional dysintegration 

associated with various schizophrenic symptoms and cognitive deficits. Fourth, a lack of 

functional compartmentalization (excessive integration between ‘the core’ and ‘the rest’) 

is considered to be associated with low signal-to-noise ratio (SNR) in neural processing 

in ‘the core’ of the schizophrenic brain (Foucher et al., 2005). That is, not only the lack 
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of functional connectivity, but also inappropriate functional connectivity may result in 

the inefficient neural processing associated with the cognitive deficits and the 

disintegrated mental processes in schizophrenia. Lastly, some symptom-specific 

abnormal functional connectivity patterns were identified, such as the fronto-temporal 

disconnection associated with auditory hallucination (Friston & Frith, 1995; Lawrie et 

al., 2002; Shergill et al., 2003), the ACC-SMA disconnection related to negative 

symptoms (Honey et al., 2005), and the disconnection between DLPFC and 

middle/inferior frontal gyrus associated with disorganization symptoms (Yoon et al., 

2008). The increased functional connectivity between components of ‘default mode 

network’ and the other brain regions was also associated with global positive symptoms 

(Bluhm et al., 2007). Although these findings need replication and further investigation 

of their relationship with other specific schizophrenic symptoms, it encourages future 

research to find neural substrates of dynamic functional network underlying 

heterogeneous schizophrenic symptoms. Taken as a whole, these characteristic 

dysfunctional neural interactions in schizophrenia may provide a useful perspective to 

understand various symptoms of schizophrenia as emergent phenomena associated with 

underlying functional dysintegration in neural networks.  
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Chapter 3: Mechanism of Neuronal Interaction and Functional 

Integration 

 

Substantial evidence from functional neuroimaging studies implicates 

predominant disturbances of functional connectivity in patients with schizophrenia. 

However, the mechanism underlying or inducing such interregional interactions in the 

healthy brain, as well as their putative dysfunction in the disease, still remains unclear. 

Functional connectivity studies with metabolic activation data are unable to distinguish 

the locus of functional connectivity impairments (i.e. aberrant structural neuronal tracts 

and/or local circuitry deficits). That is, local circuit dysfunction could impair long-range 

communication over intact neuronal tracts, and ultimately yield the overall pattern of 

dysfunctional connectivity and disintegration symptomatology commonly found in 

schizophrenia patients (Wilson et al., 2007). Therefore, various modes of neural 

interaction should be understood to explain the possible mechanism of dysfunctional 

integration in schizophrenia, including both microscopic (local synaptic interaction) and 

macroscopic (long-range interregional interaction) neural communications. Before 

entering into the next section for electrophysiological study of functional dysintegration 

in schizophrenia, this section will consider issues concerning the mechanism of neuronal 

interaction, especially focusing on synchronous gamma oscillation as a candidate 

mechanism of neural integration.  
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Synchronous Gamma Oscillatory Activity as a Basis of Neural Integration 

Functionally connected brain areas can be defined as neural assemblies, 

distributed local networks of neurons transiently linked by reciprocal dynamic 

connections (Varela, Lachaux, Rodriguez, & Martinerie, 2001). Neurons belong to a 

given assembly are linked by neuronal interactions within and between cortical regions, 

which is mediated predominantly by reciprocal connections of pyramidal cell axons. To 

identify simple patterns of the neuronal interaction in a network level, the connections 

for these interactions can be divided into two types, such as ascending feedforward 

connections and descending feedback connections (Phillips & Singer, 1997). In a 

synaptic circuitry level, the feedforward connection provides the primary input that 

produces post-synaptic output and determines what cells transmit information about, 

while the feedback connection modifies the effects of the primary inputs. This 

conceptualization of the neural connections roughly corresponds to bottom-up and top-

down processes reflecting incoming and endogenous neuronal activities, respectively.  

 Although it is clear that neural integration must involve interactions between the 

participating local networks, the specific nature of such interactions still remains up for 

debate. Some authors propose the importance of heteromodal association cortices as 

“association centers”, such as DLPFC, STG, and PPC, suggesting that their mediation 

between sensory and motor areas provides the basis for integration (Kievit & Kuypers, 

1975; Mesulam, 1985). In contrast to the hypothesis emphasizing the critical role of 

certain brain regions, recent theories of functional integration argue that networks of 

reciprocal interactions are key for integration (Damasio, 1989). Among various modes 

of reciprocal interactions, phase synchronization between the participating neurons in a 
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neural assembly, especially in high frequency gamma band (30~80 Hz), has been 

believed to be most relevant mechanism of integration of distributed brain activities. 

This hypothesis has emerged to account for ‘binding problem’ for visual feature 

integration, emphasizing the role of synchronous gamma oscillatory responses (Engel, 

Roelfsema, Fries, Brecht, & Singer, 1997; Singer & Gray, 1995). Information processing 

even for simple visual perception requires activities of large population of cells 

distributed throughout the visual cortex, thus how the brain codes and integrates its 

distributed network activities has been a fundamental question in neuroscience. 

Malsburg & Schneider (1986) advocate the theory of distributed coding to account for 

this ‘binding problem’ in the context of sensory segmentation. They suggest that neurons 

involved in the processing of a single object will tend to synchronize their firing with 

each other (“synchronization within segments”), while simultaneously desynchronizing 

their firing from the remaining neurons not involved in the processing of the object 

(“desynchronization between segments). The distributed coding theory was supported by 

electrophysiological studies which demonstrated that synchronous gamma activity in the 

visual cortex of cats and primates were closely linked to the features of external visual 

stimuli (Gray, Konig, Engel, & Singer, 1989; Gray & Singer, 1989). These 

synchronizations of spatially separate cell groups with near-zero phase lag have been 

observed both within (Gray et al., 1989) and between (Engel, Kreiter, Konig, & Singer, 

1991) areas of visual cortex and even between cerebral hemispheres (Engel, Konig, 

Kreiter, & Singer, 1991). A striking observation in many of these studies was that the 

synchronization of neurons was frequently associated with oscillatory firing patterns. 

During such oscillatory epochs, neighboring neurons tend to engage in grouped 
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discharges which recur at frequencies in the gamma range (Gray & Singer, 1989). 

Therefore, it was suggested that these oscillatory firing patterns may offer advantages 

for the establishment of synchrony by reciprocal connections among spatially distributed 

neurons (Engel, Konig, Kreiter, Schillen, & Singer, 1992). Neurons that are endowed 

with mechanisms that favor oscillatory firing patterns may be synchronized with zero 

phase lag despite considerable and variable transmission delays in the coupling 

connections and even if they are only connected through polysynaptic links (Konig, 

Engel, & Singer, 1995).  

In a comprehensive review on the mechanism of visual feature integration, 

Singer and Gray (1995) proposed that synchronization of neuronal activity on a 

millisecond time scale may be exploited to link featural information that is represented 

in different parts of the cortex. They suggested that the distributed network processing 

via cortico-cortical association fibers can emerge largely by adjusting the timing of 

discharges rather than modulating discharge rates. That is, temporally correlated firing 

may be functionally relevant in the brain for the binding of distributed neurons into 

coherently active assemblies and the dynamic selection of their response for joint 

processing. Specifically, oscillatory firing patterns with frequencies in the gamma range 

may be instrumental as carrier signals for the establishment of synchrony. 

Synchronization will of course affect discharge rates by enabling more effective 

summation than asynchronous inputs. Hence, the modulation of response amplitude and 

the synchronization of discharges can operate as complementary mechanisms of the 

selection and binding of responses. In addition, the “rhythmicity of discharge”, in which 

bursts and pauses follow one another, was also emphasized to facilitate the 
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establishment of synchronous firing. The refractory period following a burst will 

produce a brief period of decreased sensitivity, making synaptic inputs arriving at that 

time less likely to have an effective influence on the overall pattern of activity.  

Studies in non-visual sensory modalities and in the motor system suggested that 

the phase synchronization theory can be generalized to other functional neural systems, 

indicating that synchrony and oscillatory activity may actually be quite ubiquitous in the 

nervous system (Engel et al., 1997). Synchronization with prevalence of the gamma 

frequency range is known to occur in the olfactory system of various vertebrate and 

invertebrate species (Laurent, 1996). In the auditory cortex, synchronized gamma 

oscillations have been described in humans with EEG and MEG techniques (R. 

Galambos, Makeig, & Talmachoff, 1981; Joliot, Ribary, & Llinas, 1994; Pantev et al., 

1991) as well as in animal experiments (deCharms & Merzenich, 1996; Eggermont, 

1992). In the somatosensory system, synchronized oscillatory firing has been described 

in rats (Nicolelis, Baccala, Lin, & Chapin, 1995) and cats (Steriade, Amzica, & 

Contreras, 1996). Furthermore, such rhythmic interactions have been observed in the 

hippocampus (Bragin et al., 1995). Similar evidence is available for the motor system, 

where neural synchronization in the gamma frequency range has been discovered in cats 

(Steriade et al., 1996), monkeys (Murthy & Fetz, 1996) and humans (Kristeva-Feige, 

Feige, Makeig, Ross, & Elbert, 1993).  

Taken together, these theoretical postulations and the supporting evidence from 

animal and human studies suggest that the synchronous cortical gamma oscillation is a 

candidate mechanism for the functional integration of dynamic neuronal activities in 

distributed networks of the brain. From a neuro-computational viewpoint, it is also 
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suggested that high frequency oscillations, especially in gamma band, is adequate for a 

mechanism of synchronous neural interaction and integration, considering the 

requirement of high temporal resolution for fast neuronal coordination (Phillips & 

Singer, 1997). Although the majority of research on neural synchrony has focused on 

gamma frequency activity, there is some evidence that synchronous activities in other 

frequency bands (i.e. theta, alpha, and beta), and across a broad range of frequencies 

may also contribute to functional integration (Bressler, Coppola, & Nakamura, 1993). 

However, this review will focus on synchronous gamma activities in particular, given 

that this high frequency activity is likely to underlie the fundamental cognitive 

disturbances in schizophrenia.  

 

Measurements of Synchronous Gamma Activity   

Local vs. Large-scale Neural Synchrony  

Although, phase synchrony in neural assembly is the universal phenomena in 

the brain, it is useful to classify the synchrony in terms of spatial scale to account for 

hierarchical organization of brain dynamics. Varela and his colleagues (2001) suggest a 

distinction of local and large-scale neural synchrony based on the spatial scale where a 

neural synchrony occurs. Local-scale synchrony occurs over a local neural network 

distributed over an area of less than 1 cm through monosynaptic connections with 

conduction delay of typically 4~6 ms (Girard, Hupe, & Bullier, 2001). This 

synchronization of neural activity is enabled by reciprocal connections between areas at 

the same level of network. In contrast, large-scale synchrony occurs over neural 

assemblies farther apart in the brain (more than 1 cm) with conduction delay of more 
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than 8~10 ms through polysynaptic pathways (Girard et al., 2001). In this 

synchronization, neural assemblies emerge through pyramidal cell axons connecting 

different levels of the network in different brain regions, such as assemblies between the 

frontal and occipital cortex.  

 

Local-scale gamma synchrony 

Synchronous gamma oscillations can be observed at the various levels of 

analysis from microscopic (single neuron) to macroscopic, by intracellular recording 

(single cell recording), extracellular recording (local field potentials; LFPs and multi-

unit activity; MUA) on intracortical surface, and non-invasive recording (EEG and 

MEG) on scalp surface (Varela et al., 2001). Typical measurements of gamma activity 

by these methods should be distinguished as either ‘gamma oscillation’ (power) or 

‘gamma synchrony’. In a single cell level, gamma oscillation usually refers to the 

magnitude of gamma activity at a given neuron, which can be measured as firing rate or 

membrane potentials of individual neurons at about 40 cycles per second. In contrast, 

gamma synchrony refers specifically to the extent to which gamma activity is in phase 

between pairs of individual neurons, which can be estimated by cross-correlation 

between spike occurrences of the two neurons (Singer, 1993). In the meso- and 

macroscopic levels of analyses, the estimation of the gamma activity is not so 

straightforward, since the recorded signals include many frequencies. In addition, the 

distinction between gamma power and synchrony is obscure in these level of analyses, 

because these methods measure aggregated electrical activity generated by a large 

number of neurons (Singer, 1993). That is, gamma frequency activity in these measures 
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is indicative of oscillatory firing patterns as well as response synchrony among local 

groups of neurons. LFPs is believed to reflect the sum of synchronized somato-dendritic 

currents from cells within approximately 50-350 μm from the tip of the electrode, while 

EEG is regarded as spatially integrated LFPs or a synthetic measure of local circuitry 

(Nunez, 1995). Given that in-phase fluctuations in LFPs will summate while out-of-

phase fluctuations will cancel, macroscopic filed potentials of EEG tend to arise from 

the summation of in-phase LFPs in the cortex. Synchronous firing of local neural groups 

in gamma band, therefore, gives rise to transient increase of the gamma power in EEG or 

MEG (Nunez, 1995). In other words, macroscopic power measure of the oscillatory 

gamma activity at a given region can be regarded to reflect local neural-scale neural 

synchrony at gamma frequency range. Thus, oscillatory gamma activity detected in an 

electrode (or sensor) of EEG/MEG is considered to be indirect measure of local neural 

synchrony at gamma frequency range. In contrast, phase-locking of oscillatory signals to 

the onset of an event (stimulus or response) is a more sensitive and directive measure of 

local-scale gamma synchrony. This measure of neural synchrony is computed by 

circular variance of phases of oscillatory signals at a specific frequency range.  

 

Large-scale gamma synchrony  

Large-scale gamma synchrony in macroscopic measurements can be estimated 

by computing the phase coherence of oscillatory gamma activity across signals from 

distant electrodes (or sensors). Recently, three techniques have been developed to extract 

the phase information from the time series, using the Hilbert transform (Rosenblum, 

Pikovsky, & Kurths, 1996), a wavelet transform (Lachaux et al., 1999), and the Fourier 
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transform (Haig & Gordon, 1998; Haig, Gordon, Wright, Meares, & Bahramali, 2000). 

The phase measure denotes the position inside the oscillation cycle (peak, valley, rising 

or falling), thus phase coherence between distant electrodes provides an index to which 

the sites are phase-locked to each other. This measure is independent of the amplitude of 

responses. The estimated phases are buried in considerable background or intrinsic noise, 

thus whether there is synchrony or not can only be treated in a statistical sense (Lachaux 

et al., 1999). The three techniques provided distinct indicators of the statistical 

significance of phase synchrony, such as mutual entropy, surrogate data, and circular 

variance, respectively. The Hilbert and wavelet approaches are equivalent to provide 

adequate time and frequency resolution, but dependence on band-pass filtering requires 

careful selection of filter that has minimal effect on the phase of the original data. The 

Fourier approach needs to have longer time domain for phase computation than the other 

two methods, but can provide a single estimate of gamma phase synchronization 

between many concurrent signals (Lee, Williams, Breakspear, & Gordon, 2003).  

 

Types of Synchronous Gamma Oscillations and Their Functional Significances 

Various findings of gamma activity in animal and human studies have 

converged to suggest that different types of gamma oscillations have different functional 

significances, and are probed in different experimental situations. Although various 

types of synchronous gamma activities have been reported, they can be categorized into 

two distinct types based on their relationship with external stimuli as well as their timing 

of onset; early evoked gamma activity and late induced gamma activity (R Galambos, 

1992).  
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Evoked gamma oscillation (40 Hz) 

Similar to other evoked neuronal responses, evoked gamma response is 

characterized by precise phase-locking to the stimulus onset. Thus, it can be detected by 

a traditional averaging technique used in conventional event-related potentials (ERPs) 

studies. With narrow-band filtering around the 40-Hz gamma frequency range of either 

EEG or MEG signals, the transient oscillatory evoked gamma response has been 

observed in the first 100 ms following an auditory (Pantev et al., 1991) or visual 

stimulus (Sannita, Lopez, Piras, & Di Bon, 1995; Tallon, Bertrand, Bouchet, & Pernier, 

1995). In addition, unlike for auditory and visual stimuli, very high frequency (near 600 

Hz) somatosensory evoked response has been also found 20 ms after somatosensory 

stimulus onset (Curio et al., 1997). Since the sources of these evoked high frequency 

oscillatory activities were found in the corresponding primary sensory cortical areas (i.e. 

primary auditory, visual, and somatosensory cortices) as well as thalamic sensory relay 

nuclei (Buchner, Gobbele, Waberski, Wagner, & Fuchs, 1999; Curio et al., 1997; Pantev 

et al., 1991), they were believed to have a role in signaling the precise temporal 

relationship between stimuli (Tallon-Baudry & Bertrand, 1999). Therefore, the evoked 

gamma oscillation may primarily be an index of early sensory processing to bind 

incoming sensory features. As known that even the early sensory processing is 

modulated by selective attention (Mangun, 1995), it was found that the transient evoked 

gamma oscillation is under control of attention (Tiitinen et al., 1993).  

As a special type of evoked gamma activity, 40-Hz steady-state response (SSR) 

has been observed in response to the periodic sensory stimulation (auditory, visual or 
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somatosensory). With these stimulations, neural networks behave like a tuned oscillator 

with a preferred resonance around 40 Hz (R. Galambos, 1982; Regan & Spekreijse, 

1986). This stimulus-driven 40-Hz SSR is tightly phase-locked to the sensory 

stimulation, thus the power of the 40-Hz oscillation is usually measured by means of 

Fast Fourier Transformation (FFT) after averaging. This entrainment of the EEG to 

externally driven stimulation has been interpreted to indicate the efficacy of natural 

resonance frequency of 40 Hz in the brain (Regan & Spekreijse, 1986).  

 

Induced gamma oscillation (30-80 Hz)  

In contrast to evoked gamma responses, induced gamma oscillations do not 

show tight phase-locking to stimuli across trials with relatively late onset (200~400 ms), 

and has a broader frequency range (30 to 80 Hz; Tallon-Baudry & Bertrand, 1999). Thus, 

induced gamma oscillation cannot be detected by the traditional averaging technique for 

ERP studies. Due to the unknown latency and frequency of gamma activity, a time-

frequency approach is preferred, allowing estimation of the time and frequency of 

induced gamma oscillation on each single-trial (Tallon-Baudry & Bertrand, 1999). The 

induced gamma activity has been observed during tasks with motor, perceptual, and 

cognitive processes. Behavioral reaction time studies showed a robust positive 

correlation between simple reaction response and peak gamma latency (Krieger & 

Dillbeck, 1987). Movement-related gamma oscillations in the 40-Hz range have been 

observed prior to, or during, voluntary finger, forearm, or leg movements (Pfurtscheller, 

Flotzinger, & Neuper, 1994; Salenius, Salmelin, Neuper, Pfurtscheller, & Hari, 1996), 

indicating that the functional role of induced gamma activity is to drive motor response. 
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Enhanced power of induced gamma activity has been also associated with the perception 

of an ambiguous visual stimuli (Tallon-Baudry, Bertrand, Delpuech, & Permier, 1997; 

Tallon-Baudry, Bertrand, Delpuech, & Pernier, 1996), suggesting the role of induced 

gamma oscillation in perceptual binding and object representation.  

 Evidence from animal studies suggest that large-scale synchrony on induced 

gamma oscillation may also play a role for sensorimotor integration. In monkeys, 

synchronization between sensory and motor cortical areas has been reported (Bressler et 

al., 1993; Murthy & Fetz, 1996). Similar results have been obtained in a study on awake 

cats that were trained to perform a visuomotor coordination task (Roelfsema, Engel, 

Konig, & Singer, 1997). This highlights that synchronization of neural responses occurs 

not only within the visual system, but also between visual and parietal areas as well as 

between parietal and motor cortex. These findings suggest that long-range synchrony 

may indeed be relevant for visuomotor coordination and may serve as the linkage of 

different domains of processing units for unified behavior. Consistent with these 

findings, human studies using EEG recording also show that a consistent pattern of 

synchrony between occipital, parietal, and frontal areas is established during face 

recognition (around 250 ms after stimulus onset) (Rodriguez et al., 1999). 

 Findings of induced gamma oscillations extend to higher-order cognitive 

processes, such as semantic processing (Pulvermuller et al., 1996), associative learning 

(Miltner, Braun, Arnold, Witte, & Taub, 1999), and working memory (Howard et al., 

2003; Tallon-Baudry, Kreiter, & Bertrand, 1999). These findings suggest the putative 

role of induced gamma is to integrate fundamental cognitive processes for the higher-

order cognitive abilities.  
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Neural Mechanisms of Gamma Oscillations  

Although it is not clearly understood which mechanism underlies synchronous 

gamma oscillator activity, several models have been proposed, emphasizing cortical and 

thalamocortical networks as mechanisms of gamma synchrony (Lee et al., 2003). 

Cellular and synaptic level studies highlight the contribution of GABAergic interneuron 

activity (Traub, Jeffrey, & Whittington, 1999), while studies on thalamo-cortical 

mechanism of arousal suggested the primary role of resonance between the thalamus and 

cortex (Steriade, 1997).  

 

GABAergic Interneuron Network Model 

The GABAergic interneuron network model proposed two modes of interneuron 

network gamma synchrony. Local (<2 mm) gamma synchrony occurs when 

metabotropic glutamate receptor activates GABAergic interneurons. When activated, the 

postsynaptic interneuron potentials engage in ongoing mutual inhibition, which occurs 

synchronously at 40 cycles per second. Thus, the fundamental mechanism of gamma 

synchrony is the recurrent feedback loop produced by the ongoing synchronous mutual 

inhibition of interneurons (Whittington, Traub, & Jefferys, 1995). In this mechanism, 

cortical interneurons themselves alone can produce synchronous gamma activity without 

the need of the excitatory input from pyramidal cells. Long-range (>2 mm) gamma 

synchrony occurs when there is simultaneous firing of multiple interneuron networks in 

precise phase synchrony with the firing of pyramidal cells. The resulting cycle of 

excitation and inhibition from the synchronous interaction between long-range 
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pyramidal cells and the interneuron networks, forms the recurrent feedback loop of long-

range gamma synchrony.  

 

Thalamo-cortical Arousal Model 

The thalamo-cortical model of gamma synchrony suggests that some thalamo-

cortical neurons have distinct properties that make them sensitive to the facilitation of 

gamma oscillations, thus, behaving as ‘intrinsic oscillators’ which produce recurrent 

gamma activity (Gray & McCormick, 1996). Steriade et al (1996) observed that 

thalamic oscillations in the gamma band range become synchronized with oscillations in 

the cortex. It has also been reported that electrical stimulation of the acoustic thalamus is 

associated with gamma activity in the auditory cortex (Barth & MacDonald, 1996), 

suggesting that stimulus-specific cortical gamma synchrony is associated directly with 

thalamic activity. Consistent with these observations of the close interaction between the 

thalamus and cortex for gamma synchrony, it was found that thalamic lesions is 

associated with a phase delay in the gamma response to tones delivered at 40 Hz 

(Spydell, Pattee, & Goldie, 1985). The role of arousal in the thalamo-cortical generation 

of gamma synchrony has also been highlighted (Steriade, 1997). It is argued that the 

ascending reticular activation system has modulatory effects on the intrinsic oscillations 

of thalamocortical neurons. Consistent with this proposal, pharmacological studies have 

shown that the cholinergic agonist increases gamma activity, whereas cholinergic 

receptor antagonists (atropine) abolish gamma activity (Buhl, Tamas, & Fisahn, 1998; 

Fisahn, Pike, Buhl, & Paulsen, 1998).  
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 The GABAergic interneuron and thalamo-cortical mechanisms may function in 

a synergistic manner across the brain (Ritz & Sejnowski, 1997). These mechanisms may 

be complementary, whereby more global integrative thalamo-cortical mechanisms 

operate to modulate gamma activity in parallel across multiple brain networks, and more 

localized GABAergic mechanisms subserve gamma activity in each of these networks.  
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Chapter 4: Abnormal Synchronous Gamma Oscillatory Activities in 

Schizophrenia 

Using various experimental paradigms, numerous studies have attempted to find 

and explore abnormalities of synchronous gamma activity in schizophrenia and 

discussed their relationship to the symptoms and etiology of schizophrenia. Based on the 

conceptual framework that the synchronous gamma activity is a functional integration 

mechanism in the brain, in this section, I will review these studies according to the types 

of gamma activity for local and large-scale neural synchronization. The systematic 

description of gamma synchrony deficits in schizophrenia and the discussion of their 

relationship with various fundamental cognitive processes and symptoms of 

schizophrenia will provide a proper framework to understand schizophrenic symptoms 

as a functional dysintegration syndrome.  

 

Local Circuit Synchrony Deficits in Schizophrenia  

Reduced Steady State Gamma Response and Unstable Local Circuit Integrity in 

Schizophrenia 

As discussed, 40-Hz gamma steady-state response (SSR) to repetitive sensory 

stimulation indicates the efficacy of natural resonance frequency of 40 Hz that is 

necessary for local circuit communication and the integrity in the circuits. Several 

investigators have tested whether patients with schizophrenia can support and maintain 

the gamma-range synchronization, usually using repetitive auditory stimulation (click 

trains). Kwon et al (1999) first demonstrated that chronic schizophrenia have selectively 

reduced averaged evoked EEG power to 40-Hz auditory stimulation, but normal power 
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to 20- and 30 Hz stimulation. In the analysis of phase of gamma SSR, it was also found 

that schizophrenia patients show not only delayed onset of 40-Hz SSR to the stimulation, 

but also a delayed return to desynchronization after stimulation. These findings suggest a 

selective reduction in the ability of auditory neural networks to support synchronous 

neural activity at 40-Hz.  

