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Fig. 1. Comparison of LORETA current density for delta band activity in patients with schizophrenia against normal control subjects as revealed by statistical non-parametric
mapping (SnPM) voxel-wise LORETA comparisons for independent samples. Positive, zero, negative t-values are represented in red, white and blue, respectively. A significant

increase (P<0.001) in the LORETA current density for delta band activity for patients is shown in the left inferior temporal gyrus (ITG), right middle frontal gyrus (MFG), right
superior frontal gyrus (SFG), right inferior frontal gyrus (IFG), and right parahippocampal gyrus (PHG).
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Fig. 2. Comparison of LORETA current density for theta (left) and alpha-2 (right) band activities in patients with schizophrenia against normal control subjects as revealed
by statistical non-parametric mapping (SnPM) voxel-wise LORETA comparisons for independent samples. Positive, zero, negative t-values are represented in red, white and
blue, respectively. A trend-level increase in the LORETA current density for theta (A) and alpha-2 (B) band activities is shown.
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Table 2

T. Itoh et al. / Neuroscience Research 70 (2011) 442-448

Maximum difference of EEG activity in different frequency bands between patients with schizophrenia and healthy control subjects.

Frequency band Extreme t-value P-value Extreme t-value: brain region predominantly involved
BA Region Right/Left
Delta (1.5~6.0Hz) 4,37 <0.0001 20 Inferior temporal gyrus L
Theta (6.5-8.5Hz) 2.74 0.04 8 Middle frontal gyrus R
Alpha-1 (8.5-10.0 Hz) 238 0.10 8 Superior frontal gyrus R
Alpha-2 (10.5-12.0Hz) 2.94 0.05 47 Inferior frontal gyrus R
Beta-1(12.5-18.0Hz) 0.96 0.42 37 Parahippocampal gyrus R
Beta-2 (18.5-21.0Hz) -1.75 0.19 34 Subcallosal gyrus R
Beta-3 (21.5-30.0Hz) -2.06 0.06 47 Inferior temporal gyrus R
6 Precentral gyrus L
7 Precuneus L
7 Precuneus L
29 Posterior cingulate L
Table 3
Spearman correlation coefficients between LORETA current density in discrete brain regions and SAPS and SANS Total score.
SAPS SANS
r P r P
Right superior frontal gyrus -0.20 n.S. -0.54 0.02
Right middle frontal gyrus -0.31 ns. -0.56 0.02
Right inferior frontal gyrus ~0.13 n.s. -0.52 0.03
Right parahippocampal gyrus ~0.05 ns. -0.50 0.04
Left inferior temporal gyrus -0.19 ns. -0.60 0.01

Another important finding in this study was that LORETA current
density of delta activity in the left ITG was negatively corre-
lated with severity of negative symptoms. Coutin-Churchman and
Moreno (2008) reported that alcoholic patients with depressive
symptoms showed significantly lower current density of delta band
activity in the left temporal cortical areas, as well as medial tem-
poral areas, including amygdala and hippocampus, compared to
non-depressed patients. On the other hand, right frontopolar cor-
tex and superior temporal cortex of depressed subjects showed
increased delta activity. They also found that current densities in
delta band activity at left parahippocampal cortex, left midfrontal