The gamma SSR deficit was also observed in first-degree biological relatives of 

schizophrenia probands as well as early onset psychosis subjects. Hong et al (2004) 

reported the 40-Hz gamma SSR reduction in first-degree relatives of schizophrenia 

patients who have schizophrenia spectrum personality symptoms, suggesting the 

possibility that 40-Hz SSR deficits reflect a genetically mediated trait or vulnerability 

factor to schizophrenia. In this study, the unmedicated first-degree relatives displayed 

significantly reduced 40-Hz SSR to repetitive auditory stimulation compared to normal 

controls, while schizophrenia patients failed to replicate the reduced 40-Hz SSR. The 

post-hoc analyses of antipsychotic drugs revealed that patients on atypical antipsychotic 

agents have an even higher 40-Hz SSR compared to normal controls, while patients on 

conventional (typical) antipsychotic medication show trends of reduced gamma SSR. 

Despite of insufficient statistical power due to small sample sizes (about 11 per groups), 

these results suggested a possibility that the findings of reduced 40-Hz SSR in 

schizophrenia patients might be caused by chronic medication of typical antipsychotic 

drugs. In a recent study investigating cortical generators of magnetic 40-Hz SSR in 

early-onset psychosis (including schizoaffective disorder and bipolar patients with 

psychotic features), a power of 40-Hz SSR to monaurally presented click-trains was 

examined to estimate local and long-range circuitry integrity in psychotic patients 
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(Wilson et al., 2007). Adolescents with psychosis exhibited significantly reduced overall 

SSR gamma power as well as delayed peak SSR relative to normal controls, indicating 

that gamma abnormalities associated with local circuitry deficits emerge early in the 

disease processes. It was also found that they displayed a reduced ear-of-stimulation 

effect indicating that ipsi- versus contralateral presentation had less impact on 

hemispheric power. Although the index of ear-of-stimulation per hemisphere does not 

directly measure long-range synchronization of gamma SSR, these results suggest 

aberrant long-range connectivity in psychotic patients, which might be mediated by 

corpus callosum abnormalities known to be associated with schizophrenia (Buchsbaum 

et al., 2006).  

The finding of reduced gamma SSR was extended to visual stimulation as well 

as to lower frequency stimulations in 30 Hz. In response to 30-Hz visual flicker 

stimulation, schizophrenia patients showed reduction in evoked power at occipital sites, 

but no such reduction was found in response to 40-Hz stimulation (Krishnan et al., 2005). 

This deficient synchronization of lower bound gamma (30Hz) to visual flicker 

stimulation is also indicative of the inability to generate or maintain synchronous gamma 

oscillations in visual cortex, which may contribute to deficits in visual processing in 

schizophrenia patients. In a study with a larger sample (100 schizophrenia patients and 

80 normal controls), the previous findings were also replicated and extended (Light et al., 

2006). It was found that schizophrenia patients show significant reductions in SSR not 

only for 40 Hz, but also for 30 Hz auditory stimulation. Time/frequency (TF) intertrial 

coherence analyses were also performed to examine the strength of phase locking of the 

EEG signals across individual trials independent of the signal amplitude, showing that 
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schizophrenia patients had significant reductions in TF inter-trial coherence in response 

to both 30- and 40-Hz stimulations. These findings indicate that stimulus-driven 

synchronization deficits of schizophrenia might be more wide spread than previously 

reported and extend downward to 30 Hz. Examination of medication effects failed to 

identify significant effect of medication type (unmedicated, typical, atypical, and mixed 

antipsychotic medications) on SSR power and inter-trial coherence, not supporting the 

effects of medication on gamma SSR. In addition, correlation analyses of EEG 

responses (SSR power and TF-inter-trial coherence) and clinical and cognitive variables 

found a modest association of reduced working memory performance and 40-Hz TF-

inter-trial coherence. This result suggests that reduction in synchronous neural firing 

leads to high ‘cortical noise’, which may result in inefficient cortical signal processing 

underlying cognitive dysfunction in schizophrenia. Recently, auditory gamma SSR of 

cortical source space signals was investigated using whole head MEG recordings and 

source space projection method (Teale et al., 2008). A single moving current dipole 

model was employed with band-passed average MEG data for each hemisphere for both 

contralateral and ipsilateral auditory stimulations to estimate the source location and 

strength. With this model, auditory cortex dipole time series signals were computed and 

then time-frequency transformed using complex Morlet’s wavelets for estimation of 

evoked gamma source strength and inter-trial phase locking factor. Results indicated that 

schizophrenia patients had reduced 40 Hz phase-locking and evoked source strength for 

contralateral auditory cortex generators responding to the auditory stimulations. These 

deficits were more profound in left primary auditory cortex.  
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In summary, the robust findings of reduced power and phase delay in gamma 

SSR of patients with schizophrenia are indicative of inherent deficits of local circuit 

integration mediated by gamma synchrony in schizophrenia, which might be associated 

with genetic vulnerability to schizophrenia. However, due to the passive nature of SSR, 

the functional significance of the reduced gamma synchronization needs to be further 

investigated by perceptual or cognitive tasks.  

 

Abnormal Evoked Gamma Activity and Early Sensory Processing Deficits in 

Schizophrenia 

As discussed, evoked gamma activity has been associated with early sensory 

processing (Tallon-Baudry & Bertrand, 1999), which has been found to be abnormal in 

patients with schizophrenia, such as deficits in sensory gating (Judd, McAdams, 

Budnick, & Braff, 1992) and backward masking performance (M. Green & Walker, 

1986). Sensory gating has been investigated by paired-click paradigm, which typically 

consists of auditory stimuli presented in pairs separately by 500 ms with a 10 s intertrial 

interval. Although the two auditory stimuli are identical, normal controls have a smaller 

P50 evoked response to the second (S2) than the first stimulus (S1). This phenomenon is 

called P50 suppression and is believed to reflect the efficacy of ‘sensory gating’, which 

has been found to be reduced in schizophrenia patients as well as their first-degree 

biological relatives (Clementz, Geyer, & Braff, 1998; Judd et al., 1992). Based on the 

assumption that P50 may be a subset of the gamma band response (Basar, Rosen, Basar-

Eroglu, & Greitschus, 1987), Clementz et al (1997) tested whether deficits in the 

auditory 40-Hz evoked gamma response might underlie the poor P50 suppression in 
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schizophrenia patients. Consistent with the hypothesis, it was found that schizophrenia 

patients show significantly lower suppression of EEG P50 and gamma band response 

than the normal controls in MEG (but not in EEG) data. With these results, they 

proposed that transient disturbances of evoked gamma band response may account for 

most of the poor sensory gating in schizophrenia. In a later study using multi-channel 

EEG recording, however, they did not confirm the finding of the reduced gamma 

response in schizophrenia patients (Blumenfeld & Clementz, 2001; Clementz & 

Blumenfeld, 2001). The possible source of the discrepancies might come from 

methodological differences of analyses techniques in these studies. For example, in the 

first study they found reduced gamma band response in MEG data using a measure of 

regional field activity, a variation of global field power measure over multiple sensors in 

selected regions, but not in EEG data recorded at CZ electrode. In the later studies, 

however, they failed to find any reduction in gamma band responses, which were 

quantified using spatial principal component analysis (PCA) to reduce the number of 

EEG signals from multiple electrodes. These analyses techniques modifying raw EEG 

and MEG signals may obscure the true gamma band response deficits in schizophrenia. 

In addition, considering the relatively small sample size used in the original study (10 

patients) compared to the later studies (20 patients each), such findings of reduced 

gamma activity associated with sensory gating in schizophrenia should be investigated 

further with a standard analysis technique.  

 A recent description of the gamma-to-beta frequency shift phenomenon in 

neuronal networks proposed a possibility to find different abnormalities in synchronous 

high frequency responses underlying sensory gating deficits in schizophrenia. Traub et 
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al (1999) reported that tetanic stimulation to hippocampal neurons can induce gamma 

frequency (30~100 Hz) population oscillations, which switch to longer lasting beta 

frequency (10~25 Hz) oscillations about 200 ms after stimulation. The early evoked 

gamma response is considered to reflect sensory registration, while the following beta 

response is thought to be associated with the encoding process (Traub, Whittington et al., 

1999). Using the same paired-click paradigm, Hong et al. (2004) investigated sensory 

gating deficit in schizophrenia with a question of whether the post-S1 gamma-to-beta 

frequency shift predicts the reduced S2 suppression. The results showed that the 

averaged gamma frequency peak was followed by a beta frequency peak both in patients 

and normal controls, and there was no group difference in post-S1 gamma or beta peak. 

In their multiple regression analyses in which S2 P50 amplitude served as the dependent 

variable and post-S1 gamma and beta components served as the predictor variables, it 

was found that the beta component negatively contributed to S2 amplitude while the 

gamma component positively contribute to S2 amplitude in schizophrenia patients, while 

both gamma and beta components positively contributed to S2 amplitude in normal 

controls. Given that the correlation was not significant between the beta and S2 

amplitude, it was suggested that the negative contribution of beta may occur only in the 

context of gamma/beta oscillation. Therefore, the sensory gating deficits of 

schizophrenia may result from abnormal coupling mechanism of gamma/beta oscillation 

rather than simple deficits in gamma band response.  

 Early visual processing in schizophrenia has often been assessed with visual 

backward-masking techniques. Backward-masking occurs when a briefly presented 

visual target is followed shortly by a mask that interrupts processing of the target, 
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reducing the visibility of the target (Breitmeyer & Ganz, 1976). In a theoretical model of 

visual masking, it was proposed that masking occurs when transient (magnocellular) 

channel activity elicited by the mask interrupts sustained (parvocellular) channel 

processing elicited by the target (Breitmeyer & Ganz, 1976). With the finding that the 

sustained visual channels oscillate in the gamma range (Breitmeyer & Ogmen, 2000), it 

was suggested that the transient channels elicited by the mask will inhibit sustained 

channels of the target (and hence performance) when they coincide with the peak of the 

gamma range oscillation. Schizophrenia patients as well as their first-degree relatives 

consistently show deficits on visual backward-masking tasks in that they require a 

longer interval between the target and mask to identify the target (M. Green & Walker, 

1986; M. F. Green & Nuechterlein, 1999; Saccuzzo & Schubert, 1981). In a preliminary 

study with small sample sizes (8 patients and 7 normal controls), Green et al (2003) used 

visual masking tasks to probe underlying EEG oscillations in the gamma range in 

schizophrenia. Analyses of event-related band power revealed that, compared to normal 

controls,  schizophrenia patients showed slightly increased early gamma power peak 

(50~200 ms after target onset) but reduced late gamma power peak (200~400 ms after 

target onset) on parietal and occipital sites. However, the estimated late gamma power 

might not be an appropriate measure of induced gamma activity associated with 

perceptual organization, because this study only examined gamma activity phase-locked 

to the stimulus onset. In a subsequent study with larger samples (32 patients and 15 

normal controls) and multiple channel EEG recording, Wynn et al (2005) found that 

schizophrenia patients show overall less early (50~200 ms) evoked gamma activity for 

masked targets, but normal level of evoked gamma activity for unmasked targets. In 
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addition, the patients did not display normal right-hemisphere-lateralization of gamma 

activity for processing visual stimuli. Although this study did not clarify whether 

abnormal gamma activity is the main cause of masking deficits in schizophrenia, these 

results suggest that backward-masking probes abnormal evoked-gamma activity, which 

reflects problems in early stage of visual processing in schizophrenia.  

 Evoked gamma activity deficits in schizophrenia have also been observed 

during performance of Gestalt perception tasks, which require active integration of 

sensory processing for coherent object representation. In a study to investigate gamma 

synchrony associated with Gestalt perception that engages feature binding, Spencer et al 

(2003) reported aberrant evoked gamma activity in schizophrenia, using time-frequency 

analysis of phase-locking values. Phase-locking measures the variance of EEG phase 

across single trials independently of amplitude, thus being sensitive to synchronous 

neuronal oscillation with small amplitude that would not be detected with power 

measures. It was found that normal controls showed increased phase-locking in early 

(80~160 ms) evoked gamma band response to Gestalt stimuli over occipital site, which 

also showed significant negative correlation with reaction time in normal controls. This 

enhancement of phase-locking of early gamma oscillation was absent in schizophrenia 

patients. A subsequent study with a larger sample size also found similar deficits in 

phase-locking in schizophrenia patients over occipital and parietal sites (Spencer et al., 

2004). These studies replicate the findings by Rodriguez et al. (1999) and showed that 

deficient evoked gamma synchrony underlie perceptual organization deficits in 

schizophrenia.  
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Another type of evoked gamma abnormality in schizophrenia patients was 

reported during auditory oddball task performance, which emphasized the role of arousal 

in evoked gamma activity. Based on the hypothesis that arousal may be a necessary 

condition for gamma activity (Gross & Gotman, 1999), Lee et al (2001) examined 

gamma activity in novelty (high arousal) and routiniztion (low arousal) processing in 

schizophrenia patients by sub-averaging gamma activity based on a simultaneous 

measure of autonomic arousal (i.e. skin conductance response). In the auditory oddball 

paradigm, in which subjects should respond to infrequent target stimuli, schizophrenia 

patients show reduction in evoked gamma power only in response to novel stimuli that 

are associated with increased phasic arousal. This result suggests that the early evoked 

gamma activity can be modulated by arousal, which makes a critical contribution to the 

generation of gamma synchrony via the modulatory effects of the ascending reticular 

activation system and associated cholinergic activity on the intrinsic oscillation of 

thalamocortical neurons. In other words, evoked gamma deficits in schizophrenia might 

be associated not only with local neural network disintegration but also with non-

specific reduction of thalamocortical activity that is regulated by arousal systems.  

 Taken together, these results from the sensory/perceptual processing studies 

indicate that aberrant early sensory processing in schizophrenia is associated with 

evoked gamma activity deficits. Although the evoked gamma deficits cannot explain the 

whole variation of early auditory and visual processing deficits in schizophrenia, it 

seems that inefficient sensory processing observed in schizophrenia may result from 

unstable local neural assemblies with deficient evoked gamma activities in the primary 

sensory cortex. The lack of the local circuit neural assembly associated with evoked 
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gamma activity deficits may contribute to not only the disturbed sensory processing, but 

also the subsequent abnormality in perception and target detection. In addition, the 

evoked gamma deficits in schizophrenia may be associated with their abnormal 

ascending thalamocortical arousal system. Thus it is required to examine a possible 

medication effect of anticholinergic drugs, which is sometimes administered for 

schizophrenia patients.  
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Table 4. Summary of the evoked gamma studies of schizophrenia patients.  

Authors Subjects 
(% male, mean age) 

Experimental 
Paradigm 

Analysis methods for 
gamma response 

Types of 
gamma activity Findings 

Kwon et al 
(1999)  

15 SCZ (100%, 
20~55 years) & 15 
controls (100%, age 
matched) 

Repetitive 
auditory 
stimulation(click 
trains) (EEG)  

Power spectrum analysis & 
peak-by-peak phase analysis 
on averaged EEG signal (FZ) 

Auditory evoked 
gamma SSR 

- SCZ showed significantly reduced gamma power in response 
to only 40-HZ stimulation, not for 20- & 30-Hz stimulation.  

- SCZ showed a delayed onset of the 40-Hz SSR to the 
stimulation as well as a delayed return to desynchronization 
after stimulation 

Hong et al 
(2004) 

11 relatives of SCZ 
with SSP (55%, 
44±8), 24 SCZ (42%, 
40±9), & 17 controls 
(53%, 41±10) 

Repetitive 
auditory 
stimulation 
(click trains) 
(EEG) 

Power spectrum analysis on 
averaged EEG signal (FZ, 
F3, F4, FCZ) 

Auditory evoked 
gamma SSR 

- First degree relatives of SCZ with SSP trait had reduced power 
at 40-Hz synchronization.  

- SCZ on typical antipsychotics had a trend of reduced 40-Hz 
SSR, while SCZ on atypical antipsychotics had an increased 
40-Hz SSR compared to controls.  

Krishnan et 
al (2005)  

18 SCZ (61%, 40±8) 
& 33 controls (55%, 
36±10) 

Repetitive visual 
stimulation 
(visual flicker) 
(EEG) 

Power spectrum analysis on 
averaged EEG signal (FZ, 
OZ)  

Visual evoked 
gamma SSR 

- SCZ had reduced evoked gamma power in response to 30-Hz 
visual flicker stimulation.  

- No such reduction was found in response to 40-Hz 
stimulation. 

Light et al 
(2006) 

100 SCZ (43±8) & 
80 controls (34±10) 

Repetitive 
auditory 
stimulation (EEG) 

Spectral power & time/ 
frequency intertrial 
coherence analyses (at FZ)  

Auditory evoked 
gamma SSR 

- SCZ had significant reductions in SSR for 30- & 40-Hz 
auditory stimulation, and reduced time/frequency phase locking 
across trials in response to both 30-Hz & 40-Hz stimulation.  

Wilson et 
al (2007)  

10 adolescents with 
psychosis (70%, 
15±2) & 10 controls 
(40%, 16±2)  

Repetitive 
monaural 
auditory 
stimulations 
(EEG)  

Maximum global field power 
analysis on a subset of MEG 
sensor signals & source 
estimation analysis for MEG 
40-Hz SSR 

Auditory evoked 
gamma SSR 

- Adolescents with psychosis had reduced overall SSR gamma 
power as well as delayed peak SSR relative to normal controls 

- They displayed a reduced ear-of-stimulation effect, in which 
ipsi- versus contralateral presentation had less impact on 
hemispheric power.  

Clementz et 
al. (1997) 

10 SCZ (100%, 
35±7) & 10 controls 
(80%, 37±9) 

Paired-click 
paradigm  
(EEG & MEG) 

With 24~48 Hz band-pass 
filtering, Peak detection of 
MEG regional field activity 
(REFA) & EEG signal (CZ)  

Auditory evoked 
gamma response 

- SCZ had reduced P50 suppression in both MEG & EEG data.  
- SCZ showed significantly reduced gamma band response in 

MEG REFA, but not in EEG.   

Clementz et 
al (2001) 

20 SCZ (65%, 
37±10) & 20 controls 
(60%, 37±12) 

Paired-click 
paradigm (EEG) 

Peak detection on spatial 
PCA components (20~50 Hz 
band-pass filtering) 

Auditory evoked 
gamma response 

- No gamma power reduction was observed in SCZ patients in 
association with P50 reduction.  

Blumenfeld 
et al (2001)  

20 SCZ (85%, 37±8) 
& 20 controls (80%, 
38±10)  

Paired-click 
paradigm 
(MEG) 

Peak detection on spatial 
PCA components (20~50 Hz 
band-pass filtering) 

Auditory evoked 
gamma response 

- No gamma power reduction was observed in SCZ patients in 
association with P50 reduction.  
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(Table 4, cont.) 
 

 
 

 
 

 
 

 
 

Hong et al. 
(2004) 
 
 

23 SCZ (61%, 39±9) 
& 16 controls (50%, 
41±10)  

Paired-stimulus 
paradigm 
(EEG) 

Band-pass filtering for 
gamma / beta range & peak 
detection on averaged EEG 
signal (at CZ) 

Auditory 
evoked-gamma 
response 

- Averaged gamma frequency peak was followed by a beta 
frequency peak both in patients & normal controls, but there 
was no group difference in post-S1 gamma or beta peak.  

- Only post-S1 beta amplitude predicted S2 amplitude in SCZ.  
Green et al 
(2003) 

8 SCZ (100%, 44±9) 
& 7 controls (100%, 
33±11)  

Visual backward 
masking 
paradigm 

Event-related gamma power 
analysis (30~40 Hz band-
pass filtering) on averaged 
EEG.   

Visual evoked 
gamma response 

- SCZ showed slightly increased early gamma power peak 
(50~200 ms), but reduced late gamma power peak (200~400 
ms) on parietal & occipital sites for masked target, compared 
to normal controls.  

Wynn et al 
(2005) 

32 SCZ (94%, 49±9) 
& 15 controls (93%, 
42±8) 

Visual backward 
masking 
paradigm 

Event-related gamma power 
analysis (30~40 Hz band-
pass filtering) on averaged 
EEG. 

Visual evoked 
gamma response 

- SCZ showed overall reduced early (50~200 ms) evoked 
gamma activity for masked targets, but normal level of evoked 
gamma activity for unmasked targets.  

- SCZ did not show normal right-hemisphere-lateralization of 
the evoked gamma activity for processing visual stimuli. 

Teale et al 
(2008) 

15 SCZ (87%, 38±9) 
& 15 controls (80%, 
35±8) 

Repetitive 
monaural auditory 
stimulation (driving 
& non-driving 
tones) (MEG) 

Wavelet time-frequency 
decomposition on bilateral 
primary auditory cortices’ 
dipole signals reconstructed 
by source space projection 

Inter-trial phase-
locking of  
auditory evoked 
gamma SSR 

- SCZ had reduced 40 Hz phase-locking and evoked source 
strength for contralateral generators responding to the both 
driving and non-driving auditory stimulations.  

- These deficits in SCZ were more profound in left primary 
auditory cortex.  

 
Abbreviations: S1: the first auditory stimulus, S2: the second auditory stimulus, SSP: schizophrenic spectrum personality.  
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Abnormal Induced Gamma Activity and Cognitive Deficits in Schizophrenia  

Induced gamma activity is not phase locked to stimulus onset, and has a role in 

higher cognitive functions rather than fundamental sensory processing. Therefore, this 

‘cognitively induced’ gamma activity in schizophrenia has been investigated using 

various cognitive tasks requiring higher-order cortical networks for context processing 

and integration of distributed processing. Aberrant induced gamma activity in 

schizophrenia has been first reported in studies using the auditory oddball paradigm, in 

which early stimulus classification has to be integrated with attention, working memory, 

response selection, and motor output within a time range of milliseconds. Haig et al 

(2000) examined time-course of induced gamma activity in narrow band of 37~41 Hz 

during an auditory oddball task. They found that schizophrenia patients showed normal 

evoked gamma power, but late reduced induced gamma power for both infrequent target 

and frequent background tones, especially over frontal scalp areas. This reduction was 

comparable in latency with reduced P3 amplitude in conventional ERP analysis. 

Considering that the context of the target is determined by the proceeding background 

tones, decreased gamma amplitude for background might be indicative of more 

fundamental and pervasive deficits in abnormal evaluations of stimulus context in 

schizophrenia. The induced gamma power for targets also showed a significant negative 

correlation with positive symptom scores. In a later study with drug-free schizophrenia 

patients, similar pattern of gamma activity during an auditory oddball task was observed 

in the patients, showing normal evoked gamma but reduced induced gamma power 

reduction over right frontal scalp areas (Gallinat, Winterer, Herrmann, & Senkowski, 

2004). These findings of late induced gamma power reduction over frontal area suggest 



68 

that dysfunctional gamma synchrony over frontal lobe may underlie the dysfunctional 

‘executive function’ in schizophrenia.  

 The abnormal induced gamma synchrony was also associated with perceptual 

organization problem in schizophrenia. In a study using Gestalt perception task, Spencer 

et al (2004) analyzed phase locking values of response-locked gamma oscillations, 

which are believed to be more closely related to the feature-binding processes 

supporting conscious perception than stimulus-locked oscillations. Given that the 

response-locked gamma oscillations appeared more than 200 ms later being independent 

of stimulus onset, this gamma response is believed to be equivalent to the induced 

gamma oscillations (Tallon-Baudry & Bertrand, 1999). In normal controls, a response-

locked gamma band oscillation was elicited by perceived Gestalt stimuli at occipital 

electrodes, while in schizophrenia patients, an oscillation with a similar topography 

occurs in a lower frequency range than in healthy individuals. The similarity between 

the frequency ranges and topographies of the stimulus and response-locked occipital 

oscillations suggest the possibility that the response-locked oscillation reflects the 

reactivation of the same neural assembly that was initially activated at stimulus 

presentation. In addition, the phase-locking effects of oscillations in schizophrenia 

patients also showed significant correlations with their core symptom ratings of 

schizophrenia, such as visual hallucinations, conceptual disorganization, and global 

thought disorder.  

 The aberrant induced gamma activity was also observed even in the absence of 

external stimulation. During performance of a mental arithmetic task requiring internal 

calculation coupled with working memory of letters and numerical values of the letters, 
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normal controls showed a left frontal and fronto-temporal enhancement of gamma power 

(30~71 Hz), which was absent or reversed in schizophrenia patients (Kissler, Muller, 

Fehr, Rockstroh, & Elbert, 2000). This result indicates that the gamma activity can probe 

purely internal cognitive processing, and suggests a possibility that working memory 

processing deficits in schizophrenia might be associated with deficient induced gamma 

synchrony underlying functional dysintegration in working memory networks. This 

result was consistent with those of Tallon-Baudry et al. (1998) demonstrating frontal 

induced gamma enhancement in a task that draw on visual working memory. However, 

due to the complexity of the task, and the non-specificity that it allows for subjects to 

use different strategies, the results cannot directly support the deficient gamma 

hypothesis for working memory deficits in patient with schizophrenia. This putative 

association between working memory deficits and the induced gamma power reduction 

was supported by a recent study investigating working memory using modified N-back 

task (Basar-Eroglu et al., 2007). It was found that in normal controls, during the 

retention interval (pre-stimulus) and after stimulus onset, power of gamma activity 

increased gradually from low to high working memory load task. In contrast, although 

schizophrenia patients showed generally increased gamma activity compared to the 

controls, they did not show such modulation of gamma activity by working memory 

demand. These results may indicate that the patients might need to initiate cognitive 

control even for the simple task without high cognitive load. However, due to the lack of 

latency information of the peak of the gamma power and their topographical distribution, 

it is difficult to differentiate the relative contribution of evoked and induced gamma 

activity to the measure of post-stimulus maximum gamma power. Therefore, such 
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findings need to be replicated in a well-controlled study to clarify the role of induced 

gamma activity in working memory deficits in schizophrenia.  

 The induced gamma deficit over the PFC was also associated with disturbances 

of higher cognitive processes such as cognitive control (Cho, Konecky, & Carter, 2006). 

During the ‘Preparing to Overcome Prepotency Task’ (a cognitive control task), normal 

controls showed increases in induced gamma activity over bilateral prefrontal cortical 

areas, which was associated with high cognitive control demands. This modulation of 

frontal gamma was diminished in schizophrenia patients. Increases in induced gamma 

power over PFC correlated with performance in controls but not patients. These findings 

suggest that synchronous induced gamma cortical oscillations may support not only 

basic object representations but also abstract representations involved in cognitive 

control. Therefore, disturbances in frontal induced gamma synchrony may underlie the 

cognitive control deficits of schizophrenia. In addition, right and left PFC gamma 

activity showed different association with schizophrenia symptom dimensions. Left PFC 

gamma activity was negatively correlated with disorganization symptoms, consistent 

with the findings of negative correlation between left DLPFC activation and 

disorganization in previous fMRI study (MacDonald et al., 2005), while right PFC 

gamma activity correlated with reality distortion, consistent with the reports from the 

large-scale synchrony study that will be discussed in the next section (Lee et al., 2003).  

 Recently, inter-trial phase-locking of gamma oscillation was investigated to 

examine dysfunctional motor-sensory system in schizophrenia patients (J. M. Ford, 

Roach, Faustman, & Mathalon, 2008). To explain a mechanism that helps us 

unconsciously disregard sensations resulting from our own actions as we maneuver 
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through our environment, a forward model has been suggested. In this model, an 

efference copy of motor commands are transmitted to sensory cortex to generate 

corollary discharges, preparing the organism for impending sensory consequences of 

self-initiated motor acts. Ford et al (2008) examined this motor-sensory communication 

mechanism in schizophrenia patients during button press task performance by analyzing 

gamma and beta inter-trial phase locking to motor response. Results indicated that the 

efference copy or corollary discharge related prepress gamma phase-locking was 

reduced in schizophrenia patients, suggesting that the dysfunctional forward model 

circuitry might underlie self-monitoring deficits and abnormal kinesthetic experiences in 

schizophrenia patients.  

 In summary, induced gamma activity deficits have been identified in 

schizophrenia patients while they were engaged in various cognitive tasks as well as in 

simple motor task. These deficits suggest that induced gamma activity deficits may 

underlie various cognitive deficits in schizophrenia, including dysfunctions in conscious 

perception of Gestalt object, sensory-motor integration, and higher cognitive functions 

requiring monitoring and working memory. This implication of induced gamma neural 

oscillation in schizophrenia will be further discussed in the next section.  
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Table 5. Summary of the induced gamma studies of schizophrenia patients.  

Authors Subjects 
(% male, mean age) 

Experimental 
Paradigm 

Analysis methods for 
gamma response 

Types of 
gamma activity Findings 

Haig et al 
(2000)  

35 SCZ (71%, 35±9) 
& 35 controls (71%, 
35±10)  

Auditory 
oddball 
paradigm (EEG) 

Gamma power analysis with 
sliding window for FFT on 
each trial EEG signal to 
generate time-series gamma 
power.  

Auditory evoked 
& induced 
gamma activity 

- SCZ showed normal evoked gamma power, but reduced late 
induced gamma power in response to both infrequent target & 
frequent background tones, especially over frontal scalp areas.  

- The induced gamma power for targets also showed a 
significant negative correlation with positive symptom scores.  

Lee et al 
(2001) 

38 SCZ (71%, 36±9) 
& 40 controls (73%, 
37±9) 

Auditory 
oddball 
paradigm (EEG) 

Gamma power analysis with 
sliding window for FFT on 
each trial EEG signal.  

Auditory evoked 
& induced 
gamma activity 

- SCZ showed reduction in early evoked gamma power, only in 
response to stimuli associated with increased phasic arousal, & 
normal late induced gamma power with delayed latency.  

Gallinat et 
al (2004) 

15 SCZ (73%, 28±11) 
& 15 controls (73%, 
31±9) 

Auditory 
oddball 
paradigm (EEG) 

Morlet wavelet transform 
analysis on single trials 
(gamma power time-series)  

Auditory evoked 
& induced 
gamma activity 

- SCZ showed normal early evoked gamma power, but reduced 
late induced gamma power over right frontal areas.  

Spencer et 
al (2004)  

20 SCZ (100%, 42±9) 
& 20 controls (100%, 
43±6)  

Gestalt 
perception task 
(illusory square) 
(EEG)  

Morlet wavelet transform 
was used to compute phase 
locking to stimulus & 
response onsets  

Induced gamma 
phase locking to 
stimulus & 
response onsets 

- Normal gamma phase locking to stimulus onset in SCZ.  
- SCZ showed increased gamma phase locking to response 

onset for Gestalt perception, while SCZ showed such phase 
locking in lower frequency range.  

- Response-locked gamma response correlated with SCZ 
symptoms (visual hallucinations, conceptual disorganization, 
& global thought disorder). 

Kissler et al 
(2000) 

15 SCZ (73%, 30±6) 
& 15 controls (73%, 
36±9) 

Mental 
arithmetic task 
(MEG) 

Gamma power analysis with 
sliding window for FFT on 
each trial EEG  

Induced gamma 
power 

- During mental arithmetic task, controls showed a left frontal & 
left fronto-temporal gamma (30~71 Hz) power enhancement.  

- SCZ showed no such increase in induced gamma power or 
reversed lateralization.  

Cho et al 
(2006) 

15 SCZ (60%, 37±9) 
& 18 controls (56%, 
36±6)  

Cognitive 
control task 
(EEG) 

Time-frequency analysis 
with Morlet wavelet 
transformation 

Induced gamma 
power 

- Controls had increased induced gamma power over bilateral 
prefrontal cortical areas with high cognitive control demands.  

- This modulation of frontal gamma was diminished in SCZ.  
- Left PFC gamma power was negatively correlated with 

disorganization symptoms, while right PFC gamma power 
correlated with reality distortion. 

Basar-
Eroglu et al 
(2007) 

10 SCZ (34±6) & 10 
controls (24±4) 

Modified N-
back working 
memory (EEG) 

After band-pass filtering 
(28~48 Hz), maximum 
gamma response power was 
computed.  

Evoked or 
Induced gamma 
power 

- During the retention interval & after stimulus onset, gamma 
power increased gradually from low to high working memory 
load in controls, while SCZ did not show such modulation of 
gamma power by working memory demand.  
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(Table 5, cont.) 
 

 
 

 
 

 
 

 
 

Ford et al 
(2008) 

23 SCZ (91%, 
42±11) & 25 controls 
(72%, 42±10) 

Self-paced 
button pressing 
task (EEG) 

Time-frequency analysis 
with Morlet wavelet & FFT 
to compute inter-trial phase-
locking factor of fronto-
central electrode signals.  

Induced gamma 
inter-trial phase-
locking 

- During button pressing with right index finger, efference copy 
or corollary discharge related prepress gamma phase-locking 
was reduced in schizophrenia patients in ipsilateral fronto-
central electrode.  

- This result suggests the dysfunctional motor-sensory 
communication mechanism in schizophrenia patients.  
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Large-scale Gamma Synchrony Deficits in Schizophrenia 

Recent studies of gamma phase synchrony in the human EEG (Haig, Gordon, 

Wright et al., 2000; Miltner et al., 1999; Rodriguez et al., 1999) have established that the 

evaluation of long-range gamma synchrony on scalp recorded EEG is possible, and that 

the time course and topological distribution of gamma synchrony follows a task-specific 

patterns of distribution. Using the same approach, several studies have investigated 

aberrant long-range synchrony in schizophrenia. With the advantage of the technique 

employing FFT that can provide a single estimate of gamma phase synchronization 

between many concurrent signals, Lee et al (2003) examined global gamma phase 

synchrony between multiple electrodes within anterior, posterior, left, and right regions 

during an auditory oddball task. It was found that schizophrenia patients had a decreased 

early and late gamma synchrony in frontal areas as well as decreased early gamma 

synchrony in the left hemisphere, but increased posterior late gamma synchrony. These 

results indicate that interregional gamma synchrony deficits in schizophrenia include not 

only a decrease but also an increase in phase synchrony. The complex patterns of 

abnormal gamma synchrony showed differential associations with schizophrenic 

symptom dimensions. Psychomotor poverty (negative symptoms) was associated with 

left hemisphere synchrony, while reality distortion (positive symptoms) was associated 

with increased right hemisphere synchrony. On the other hand, disorganization 

symptoms showed a widespread (right hemisphere and posterior) increase in gamma 

synchrony and a delay in early frontal gamma synchrony. In subsequent studies (Slewa-

Younan et al., 2004; Symond, Harris, Gordon, & Williams, 2005), deficient global 

gamma synchrony was also found in first-episode schizophrenia, whose long-term 
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effects of medication, illness chronicity, and institutionalization are minimized. These 

studies showed decreased gamma synchrony only in early evoked gamma activity for 

frontal areas, but not for posterior areas, suggesting the dysfunctional integration for the 

early sensory processing is especially associated with the initial stages of schizophrenia. 

However, the different patterns of gamma phase synchrony abnormalities in chronic 

patients suggest that the stage of processing in which this disturbance occurs appears to 

differ between the early and chronic phases of this disorder. First-episode patients show 

lack of interregional synchrony only for early evoked gamma associated with the early 

integration of sensory processing, while chronic patients show deficient interregional 

synchrony not only for early evoked gamma activity, but also late induced gamma 

activity over the left hemisphere and frontal area, which is associated with later 

contextual processing (Lee et al., 2003).  

 Abnormal long-range gamma synchrony has been also reported by studies using 

the wavelet-based approach. Spencer et al (2003) demonstrated that schizophrenia 

patients have abnormal spatiotemporal distribution of gamma band (37-44 Hz) phase 

synchrony during Gestalt perception. Phase synchrony change in schizophrenia patients 

was generally delayed and differed maximally from normal controls in the Gestalt 

stimulus condition, in which patients showed a pattern of decreased phase synchrony 

between bilateral posterior sites, while controls showed a pattern of increased phase 

synchrony along the anterior-posterior axis. These results suggest that schizophrenia 

patients can be characterized by a reduction in posterior interhemispheric interactions as 

well as the interaction between frontal and posterior sensory association cortices. Ulhaas 

et al (2006) found abnormal long-range phase synchrony in schizophrenia patients, 
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especially in beta frequency band, using Mooney faces to probe phase-synchrony 

deficits associated with Gestalt perception deficit in schizophrenia. Although induced 

spectral power analyses failed to find significant gamma power reduction in 

schizophrenia in the face condition, phase synchrony analyses revealed reduction in beta 

phase synchrony and a pronounced desynchronization in the gamma band during the 

face condition as well as significant reduction in gamma band synchrony in the non-face 

condition. Long-range phase synchrony analysis showed that patients were impaired 

particularly in phase synchrony in the beta frequency range (20~30 Hz) during Gestalt 

perception in time window that differentiated between face and non-face conditions in 

controls. Topographical distribution of the long-range phase synchrony more clearly 

differentiated schizophrenia patients from controls. The abnormal long-range phase 

synchrony in beta oscillations includes a lack of early interregional synchrony as well as 

reduced synchrony patterns between fronto-temporal and parieto-occipital electrodes. 

These results suggest that Gestalt perception deficits are associated with not only 

processes involving local synchronization of oscillatory activity but also processes 

requiring long-range synchronization. The differential roles of phase synchrony and 

induced spectral power in the coordination of neural activity also are supported by the 

distinct frequency band in which synchronous activity during Gestalt perception was 

observed. Whereas local induced spectral power was found predominantly in the gamma 

band range (40~70 Hz), long-range phase synchrony occurred in a lower beta frequency 

range (20~30 Hz), consistent with the hypothesis that beta oscillation has advantage to 

endure long-range conduction delay compared to gamma oscillation (Kopell, Ermentrout, 

Whittington, & Traub, 2000).  
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 Most recently, absolute gamma synchrony in large samples of first episode 

psychosis patients were investigated to examine psychosis patients’ absolute level of 

gamma synchrony, not relative gamma synchrony which has been measured as gamma 

synchrony evoked by a stimulus relative to a pre-stimulus baseline (Flynn et al., 2008). 

To investigate the syndrome of psychosis rather than a particular diagnosis, patients with 

various diagnoses were included, such as schizophrenia, schizophreniform disorder, 

psychosis not otherwise specified, schizoaffective disorder, bipolar disorder, major 

depression with psychotic features, and substance induced psychosis. EEG data 

collected during auditory oddball task were processed to compute regional and 

interregional gamma phase synchrony. Results indicated that first episode psychosis 

patients had a significant elevation in absolute gamma (35~45 Hz) phase synchrony, 

especially in the left centro-temporal regions. This elevation was greater for target than 

non-target stimuli, while control subjects had no such stimulus effect. Given that 

previous study found reduced relative gamma phase synchrony in first episode 

schizophrenia patients (Symond et al., 2005), this finding of enhanced absolute gamma 

synchrony might reflect diminished neural synchronization to stimuli occurring in a 

context of generally excessive synchrony in first-episode psychosis patients. However, 

there is limitation to generalize this finding to schizophrenia due to the inclusion of 

patients with various diagnoses.  
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Table 6. Summary of the large-scale gamma synchrony studies in schizophrenia patients.  

Authors Subjects 
(gender, mean age) 

Experimental 
Paradigm 

Analysis methods for 
gamma response 

Types of 
gamma activity Abnormal Gamma Response Findings 

Lee et al 
(2003) 

38 SCZ (71%, 36±9) 
& 40 controls (73%, 
37±9) 

Auditory 
oddball 
paradigm (EEG) 

Extraction of gamma (37-41 
Hz) phase estimates by 
sliding window for FFT & 
calculation of phase 
synchrony by circular 
variance of the phase  

Long-range 
gamma phase 
synchrony 

- SCZ had a decreased early & late gamma long-range phase 
synchrony over frontal areas & decreased early gamma 
synchrony in the left hemisphere, but increased posterior late 
gamma phase synchrony.  

- Negative Sx. correlated with left hemisphere phase synchrony, 
positive Sx, correlated with increased right hemisphere phase 
synchrony, & disorganization Sx. correlated with a widespread 
increase & a delay in early frontal gamma phase synchrony.  

Spencer et 
al (2003) 

12 SCZ (100%, 
45±9) & 12 controls 
(100%, 47±6)  

Gestalt 
perception task 
(illusory 
squares) (EEG) 

Morlet wavelet transform 
was used to extract phase 
estimate for computing phase 
locking to stimuli onset & 
phase synchrony across 
electrodes 

Gamma phase 
locking & long-
range phase 
synchrony 

- SCZ had no early gamma phase locking in occipital sites, & 
abnormal frontocentral early gamma phase locking latency, 
frequency, & topography in response to Gestalt stimuli.  

- Controls showed a pattern of increased phase synchrony along 
the anterior-posterior axis, while SCZ showed delayed onset of 
phase synchrony change, & decreased phase synchrony 
between bilateral posterior sites.  

Selewa-
Younan et 
al (2004) 

40 chronic SCZ 
(50%, 34±8), 24 first-
episode SCZ (50%, 
19±3), & 64 controls  

Auditory 
oddball 
paradigm (EEG) 

Same with Lee et al (2003)  Long-range 
gamma phase 
synchrony 

- Chronic SCZ showed reduced global late gamma phase 
synchrony (greater reduction in females), but normal early 
gamma synchrony.  

- First-episode SCZ showed delayed early gamma phase 
synchrony over frontal area (faster latency in females), but 
normal late gamma phase synchrony.  

Symond et 
al (2005) 

40 first-episode SCZ 
(65%, 20±3) & 40 
normal controls 
(65%, 20±4)  

Auditory 
oddball 
paradigm (EEG) 

Same with Lee et al (2003) Long-range 
gamma phase 
synchrony 

- First-episode SCZ showed an abnormal early gamma phase 
synchrony (decreased magnitude & delayed onset of phase 
synchrony), while they had normal late gamma phase 
synchrony.  

Uhlhaas et 
al (2006)  

19 SCZ patients 
(63%, 35±10) & 19 
normal controls 
(74%, 30±10) 

Gestalt 
perception task 
(Mooney faces) 
(EEG)  

Windowed FFT was used for 
time-frequency analysis of 
phase locking to stimulus 
onset & estimation of phase 
synchrony across electrodes  

Gamma/beta 
phase locking to 
stimulus onset & 
long-range 
phase synchrony  

- SCZ had a reduced beta & gamma phase locking in the face 
condition, & reduced gamma phase locking in the non-face 
condition.  

- Long-range phase synchrony was abnormal in beta frequency 
(a lack of early interregional synchrony as well as reduced 
synchrony patterns between fronto-temporal & parieto-
occipital electrodes), but not in gamma frequency.  
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Flynn et al 
(2008) 

55 first-episode 
psychosis, including 
various diagnoses 
(6 %, 20±3) & 110 
controls (65%, 20±3) 

Auditory 
oddball 
paradigm (EEG) 

Same with Lee et al (2003), 
except computing absolute 
phase synchrony, not relative 
synchrony with baseline 
phase synchrony subtracted 

Regional- & 
long-range 
absolute gamma 
phase synchrony 

- The first episode psychosis had a significant elevation in 
gamma (35~45 Hz) phase synchrony, especially in the left 
centro-temporal region.  

- This elevation in schizophrenia was greater for target than 
non-target stimuli, while controls had no such stimulus effect.  
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Abnormal Synchronous Gamma Oscillations and Schizophrenia Symptoms 

Due to the methodological differences in measuring and analyzing gamma 

synchrony, the direct comparison across the findings of the studies is not allowed. 

Considering this limitation, I will mainly discuss about the comparable and consistent 

findings, which may account for the heterogeneous schizophrenic symptoms in a 

parsimonious and consistent framework. As discussed so far, patients with schizophrenia 

has functional dysintegration in local circuit processing as well as in long-range 

interaction in the cortico-cortical network, which are mainly mediated by synchronous 

gamma oscillatory activity. The local circuit disintegration is associated with lack of 

phase synchrony in evoked and induced gamma band oscillations. The deficient evoked 

gamma synchrony leads to deficits in early sensory processing in the primary sensory 

cortex of individuals with schizophrenia, while the deficits of induced gamma synchrony 

has been identified to contribute to the schizophrenic deficits in higher cognitive 

functions requiring integrative processing by endogenous signaling. These deficits in 

evoked and induced gamma activity may roughly correspond to the disturbances in the 

feedforward and the feedback pathway in the schizophrenic brain respectively. The 

desynchronized neural firing in local circuits may serve as ‘cortical noise’ to prohibit 

coherent summation of neural signals to affect on the other local circuits. In this context, 

local circuit dysintegration with gamma synchrony deficits may underlie dysfunctional 

long-range interregional neural communication that is necessary for efficient integration 

of various functional processing units in neural network for cognitive processing. 

Dysfunctional long-range phase synchrony in gamma or high beta oscillation in patients 

with schizophrenia has been associated with contextual processing deficits (auditory 
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oddball paradigm) or active construction of object representation (Gestalt or Mooney 

face perception), which are supported by coordination of the distributed neural 

processing.  

 Taken as a whole, gamma synchrony deficit leads to various cognitive deficits 

associated with inefficient sensory processing and context processing deficits. Various 

patterns of gamma synchrony deficits are associated with specific schizophrenia 

symptoms, such as decreased induced gamma synchrony underlying negative symptoms 

and excessive gamma synchrony underlying positive symptoms such as hallucinations or 

delusions (Lee et al., 2003). Deficient induced gamma synchrony may lead to difficulty 

in initiating voluntary motor behavior or cognitive deficits with a lack of contextual 

information. On the other hand, excessive long-range induced gamma synchrony may 

result in a wrong formation of non-real sensory experience (hallucinations) or a wrong 

interpretation of causal relationship between events (delusions). The relationships 

between the gamma synchrony deficits and the specific clinical symptoms of 

schizophrenia are difficult to be discussed in detail here due to a lack of enough 

evidence supporting such relationships. However, the candidate role of the local and 

large-scale gamma synchrony deficits provides a key conceptual framework to 

understand the heterogeneous schizophrenic symptoms in a coherent way.  

 In the following chapters, the functional dysintegration in schizophrenia will be 

investigated by analying fMRI and MEG data collected during spatial working memory 

task performance. With the high spatial and temporal resolutions of the multimodal 

neuroimaing data, identification of functional disconnectivity in the spatial working 
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memory network would contribute to enhance our understanding of the underlying 

neural mechanism of the heterogenous schizophrenic symptoms.  
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Chapter 5: fMRI Regional Activation Study of Spatial Working 

Memory Deficits of Schizophrenia Patients [Study 1] 

 

The aim of this study is to identify the brain regions involved in spatial working 

memory and aberrant regional activations in schizophrenia patients in response to high 

spatial working memory load. To these ends, fMRI data were collected while 

schizophrenia patients and normal control subjects were tested on a spatial working 

memory task called visual object construction (VOC) task, a variant of delayed response 

used in monkey cell recording study (Chafee, Crowe, Averbeck, & Georgopoulos, 2005).  

 

HYPOTEHSIS 

 

The neural circuitry of spatial working memory 

Non-human primate cell recording studies using delayed response tasks have 

shown that the neural substrate of spatial working memory includes PFC and the 

posterior cortical network, which has strong reciprocal cortico-cortical connections 

(Chafee & Goldman-Rakic, 1998, , 2000). In particular, Petrides (1996) suggested that 

lateral PFC can be divided into two specialized working memory systems of dorsolateral 

PFC (DLPFC; Brodman’s area 9, 46) and ventrolateral PFC (VLPFC; area 45, 47/12). 

The DLPFC is specialized for monitoring and manipulation of several pieces of 

information in working memory on the basis of the requirements of the task or the 

subject’s current plans. On the other hand, the VLPFC is specialized for active 

(strategic) retrieval of information from memory storage, which includes active selection, 
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comparison, and judgment of stimuli held in short-term and long-term memory, in 

interaction with posterior cortical association areas. This type of interaction is initiated 

under conscious effort by the subject and guided by the subject’s plans and intentions, 

which are maintained by the DLPFC.  

In addition to the lateral PFC, two posterior cortical association areas, including 

posterior parietal cortex (PPC) and inferior temporal cortex (ITC), have been reported to 

be involved in visual working memory. The PPC is known to play a central role in the 

allocation of spatial attention under conditions of stimulus competition (Corbetta, 1998; 

Donner et al., 2000), and neurons in the PPC are powerfully modulated by the state of 

visual attention (Constantinidis & Steinmetz, 2001). The PPC specifically processes 

spatial parameters of visual input (Andersen, 1997) and is positioned near the top of the 

hierarchy of visual areas constituting the dorsal visual stream (Felleman & Van Essen, 

1991). Therefore, parietal projections forward to PFC are likely to provide visuospatial 

input to spatial working memory. In addition, the PPC appears to support anticipatory 

response planning by providing information processing mechanisms necessary for the 

spatial organization of behavioral responses (Quintana & Fuster, 1999). PPC has been 

also considered to play a general role on information held in it such as the manipulation 

(e.g., reordering or transformation) of information in working memory (Champod & 

Petrides, 2007).  

In addition to PPC, ITC was expected to have activation during spatial working 

memory performance. ITC is the final visual area of the ventral visual pathway, 

receiving information about visually presented object from primary visual cortex (V1), 

and has strong connections with medial temporal structures that have primary role for 
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the formation of recognition memory (Desimone, Albright, Gross, & Bruce, 1984).  

Although some class of neurons in the ITC have been known to respond selectively to 

highly specific complex objects, most of ITC neurons respond optimally to the 

geometrically less complex features. Therefore, a complex object is represented by a 

combination of ITC feature columns, each of which represents a visual feature (Tsunoda 

et al., 2001). As will be described in a later section, visual objects with spatial 

configurations should be encoded, maintained, and recalled during the VOC task, thus 

ITC neurons should be recruited for successful task performance. Based on these 

findings from primate and human studies, it was hypothesized that DLPFC, inferior 

frontal cortex (IFC: human homologue of monkey VLPFC), PPC, and ITC would be 

activated in response to high spatial working memory load.  

 

Regional Activation Deficits in Schizophrenia Patients:  

It was predicted that schizophrenia patients will exhibit aberrant regional 

activation in the PFC and posterior cortical network during a spatial working memory 

task. In particular, schizophrenia patients will exhibit reduced regional activations in the 

DLPFC and the VLPFC in response to increased spatial working memory load, 

compared to normal controls. Along with the lack of lateral PFC activation, it is 

expected that schizophrenia patients will exhibit decreased activation in posterior 

sensory processing areas, such as PPC, ITC, and occipital cortex for in spatial working 

memory load condition. These deficient activations in the PFC and the posterior sensory 

processing areas might be related to functional dysintegration between frontal and 

posterior cortices, which will be investigated in a later chapter (chapter 7).  
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METHODS 

 

Participants 

Twelve schizophrenia patients and 11 age and gender matched non-psychiatric 

control subjects participated in this study. All participants were right-handed. 

Schizophrenia participants were recruited from the outpatient clinics of the Minneapolis 

VA Medical Center, community support programs for the mentally ill, and a county 

mental health clinic. Trained research staff invited patients to participate if a review of 

their medical record or a screening interview indicated that they had a history of 

psychosis, passed exclusion criteria, and a conversation with a service provider 

suggested the potential participant would likely be able to complete the study protocol. 

Potential participants were excluded if they had English as a second language, a charted 

IQ less than 70 or a diagnosis of mental retardation, current alcohol or drug abuse, past 

drug dependence, a current or past central nervous system disease or condition, a 

medical condition or disease with likely significant central nervous system effects, 

history of head injury with skull fracture or a loss of consciousness for greater than 20 

min, a physical problem that would render study measures difficult or impossible to 

administer or interpret (e.g., blindness, hearing impairment, paralysis in upper 

extremities, etc.), age less than 18 or greater than 59, significant tardive dyskinesia, a 

history of electroconvulsive therapy, or having been adopted. Potential non-psychiatric 

control subjects were recruited through posting announcements at community libraries, 

fitness centers, the Minneapolis VA Medical Center, and in newsletters for veterans and 
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fraternal organizations. Study staff screened potential control participants via a 

telephone interview for the same age range and the same exclusion criteria as 

schizophrenia subjects. Additionally, staff excluded control subjects if they had a 

personal history of, or a first-degree biological relative with a likely history of psychotic 

symptoms or affective disorders as defined by the Diagnostic and Statistical Manual of 

Mental Disorders, fourth edition (DSM-IV; American Psychiatric Association, 1994). 

All participants completed an informed consent process and the Minneapolis VA 

Medical Center and University of Minnesota Institutional Review Boards approved the 

study protocol.  

 To obtain diagnostic information, a trained doctoral-level clinical psychologist 

completed the Diagnostic Interview for Genetic Study (DIGS; Nurnberger et al., 1994) 

with each patient. Medical history and medication status were taken from a review of 

medical records and self-reported information. Using available clinical information for a 

patient, the interviewer completed the Operational Criteria for Psychotic Illness 

(OPCRIT; McGuffin, Farmer, & Harvey, 1991) to derive a diagnosis. A second 

doctoral-level clinical psychologist functioned as a consensus reviewer and completed 

the OPCRIT using all possible clinical information for the participant. Any diagnosis 

disagreement between the interviewer and consensus reviewer was resolved by 

reviewing OPCRIT items on which ratings differed. Intelligence was measured for all 

participants using the Block Design and Vocabulary subtests of the Wechsler Adult 

Intelligent Scale, Third Edition (Wechsler, 1997). IQ was derived from the formula of 

Booker and Cyr (1986) using Vocabulary and Block Design subtests.  
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Clinical Assessments 

From the clinical interview, the psychologist rated the participant’s current 

symptomatology using the Scale for the Assessment of Negative Symptoms (SANS; 

Andreasen, 1981), the Scale for the Assessment of Positive Symptoms (SAPS; 

Andreasen, 1983), and the 24-item version of the Brief Psychiatric Rating Scale 

(Ventura et al., 1993). Psychotic symptomatology was characterized by using SANS and 

SAPS ratings to compute scores on a Psychosis dimension (the average global score for 

delusions and hallucinations), negative symptomatology dimension (the average global 

score for Alogia, Affective Flattening, Avolition-Apathy, and Anhedonia-Asociality), 

and disorganization or formal thought disorder dimension (the global score for Positive 

Formal Thought Disorder) (Andreasen, Arndt, Alliger, Miller, & Flaum, 1995). To 

measure overall symptomatology, we computed the total score on the BPRS by 

summing the ratings for all 24 items.  
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Table 7. Demographic, clinical, treatment characteristics of the participants  

 

Schizophrenia 

Patients (N=12) 
Controls (N=11) Statistics1 p 

Demographic variables     

Age (years) 

Education (years) 

Parental education (years) 

IQ estimate 

% Male 

45.42 (11.25) 

14.00 (2.28) 

13.91 (2.80) 

99.73 (14.58) 

83.33 % 

44.00 (7.86) 

16.36 (1.80) 

13.31 (2.31) 

110.20 (10.40) 

72.73% 

.347 

-2.70 

.54 

-1.88 

.379 

.732 

.014 

.595 

.076 

.538 

Clinical variables     

Overall symptomatology  

(BPRS total) 

Psychosis symptom score  

Negative symptom score 

Disorganization symptom scores 

43.75 (10.66) 

 

1.625 (1.64) 

1.46(1.09) 

1.50 (1.51) 

- 

 

- 

- 

- 

- 

 

- 

- 

- 

- 

 

- 

- 

- 

Treatment variables 
    

Medication (CPZ equivalent) 788.89 (587.25) -   

 

Note: Values are mean and standard deviation unless otherwise noted. 1 t(21) for 

continuous variables and χ2(1) for discrete variables.  
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Task and Procedure 

Subjects were asked to fixate their eyes on a central fixation point. After 250 ms 

of fixation, a “model” object was presented for 750 ms. The model object consisted of a 

spatial arrangement of identical blue squares. Each model was built upon a ‘frame’ 

consisting of a horizontal line of squares at the base, and a vertical line of squares 

extending upward from the middle of the base that separates the left and right halves of 

the object. Several squares were added to either side of the model to generate unique 

model configurations. After a 1000 ms delay a “partial copy” object, which was identical 

to the model except that one square (one that had been added to the frame in the model) 

was removed, was presented for 750 ms. Then, choice arrays of two square elements 

appeared with the partial copy object for 2000 ms, and the subjects were required to 

respond by pressing the right or left button corresponding to the target location to 

complete the model object (see Figure 1). During this procedure, the subjects must 

compare the stored representation of the model to the partial copy in order to identify the 

location of the missing square. If subjects did not respond within two seconds, then the 

task proceeded to the next trial, with an inter-trial interval (ITI) of 1250 ms. Thus, a trial 

lasted six seconds. Three complexity conditions were manipulated by the number of 

square elements added to the frame to test the effect of the increased spatial working 

memory load on performances and neural responses. That is, two, four, and six element 

trials correspond to the easy, intermediate, and difficult conditions, respectively. These 

three conditions permit parametric manipulation of spatial working memory load.  
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Figure 1. Visual object construction (VOC) task procedure: A) Easy condition with two 

added square elements, B) Difficult condition with six added square elements.  

 

During the fMRI sessions, the participants performed three sessions of the VOC 

task trials. Each session consisted of four resting blocks of 28 seconds (during which the 

subjects were presented with a black visual field) interleaved with three blocks of 18 

VOC task trials, each task block lasting 108 seconds. Each task block consisted of three 

series of six consecutive two, four, and six elements condition trials (e.g.., 

444444222222666666), in which the order of the conditions were counterbalanced 

across the three sessions. This blocked design was intended to maximize power to detect 

differences between conditions. 

 

fMRI Data Acquisition 

Imaging scans were carried out at the University of Minnesota’s Center for 

Magnetic Resonance Research (CMRR) on a 3.0 Tesla Siemens scanner using a standard 

CP head coil. Subjects were supine in the magnet and faced a mirror mounted above the 

head coil apparatus to view stimuli projected onto a screen in the bore of the scanner 
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behind the head coil. The subject’s head was fixed using Styrofoam cushions to 

minimize head motion. Functional data was acquired using a standard Echo Planar 

Imaging (EPI) pulse sequence with the following parameters: 35 slices, axial orientation 

TR (repetition time) = 2 sec, TE (echo time) = 28 ms, matrix size = 64 X 64, flip angle = 

90 degree, slice thickness = 3.5 mm, FOV (field of view) = 224. Slices were positioned 

along the anterior commissure – posterior commissure plane with reference to a high-

resolution functional image. In addition, standard T1-weighted anatomical data were 

collected in the same orientation, with the same center slice (240 slices; 1 mm thickness).  

 

fMRI Data Preprocessing  

Image processing and analysis was carried out using FEAT (FMRI Expert 

Analysis Tool) Version 5.63, part of FSL (FMRIB’s Software Library, 

www.fmrib.ox.ac.uk/fsl). Motion correction within each scan was performed using 

MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002). Pre-statistics processing was 

conducted, including slice-timing correction using Fourier space time-series phase-

shifting; non-brain removal using BET (S. M. Smith, 2002); spatial smoothing using a 

Gaussian kernel of FWHM 7 mm; mean-based intensity normalization of all volumes by 

the same factor; and high pass temporal filtering with cut-off of 72 sec (c.f., one block 

length = 36 sec). Independent components analysis-based blind source separation was 

also carried out using MELODIC (Beckmann & Smith, 2004) to detect and remove 

artifacts, structured physiological and movement related noise. Finally, registration to 

the standard MNI152 template image was carried out using FLIRT (Jenkinson et al., 

2002; Jenkinson & Smith, 2001).  

http://www.fmrib.ox.ac.uk/fsl
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Statistical Analyses 

Behavioral Data 

Accuracy (% correct) and mean reaction time (RT; ms) were calculated for in-

scanner behavioral performance and analyzed using repeated measure analysis of 

variance (ANOVA) with independent variables of group and complexity. All analysis 

was corrected for sphericity assumption violation by Hyun-Feldt correction. Significant 

interaction effect and effect of an independent variable with more than 2 levels was 

further analyzed with follow-up t-test.  

 

Functional Data Analyses 

General linear modeling (GLM) analysis of fMRI data was carried out using 

FEAT with local temporal autocorrelation correction. Analyses were performed in two 

stages: First, statistical maps were calculated for each individual, and then the values of 

these maps were combined for hypothesis testing. Specifically, the complexity and 

group effects were estimated according to the GLM at each voxel. The statistical map 

associated with increased spatial working memory load was generated by the subtraction 

of the easy condition results from those of the difficult condition, yielding areas of 

relatively increased BOLD signals in response to high spatial working memory load in 

both groups. Using a random effects analysis of activation effects in schizophrenia 

patients and normal controls, between-group comparisons was performed to assess the 

significance of differences in the magnitude of these activation effects across groups. 

The resulting set of voxel values for each contrast constituted a statistical parametric 
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map of the z-statistic. The minimum cluster size for the brain-wise significance 

thresholding was determined by AFNI AlphaSim program using Monte Carlo 

simulations with Gaussian filter to compensate for spatial autocorrelation effects (B.D. 

Ward, http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf). Then the z-statistics 

images were thresholded using clusters determined by z>2.242 with brain-wise cluster 

significance threshold of p=.05 (two-tailed test).  

 

http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf
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RESULTS 

 

Behavioral Results 

In RT analysis, complexity (F2,21=13.00, p<.001) effect was significant. Follow-

up tests indicated that subjects had longer RT as complexity increased (easy vs. 

intermediate: t22=2.69, p=.013; intermediate vs. difficult: t22=3.59, p=.002). Group 

effects was also significant (F1,21=5.14, p=.034), indicating that schizophrenia patients 

had longer RT than controls. There was a trend of group by complexity interaction 

(F2,21=3.33, p=.066; see Figure 2). Follow-up tests indicated that patients had 

significantly longer RT in difficult trials (t21=2.87, p=.012), trend of longer RT in 

intermediate trials (t21=2.15, p=.052), and similar RT in easy trials (t21=1.27, p=.227) 

compared to controls. In accuracy analysis, the complexity effect was also significant 

(F2,21=18.44, p<.001). Follow-up tests indicated that subjects had lower accuracy as 

complexity increased (easy vs. intermediate: t22=3.24, p=.004; intermediate vs. difficult: 

t22=4.34, p<.001). Patients had significantly lower accuracy than controls (F1,21=5.81, 

p<.025). Significant group by complexity interaction effect (F2,21 =5.43, p<.014) 

suggested that the degree of group difference varied across complexity conditions. 

Follow-up tests indicated that schizophrenia patients had significantly lower accuracy 

than controls in all three complexity conditions (easy: t22=2.21, p=.047; intermediate: 

t22=2.40, p=.031; difficult: t22=2.57, p=.022), but the group difference was greatest in 

difficult condition (see Figure 2).  
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Figure 2. VOC task performances of schizophrenia patients and control subjects. 

Patients had significantly longer RT and lower accuracy than controls, especially in 

difficult condition.  
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Spatial working memory-related Brain Regions 

In response to high spatial working memory loads (easy<difficult), both group 

subjects had activations of a network that includes the PFC, parietal cortex, inferior 

temporal cortex, occipital cortex, subcortical areas such as thalamus, and cerebellum. 

Given that the main purpose of this analysis was to identify regions of interest (ROIs) of 

spatial working memory network components which should be used in the second study 

(gamma frequency activity analysis of cortical source MEG signal) and the third study 

(functional connectivity analysis of fMRI time-series signals and phase synchrony 

analysis of cortical source MEG signals), only cortical areas were identified as 

components of spatial working memory neural network (see Table 8 and Figure 3). 

These cortical regions include bilateral DLPFC (BA 9/46), bilateral inferior frontal 

cortex (IFC; BA 47), bilateral PPC (BA 7), right ITC (BA 20), bilateral fusiform gyrus 

(FG), and bilateral primary visual cortex. These regions of interest (ROIs) were defined 

as spheres with 8 mm radius, and those spherical ROI masks were generated using AFNI 

program (http://afni.nimh.nih.gov/afni) for later studies.  
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Table 8. Regions demonstrating significantly greater activity in difficult trials than in 

easy trails in both groups.  

Talairach Coordinates (mm)  
Brain Regions 

Brodman

Area x y z z-stats 

R Anterior DLPFC 

L Anterior DLPFC 

R Posterior DLPFC 

L Posterior DLPFC 

R IFC 

L IFC 

R PPC 

L PPC 

R ITC 

R FG 

L Fusiform Gyrus 

R V1 

L V1 

BA 46 

BA 46 

BA 9 

BA 9 

BA 47 

BA 47 

BA 7 

BA 7 

BA 20 

BA 37 

BA 37 

BA 17 

BA 17 

44 

-42 

44 

-42 

-34 

38 

18 

-14 

52 

34 

-40 

18 

-14 

32 

28 

4 

4 

20 

18 

-17 

-70 

-56 

-78 

-68 

-92 

-94 

18 

20 

28 

28 

6 

-6 

48 

44 

-14 

-12 

-14 

2 

0 

3.91 

3.23 

4.15 

3.76 

3.70 

3.51 

4.45 

4.01 

4.58 

4.36 

4.38 

4.09 

4.28 
 

Abbreviations: L: left, R: right, DLPFC: dorsolateral prefrontal cortex, FG: Fusiform 

Gyrus, IFC: inferior frontal cortex, ITC: inferior temporal cortex, PPC: posterior parietal 

cortex, V1: primary visual cortex 
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Figure 3. Regions demonstrating significantly greater activity in difficult trials than in easy trails in both groups (R: right, L: left).  
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Group Difference in spatial working memory-related Regional Activations 

In group comparison of regional activations in response to high spatial working 

memory load (easy < difficult), schizophrenia patients had reduced activations in 

bilateral DLPFC (BA 9), left IFC (BA 47), left insula (BA 13), bilateral pre-motor 

cortex (BA 6), left PPC, left primary visual cortex, bilateral cerebellum, bilateral 

thalamus, left putamen, and right hippocampus (see Table 9 and Figure 4).  

 

Table 9. Regions demonstrating significant group by difficulty interactions (controls > 

patients in difficult – easy contrast).  

Talairach Coordinates (mm)  
Brain Regions 

Brodman

Area x y z z-stats 

R Posterior DLPFC 

L Posterior DLPFC 

L IFC 

L Insula 

R SMA 

L SMA 

L PPC 

L V1 

R Cerebellum 

L Cerebellum 

R Thalamus 

L Thalamus 

L Putamen 

R Hippocampus 

BA 9 

BA 9 

BA 47 

BA 13 

BA 6 

BA 6 

BA 7 

BA 17 

 

 

 

 

 

 

-46 

42 

44 

40 

-24 

10 

6 

4 

-36 

34 

-24 

16 

14 

-30 

-4 

-6 

-20 

0 

-2 

-10 

70 

87 

66 

-60 

24 

18 

-6 

22 

32 

38 

-4 

-4 

54 

48 

42 

4 

-30 

-30 

2 

2 

6 

-6 

2.98 

2.48 

2.88 

2.79 

2.65 

2.87 

2.57 

2.57 

2.87 

2.86 

3.11 

3.17 

3.16 

3.34 
 

Abbreviations: SMA: supplementary motor area 
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Figure 4. Regions demonstrating significant group by difficulty interactions (controls > patients in difficult – easy contrast) (R: right, 

L: left, A: anterior, P: posterior).  
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(Figure 4, cont.)  
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Regional Signal Changes Associated with Spatial Working Memory 

The thirteen ROIs’ mean % signal changes associated with the GLM 

experimental paradigm representing high spatial working memory loads (easy<difficult) 

were estimated using featquery (part of FSL) and the spherical ROI masks. To assess the 

relationships between the ROIs’ spatial working memory-related mean signal changes 

and the behavioral performance, exploratory analyses were carried out by computing 

Pearson correlations between the individual ROI’s mean signal change and the 

behavioral performance of all trials (i.e., accuracy and RT) in each group. To correct 

Type I error increase due to multiple comparisons, false discovery rate (FDR) approach 

was adopted to find significant correlations under FDR less than .05 (Benjamini & 

Hochberg, 1995). Results indicated that only right DLPFC (BA 9) had significant 

positive correlation with accuracy in schizophrenia patients (r=.80, p=.002), but not in 

control subjects (r=.46, p=.154; see Figure 5). On the other hand, correlation analyses 

between the 13 ROIs’ task-related signal changes and clinical symptom scores indicated 

that no ROI had spatial working memory related activation specifically associated with 

schizophrenic symptoms.  
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Figure 5. Scatter plot of the task-related mean signal change of right DLPFC (BA 9) 

versus accuracy (% correct) of all trials. Schizophrenia patients had significant positive 

correlation between the mean signal change of the right DLPFC and accuracy (r=.80, 

p=.002), while control subjects did not (r=.46, p=.154).  
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DISCUSSIONS 

 

During the VOC task, many brain regions showed activations in both groups in 

response to high spatial working memory load. Broad regions in visual cortex including 

bilateral V1 had increased activations in difficult trials compared to easy trials, 

suggesting that more visual processing resources were recruited for spatial working 

memory of more complex visual stimuli. These activations might be also indicative of 

short-term maintenance of information by the posterior cortical mechanism (D'Esposito, 

Cooney, Gazzaley, Gibbs, & Postle, 2006). As expected, the main components of the 

ventral and dorsal visual pathways, such as FG, ITC, and PPC showed increased 

activations in response to higher load of encoding, maintenance, retrieval or 

manipulation of the object and spatial information of the stimuli in difficult trials. 

Bilateral DLPFC (BA 9 and 46) and IFC (BA 47) also showed significantly higher 

activations for difficult trials than easy trials. DLPFC has been inextricably associated 

with working memory, in which information held online should be controlled 

(monitored) and manipulated. These monitoring and manipulation process, not simple 

maintenance process, have been proposed as the main role of DLPFC (D'Esposito, 

Postle, & Rypma, 2000; Petrides, 1996; Rowe, Toni, Josephs, Frackowiak, & 

Passingham, 2000), which has been also considered as the neural substrate of the 

‘central executive’ proposed by Baddeley (1992). On the other hand, IFC (BA 47) or 

VLPFC has been associated with controlled retrieval of information during working 

memory (Petrides, 1996). Badre and Wagner (2007) further specified the role of 

subdivisions of VLPFC, such as anterior VLPFC (BA 47; inferior frontal gyrus pars 
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orbitalis) and mid-VLPFC (BA 45; inferior frontal gyrus pars triangularis) in cognitive 

control of memory; the anterior VLPFC mediates top-down retrieval (controlled 

retrieval) while the mid-VLPFC mediates selection of goal-relevant information over 

irrelevant competitors, in which the selection should be guided by goal representation 

maintained by DLPFC. Taken as a whole, the increased activations in those PFC regions 

and posterior cortices during difficult trials in VOC task reflect enhanced activations in 

distributed neural network for spatial working memory, where dynamic functional 

coordination between top-down and bottom-up processes was increased in response to 

high spatial working memory load.  

Schizophrenia patients had spatial working memory performance deficits in 

terms of both accuracy and RT. The group by task difficulty interaction in the behavioral 

performance indicated that patients had more profound spatial working memory deficits 

when the task load was increased. This group by difficulty interaction effect was also 

found in functional imaging data. Multiple brain regions showed group differences in the 

task difficulty effect, including frontal cortices (bilateral DLPFC [BA 9], left IFC [BA 

47], left insula [BA 13], and bilateral SMA [BA 6]), posterior cortices (left PPC [BA 7] 

and left V1 [BA 17]), subcortical regions (bilateral thalamus, left putamen, and right 

hippocampus), and bilateral cerebellum.  

Consistent with the hypothesis, schizophrenia patients showed dysfunctions in 

the main spatial working memory network components. The deficient DLPFC 

activations replicated the predominant findings of DLPFC deficits in previous 

schizophrenia studies, indicating that schizophrenia patients had top-down control 

deficit associated with the dysfunctional DLPFC. The deficient left IFC activation in 
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schizophrenia patients might also reflect the failure of strategic retrieval of goal-relevant 

information. The schizophrenia patients also had the reduced activations in the left PPC 

in response to high spatial working memory load, suggesting dysfunctional spatial 

information processing, such as manipulation or response planning for the spatial 

information of the stimuli.  

Besides the findings in the hypothesized brain regions, many other brain regions 

also showed reduced activations in schizophrenia patients. The deficits in cerebellum, 

thalamus, putamen, insula, and SMA seemed to reflect temporal processing deficits in 

schizophrenia. The cerebellum has been known to play a fundamental role in temporal 

processing or a mechanism central to this process (Tregellas, Davalos, & Rojas, 2006). 

Patients with cerebellar lesion typically showed a motor dysmetria (Hallett, Shahani, & 

Young, 1975), a disruption in the fluid coordination of motor activity, which has been 

attributed to a loss of coordinated timing between antagonist muscles. In addition, 

functional neuroimaging studies have reported that cerebellum activated during a timing 

task, such as tone duration comparison (Jueptner et al., 1995; Rao, Mayer, & Harrington, 

2001). Thalamus has been known to play a role of sensory relaying and filtering (gating) 

in various cognitive processes with its dense interconnectivity with other brain regions 

(Carlsson & Carlsson, 1990). The thalamic deficits in schizophrenia, including 

functional and anatomical abnormality, have been mainly discussed in terms of those 

sensory processing or filtering deficits (Jones, 1997). Anatomical connectivity studies 

applying retrograde tracers in monkey brain reported that cerebellum project via the 

thalamus to multiple brain regions (Middleton & Strick, 2001), suggesting the mediating 

role of the thalamus in motor and timing process. Basal ganglia, including putamen have 
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been also known to have a role in timing. This was supported by studies of patients with 

Parkinson’s disease, who are impared in both motor timing and time perception (Artieda, 

Pastor, Lacruz, & Obeso, 1992; Harrington, Haaland, & Hermanowicz, 1998). 

Functional neuroimaging studies also demonstrated involvement of the putamen in 

temporal processing (Rao et al., 2001; Tregellas et al., 2006). Based on the specific 

activation patterns of basal ganglia in timing tasks, it was suggested that this region is 

involved early in temporal processing, formulating representations of time (Rao et al., 

2001).  

SMA has been also involved in time estimation process required during 

numerical, verbal, and spatial mental operation processes (Lewis & Miall, 2003), in 

which SMA and motor circuits are recruited for time measurement, collaborating with 

cerebellum having timing capabilities. Recent PET study reported that schizophrenia 

patients had reduced activation in SMA during time estimation task, which involved 

sustained attention and working memory components (Ortuno, Lopez, Ojeda, & Cervera, 

2005). In addition, recent fMRI study using temporal discrimination paradigm reported 

that left putamen and SMA showed task-related activations, suggesting their 

fundamental role in temporal encoding (Coull, Nazarian, & Vidal, 2008). The role of 

insula in working memory is relatively not well known, but insula has been also found to 

be involved in timing tasks, such as attention to time (Coull, Frith, Buchel, & Nobre, 

2000), duration perception (Rao et al., 2001), and interval sequence coding (Schubotz, 

Friederici, & von Cramon, 2000). Given that these subcortical and cortical regions 

discussed above have been known to be involved in timing processes and connected to 

each other through bidirectional projections (Akkal, Dum, & Strick, 2007; Middleton & 
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Strick, 2001), the significant deactivations of the cerebellum, thalamus, putamen, SMA, 

and insula in schizophrenia patients might be collectively indicative of dysfunctional 

timing process in schizophrenia.  

Although the role of temporal processing in working memory has not been well 

defined in working memory literatures, it is evident that the fluid coordinations in neural 

network with temporal precision are critical for all cognitive and motor processes. The 

dysfunctional temporal process might result in failure in updating working memory 

representation and disruption in cognitive coordination between spatial working memory 

components requiring precise timing of the parallel neural processes. The finding of the 

deactivations in the cortico-thalamic-cerebellar systems in schizophrenia patients is 

considered to support “cognitive dysmetria” hypothesis proposed by Andreasen (1999). 

With emphasis of the role of timing process in functional coordination for various 

cognitive functions, this hypothesis suggested cortico-cerebellar-thalamic-cortical circuit 

(CCTCC) as a fundamental neurophysiological substrate of schizophrenia.  

On the other hand, hippocampus has been identified to have a role in spatial 

memory since rat cell recording study reported that neurons in the hippocampus have 

spatial firing fields (Morris, Garrud, Rawlins, & O'Keefe, 1982), suggesting that 

hippocampus might act as a cognitive map, a neural representation of the layout of the 

environment. In addition, the N-methyl-D-aspartate receptor (NMDAR) antagonist 

research with human subjects found that ketamine impaired spatial working memory 

performance (Rowland et al., 2005). Schizophrenia-like features can be induced in 

humans by NMDAR antagonist like ketamine which impairs learning by disrupting 

long-term potentiation in the hippocampus. Electrophysiological studies using animal 
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celll recording have demonstrated that mesocortical dopaminergic input to the PFC was 

necessary for long-term potentiona to occur at hippocampal-PFC synapses (Gurden, 

Takita, & Jay, 2000; Gurden, Tassin, & Jay, 1999). This also indicates that the 

hippocampal deactivations might arise from deficient mesocortical D1 receptor input to 

the PFC in the schizophrenia patients. Therefore, the right hippocampal deactivations in 

schizophrenia patients during spatial working memory performance might reflect spatial 

encoding deficits associated with deficient long-term potentiaions in the hippocampus, 

which resulted from the dysfunctional interactions between D1 and NMDA receptors in 

schizophrenia.  

 In the correlation analysis of the task-related mean signal change of the ROIs 

with the behavioral performace, it was found that right DLPFC (BA 9) mean signal 

change had significant positive correlation with task performance in schizophrenia 

patients, but not in control subjects. This might be due to relatively small variance in 

accuracy in control subjects as shown in Figure 5. Given that only the right DLPFC had 

significant association with task performance, this region might play a key role for 

successful spatial working memory performance in schizophrenia patients who have 

DLPFC deficits. However, no regions in the spatial working memory network had the 

task related signal change associated with schizophrenic symptoms, suggesting that the 

isolated spatial working memory related regional activation itself could not predict the 

clinical symptoms of schizophrenia.  
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Chapter 6: Cortical Source MEG Signal Study of Local Gamma 

Energy Deficits in Schizophrenia Patients [Study 2] 

 

The aim of this study is to examine local-scale gamma synchrony deficits in 

schizophrenia patients, which are associated with spatial working memory deficits. As 

discussed in the chapter 3, macroscopic filed potentials of EEG or magnetic fields of 

MEG tend to arise from the summation of in-phase LFPs in the cortex. Therefore, 

transient increase of gamma energy in MEG signals can be considered to reflect local 

scale neural synchrony at gamma frequency range. Although many studies analyzing 

head surface EEG/MEG signals have demonstrated that gamma power was reduced in 

schizophrenia patients, it is hard to know exactly which brain regions have local gamma 

synchrony deficits in schizophrenia patients. To this end, the cortical source signals were 

estimated from 248 sensor MEG signals by using realistic head models and a distributed 

source reconstruction algorithm (Dale & Sereno, 1993) on an average of 10,000 dipoles. 

This procedure requires many steps of data processing for both a forward solution, 

computing sensor level MEG signal distribution from source activities, and an inverse 

solution, computing source activities from sensor signal distribution. The cortical 

activity estimation was carried out by application of the linear inverse procedure using 

L-2 norm. In this estimation procedure, anatomical constraint (interface between white 

and gray matter of the cerebral cortex obtained from structural MRI) of a realistic head 

model was imposed in the source space, by placing the current dipoles orthogonally to 

the reconstructed cortical surface. The dipoles were forced to explain the 248 MEG 

signal distribution with a minimum or a low amount of energy (minimum norm 
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solutions; Dale & Sereno, 1993). To obtain time-series cortical source signals, the 

inverse problem solving procedure was carried out on every time points of the MEG 

signal. With the whole computed 10,000 distributed cortical source time series signals, 

the principal signals of the thirteen ROIs defined in the study 1 was computed by PCA 

procedure. These procedures allowed direct investigation of gamma activity in the 

cortical regions of the spatial working memory network with time-frequency 

transformation analysis of the cortical source MEG signals.  

 

HYPOTHESIS 

 

Local Gamma Synchrony Deficits in Schizophrenia Patients 

 Local gamma synchrony deficits has been observed in schizophrenia patients 

with various sensory/perceptual and higher cognitive task paradigms. The locus of the 

induced gamma power deficits in schizophrenia patients has been reported over the brain 

regions associated with the task demands, such as occipital cortex in perceptual 

organization task (Spencer et al., 2004; Tallon-Baudry & Bertrand, 1999) and bilateral 

PFC in cognitive control task (Cho et al., 2006). Given that the VOC task requires 

controlled visual processing supported by spatial and object processing of PPC and ITC 

as well as maintenance and cognitive control supported by DLPFC and IFC, it was 

hypothesized that schizophrenia patients will have reduced gamma energy in DLPFC, 

IFC, PPC, and ITC. Given the functional significance of these regions in spatial working 

memory, the mean gamma energy values in these regions were also hypothesized to 

have significant association with behavioral performance of the VOC task.  
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METHODS 

 

Participants 

Thirteen normal controls and twelve schizophrenia patients participated in the 

MEG study. Three controls and two patients were excluded due to having no available 

fMRI data or having many bad MEG sensor signals, thus ten normal controls and ten 

schizophrenia patients’ data were finally analyzed (see Table 10). All participants were 

right handed.  

 

Table 10. Demographic, clinical, treatment characteristics of the participants.  

 
Schizophrenia 

Patients (N=10) 
Controls (N=10) Statistics1 p 

Demographic variables     

Age (years) 

Education (years) 

Parental Education (years) 

IQ estimate 

% Male 

44.5 (11.88) 

14.00 (2.40) 

13.70 (2.86) 

99.73 (14.58) 

100.00 % 

42.50 (6.41) 

16.40 (1.90) 

13.45 (2.39) 

110.20 (10.40) 

70.% 

.468 

2.48 

.21 

2.18 

3.53 

.647 

.023 

.834 

.048 

.060 

Clinical variables     

Overall symptomatology (BPRS total) 

Psychosis symptom score  

Negative symptom score 

Disorganization symptom scores 

46.50 (9.30) 

1.90 (1.66) 

1.68 (1.07) 

1.80 (1.48) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

Treatment variables     

Current medication (CPZ equivalent) 721.43 (485.50) -   
 

Note: Values are mean and standard deviation unless otherwise noted. 1 t(21) for 

continuous variables and χ2(1) for discrete variables.  
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Task and Procedure 

The same VOC task used in the study 1 was used in this study with a 

modification to include delay condition, manipulating the length of delay period. Short 

condition had 1 sec delay, while long condition had 5 sec delay. Thus, the three 

complexity conditions were presented with the two delay periods, resulting in six 

stimulus conditions (short-easy, short-intermediate, short-difficult, long-easy, long-

intermediate, long-difficult). All subjects participated in a MEG data collection session 

on a separate day from fMRI session. In the MEG session, the VOC task was 

administered with the same instruction as in the fMRI session. The six condition stimuli 

were presented in random order, until subjects correctly responded to 20 trials for each 

stimulus condition.  

 

MEG Data Acquisition 

MEG data were collected using a 248-sensor axial gradiometer MEG system 

(Magnes 3600WH, 4D-Neuroimaging, San Diego, CA, USA) (Figure 6), located within 

an electromagnetically-shielded room. Data were acquired with 1017.25 Hz sampling 

rate.  To monitor subject head motion, five signal coils were digitized prior to MEG 

acquisition and consecutively activated before and after data acquisition. Eye 

movements were recorded at the same rate above using the horizontal and vertical 

electrooculogram (HEOG and VEOG), which were placed either above and below the 

eye or to the left and right of the eye. The sensor configuration and head positions were 

obtained using a 3-D digitizer.  
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Figure 6. Two-dimensional projection of the 248 sensor layout. 
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Preprocessing of MEG signals 

To remove movement-related slow wave artifact signals, high-pass filtering 

with cut-off frequency .5 Hz was applied to the MEG data. Independent component 

analysis (ICA) using Fast ICA algorithm (Hyvarinen, 1999; Hyvarinen & Oja, 2000) 

was used to correct eye-movements, heart signals, and muscle-related artifacts. Before 

applying ICA, MEG signals were epoched in 4 sec time-windows and all epochs were 

inspected in terms of signal amplitude. Epochs with extremely high signal amplitudes 

(greater than a threshold of μ±2σ, where μ is the mean amplitude and σ is the standard 

deviation across epochs) were visually inspected and rejected to improve ICA results. 

For efficient IC component inspection procedure, signal dimension reduction procedure 

using principal component analysis (PCA) was applied to 248 sensor MEG signals, 

resulting in about 30~100 dimension signals explaining more than 95% of the signal 

variance. With the reduced dimension signals, ICA produced 30~100 IC signals. To 

identify IC signals representing eye, heart, and muscle artifacts, all IC signals were 

inspected in terms of temporal correlations with reference channel signals 

(HEOG/VEOG, EKG, and high-pass [cut-off frequency of 20 Hz] filtered HEOG signals, 

which are sensitive to eye, heart, and muscle-related signals, respectively) and 

topographical distribution. IC signals showing high temporal correlation with the 

reference channel signal as well as typical topographical distribution of the artifact 

signals were rejected as artifact. Muscle artifacts with detrimental effects especially to 

high frequency (i.e. gamma and beta) signals could not be completely removed by ICA 

procedure, mainly due to relatively low temporal correlations of ICs with the reference 

channel signal. Thus, time ranges of the remaining high-frequency noise IC signal were 
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recorded for later bad epoch rejection. After the ICA inspection procedure, MEG signals 

were recombined excluding artifact ICs then epoched for the time ranges of the three 

periods of VOC task (see Figure 7): model period (1~800 ms relative to the onset of the 

model stimulus onset), delay period (-900~0 ms relative to the onset of the copy 

stimulus onset), copy period (1~1800 ms relative to the onset of the copy stimulus onset). 

To obtain desirable time and frequency resolution in later time-frequency transformation 

(TFT) analysis, additional time ranges were added in the beginning and the end of each 

period epoch, considering the time points after resampling required in the later 

processing (Bernat, Williams, & Gehring, 2005; Williams, 2001). To remove any 

remaining high frequency muscle artifacts, epochs corresponding to the timing of high 

frequency muscle noises identified in the ICA procedure were rejected.  

 

 

Figure 7. Time ranges of interest during VOC task; red, green, and blue ranges 

correspond to model, delay, and copy periods respectively.  

 

Reconstruction of MEG Cortical Source Signals of Cortical ROIs  

Cortical source MEG signals were estimated from 248 sensor MEG signals with 

realistic head models and a distributed source reconstruction algorithm (Dale & Sereno, 

1993).  This procedure consisted of 8 major processes, which are illustrated in Figure 8.  
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Figure 8. Diagram of the cortical source MEG signal reconstruction procedure.  
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Creating Cortical Surface and Head Surface Models  

To estimate cortical activity from scalp surface MEG signals, realistic head 

models of cortical and head surface were reconstructed from T1-weighted structural 

MRI images using BrainSuite 2 (Shattuck & Leahy, 2002; http://brainsuite.usc.edu).  

Firstly, spatial intensity variations (bias field) in the MRI images were corrected using 

FAST (part of FSL), then non-brain parts were removed.  Each voxel in the brain was 

labeled according to tissue content, such as grey matter (GM), white matter (WM), 

cerebrospinal fluid (CSF), GM/WM partial volume, GM/CSF partial volume, and 

CSF/other partial volume. Then, the GM/WM partial volume tissues were segmented as 

a interface between GM and WM, and tessellated to obtain a fine mesh structure cortical 

surface model with about 400,000 vertices and about 800,000 triangular faces (see 

Figure 9). To reduce the number of possible cortical source locations, the fine cortical 

surface model was down-sampled, generating epi-cortical surface model with 10,000 

vertices.  
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Figure 9. Procedure to create cortical surface model: top) bias field corrected and non-

brain removed T1-weighted MRI image; middle) partial volume tissue classified brain 

(pink area is the GM/WM partial volume tissue); bottom) mesh structure cortical surface 

model with 400,000 vertices and 800,000 triangular faces.  
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Creating Boundary Element Model and Registration of Sensor Location and Head 

Surface Data  

The boundary element method (BEM) was applied for the forward calculation of 

magnetic field. It has been reported that just considering the inner skull boundary is 

sufficient for the MEG forward calculations (Hamalainen & Sarvas, 1989; Meijs, Peters, 

Boom, & Lopes da Silva, 1988), thus BEM with single inner skull boundary was used in 

this study. The boundary surface used for the BEM was generated from individual 

structural MRI images by BioEST program (http://bem.yonsei.ac.kr), having 1,200 

elements and 600 nodes (see Figure 10). Sensor location and head surface data collected 

during MEG session had different coordinate from that of the boundary element model 

generated from the structural MRI image. To register the coordinates of the sensor and 

head location data to that of the BEM, coordinate axis transformation was carried out 

with landmarks of bilateral pre-auricular points & naison point in the head surface data 

& BEM (see Figure 10).  

 

http://bem.yonsei.ac.kr/
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Figure 10. Registration of the MEG coordinate to MRI coordinate, the cortical surface 

model, the boundary element model (BEM), and the 248 MEG sensor configurations; 

Registration of the MEG coordinate (top): the head surface data coordinates (MEG 

coordinates) were registered to the BEM coordinates (MRI coordinates) by coordinate 

axis transformation to match landmarks of bilateral pre-auricular points and naison point 

in the head surface data with those of the BEM. Blue dots represent the head surface 

data and the green mesh structure represents the BEM. With registration of the head 

surface data, the sensor location data having the same MEG coordinates was 

automatically registered to the BEM coordinates. Cortical surface model within the 

BEM (bottom left) and the BEM with the 248 sensor configurations (bottom right).  
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Inverse Solution 

A linear estimation approach (Dale & Sereno, 1993; Liu, Dale, & Belliveau, 

2002) was used to reconstruct distributed cortical electromagnetic source signals. The 

expression for the inverse operator W is:  

 

  W = RAT(ARAT + λ2C)-1   (1) 

 

where A is the lead field matrix, representing the relationship between the 10,000 

electromagnetic sources and the 248 magnetic fields at the sensor sites, R is a source 

covariance matrix, and C is a noise covariance matrix. If we assume that both R and C 

are scalar multiples of identity matrix, this approach becomes identical to minimum 

norm estimation (Liu et al., 2002). R represents the inter-source relationship, which is 

hardly estimated without using intracranial recordings. Thus, R was assumed to be a 

diagonal matrix, ignoring the relationships between neighboring sources. C represents 

the 248 sensors’ noise covariance, which was computed using 248 sensor signals 

recorded during resting states. λ2 is a regularization parameter, which was determined 

using the following equation (Lin et al., 2004):  

 

  2
2

)(
)(

SNRCtrace
ARAtrace T

⋅
=λ    (2) 

 

where SNR represents the signal-to-noise ratio, which was computed as the ratio of the 

power of task period signal divided by power of the baseline period signal. In the 
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process to compute the lead field matrix, orientation constraint was used to compute an 

orthogonal unitary equivalent current dipole was placed in each vertex of the triangular 

face, with direction parallel to the vector sum of the normals to the surrounding triangles 

(Babiloni et al., 2005).  

 

Estimating Cortical Source Time-series Signals  

The source distribution over 10,000 cortical vertices can be estimated by 

multiplying the 248 sensor MEG signals at a specific instant by the inverse operator W.  

Since the orientation constraint was already imposed to be perpendicular to the local 

cortical surface, the estimation process returned a scalar source signal strength rather 

than a vector field. By consecutively conducting the multiplication procedure for every 

sensor MEG time points, cortical source time-series waveforms were generated. In this 

estimation procedure, single “quasi-optimal” regularization parameter λ was used, which 

was computed with the mean SNR computed for all the MEG signals of every trial.  

 

Generating the ROIs’ Cortical Source Time-series Signals 

To generate cortical source signals of the thirteen ROIs defined in the first study, 

cortical vertices corresponding to the ROI locations (within 10 mm distance from each 

ROI’s centroid coordinates) were selected from the 10,000 vertices (see Figure 11).  To 

select appropriate cortical vertices having standard brain coordinates, individual cortical 

surface model was registered to MNI 152 standard brain template using the affine 

transformation matrix generated in the fMRI data analysis and FSL img2stdcoord 

program (part of FLIRT). These procedures resulted in 40~80 selected vertices across 
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the ROIs. In order to generate a principal signal of an ROI from the 40~80 vertices 

signals, data dimension reduction procedure using principal component analysis (PCA) 

was carried out per each ROI. Singular value decomposition (SVD) of the 40~80 

vertices signals indicated that 3 PC solution explained more than 95% of the signal 

variance and the first PC of the 3 PC model explained more than 65% of variance, thus 

the first PC signal of the 3 PC solution was selected as the principal signal of an ROI. 

With this procedure, the 13 ROIs’ cortical source time-series signals were generated for 

each individual MEG data. 
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Figure 11. Cortical surface model registered to the MNI 152 standard brain and the selected cortical vertices corresponding to the 

thirteen ROIs. The colored dots represent cortical vertices within 10 mm radius of the 13 spherical ROIs.  
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Time Frequency Distribution Analysis of Cortical Source MEG signals 

Two main classes of time-frequency transformation (TFT) methods have been 

developed and widely used: Cohen’s class (L. Cohen, 1995) and wavelet or 

multiresolution analysis (Graps, 1995). This study adopted Cohen’s class reduced 

interference distribution (RID) method to overcome the problem of tradeoff between 

frequency and time resolution, which is often observed in wavelet methods (Bernat et al., 

2005). All the model, delay, and copy trials’ epoched cortical source MEG time-series 

signals were time-frequency transformed by binomial time-frequency distribution (TFD) 

kernel devised by Jeong and Williams (1991), using the Matlab based Time-Frequency 

Toolbox v1.0 from Quantum Signal, LLC. Although there were six task conditions in 

the VOC task used in MEG study (short-easy, short-intermediate, short-difficult, long-

easy, long-intermediate, and long-difficult), due to small number of trials per conditions, 

the generated energy TFDs were averaged across trials in following 4 task conditions, 

including easy, difficult, short, and long, to test the effect of complexity and delay on the 

cortical source MEG signals. Only the correct trial data was included in this analysis.  

 

Statistical Analysis 

Behavioral Performance Analysis 

RT (ms) and accuracy (% correct) were analyzed using a repeated measure 

ANOVA with independent variables of complexity, delay, and group. All analyses were 

corrected for sphericity assumption violation by Hyun-Feldt correction. Significant 

interaction effect and effect of an independent variable with more than 2 levels was 

further analyzed with follow-up t-test.  
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Energy TFD Analysis 

Group differences in energy TFD were tested for the gamma (31~60 Hz) 

frequency range. The time ranges of the gamma activity were defined from the 

beginning and the end of the epoch for each task period (see Figure 7). To adjust the 

energy TFD values based on the energy TFD during no task period (baseline), every trial 

energy TFDs were baseline corrected by subtracting median energy value of pre-

stimulus periods (-500~0 ms) of model trials at each frequency. The mean gamma 

energy TFD value across all trials in each condition was computed for each individual, 

and group comparison of the mean gamma energy values were carried out using 

randomization tests with bootstrapping. In the bootstrapping procedure, individual mean 

gamma energy values were randomly assigned to two groups, and the group mean 

difference was computed. This process was iterated 10,000 times to generate null 

hypothesis distribution, representing the distribution of group mean differences detected 

by chance. The significance of the real group difference was tested based on this null 

hypothesis distribution. The correlation analyses were also carried out to test the 

associations between the gamma energy of the hypothesized brain regions and the 

behavioral performance (i.e., accuracy and RT). Because these statistical analyses were 

intended to test specific hypotheses of gamma activity in individual ROIs, no correction 

was applied for multiple comparisons.  
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RESULTS 

 

Behavioral Performances 

There were significant complexity effects in accuracy (F2,36=21.67, p<.001) and 

RT (F2,36=106.22, p<.001), while delay effect was not significant in both accuracy and 

RT. Follow up tests indicate that accuracy was different between all pairs of the three 

complexity levels (easy vs. intermediate: t19=3.64, p=.002; intermediate vs. difficult: 

t19=2.52, p=.021; easy vs. difficult: t19=6.79, p<.001). In other words, accuracy 

decreased as the stimulus complexity increased (easy > intermediate > difficult). 

Schizophrenia patients had significantly lower accuracy than controls (F1,18 =6.54, 

p=.020). There was neither significant group by complexity nor group by delay effect. 

That is, patients had spatial working memory deficit in accuracy, regardless of the levels 

of complexity and delay. In RT analysis, there was a trend of group difference (F1,18 

=3.79, p=.067). The group by delay interaction was significant (F1,18 =4.71, p=.044), 

while the group by complexity effect was not significant in RT. Follow-up test indicated 

that patient had no significant delay effect in RT, while controls had a trend of longer 

RT in long condition than in short condition (F1,9=4.82, p=.056; see Figure 12).  
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Figure 12. VOC task performances of the two groups. Schizophrenia patients had longer 

RT and lower accuracy than controls in all conditions.  
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Task Difficulty Effect in Cortical Source MEG Gamma Energy 

 Contrasts of gamma (31~38 Hz) energy between high and low levels of task 

difficulty (i.e., easy vs. difficult, and short vs. long) in each ROI did not show any 

complexity and delay effect in both the controls and the patients. That is, the strength of 

the 13 ROI gamma activities was not modulated by the task difficulty in both groups.  

 

Cortical Source MEG Gamma Energy Group Difference  

There was no significant group difference in gamma energy TFD of all the ROIs 

during the model periods of the all conditions (see Figure 13). During delay and copy 

periods, however, schizophrenia patients had reduced gamma energy TFD compared to 

controls (see Figure 14 and 15). In delay period, the group differences were found in left 

posterior DLPFC (BA 9), right anterior DLPFC (BA 46), right PPC (BA 7), right ITC 

(BA 20), and left FG (BA 37) in all the task conditions. On the other hand, more regions 

showed gamma energy deficits in patients during the copy periods, including left 

posterior DLPFC (BA 9), right anterior DLPFC (BA 46), left IFC (BA 47), right PPC 

(BA 7), right ITC (BA 20), and right FG (BA 37). In addition, patients also had trends of 

reduced gamma energy in right posterior DLPFC and left FG (see Table 11). Consistent 

with the behavioral performance results showing no group by task difficulty interaction 

effect on the accuracy, analysis of the gamma energy TFD indicated that schizophrenia 

patients had gamma energy deficits in all levels of task conditioins. That is, 

schizophrenia patients had gamma energy deficits regardless of the task difficulty level.  

 

Association of Gamma Energy with Behavioral Performances 
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Pearson correlation analyses of the individual subjects’ mean low gamma (31~38 

Hz) energy values of the 13 ROIs with the behavioral performance indices (i.e., 

accuracy and RT) indicated that the control subjects had significant positive correlation 

of the right posterior DLPFC (BA 9) gamma energy during the delay period of short 

trials with accuracy (r=.69, p=.027), while the patients did not (r=-.57, p=.113; see 

Figure 16). Both groups showed no such correlation in the model and copy periods.  
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Table 11. The mean gamma energy of the controls and the patients and the group difference p-values in delay and copy periods.  

  Easy Difficult Short Long All 
Delay Period  Means (SD) p Means (SD) p Means (SD) p Means (SD) p Means (SD) p 

CON 11.39 (7.37) 11.52 (7.95) 11.49 (8.27) 11.52 (7.43) 11.50 (7.81) 
L pDLPFC (BA 9) 

SCZ 6.22 (4.28) 
.036 

6.30 (4.62) 
.045 

6.36 (4.46) 
.050 

6.07 (4.15) 
.030 

6.21 (4.30) 
.039 

CON 7.76 (4.68) 7.74 (4.60) 7.50 (4.55) 7.69 (4.52) 7.60 (4.46) 
R aDLPFC (BA 46) 

SCZ 3.89 (3.02) 
.022 

4.25 (3.65) 
.038 

4.20 (3.47) 
.041 

3.98 (3.16) 
.026 

4.09 (3.30) 
.031 

CON 5.29 (4.26) 5.14 (4.20) 5.26 (4.37) 5.22 (4.10) 5.24 (4.22) 
R PPC (BA 7) 

SCZ 2.13 (1.17) 
.017 

2.18 (1.39) 
.023 

2.16 (1.28) 
.020 

2.14 (1.22) 
.016 

2.15 (1.24) 
.017 

CON 7.44 (6.22) 7.44 (6.61) 7.67 (6.73) 7.29 (6.09) 7.48 (6.40) R ITC (BA 20) 
SCZ 3.50 (2.48) 

.038 
3.75 (3.05) 

.076 
3.75 (2.80) 

.061 
3.45 (2.45) 

.038 
3.60 (2.63) 

.049 

CON 10.91 (12.66) 10.86 (13.63) 11.47 (14.43) 10.55 (12.33) 11.01 (13.37) L FG (BA 37) SCZ 4.01 (2.23) .030 4.03 (2.42) .039 4.06 (2.37) .031 3.91 (2.22) .033 3.98 (2.29) .032 

Copy Period            
CON 8.51 (5.36) 7.92 (5.13) 8.39 (5.32) 8.10 (5.45) 8.24 (5.37) 

L pDLPFC (BA 9) 
SCZ 4.31 (3.96) 

.030 
4.39 (4.03) 

.051 
4.38 (4.09) 

.036 
4.40 (3.97) 

.048 
4.39 (4.03) 

.043 

CON 7.47 (7.01) 7.50 (7.02) 7.50 (7.12) 7.39 (6.83) 7.45 (6.97) 
R pDLPFC (BA 9) 

SCZ 3.77 (3.75) 
.071 

3.73 (3.79) 
.067 

3.76 (3.79) 
.074 

3.79 (3.76) 
.074 

3.78 (3.77) 
.072 

CON 6.01 (3.76) 5.51 (3.65) 5.75 (3.53) 5.66 (3.56) 5.71 (3.53) 
R aDLPFC (BA 46) 

SCZ 2.71 (3.07) 
.022 

2.91 (3.10) 
.050 

2.79 (3.14) 
.030 

2.72 (3.00) 
.029 

2.75 (3.07) 
.030 

CON 7.12 (4.03) 6.45 (5.08) 7.01 (4.54) 6.27 (4.85) 6.84 (4.63) 
L IFC (BA 47) 

SCZ 3.48 (3.43) 
.022 

3.49 (3.92) 
.087 

3.55 (3.94) 
.046 

3.43 (3.50) 
.083 

3.49 (3.71) 
.060 

CON 3.84 (2.92) 3.66 (3.09) 3.78 (3.13) 3.72 (2.94) 3.75 (3.03) 
R PPC (BA 7) 

SCZ 1.43 (1.48) 
.011 

1.55 (1.49) 
.031 

1.49 (1.45) 
.021 

1.48 (1.48) 
.018 

1.48 (1.46) 
.020 

CON 4.95 (3.03) 4.71 (3.21) 4.84 (3.08) 4.61 (3.38) 4.73 (3.20) 
R ITC (BA 20) 

SCZ 2.41 (2.86) 
.033 

2.56 (2.81) 
.062 

2.44 (3.00) 
.043 

2.54 (2.64) 
.072 

2.49 (2.81) 
.056 

CON 8.05 (7.35) 7.64 (7.36) 7.73 (7.46) 7.26 (7.34) 7.50 (7.38) 
R FG (BA 37) 

SCZ 3.15 (4.34) 
.031 

3.12 (4.25) 
.042 

3.05 (4.30) 
.037 

3.27 (4.17) 
.069 

3.16 (4.22) 
.051 

CON 7.94 (7.85) 7.84 (7.77) 8.04 (8.17) 7.50 (7.38) 7.77 (7.77) L FG (BA 37) 
SCZ 3.31 (3.16) 

.052 
3.31 (3.20) 

.056 
3.34 (3.10) 

.056 
3.21 (3.15) 

.056 
3.27 (3.12) 

.056 
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Table 11 cont. 

Abbreviations: L: left, R: right, aDLPFC: anterior dorsolateral prefrontal cortex, pDLPFC: posterior dorsolateral prefrontal cortex
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Figure 13. Controls’ and schizophrenia patients’ mean gamma (31~60 Hz) energy TFD and the group difference (controls’ mean – 

patients’ mean) gamma energy TFD of the 13 ROIs during the model period of all trials. There was no significant gamma energy 

group difference during model period.  
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Figure 14. Controls’ and schizophrenia patients’ mean gamma (31~60 Hz) energy TFD and the group difference (controls’ mean – 

patients’ mean) gamma energy TFD of the 13 ROIs during the delay period of all trials. Patients had reduced gamma energy, 

especially in low gamma range (31~38 Hz) in bilateral DLPFC, bilateral FG, right PPC, and right ITC.  
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Figure 15. Controls’ and schizophrenia patients’ mean gamma (31~60 Hz) energy TFD and the group difference (controls’ mean – 

patients’ mean) gamma energy TFD of the 13 ROIs during the copy period of all trials. Patients had reduced gamma energy, 

especially in low gamma range (31~38 Hz) in bilateral DLPFC, left IFC, bilateral FG, right PPC, and right ITC.  
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Figure 16. Scatter plot of the individual subjects’ mean gamma energy in right posterior 

DLPFC (BA 9) during the delay period of short trials versus accuracy (% correct). 

Control subjects had significant positive correlation between the mean gamma energy of 

the DLPFC with accuracy (r=.69, p=.027), while patients showed a tendency of negative 

correlation between them (r=-.57, p=.113).  
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DISCUSSION 

 

 As found in the first study, schizophrenia patients showed spatial working 

memory performance deficits during MEG data collection both in accuracy and RT. 

Unlike the behavioral performances during the fMRI session, those of MEG session did 

not show tendency of group by task difficulty interaction in accuracy, indicating that 

schizophrenia patients had similar degree of spatial working memory deficits regardless 

of task difficulty level. This discrepancy in behavioral performances between the fMRI 

and MEG sessions might be related to the difference in task designs between the two 

sessions. The MEG session included two levels of delay, which was not included in 

fMRI. Although no group by task difficulty interaction was found even in the short delay 

trials that corresponded to fMRI task trials, the overall performance might be influenced 

by the inclusion of long delay conditions.  

 In the analysis of the task difficulty effect on gamma energy TFD, no significant 

gamma energy difference was found between the low and high levels of task difficulty 

(i.e., easy vs. difficult, and short vs. long). That is, both the controls and the patients 

showed similar level of gamma energy TFD across different levels of conditions in all 

the model, delay, and copy periods. There was no significant gamma energy group 

difference in all the ROIs during model period, suggesting no significant gamma activity 

deficits in schizophrenia patients during the encoding period of spatial working memory. 

However, the two groups showed different levels of gamma energy during delay and 

copy periods in many ROIs, including prefrontal and posterior association cortices of 

dorsal/ventral visual pathways. As shown in Figure 14, during delay period, control 
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subjects showed increased low gamma (31~38 Hz) energy in almost all the ROIs 

compared to the baseline gamma energy, while schizophrenia patients showed much 

reduced gamma energy in these ROIs. Significant group differences during delay period 

were found in right anterior DLPFC (BA 46), left posterior DLPFC (BA 9), right PPC 

(BA 7), right ITC (BA 20), and left FG (BA 37). On the other hand, during copy period, 

control subjects showed increased gamma energy in the similar ROIs with the delay 

period, while schizophrenia patients did not. In addition to the ROIs showing group 

differences during the delay periods, gamma energy in IFC was also reduced in 

schizophrenia patients during copy period. As indicated by the null finding of the group 

by task difficulty interactions on the gamma energy, these gamma energy group 

differences did not significantly varied across different conditions.  

These results indicated that the main components of spatial working memory 

network had increased gamma frequency oscillation in control subjects, especially 

during delay and copy periods. This suggests that increased local functional integrations 

by synchronous gamma oscillations in those brain regions were required for successful 

task performance. Given that such gamma activity increase was not so evident during 

model period as during delay and copy periods, it was suggested that such local 

functional integrations were more required for maintenance and strategic retrieval 

processes of spatial working memory than encoding process. In particular, simultaneous 

gamma activity increase in the PFC and the posterior cortices such as PPC, ITC and FG 

might reflect interregional functional coordination between these regions, which will be 

discussed in the next chapter.  
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Both group subjects did not show significant gamma activity modulation 

according to spatial working memory load (i.e., levels of complexity and delay) in any 

ROI. Although no clear evidence that induced gamma activity is modulated according to 

spatial working memory load has been reported, no task difficult effect in gamma energy 

is somewhat unexpected result, given the significant task difficult effect in behavioral 

performance and regional activations in fMRI data. As discussed above, this discrepancy 

might be due to the difference in experimental design between the fMRI and the MEG 

sessions (i.e., the inclusion of delay condition in the MEG session) or fundamental 

difference between the BOLD response and MEG signals. Alternatively, it is also 

possible that the increased task load might recruit gamma activity in other brain regions 

not included in the 13 ROIs, such as subcortical regions or other cortical regions, rather 

than simply increase gamma activity in the main components of the 13 ROIs.  

Gamma energy deficits in schizophrenia patients in multiple brain regions 

indicate that patients had functional disintegrations in distributed rather than specific 

brain regions. The gamma energy reduction in DLPFC reflects insufficient synchronous 

gamma oscillations in the DLPFC neurons in schizophrenia patients, resulting in a 

failure in monitoring and cognitive control processes by the DLPFC during delay and 

copy periods. This cortical level finding of the local gamma activity deficit in the 

DLPFC corroborates the sensor level EEG finding, where induced gamma power was 

reduced in electrodes over DLPFC areas in schizophrenia patients during cognitive 

control task (Cho et al., 2006). In addition, the gamma energy in the right DLPFC (BA 

9) showed a significant positive correlation with spatial working memory performance 

in control subjects, suggesting the critical role of synchronous gamma activity in the 
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DLPFC for successful task performance. PPC, ITC, and FG, also showed significant 

gamma energy reduction in schizophrenia patients, indicating functional dysintegrations 

in the main cortical association areas of the dorsal and ventral visual pathways. Such 

deficient synchronous gamma activities in those posterior areas might lead to 

dysfunctional spatial and object processing of the visual stimuli in the patients. Along 

with the functional dysintegration in DLPFC, uncontrolled and dysintegrated posterior 

cortical processing might underlie the spatial working memory deficits in the patients. In 

addition to these cortical regions, gamma energy in the IFC was also reduced in the 

patients, especially during copy period. Given that subjects had to retrieve 

representations of the model stimuli during the copy period, the synchronous gamma 

activity deficit in IFC during the copy period might indicate that the patients had 

dysfunctional retrieval process due to functional dysintegration in the IFC.  

 In summary, schizophrenia patients showed regional functional dysintegrations 

in multiple cortical regions, including DLPFC, IFC, and posterior association cortices, 

which were indexed by synchronous gamma energy deficits. These functional 

dysintegrations in distributed local brain regions might underlie failures in controlled 

visual processing, maintenance of stimulus representation, monitoring, and retrieval 

processes, leading to spatial working memory deficits in the patients. In the next chapter, 

the dysfunctional interactions between the distributed cortical regions in schizophrenia 

patients will be further investigated by analyzing functional connectivity measures of 

fMRI and cortical source MEG data.  
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Chapter 7: Large-scale Functional Connectivity Study of Interregional 

Functional Dysintegration in Schizophrenia Patients [Study 3] 

 

The aim of this study is to examine the aberrant large-scale functional 

interactions between the components of the spatial working memory network in 

schizophrenia patients, using functional connectivity analysis of fMRI data and long-

range gamma phase synchrony analysis. In the fMRI functional connectivity study 

(study 3.1), the same subjects’ fMRI data with the study 1 was analyzed, while in the 

cortical source MEG phase synchrony study (study 3.2), the same subjects’ cortical 

source MEG data with the study 2 was analyzed.  

 

HYPOTHESIS 

 

Functional Disconnectivity in Spatial Working Memory Network in Schizophrenia  

Non-human primate studies have provided evidence of strong interactions 

between lateral PFC and posterior sensory association areas, such as PPC and ITC 

during visual working memory functions (Goldman-Rakic, 1996). During an oculomotor 

delayed response task, which requires subjects to make a memory-guided saccade to the 

point in space where a saccade target had briefly appeared three seconds earlier, a 

remarkable congruence in the type and pattern of single neuron activity was found in the 

PFC and the PPC areas (Chafee & Goldman-Rakic, 1998, 2000). This result suggests 

that subpopulations of the neurons in these two cortices are entrained to one another, 

their activity increasing and decreasing in union through the influence of a joint 
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physiological process. In addition, using a reversible cortical cooling technique, it was 

demonstrated that cooling PFC to suppress its output powerfully attenuated the delay 

period activity related to working memory in parietal cortex (Chafee & Goldman-Rakic, 

2000). This finding indicates that neural activity related to working memory in posterior 

cortical areas is dependent on prefrontal output. On the other hand, ITC, the other 

posterior association area involved in visual working memory has been also found to 

have many efferents to lateral PFC, especially to VLPFC (Ungerleider, Gaffan, & Pelak, 

2002). The connections between ITC and lateral PFC has been considered as an 

extended ventral pathway of visual processing (Petrides & Pandya, 2002; Sakagami & 

Pan, 2007), in which PFC receives feedforward information of object representation 

from ITC and provides feedback contextual information to ITC for controlled visual 

processing.  

Based on these findings and the results of the regional gamma energy reductions 

in the study 2, it was hypothesized that schizophrenia patients will have reduced 

functional connectivity between PFC (i.e., DLPFC and IFC) and posterior sensory 

association areas (i.e., PPC and ITC) in both fMRI functional connectivity and 

interregional cortical source MEG phase synchrony measures.  
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Functional Connectivity Analyses of fMRI Time-series Data [Study 3.1] 

 

METHODS 

 

Computing Interregional Temporal Correlations between the ROIs’ BOLD Time-series 

 BOLD response time-series of the thirteen ROIs defined in the study 1 were 

extracted from each session fMRI data using the spherical ROI masks and 3dmaskave 

program (http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.html), a part of 

AFNI, and the BOLD times-series of individual blocks in the three sessions were 

concatenated for the three complexity condition periods and for all task periods. Artifact 

variances in the raw BOLD time-series due to scanner gain and physiological or 

movement related artifacts were already removed in the first study using mean-based 

intensity normalization and ICA artifact removal procedure, respectively. BOLD time-

series data was further preprocessed to remove block- and session-related signal 

variance using a GLM procedure (Caclin & Fonlupt, 2006). Temporal Pearson 

correlation coefficients between the thirteen ROIs in each task condition were computed 

for each individual.  

 

Statistical Analysis of the Interregional Temporal Correlations  

 To test the task difficulty effect in the functional connectivity indices, 

randomization tests using bootstrapping procedure were carried out to randomly assign 

the temporal correlation coefficients of easy and difficult conditions to two conditions 

and compute mean difference of the correlation coefficients between the conditions. 

http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.html
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This resampling procedure was repeated 10,000 times to generate null hypothesis 

distribution for each group, representing random mean correlation differences between 

conditions in each group. Each group’s real mean correlation coefficient difference 

between the conditions were tested by computing the probability to have greater mean 

condition difference than the real mean condition difference on the null hypothesis 

distribution of 10,000 random cases. To test group difference in the functional 

connectivity in each task condition, similar bootstrapping procedure was carried out to 

randomly assign the correlation coefficients to two groups and compute mean group 

difference of the correlation coefficients. This resampling procedure was also iterated 

10,000 times to generate null hypothesis distribution, representing random group 

difference of correlation coefficients detected by chance. The real mean group difference 

was tested by computing the probability to have greater mean group difference than the 

real mean group difference on the null hypothesis distribution. In these statistical tests, 

false discovery rate (FDR) approach was adopted to correct the increased Type I error 

due to multiple comparisons for the 78 pairs of the ROIs, controlling FDR below .05 

(Benjamini & Hochberg, 1995). On the other hand, the association of the functional 

connectivity indices with the behavioral performance indices (i.e., accuracy and RT) was 

tested using Pearson correlation analyses between these indices in each group. For the 

association tests, relatively stringent criterion p-value of .005 was adopted instead of the 

more conservative FDR approach. These differential approaches to correct the Type I 

error increase were determined in the following reasons. The FDR approach is too 

conservative in the functional connectivity study, because the assumption of 

independency of tests in FDR approach and Bonferroni correction was not applicable to 
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the multiple tests of the functional connectivity measures, in which the correlation 

coefficients of the ROI pairs were highly correlated to each other. However, given that 

there were many pairs of brain regions to be tested for the functional connectivity group 

difference, the conservative FDR correction was adopted to identify truly meaningful 

group difference without minimal probability of Type I error. On the other hand, the 

correlations between the different levels of measures (i.e., neurophysiological measure 

vs. behavioral measure) should be lower than those between the same levels of measures. 

For the correlation coefficient between the different levels of mesures to survive in the 

Bonferroni correction for the 78 tests in the case of 10 samples in a group, the 

coefficient should be approximately .90, which is hardly observed between these 

different levels of measures. Therefore, the less conservative criterion (p<.005) was 

adopted for the association tests to take the balance between controlling the Type I and 

Type II errors.  

 

RESULTS 

 

Task Difficult Effect in the Functional Connectivity between the ROIs 

 Although the temporal correlation coefficients between the ROIs slightly 

increased in difficult condition compared to easy condition, no significant task difficult 

effect was found in any pairs of the ROIs in both groups.  

 

Group Difference in Functional Connectivity between the ROIS 

In easy condition, schizophrenia patients had significantly reduced temporal 

correlations between right IFC (BA 47) and right PPC (BA 7) as well as between right 
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anterior DLPFC (BA 46) and right ITC (BA 20). Patients had reduced temporal 

correlations between more pairs of ROIs in difficult condition, including the pair of right 

PPC and right posterior DLPFC (BA 9), the pair of right PPC and bilateral IFC, the pair 

of left PPC and right IFC, and the pair of right ITC with right anterior DLPFC (BA 46). 

These results indicated that schizophrenia patients had reduced functional connections of 

the posterior sensory association areas of PPC and ITC with PFC areas, such as IFC and 

DLPFC, especially in difficult condition (see Table 12 and Figure 17).   

 

Table 12. Group differences in temporal correlations of the fMRI time-series between 

the ROIs.  

  Easy Difficult 

PPC ~ PFC  Means (SD) p Means (SD) p 
CON .60 (.22) .67 (.12) 

  R PPC (BA 7) ~ R pDLPFC (BA 9) 
SCZ .39 (.25) 

.1173 
.31 (.34) 

.0003 

CON .56 (.26) .57 (.15) 
  R PPC (BA 7) ~ R IFC (BA 47) 

SCZ .22 (.28) 
<.0001 

.21 (.33) 
<.0001 

CON .53 (.30) .62 (.18) 
  R PPC (BA 7) ~ L IFC (BA 47) 

SCZ .38 (.24) 
.0786 

.35 (.25) 
.0001 

CON .54 (.27) .54 (.30) 
  L PPC (BA 7) ~ R IFC (BA 47) 

SCZ .27 (.19) 
.0032 

.26 (.24) 
.0003 

ITC ~ PFC      
CON .71 (.24) .71 (.23)   R ITC (BA 20) ~ R aDLPFC (BA 

46) SCZ .18 (.35) 
<.0001 

.15 (.37) 
<.0001 
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Figure 17. Group differences in the fMRI time-series temporal correlations in easy (left) 

and difficult (right) conditions. In easy condition, patients had reduced temporal 

correlations in two pairs of brain regions, including R PPC ~ R IFC as well as R ITC ~ R 

aDLPFC, while patients had reduced temporal correlations in more pairs of PPC/ITC 

and PFC regions in difficult condition, including R PPC ~ L pDLPFC, R PPC ~ L IFC, 

R PPC ~ R IFC, L PPC ~ R IFC, and R ITC ~ R aDLPFC.  
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Association of the fMRI Functional Connectivity Indices with Behavioral Performances 

 In easy trials, control subjects had a significant positive correlation of accuracy 

only with the functional connectivity indices between bilateral V1 (r=.82, p=.002). 

Schizophrenia patients had a significant positive correlation of accuracy with the 

functional connectivity indices between right PPC and left V1 (r=.81, p=.001) in easy 

trials and between right anterior DLPFC and right ITC (r=.84, p<.001) in difficult trials. 

The pair of right IFC and right PPC also showed a positive trend with accuracy in 

schizophrenia patients for difficult trials (r=.71, p=.009).  

 

 

Figure 18. Scatter plot of fMRI functional connectivity index (temporal correlation) of a 

pair of right anterior DLPFC (BA 46) and right ITC (BA 20) versus accuracy (% 

correct). Control subjects had no significant correlation (r=.33, p=.326), while patients 

had significant positive correlations (r=.84, p<.001).  
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Large-scale Gamma Phase Synchrony Study of the Cortical Source 

MEG Data [Study 3.2] 

 

METHODS 

 

Generating Complex Energy TFD of the Cortical Source MEG Signals  

The amount of synchrony between two signals is usually quantified by 

estimating the instantaneous phase of the individual signals around the frequency of 

interest. Therefore, time-varying phase synchrony measures require accurate estimation 

of instantaneous phase of oscillatory signals at specific frequency band. The phase 

estimate separated from amplitude estimate has been obtained by Hilbert transform of 

narrow band-pass filtered signals (Tass, et al., 1998) and computing a time-varying 

complex energy spectrum using either the continuous wavelet transform (CWT) with a 

complex Morlet wavelet (Lachaux, et al., 2002) or the short time Fourier transform 

(STFT) (Li and Jung, 2002). These techniques had several draw backs, including non-

uniform time-frequency distribution and a tradeoff between time and frequency 

resolution due to window function, which is used for FFT and wavelet convolution. In 

this study, time-varying complex energy TFD of all the epoched cortical source MEG 

signals were obtained using a novel method to use reduced interference (RID) Rihaczek 

distribution (Aviyente, Bernat, Evans, Patrick, & Sponheim, in revision). In this RID-

Rihaczek distribution, trade-off between time and frequency resolution is removed to 

generate uniformly distributed complex energy TFD.  
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Generating Time-varying Phase Spectrum and Estimating Phase Synchrony between the 

Cortical Source MEG Signals of the ROIs 

 After defining a high resolution, complex TFD of all epochs of the cortical 

source MEG signals, phase spectrum of the signals were estimated as:  
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where, )(tφ  and )(wθ  refer to the phase in the time and the frequency domains, 

respectively.  With the defined time-varying phase spectrum, the phase differences 

between two signals, x1(t) and x2(t), can be estimated as:  
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where, )(1 tφ  and )(2 tφ correspond to the phase of the time domain signals and )(1 wθ  

and )(2 wθ  correspond to the phase of the Fourier transforms of the two signals, 

respectively.   

To further quantify the synchrony between signals, two measure of phase 

synchrony based on the time-varying phase spectrum estimate were computed, including 

single trial phase synchrony and phase locking value (PLV). Single trial phase 

synchrony measures the phase locking between two signals averaged over time within 

an epoch and is defined as:  
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where, δ is the length of the time window used for smoothing the phase difference 

estimates. In phase synchrony estimate based on the wavelet transform (Lachaux, et al. 

2002), δ was chosen as a function of frequency since the time-bandwidth product is not a 

constant for the wavelet transform. In the phase estimation by RID Rihaczek distribution, 

however, the phase synchrony is based on the time-frequency distribution with a 

constant time-bandwidth product over the whole time-frequency plane (Aviyente et al., 

in revision). Thus, δ was a constant determined based on the signal. On the other hand, 

the phase locking value is defined between two signals and averaged over all trials, 

measuring the inter-trial variability of the phase difference at time t and frequency w. 

The PLV is defined as:  
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where N is the number of trials and k
12Φ  is the time-varying phase estimate between 

two signals for the kth trial. PLV is close to 1 when the phase difference varies little 

across the trials. In this study, PLV was used to quantify the synchrony between the 

cortical source ROI pair signals since it is statistically more stable than single trial phase 
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synchrony and can quantify the consistency of response-locked phase differences across 

trials.   

 In summary, the phase synchrony estimation procedure consisted of three 

processes, including 1) complex energy TFD generation for every epoch of the cortical 

source MEG signal, 2) time-varying phase spectrum TFD generation for every trials, and 

3) average PLV TFD generation by averaging single trial phase difference between all 

pairs of the thirteen cortical ROIs across all trials. To compute PLV using enough trials, 

single trial phase differences were averaged for only easy, difficult, short, and long 

conditions, not the factorized conditions with smaller trials (i.e., short-easy, long 

difficult and so on).  

 

Statistical Analysis of the Gamma Phase Synchrony  

 In order to more accurately measure transient phase synchrony changes, 

baseline correction was applied to the PLV TFD before taking PLV values for statistical 

analysis. Similarly with the baseline correction procedure used in the energy TFD 

analysis, the average PLV at each frequency for the pre-stimulus time range (-500~0 ms) 

of model trials was subtracted from the model, delay, and copy trial PLVs. For statistical 

analysis of the gamma phase synchrony in each task condition, PLV values within the 

time-frequency window of the gamma frequency (31~60 Hz) and the entire time of task 

periods (model trials: 1~800 ms relative to model stimulus onset; delay trials: -900~0 ms 

relative to copy stimulus onset; copy trials: 1~1800 ms relative to copy stimulus onset) 

were averaged. To identify gamma phase synchrony patterns during task periods in the 

two groups, randomization tests was carried out for each ROI pair using bootstrapping 
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procedure. In this procedure, random sampling with replacement from each group 

sample was carried out for 10,000 times to generate the null hypothesis distribution of 

the mean PLV of each ROI for each group. The significance of the gamma PLV increase 

during task periods compared to the baseline PLV was tested by computing the 

probability to have greater mean PLV than baseline PLV (i.e., zero in the baseline 

corrected PLV TFD) on the null hypothesis distribution. The determined significant 

interregional gamma phase synchrony was presented as connecting lines between the 

ROIs in cortical surface models (see Figure 20~22). To further quantify the group 

differences in the significant functional connection patterns, the number of significant 

gamma phase synchrony connections of each ROI in all trials was compared between 

groups in bar graphs. To test the gamma phase synchrony group difference, the same 

randomization tests with bootstrapping procedure used in the fMRI functional 

connectivity analysis were carried out for the individual mean gamma PLV in each 

period of the task conditions. The association of the interregional gamma phase 

synchrony indices with behavioral performance indices (i.e., accuracy and RT) was also 

tested using Pearson correlation analysis between these indices in each group. Based on 

the same rationale with the study 3.1., the same FDR approach was adopted for the tests 

of the statistical significance in the interregional gamma phase synchrony connections 

and the gamma synchrony group differences, while the stringent criterion p-value 

of .005 was adopted for the association tests between the gamma synchrony and the 

behavioral performance measures.  
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RESULTS 

 

Grand Average Phase Synchrony TFD 

 The grand average gamma phase synchrony TFD computed by averaging across 

all trials and all ROIs in each task period showed the time-frequency distributions of 

overall gamma phase synchrony during the 3 task periods in each group (see Figure 19). 

Although group comparison of the grand average gamma phase synchrony TFD failed to 

find significant group difference, schizophrenia patients tended to have reduced phase 

synchrony compared to controls in the entire gamma frequency range (31~60 Hz) across 

entire time range of each task period, especially during delay and copy periods.  
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Figure 19. Grand average gamma phase synchrony TFD across all trials and all ROIs in 

the three task periods. Schizophrenia patients tended to have reduced grand average 

gamma phase synchrony TFD compared to controls, especially during delay and copy 

periods.  
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Gamma Phase Synchrony Patterns in Each Group 

 The randomization test results indicated that both groups had significantly 

increased gamma phase synchrony between many ROIs compared to the baseline, 

indicating dynamic functional coordination between components of the spatial working 

memory network. In model period, significant phase synchrony increases between 

interhemispheric regions of PFC and posterior cortices as well as between the PFC and 

posterior cortices were observed in both groups. However, schizophrenia patients had 

much smaller number of significant phase synchrony connections of left PPC with other 

ROIs than controls (see Figure 20), suggesting functional disconnection of left PPC 

associated with spatial processing deficits in patients during model period. Both groups 

had similar gamma phase synchrony connection patterns across delay and copy periods 

(see Figure 21 and 22), but patients had relatively smaller number of significant gamma 

phase synchrony connections compared to controls. Control subjects had significant 

gamma phase synchrony connections of right ITC with IFC and DLPFC, while patients 

did not show any significant ITC~PFC gamma phase synchrony connections during 

delay period. The bar graphs also indicated that patients had much smaller number of 

gamma phase synchrony connections of left V1, right ITC, and left posterior DLPFC 

during delay period. On the other hand, patients had much smaller number of gamma 

phase synchrony connections of left posterior DLPFC and left V1 during copy period.  
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Figure 20. Two groups’ patterns of the significant gamma phase synchrony increases in the model period compared to the baseline. 

Patients had much smaller number of significant functional connections of left PPC compared to controls.  
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Figure 21. Two groups’ patterns of the significant gamma phase synchrony increases in the delay period compared to the baseline. 

Patients had much smaller number of significant functional connections of left V1, right ITC, and left posterior DLPFC than controls. 
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Figure 22. Two groups’ patterns of the significant gamma phase synchrony increases in the copy period compared to the baseline. 

Patients had much smaller number of significant functional connections of left V1 and left posterior DLPFC than controls. 
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Group Difference in the Gamma Phase Synchrony 

In model period, no significant phase synchrony group difference was found. On 

the other hand, in delay period, schizophrenia patients had reduced phase synchrony of 

right ITC with bilateral posterior DLPFC, right IFC, left V1 and left FG, while they had 

increased phase synchrony of right ITC with right V1 and right FG, compared to 

controls (see Figure 23). Similar gamma phase synchrony group differences were found 

in copy period, such as reduced phase synchrony of right ITC with bilateral posterior 

DLPFC, right IFC, left V1 and left FG in patients (see Figure 24). However, patients had 

higher gamma phase synchrony not only between right ITC and occipital areas, but also 

between right FG and left IFC and between right ITC and left PPC. These results 

suggest that patients might depend on functional connections of right ITC/FG with left 

PPC or left IFC to compensate their deficient DLPFC functional connectivity with ITC.  
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Table 13. Group differences in the interregional gamma phase synchrony between the ROIs during the delay periods.  

  Easy Difficult Short Long 

CON > SCZ  Means (SD) p Means (SD) p Means (SD) p Means (SD) p 
CON .033 (.060) .035 (.056) .036 (.052) .033 (.058) 

  R ITC ~ L pDLPFC 
SCZ -.032 (.130) 

<.0001 
-.031 (.135) 

<.0001 
-.034 (.126) 

<.0001 
-.029 (.131) 

<.0001 

CON .042 (.062) .038 (.070) .042 (.067) .042 (.066) 
  R ITC ~ R pDLPFC 

SCZ -.011 (.059) 
<.0001 

-.008 (.063) 
<.0001 

-.010 (.056) 
<.0001 

-.010 (.068) 
<.0001 

CON .043 (.055) .027 (.046) .032 (.045) .038 (.051) 
  R ITC ~ R IFC 

SCZ -.012 (.043) 
<.0001 

.-.007 (.051) 
.0031 

-.012 (.045) 
<.0001 

-.011 (.048) 
<.0001 

CON .036 (.088) .035 (.083) .034 (.084) .037 (.088) 
  R ITC ~ L V1 

SCZ -.005 (.042) 
<.0001 

-.005 (.051) 
.0007 

-.002 (.044) 
.0008 

-.008 (.045) 
.0001 

CON .052 (.132) .053 (.141) .054 (.139) .050 (.138) 
R ITC ~ L FG 

SCZ -.012 (.031) 
<.0001 

-.001 (.028) 
<.0001 

-.008 (.027) 
<.0001 

-.001 (.030) 
<.0001 

SCZ > CON          

CON .003 (.021) -.001 (.026) .000 (.023) .004 (.022) 
  R ITC ~ R V1 

SCZ .073 (.160) 
<.0001 

.077 (.163) 
<.0001 

.076 (.164) 
<.0001 

.078 (.163) 
<.0001 

CON .007 (.066) .002 (.067) .003 (.065) .004 (.066) 
R ITC ~ R FG 

SCZ .053 (.131) 
<.0001 

.053 (.135) 
<.0001 

.053 (.134) 
<.0001 

.047 (.129) 
.0007 
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Table 14. Group differences in the interregional gamma phase synchrony between the ROIs during the copy periods.  

  Easy Difficult Short Long 

CON > SCZ  Means (SD) p Means (SD) p Means (SD) p Means (SD) p 
CON .040 (.071) .038 (.066) .039 (.069) .037 (.065) 

  R ITC ~ L pDLPFC 
SCZ -.031 (.131) 

<.0001 
-.031 (.138) 

<.0001 
-.035 (.126) 

<.0001 
-.029 (.133) 

<.0001 

CON .041 (.063) .038 (.066) .039 (.060) .041 (.068) 
  R ITC ~ R pDLPFC 

SCZ -.011 (.075) 
.0004 

.002 (.081) 
.0006 

.002 (.071) 
.0001 

.002 (.085) 
.0005 

CON .045 (.055) .033 (.053) .035 (.050) .041 (.056) 
  R ITC ~ R IFC 

SCZ .001 (.057) 
<.0001 

-.002 (.063) 
.0018 

-.003 (.063) 
.0001 

.001 (.061) 
.0011 

CON .038 (.094) .039 (.088) .040 (.094) .038 (.089) 
  R ITC ~ L V1 

SCZ -.008 (.042) 
<.0001 

-.006 (.052) 
<.0001 

-.005 (.043) 
<.0001 

-.007 (.046) 
<.0001 

CON .052 (.138) .051 (.138) .054 (.140) .047 (.139) 
R ITC ~ L FG 

SCZ -.007 (.034) 
<.0001 

-.002 (.028) 
<.0001 

-.005 (.029) 
<.0001 

-.003 (.031) 
<.0001 

SCZ > CON          

CON .007 (.025) -.001 (.032) .004 (.026) .004 (.024) 
  R ITC ~ R V1 

SCZ .074 (.162) 
<.0001 

.074 (.156) 
<.0001 

.075 (.163) 
<.0001 

.076 (.160) 
<.0001 

CON .008 (.064) .002 (.074) .002 (.066) .006 (.067) 
R ITC ~ R FG 

SCZ .058 (.131) 
<.0001 

.055 (.126) 
<.0001 

.055 (.130) 
<.0001 

.053 (.124) 
<.0001 

CON .017 (.016) .018 (.015) .015 (.013) .014 (.022) 
  R FG ~ L IFC 

SCZ .060 (.111) 
<.0001 

.049 (.102) 
.0063 

.047 (.105) 
.0015 

.059 (.105) 
<.0001 

CON .014 (.032) .008 (.037) .009 (.038) .012 (.032) 
R ITC ~ L PPC 

SCZ .043 (.073) 
.0102 

.047 (.067) 
.0002 

.043 (.069) 
.0005 

.050 (.072) 
.0015 
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Figure 23. Group differences in the interregional gamma phase synchrony during the delay period. Schizophrenia patients had 
reduced gamma phase synchrony of right ITC with bilateral posterior DLPFC, right IFC, left V1 and left FG, while they had 
increased gamma phase synchrony of right ITC with right V1 and right FG, compared to controls.  
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Figure 24. Group differences in the interregional gamma phase synchrony during the copy period. Schizophrenia patients had reduced 
gamma phase synchrony of right ITC with bilateral posterior DLPFC, right IFC, left V1 and left FG, while they had increased gamma 
phase synchrony of right ITC with right V1, right FG, and left PPC, as well as between right FG and left IFC, compared to controls.
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Association of Interregional Gamma Phase Synchrony with Behavioral Performance 

Correlation analysis results indicated that control subjects had significant 

positive correlations of accuracy with the phase synchrony indices between many ROI 

pairs (see Figure 25). During the model period, control subjects had a significant 

positive correlation of accuracy with the PLV of the pair of right PPC and right IFC 

(r=.83, p=.003) and the pair of right PPC and left IFC (r=.88, p<.001) in easy condition. 

They also had significant correlations in the PLV of the pair of right PPC and left 

DLPFC (r=.83, p=.003) and the pair of right FG and right V1 (r=.84, p=.002) in long 

condition. The PLV of the ROI pair of right PPC and right IFC (r=.77, p=.009) also 

showed a tendency to have positive correlation with accuracy in long condition. During 

the delay period, control subjects tended to have positive correlation of accuracy with 

the PLV of the pair of right ITC and right FG (r=.79, p=.007) and the pair of right ITC 

and right V1 (r=.77, p=.009) in easy condition. The PLV of the pair of left IFC and right 

V1 showed significant positive correlation with accuracy in difficult condition (r=.81, 

p=.005), and tended to have positive correlation with accuracy in short condition (r=.77, 

p=.009). On the other hand, during the copy period, control subjects had significant 

positive correlation of accuracy with the PLV of the pair of right ITC and right V1 

(r=.81, p=.004). They also showed a trend of positive correlation of accuracy with the 

PLV of the pair of right PPC and left IFC (r=.79, p=.007) in easy condition. 

Schizophrenia patients showed no such significant positive correlation between accuracy 

and any PLV of the ROI pairs during any task period.  
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Figure 25. Scatter plots of the interregional gamma phase synchrony versus accuracy (% correct). During long condition model period 

(left), controls had significant positive correlation of the PLV between left posterior DLPFC and right PPC with accuracy (r=.83, 

p=.003), while schizophrenia patients did not. During difficult condition delay period, controls had significant positive correlation of 

the PLV between left IFC and right V1 with accuracy (r=.81, p=.005), while patients did not. During easy condition copy period, 

controls have trend of positive correlation of the PLV between left IFC and right PPC with accuracy (r=.79, p=.007), while patients 

did not.  

Abbreviation: PLV: phase-locking value 
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DISCUSSIONS 

 

 The interregional functional connectivity analyses revealed that multiple brain 

regions in the spatial working memory network functionally connected to each other 

during VOC task performance. The functional connectivity analyses of the fMRI data 

indicated that schizophrenia patients had functional connectivity deficits between 

prefrontal and posterior association areas during spatial working memory performance. 

The two main posterior association cortices of PPC and ITC had reduced functional 

connectivity with DLPFC and IFC in schizophrenia patients compared to controls. 

Although there was no significant group by task difficult effect, the more functional 

connectivity deficits were observed in difficult trials compared to easy trials. The fMRI 

functional connectivity indices of the pairs of right PPC and left V1, right PPC and right 

IFC, and right anterior DLPFC (BA 46) and right ITC showed significant positive 

correlation with behavioral performance in schizophrenia patients, but not in control 

subjects. These findings of functional connectivity between PFC and posterior 

association cortices, including group difference and association with behavioral 

performance, suggest that those PFC ~ PPC/ITC functional disconnections underlie 

spatial working memory deficits in schizophrenia patients.  

 The long-range gamma phase synchrony analyses of the cortical source MEG 

signals also revealed significant functional disconnectivity in schizophrenia patients 

during spatial working memory performance. Both the two groups showed significant 

phase synchrony increase between many distributed brain regions in the spatial working 

memory network. However, schizophrenia patients had specific functional 
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disconnections in the network, which were indexed by the number of significant 

functional connections of the individual ROIs. During the model period, patients had 

much smaller number of significant functional connections of left PPC than controls, 

suggesting deficient functional coordination of left PPC with other regions. This 

functional disconnection of the left PPC might reflect spatial encoding deficits in 

schizophrenia. On the other hand, patients had much smaller number of functional 

connections of left V1, right ITC, and left DLPFC during the delay period. Visual 

information of the model stimuli should be maintained under control of the task goal 

representation during the delay period. Therefore, these functional disconnections might 

be indicative of the maintenance problem in schizophrenia patients, in which short term 

storage of the posterior visual cortices failed to maintain the visual information without 

enough top-down control by the DLPFC. During the copy period, the left DLPFC and 

the left V1 also showed much more reductions in the number of significant functional 

connections with other brain regions compared to controls. These functional 

disconnections suggest that schizophrenia patients had controlled visual processing 

deficit, in which visual processing of the copy stimuli could not be guided by the 

monitoring and manipulation processes of the DLPFC. This failure of the controlled 

visual processing might lead to problems in strategic retrieval of stored visual 

representation of the model stimuli and comparison of the stored representation with the 

copy stimuli, all of which contributed to the spatial working memory deficits in the 

patients. Interestingly, most of these functional disconnections were found in left 

hemisphere, converging with previous findings of left hemisphere deficits in gray matter 
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volume (Hirayasu et al., 2000), and anatomical disconnections, including left middle 

frontal gyrus white matter abnormality (Szeszko et al., 2005).  

 Group comparison of the mean gamma phase locking values of the ROI pairs 

indicated that schizophrenia patients had not only decreased, but also increased 

functional connections compared to controls during spatial working memory 

performance. These group differences were found in the delay and copy periods, but not 

in the model period. During the delay period, patients had reduced phase synchrony of 

the right ITC with bilateral posterior DLPFC, right IFC, left VI, and left FG. These 

functional disconnections of the right ITC in the delay period might reflect the failure of 

the integrative process to maintain visual object representation, which should be 

supported by short-term storage of visual cortices and top-down control of DLPFC and 

IFC. On the other hand, schizophrenia patients also had greater phase synchrony of the 

right ITC with right FG and right V1 during delay period compared to controls. In the 

context of functional disconnection with the PFC, the increased phase synchrony of the 

right ITC with the right visual cortices in schizophrenia patients is considered to 

represent a compensatory process to depend on short-term maintenance of information 

by the posterior cortical mechanism without top-down control by the PFC. The right 

ITC’s decreased phase synchrony with the left visual cortices and the increased phase 

synchrony with the right visual cortices also indicate not only the functional 

disconnections in the left visual areas in schizophrenia patients, but also the 

compensatory increases in the functional connectivity within the right visual areas.  

Similarly with the group difference in the delay period, schizophrenia patients 

also showed reduced phase synchrony of the right ITC with the bilateral DLPFC, right 
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IFC, right FG, and right V1. This similarity in functional disconnection patterns of 

schizophrenia patients between the delay and copy period indicates that dysfunctions in 

the same neural coordination mechanism incur neural processing deficits in distinct 

spatial working memory stages. The functional disconnections of the right ITC with the 

PFC and the left visual cortices in schizophrenia patients during copy period is 

considered to reflect failures in controlled visual processing and top-down control of 

retrieval or comparison processes. In particular, the reduced phase synchrony between 

the right ITC with the bilateral DLPFC is considered to indicate dysintegrated working 

memory processes, in which the manipulation of visual information in the right ITC was 

not regulated by monitoring function of the DLPFC. On the other hand, schizophrenia 

patients also showed increased phase synchrony within the right visual areas as well as 

in the pairs of the right FG and left IFC and the pairs of the right ITC and left PPC. 

These aberrant functional connections are also considered to represent compensatory 

processes to overcome deficient top-down control by the DLPFC. That is, the increased 

phase synchrony between the right FG and the left IFC in schizophrenia patients during 

copy period might indicate the efforts to retrieve stored visual object representation 

without monitoring or contextual guides by the DLPFC. The increased phase synchrony 

between the right ITC and the left PPC, especially in the copy period of difficult trials, 

might reflect the efforts to further integrate object and spatial representations of the 

visual stimuli in order to facilitate comparisons between the stored model stimuli and the 

partial copy stimuli in the context of deficient top-down control by the DLPFC.  

In the correlation analyses of the interregional gamma phase synchrony with the 

behavioral performance, many gamma phase synchrony indices of the ROI pairs showed 
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associations with accuracy in control subjects. In model period, the phase synchrony of 

the right PPC with bilateral IFC and left DLPFC as well as the phase synchrony between 

right FG and right V1 showed positive correlations with accuracy. In delay period, the 

phase synchrony of the right ITC with the right FG and right V1 as well as the phase 

synchrony between left IFC and right V1 had positive correlations with accuracy. 

Similarly, in copy period, the phase synchrony of the pair of the right ITC and right V1 

as well as the pair of left IFC and right PPC also showed significant positive correlation 

with accuracy. These results suggest that the functional coordinations between the 

prefrontal and the posterior cortices and within the posterior visual areas are critical for 

successful spatial working memory performance. However, such association between 

the gamma phase synchrony and accuracy was not found in schizophrenia patients, 

suggesting that the functional dysintegration in these spatial working memory networks 

might underlie their spatial working memory deficits.  
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Chapter 8: Relationships between Functional Disconnections and 

Schizophrenic Symptoms [Study 4] 

 

 In the study 2 and 3, it was found that schizophrenia patients had significant 

local- and large-scale functional dysintegrations during spatial working memory task 

performance. As discussed in the previous review section, functional connectivity 

deficits in schizophrenia patients indexed by fMRI interregional temporal correlation 

have been associated with cognitive deficits as well as clinical symptoms of 

schizophrenia in many studies. Positive symptoms has been associated with various 

fMRI functional connectivity deficits; the functional connectivity of the components of 

the default mode network has been associated with positive symptoms (Bluhm et al., 

2007; Garrity et al., 2007) and the functional connectivity of DLPFC and the left STG 

(Lawrie et al., 2002). Negative symptoms was associated with the functional 

connectivity between ACC and SMA (Honey et al., 2005), while disorganization 

symptoms was associated with the functional connectivity of DLPFC with task-relevant 

brain regions, such as right inferior parietal lobule and left premotor regions (Yoon et al., 

2008). However, most of these studies reported week associations between the 

functional disconnections and clinical symptoms.  

On the other hand, a few recent EEG gamma phase synchrony studies of 

schizophrenia have reported significant associations between abnormal gamma phase 

synchrony and specific schizophrenic symptoms. Reduced gamma synchrony in left 

hemisphere and increased gamma synchrony in right hemisphere during auditory 

oddball task were associated with negative and positive symptoms of schizophrenia, 
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respectively (Lee et al., 2003). In Gestalt perception study, gamma frequency phase-

locking in occipital area was reported to have positive correlations with positive (visual 

hallucination) and disorganization symptoms (global thought disorder and conceptual 

disorganization) (Spencer et al., 2004). These findings suggested that deficient or 

excessive gamma phase synchrony may underlie psycho-motor poverty (negative 

symptoms), reality distortion with abnormal perception (positive symptoms), and 

thought disorder with disorganized behavior (disorganization symptoms). However, 

these studies had limitations in finding the locus of abnormal phase synchrony 

associated with clinical symptoms. In this study, the relationships between the local- and 

large-scale functional connectivity indices and schizophrenic symptoms were 

investigated to find symptom specific abnormality in local and interregional functional 

connectivity.   

 

HYPOTHESIS 

 

Association between the Functional Disconnections of PFC with PPC/ITC and 

schizophrenic symptoms  

 The local gamma synchrony deficits in schizophrenia have been localized to 

scalp areas over the brain regions involved in cognitive processes for task demands, such 

as occipital areas in Gestalt perception task (Spencer et al, 2004), lateral frontal areas in 

cognitive control task (Cho et al., 2006), and so on. Similarly, the long-range gamma or 

high beta synchrony deficits in schizophrenia during Gestalt stimuli or Mooney face 

perception task (Spencer et al., 2003; Uhlhaas et al., 2006) were also reported between 



176 

frontal and posterior sensory processing areas. As shown in the study 2 and 3, 

schizophrenia patients had gamma synchrony deficits within and between the spatial 

working memory network components, suggesting deficient local- and long-range 

gamma synchrony. On the other hand, patients also had higher interregional gamma 

phase synchrony than controls, especially between the posterior sensory processing areas, 

suggesting excessive gamma synchrony which might reflect compensatory process or 

abnormal sensory processing. Based on these findings and previous report of differential 

association of abnormal gamma synchrony with positive and negative symptoms (Lee et 

al., 2003), it was hypothesized that functional connectivity between posterior sensory 

processing regions will have positive correlation with positive symptoms, while the 

functional connectivity between the PFC and the posterior association areas (i.e., PPC, 

ITC, and FG) will have negative correlation with negative symptoms.  

Spatial working memory task typically requires higher cognitive functions such 

as maintenance of stimulus representations and controlled visual processing, in which 

DLPFC plays a central role in functional coordination between spatial working memory 

network components. MacDonalds et al (2005) found that schizophrenia patients had 

specific deficits in the DLPFC (BA 9) which is a central executive involved in context 

processing. In addition, DLPFC activation (MacDonald et al., 2005) as well as its 

functional connectivity (Yoon et al., 2008) have been associated with disorganization 

symptoms. As shown in the study 3, schizophrenia patients had significant disconnection 

of the left posterior DLPFC (BA 9) with other brain regions, resulting in spatial working 

memory performance deficits even in easy condition trials. The gamma phase synchrony 

of the left DLPFC with the right PPC also had significant association with performances 
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in control subjects, while this association was not found in patients. This specific left 

DLPFC functional disconnection with posterior cortical regions may lead to lack of top-

down control and deficient context processing, resulting in spatial working memory 

deficits as well as disorganized behavior or formal thought disorder. Therefore, it was 

hypothesized that the functional connectivity of the left posterior DLPFC with the 

posterior cortical regions (i.e., PPC, ITC, FG, and V1) will have negative correlation 

with disorganization symptom scores.  

 

METHODS 

 

 Pearson correlation analyses were carried out to test the associations between 

schizophrenic symptoms and local- and large-scale functional connectivity indices, 

including cortical source MEG gamma energy in the ROIs, fMRI interregional temporal 

correlations, and long-range gamma phase synchrony. The clinical symptom scores 

include 1) global symptom severity, 2) positive symptom, 3) negative symptom, and 4) 

disorganization symptom scores, which were defined in the study 1. Although these 

statistical tests were guided by the specific hypotheses, a stringent p-value of .005 was 

adopted to control increased type I error due to multiple testing, especially for the 

correlation analyses of the interregional functional connectivity indices.  

 

RESULTS 

 

Association of Local-scale Functional Connectivity with Schizophrenic Symptoms 
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The correlation analyses indicated that no schizophrenic symptom score had 

significant association with the mean low gamma (31~38 Hz) energy, the index of local-

scale functional integration. Although schizophrenia patients had significantly reduced 

gamma energy in the PFC, PPC, ITC, and FG areas, indicating local-scale functional 

dysintegration in the patients, schizophrenic symptoms could not be predicted by any of 

the isolated local functional dysintegration indices.  

 

Association of Large-scale Functional Connectivity with Schizophrenic Symptoms 

The correlation analyses between the fMRI functional connectivity indices 

(interregional temporal correlation of the BOLD time-series) and the schizophrenic 

symptom scores revealed that the global symptom severity scores had a significant 

positive correlation with the fMRI functional connectivity between right anterior 

DLPFC (BA 46) and left IFC (r=.76, p=.004). That is, patients with more 

interhemispheric frontal functional connections between those frontal regions had 

severer global symptoms.  

The correlation analyses between the schizophrenic symptom scores and the 

interregional gamma phase synchrony revealed much more significant correlations 

between them (see Figure 26). Results indicated that the global symptom severity scores 

had negative correlation with the gamma phase synchrony between right ITC and right 

FG during model period of easy trials (r=-.80, p=.006). On the other hand, the positive 

symptom score had significant positive correlation with the gamma phase synchrony 

between bilateral V1 regions in difficult condition (during model period: r=.88, p<.001; 

during delay period: r=.84, p=.003; during copy period: r=.85, p=.002). Negative 
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symptom score had significant negative correlations with the interregional gamma phase 

synchrony of the pair of left anterior DLPFC (BA 46) and right PPC (r=-.81, p=.005) 

and the pair of right ITC and left FG (r=-.86, p=.002) during model periods of difficult 

and long trials, respectively. Lastly, disorganization symptom score also had significant 

negative correlations with the gamma phase synchrony of left posterior DLPFC (BA 9) 

with right FG (during model period of difficult trials: r=-.80, p=.005) and with right PPC 

(during model period of all trials: r=-.82, p=.004).  
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Figure 26. Scatter plots of schizophrenia symptom scores with the functional connectivity indices. The BPRS total score (global 

symptom severity) was positively correlated with the fMRI temporal correlation between the right anterior DLPFC and the left IFC in 

all condition (top row first column) as well as with the gamma phase synchrony between the right ITC and right FG during the model 

period of easy trials (bottom row first column). The positive symptom score was positively correlated with the gamma phase 

synchrony between the bilateral V1 during the model (top row second column) and delay (bottom row second column) period of 

difficult trials. The negative symptom score was negatively correlated with the gamma phase synchrony between the left anterior 

DLPFC and the right PPC during model period of difficult trials (top row third column) as well as the gamma phase synchrony 

between the left FG and the right ITC during model period of long trials (bottom row third column). The disorganization symptom 
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(Figure 26, cont.) 

score was negatively correlated with the gamma phase synchrony of the left posterior DLPFC with the left FG (top row fourth 

column) and the left PPC (bottom row fourth column).  
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DISCUSSIONS 

 

The global symptom severity was found to be associated with the increased 

fMRI functional connectivity between interhemispheric frontal regions as well as the 

decreased gamma phase synchrony between right ITC and right FG. Although the 

function of the interhemispheric frontal functional connectivity between the right 

anterior DLPFC and the left IFC in spatial working memory is not clear, schizophrenia 

patients showed significant phase synchrony between the right anterior DLPFC and left 

IFC in the all periods of spatial working memory, while controls did not (see Figure 

20~22). In addition, as shown in the study 1, patients had the task-related activation 

deficits in bilateral posterior DLPFC (BA 9) and right IFC, but not in anterior DLPFC 

(BA 46) and left IFC. Given that the anterior DLPFC and the left IFC were not 

associated with behavioral performance, the increased functional connectivity between 

these intact frontal regions in schizophrenia patients might reflect another unsuccessful 

compensatory effort to overcome cognitive control deficits associated with the 

dysfunctional posterior DLPFC (BA 9). On the other hand, as shown in the study 3, 

patients had higher gamma phase synchrony between the right ITC and the right FG 

while they had reduced gamma phase synchrony between PFC and ITC. Therefore the 

increased functional connectivity between these posterior visual areas was also 

considered to reflect a compensatory process. Taken together, the global symptom 

severity seems to be associated with the increased compensatory frontal connectivity as 

well as the decreased compensatory functional connectivity in posterior visual areas. 

Because of the fundamental difference between these functional connectivity indices due 
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to the different nature of the two neuroimaging data, however, such associations 

between the global symptom severity and the frontal and posterior compensatory 

functional connectivity mechanisms should be further investigated in a later study.  

The positive symptom score was found to be associated with the increased 

gamma phase synchrony between bilateral V1 in difficult trials. In other words, patients 

who had higher functional connections between bilateral primary visual cortices for 

spatial working memory of complex visual objects tended to have more positive 

symptoms. This is consistent with the previous finding of association between the 

positive symptoms and the increased EEG gamma phase-locking over occipital cortex 

(Spencer et al., 2004). The inappropriately high functional connections might be 

associated with abnormal visual processing, resulting positive symptoms with abnormal 

perceptions such as visual hallucinations.  

On the other hand, the negative symptom score was associated with reduced 

gamma phase synchrony of the pair of left anterior DLPFC (BA 46) and right PPC for 

difficult trials and the pair of right ITC and left FG for long trials. As shown in the study 

3, the left FG was found to have functional disconnection with the right ITC in the 

patients. Postmortem studies have found reduced anatomical connectivity in the white 

matter of the left DLPFC in schizophrenia patients (Akbarian et al., 1996), especially in 

those with deficit syndromes (Kirkpatrick, Messias, Conley, & Roberts, 2003). In 

addition, recent neuropsychological study with large schizophrenia sample reported that 

severity of negative symptoms was related to the left hemisphere cognitive deficits 

(Caligiuri et al., 2005). Given the left lateralized deficits associated with the negative 

symptoms, the functional disconnections of the left hemispheric spatial working memory 
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components with the right hemispheric component might represent the negative 

symptom specific functional dysintegration. The functional disconnections between 

these regions in schizophrenia patients might indicate that they could not actively recruit 

cognitive resources required for the task performance due to their left hemispheric 

deficits. Therefore, those functional disconnections might reflect not only cognitive 

deficits but also negative symptoms with psychomotor poverty in schizophrenia patients.  

Lastly, consistent with the hypothesis, the disorganization symptom score was 

found to be associated with the reduced gamma phase synchrony of the left posterior 

DLPFC (BA 9) with right PPC and right FG. That is, patients with less functional 

coordination of the left posterior DLPFC with posterior association areas tended to have 

more disorganization symptoms. As shown in the study 1~3, the left posterior DLPFC 

deficit was the most robust finding in schizophrenia patients, which was indexed by the 

task-related activation deficits, the deficient gamma frequency energy, and the deficient 

functional connectivity with other brain regions. The left posterior DLPFC deficit is 

considered to indicate top-down control or context processing deficit in schizophrenia 

patients. Less contextual input from the left posterior DLPFC might lead to not only 

cognitive deficits, but also disintegrated behaviors which are not regulated by top-down 

control or contextual information. Therefore, the deficient left posterior DLPFC 

functional connectivity with the task-related posterior cortices may represent the 

disorganization symptom specific functional dysintegration.  

 In summary, the aberrant interregional functional connectivity was differentially 

associated with specific schizophrenic symptoms. Given that the differential associations 

were found only in the interregional gamma synchrony measures, not in local gamma 
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energy and fMRI interregional temporal correlation measure, the long-range gamma 

synchrony seemed to be the most sensitive measure for clinical symptoms of 

schizophrenia. The very high correlations between them indicated that up to 70% of the 

variance of a specific schizophrenic symptom score can be predicted by a single long-

range gamma synchrony measure. These results suggest that the functional 

dysintegration is the critical factor to explain clinical symptoms of schizophrenia.  
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Chapter 9: Discussion and Conclusions 

 

 This article has attempted to test the functional dysintegration hypothesis of 

schizophrenia using multimodal neuroimaging data analyses. In this last chapter, the 

main findings of the study 1~4 will be brief summarized, and the neurobiological bases 

of the functional dysintegration syndrome in schizophrenia will be discussed. Lastly, the 

significance of the functional dysintegration syndrome in schizophrenia will be 

discussed with the implications and the limitations of the studies in the conclusion 

section.  

 

Discussion 

 

It was found that schizophrenia patients had dysfunctions in the prefrontal (i.e., 

DLPFC, IFC, and SMA), the posterior cortices (PPC, ITC, and V1), and the thalamo-

cortico-cerebellar system during spatial working memory task performance. In addition, 

they also found to have local and large-scale functional connectivity deficits in the 

spatial working memory network, which were indexed by the gamma energy deficits in 

the prefrontal and posterior cortices as well as the deficits in the interregional BOLD 

time-series temporal correlation and the long-range gamma phase synchrony between 

the prefrontal and posterior cortices. The specific functional connectivity deficits were 

associated with not only the spatial working memory task performance, but also the 

schizophrenic symptoms, such as positive, negative, and disorganization symptoms. 

These findings collectively corroborate that the functional dysintegration in the patients 
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with schizophrenia underlie the cognitive deficits and various schizophrenic symptoms. 

Recent neuroscience studies with various levels of analysis have also predominantly 

provided evidence of neurobiological basis of the functional dysintegration syndrome in 

schizophrenia. These approaches range from genetics to theoretical neuroscience, with 

distinct contributions to enhance our understanding of the complex nature of 

schizophrenia. In following sections, the neurobiological basis of functional 

dysintegration in schizophrenia will be discussed to provide a translational perspective 

linking the recent findings from various domains of studies for coherent understanding 

of schizophrenia as a functional dysintegration syndrome.  

 

Neurobiological Basis of the Functional Dysintegration Syndrome in Schizophrenia 

Neurodevelopmental Theory of Schizophrenia 

In the early 1980s, neurodevelopmental explanations of schizophrenia have 

emerged to emphasize the importance of neural misconnection, an aberration from 

normal brain maturation, in the epidemiology of the disorder. This neurodevelopmental 

aberration results from excessive synaptic pruning (Feinberg, 1982), brain damage in 

early life, or genetic abnormality (Goodman, 1989; Weinberger, 1987). Studies in 

developmental neuroscience have also revealed that synchronized synaptic activity is 

also important in brain development, suggesting the importance of neural synchrony in 

the normal development of brain. Katz and Shatz (1996) suggested that early in 

development, internally generated spontaneous activity sculpts neural circuits at the 

initial configuration of connections necessary for function and survival, and with 

maturation of the sensory organs, the developing brain relies less on spontaneous 
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activity and increasingly on sensory experience. Consistent with the classical Hebbian 

theory of synaptic plasticity, the latter neurodevelopmental mode is supported by 

experience dependent synaptic plasticity, which is associated with the long term 

potentiation (LTP) and depression (LTD) mechanism that play a crucial role in learning 

and memory. The fact that the symptomatology of schizophrenia is typically first 

observed in early adulthood suggests that the schizophrenic symptoms may caused by an 

abnormal modulation of experience dependent plasticity (Friston, 1998). In a theory of 

synaptic plasticity in schizophrenia, Friston (1996) also pointed out that synaptic 

plasticity and functional connection in neuronal dynamics are inseparable. The 

consolidation of synaptic specializations and neuronal processes are a direct function of 

neuronal activity, while neuronal dynamics are a function of the connectivity among 

units. Therefore, it was suggested that ‘dysplastic’ theories of schizophrenia and the 

‘disconnection’ theories are essentially equivalent, and the both theories can be 

understood in neurodevelopmental perspective.  

 

Anatomical Disconnection 

The observed functional dysintegrations can emerge from anatomical 

disconnections in either local synaptic circuitry or long-range pyramidal axons of 

reciprocal connections linking distant brain regions. The evidence have been provided 

by findings of post-mortem studies on cortical microcircuitry and diffusion tensor 

imaging (DTI) studies investigating structural connectivity of subcortical fiber tracts. In 

a series of post-mortem studies using a direct counting method, it was found that 

neuronal densities in the cerebral cortex of schizophrenia patients is increased, 
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especially in DLPFC (Selemon, Rajkowska, & Goldman-Rakic, 1995, , 1998). Increased 

neuronal density could result from either an increase in the total number of neurons or a 

reduction in the interneuronal neuropil, which is the space between neurons, exclusive of 

the volume occupied by cell bodies of neurons and glia. Given that the actual number of 

neurons in the cortex of schizophrenia patients is not changed (Pakkenberg, 1993), it 

was concluded that nuropil volume, the entanglement of axons and dendrites 

surrounding neurons, is diminished in schizophrenia, at least in the PFC. Consistent with 

this hypothesis, Glantz and Lewis (Glantz & Lewis, 2000) found dendritic spine density 

reduction in deep layer 3 pyramidal neurons in DLPFC of postmortem brains of 

schizophrenia patients, implying a reduction in excitatory synaptic input to pyramidal 

neurons. A loss of spines may contribute to the observed neuropil volume reduction. In 

addition to the synaptic circuitry deficits in pyramidal neurons, a reduction in the density 

of GABAergic interneurons has also been reported in the PFC and ACC of 

schizophrenia patients (Benes, McSparren, Bird, SanGiovanni, & Vincent, 1991). 

Reduction of axon cartridges of GABAergic chandelier cells was also observed in the 

PFC of schizophrenia patients, supporting a change in inhibitory interneuron circuits in 

schizophrenia (Pierri, Chaudry, Woo, & Lewis, 1999). These findings indicate a loss of 

synapses and intercellular connectivity deficit in schizophrenia, which may underlie 

localized metabolic activation deficits as well as local synchronous gamma oscillation 

deficits in schizophrenia.  

 On the other hand, many DTI studies have provided evidence for disturbed 

structural connectivity of subcortical fiber tracts in schizophrenia, by measuring the 

orientation of water diffusion along the axis of gross anatomical compartments 
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(diffusion anisotropy). The main findings of the DTI studies have identified major 

macrocircuit disconnectivities, which may account for the functional disconnectivities in 

schizophrenia. Buchsbaum et al (1998) reported that significantly lower diffusion 

anisotropy in the white matter of the PFC in schizophrenia patients than in normal 

controls, while Lim et al (1999) found the abnormal wide spread white matter anisotropy 

in schizophrenia, extending from frontal to occipital brain regions. Reviewing 18 DTI 

studies, Kubicki et al (2007) pointed out that decreased white matter anisotropy within 

prefrontal and temporal areas and within the fiber tracts between them (cingulum, 

arcuate, and uncinate fasciculus) are the most frequent findings. These abnormal fiber 

tracts may underlie the fronto-temporal functional disconnectivity, which is associated 

with the positive symptoms of schizophrenia, such as auditory hallucinations. However, 

there is considerable inconsistency in the results of the DTI studies, which may be 

caused by small sample sizes and the relatively low resolution and high noise of today’s 

diffusion scans compared to structural MRI (Kubicki, McCarley, & Shenton, 2005). 

Thus, to identify the possible white matter disconnectivities underlying the functional 

dysintegrations in schizophrenia, further systematic DTI investigation with larger 

sample size is required.  

 

Dysfunctional Neurotransmitter Systems in Schizophrenia  

As discussed above, cortical synaptic disconnectivity includes both excitatory 

pyramidal neurons and inhibitory interneurons, which are associated with two 

neurotransmitter systems of glutamate and GABA, respectively. The importance of 

glutamate in the epidemiology of schizophrenia was highlighted by the discovery that 
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the potent psychotomimetic drug phencyclidine (PCP) is an antagonist of the NMDA 

subtype of glutamate receptors (Javitt & Zukin, 1991). PCP caused hallucinations and 

psychosis in normal subjects and led to profound exacerbation of preexisting symptoms 

in patients with schizophrenia. Animal studies using selective blockade of NMDA 

receptors subunits also indicate a role for NMDA receptors in a wide spectrum of 

behaviors that are relevant to schizophrenia (Moghaddam & Adams, 1998). NMDA 

receptors synaptic channels have been also identified to provide a synaptic mechanism 

for dynamic coordination of distributed neuronal processing, with several important 

characteristics (Phillips & Silverstein, 2003): 1) synapses on both pyramidal cells and on 

inhibitory interneurons, 2) voltage-dependency allowing amplification of appropriate 

activity and suppression of inappropriate activity via inhibitory interneurons, 3) playing 

a major role in synaptic plasticity and the cascade of processes that underlie learning 

(LTP), 4) widespread distribution across all cortical regions. In addition, NMDA 

receptor has been believed to modulate GABAergic interneuron network activity, which 

plays a critical role in gamma synchronization. Whittington et al (1995) suggest the 

critical involvement of excitatory drive on interneurons in the generation of 

synchronized gamma activity. Therefore, a reduction of this recurrent drive may result in 

reduced recurrent inhibition, and a diminished ability of the network to entrain faithfully 

to a gamma frequency.  

 On the other hand, the dopamine system has long been a target of antipsychotic 

medication and predominantly involved in the theories of schizophrenia. Recently, 

cortical/subcortical dopamine imbalance theory has emerged to address the differential 

dopamine receptor activations in the PFC and the limbic system as the pathophysiology 
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of schizophrenia underlying various symptom dimensions (Abi-Dargham & Moore, 

2003). This theory postulated that subcortical mesolimbic dopamine projections may be 

hyperactive, resulting in hyper-stimulation of D2 receptors and positive symptoms, 

whereas mesocortical dopamine projections to the PFC may be hypoactive, resulting in 

hypo-stimulation of D1 receptors, negative symptoms, and cognitive impairment. 

Dopamine is also believed to be crucial in maintaining the balance of excitatory and 

inhibitory synaptic interactions in cortical microcircuits through modulation of the 

excitability of glutamate and GABA neurons. Seamans et al (2001) suggested that 

dopamine D1 signaling affects glutamate activity in part by enhancing NMDA-receptor-

mediated postsynaptic currents in prefrontal pyramidal neurons. In addition, in a study 

which showed the differential effects of the D1 and D2 receptor agonist on the 

GABAergic interneurons, it was also suggested that dopamine may also affect prefrontal 

pyramidal neuron activity indirectly via modulation of GABA interneurons (Seamans, 

Gorelova, Durstewitz, & Yang, 2001). Considering the modulatory role of dopamine on 

glutamate and GABA transmission, the abnormal cortical dopamine D1/D2 activation 

ratio may result in reduced signal-to-noise ratio of local cortical microcircuits in 

schizophrenia (Winterer & Weinberger, 2004). Taken as a whole, the disturbed 

dopamine-glutamate-GABA neurotransmitter systems may contribute to unstable 

cortical circuitry, which underlies the dysfunctional integration syndrome in 

schizophrenia.  

 

Genetic Basis of Functional Dysintegration in Schizophrenia 

The above mentioned neurobiological substrates, especially the disturbed 

neurotransmitter systems, have been known to be associated with genetic problems. 
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Recent molecular genetic studies have tested the importance of specific loci or genes in 

schizophrenia, usually by testing single-nucleotide polymorphism (SNPs), within or 

adjacent to a gene, and has found many candidate genes associated with schizophrenia. 

Based on the view of schizophrenia as a disorder of synaptic connectivity, Harrison and 

Weinberg (2005) considered the genes recently reported to be associated with 

schizophrenia. In this review, several genes were identified to be replicated to have a 

role in glutamate neurotransmission and stabilizing cortical microcircuitry, including 

Dysbindin (DTNBP1), Neuregulin 1 (NRG1), Regulator of G-protein signaling 4 

(RGS4), metabotropic glutamate receptor 3 (GRM3; mGluR3), and G72 (DAAO). 

Besides these genes, Catechol-O-methyl transferase (COMT) with a role in monoamine, 

especially dopamine, metabolism has been highlighted to contribute to cortical 

processing in the PFC by optimizing cortical signal-to-noise ratio (Egan et al., 2001; 

Winterer & Weinberger, 2004). On the other hand, allelic variants in the glutamic acid 

decarboxylase (GAD67; an enzyme synthesizing GABA) gene have also been reported 

to be associated with an increased risk for schizophrenia (Addington et al., 2005). Taken 

as a whole, these genetic bases for a dopamine-glutamate-GABA loop of molecular risk 

factor can underlie micro- and macrocircuit disconnectivity, which result in functional 

dysintegration syndrome of schizophrenia.  

 

Theoretical Neuroscience and Functional Dysintegration in Schizophrenia  

Several theoretical studies using computational simulation has also contributed 

to our understanding of the functional disconnection as a core pathophysiology of 

schizophrenia. This approach incorporates neurobiological and psychological data from 
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schizophrenia in a seamless model of the way in which representational processes 

emerge from assemblies of neuron-like processing elements (Stein & Ludik, 1998). 

Using parallel distributed processing (PDP) model, Cohen and Servan-Schreiber (1992) 

demonstrated that a disturbance in the internal representation of contextual information 

can provide a common mechanism for attention and language deficits in schizophrenia 

patients. In this model, the cognitive deficits can be modeled in terms of a ‘gain’ 

parameter, which effects on connection strengths between the network units. In other 

words, the gain parameter may correspond to the neuromodulatory effect of dopamine 

on synaptic efficacy in the PFC. Friston (1996) interpreted that this gain control deficit 

may lead to effective connectivity deficits in schizophrenia. Hoffman and McGlashan 

(1993; 2001) have introduced an ‘attractor’ neural network as models of associative 

memory and speech perception to emulate many phenomena similar to symptoms of 

schizophrenia. It was observed that application of a pruning rule (excessive pruning) that 

eliminate weaker connections over longer distances leads to functional fragmentation 

and the emergence of localized, ‘parasitic’ foci that intruded in network dynamics. The 

parasitic foci can be thought of as attractor states that are unaffected by activity in other 

parts of the system. Hoffman argues that various schizophrenic symptoms, including 

delusions of control, paranoid delusions, thought broadcasting, auditory hallucinations, 

and cognitive disorganization, can all be framed in terms of parasitic attractor, which is 

located at different levels of the neural networks. This model accounts for the 

mechanism of the emergence of autonomous and chaotic local dynamics in 

schizophrenic brain, in which such abnormalities result from excessive pruning and the 
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subsequent synaptic disconnectivity, providing a theoretical framework to support the 

functional disconnection hypothesis.  
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Conclusions 

 

Functional dysintegration in patients with schizophrenia has been observed in 

various levels of analysis, from studies of the phenotypic symptoms to the cognitive 

neuroscience studies. The neurobiological substrates of the deficits have also been 

identified, including composite genetic polymorphism, dysfunctional neurotransmitter 

systems, and anatomical disconnection in cortical micro- and macro-circuits. These 

findings have converged to corroborate the functional dysintegration as the fundamental 

deficits of schizophrenia, which was probed by the neurophysiological findings of 

functional disconnectivity in the present studies. Although those findings cannot be 

directly compared and incorporated, they contribute to support a conceptualization of 

schizophrenia as 1) a brain disorder characterized by an inefficient neural processing 

with a low signal-to-noise ratio (SNR) in cortical processing, 2) a disorder of temporal 

processing in distributed neural network, and 3) a disorder of context processing with 

functional dysintegration in the neural network. These conceptualizations are associated 

with the fundamental cognitive deficits in schizophrenia.  

 Deficits in synchronous gamma oscillations in schizophrenia underlie the 

unstable microcircuit processing. Desynchronized neural oscillation itself serves as a 

cortical noise to inhibit efficient functional integration in local neural networks, and 

further contribute to a failure of large-scale neural assembly that is mediated by long-

range phase synchrony in gamma frequency band. Neuroimaging findings of the 

diminished functional compartmentalization (Meyer-Lindenberg et al., 2005), the 

excessive core-rest integration (Foucher et al., 2005), or aberrant default mode network 
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functional connectivity may represent a macrocircuit counterpart of the low SNR in 

microcircuit processing. Winterer et al (2004) suggested that the increased PFC variance 

of scalp-recorded event-related activity (i.e. ‘noise’) and the unfocused BOLD response 

in schizophrenia patients are both related to a lack of synaptic local field potential (LFP) 

synchronization or ‘stability’ within cortical assemblies. The findings of the prefrontal 

and posterior cortical gamma energy deficits in this article may represent the unstable 

physiological response with low SNR in microcircuit processing, and predict more 

global deficits in the cortical functions of schizophrenia patients. The inefficient neural 

processing characterized by the low cortical SNR may underlie most of the cognitive 

deficits in schizophrenia, from sensory processing abnormality to disintegrated higher 

cognitive function.  

 As suggested by Singer and Gray (1995), the processing in the distributed neural 

network can emerge largely by adjusting the timing of discharges rathern than 

modulating discharge rates. The rhythmic discharges of neural firings in synchronized 

and desynchronized patterns allow various temporal coding in neural processes. The 

temporally correlated neural firing may enable the neural network to bind distributed 

neurons into coherently active assemblies, leading to the emergence of various 

behavioral functions with the dynamic interactions between the neurons. Specifically, 

gamma frequency oscillatory firing has an instrumental role as a carrier signal for the 

synchrony, which can be established by virtue of the high frequency oscillation to allow 

precise temporal tuning of grouped oscillations of the neurons. The present findings of 

the deficits in the local gamma energy and the interregional gamma phase synchrony in 

schizophrenia patients are indicative of the failure of functional integration due to 
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temporal processing deficits in the distributed neural network. Along with the temporal 

processing deficits in micro-circuit level, schizophrenia patients are also considered to 

have systems level temporal processing deficits. As shown in the study 1, schizophrenia 

patients showed functional deficits in the cortico-thalamic-cerebllar circuits, which have 

been involved in temporal processing. Through the feedback and feedforward 

projections to wide ranges of cortical regions, the thalamus and cerebellum have been 

identified to have a role in mediating the cortico-cortical interactions by providing rapid 

on-line processing across various cortical networks. The functions of the cortico-

thalmic-cerebellar circuits is believed to involve monitoring and coordinating the fluid 

execution of synchronous mental activity (Andreasen, Paradiso, & O'Leary, 1998). 

Therefore, the functional dysintegration syndrome in schizophrenia might emerge from 

the deficits in micro- and macro-level temporal processing, which contribute the 

fundamental cognitive deficits in schizophrenia.  

 Context enables a neural system to operate for a goal-directed behavior by 

influencing the salience of neuronal responses. In a cognitive coordination theory of 

schizophrenia, Phillips and Silverstein (2003) proposed to categorize the context into 

two types, such as a stimulus context and a task context. For a perceptual 

disambiguation or a Gestalt perception, the stimulus context modify decisions of signal 

detection by influencing the choice between possible interpretations, by making relevant 

signals more salient and grouping those that go together (Phillips & Singer, 1997). The 

locally specific contextual amplification can be produced by top-down feedback signals 

from the higher-order cognitive processing units. Gamma synchrony is thought to 

underlie such coordinated neural assembly, and thus support the stimulus context 
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processing. The failure of the stimulus context processing may result in abnormal 

perceptual and sensory processing in schizophrenia. The task context has the similar 

effect on a neural processing of salience by top-down strategic commands, and can be 

produced by processes of selective attention that depend on the demands of the task 

(Desimone & Duncan, 1995). Task context even modulates the effects of local stimulus 

context. As shown in the present studies demonstrating the role of the induced gamma 

synchrony within and between cortical regions in spatial working memory network, the 

induced gamma deficits of local and long-range phase synchrony in cortico-cortical 

network may underlie task context processing deficits associated with the cognitive 

deficits and schizophrenic symptoms. On the other hand, the task context processing 

deficit is mainly mediated by the PFC, especially the DLPFC. The PFC has been known 

to have a key role in goal-directed behaviors by producing and maintaining bias signals 

of context (Miller & Cohen, 2001). As observed in the present studies, the manifestation 

of the context processing deficits has been found to emerge as a lack of interregional 

interactions between the DLPFC and the posterior sensory association cortices. These 

abnormal anterior-posterior cortical interactions can be defined as a lack of prefrontal 

contextual input to the sensory association cortices, which results in the functional 

dysintegration associated with the contextual processing deficits.  

 The study 4 showed that the aberrant interregional functional connectivity 

patterns were strongly associated with the spatial working memory performance and the 

schizophrenic symptoms. In addition, the long-range gamma synchrony measures were 

differentially associated with the specific schizophrenic symptoms; the association of the 

excessive gamma phase synchrony between the bilateral primary visual cortices with the 
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positive symptom, the association of the deficient gamma phase synchrony between the 

left and right hemispheric spatial working memory components with the negative 

symptom, and the association of the deficient gamma phase synchrony between the left 

posterior DLPFC (BA 9) and the posterior association areas with the disorganization 

symptom. These results indicated that the functional dysintegration associated with the 

aberrant interregional gamma phase synchrony is the critical factor to explain the 

cognitive deficits as well as the specific clinical symptoms of schizophrenia. Given the 

strong and differential associations, the interregional gamma phase synchrony induced 

by cognitive task is considered to provide a promising measure of schizophrenic 

symptoms, with high sensitivity as well as specificity. This strong and symptom specific 

association was not found in the previous sensor level EEG/MEG gamma phase 

synchrony studies even with greater sample size. This suggests that the multimodal 

neuroimaging approach combining the advantages of the high spatial and temporal 

resolutions of the fMRI and MEG could provide accurate functional connectivity 

measures with the improved SNR. Further neuroimaging functional connectivity study 

using various cognitive tasks and the refined interregional gamma phase synchrony 

measures would be able to contribute to better understanding of the neural mechanism of 

the schizophrenic symptoms, establishment of improved neurophysiological measure of 

the neural substartes of the clinical symptoms, and the development of treatment method 

of the target symptoms.  

 The studies in this article have some limitations in terms of small sample size 

and the range of the brain regions included in the analyses. Inclusion of greater number 

of schizophrenia patients with variety of symptoms would be able to further enhance the 
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statistical power of the studies as well as the generalization of the findings to the 

population of the schizophrenia patients. In the cortical source MEG studies, only the 

cerebral cortical regions were included in the functional connectivity analyses due to the 

methodological limitations. The MEG signals and the distributed source imaging 

technique were unable to detect the neural activities in deep subcortical regions, such as 

thalamus, basal ganglia, and hippocampus. These regions were involved in spatial 

working memory and might have a critical role in functional integration for various 

cognitive functions. In future studies, the development of the method to measure entire 

brain activities including those of the subcortical areas would much enhance our 

understanding of the nature of the functional dysintegration syndrome in schizophrenia.  
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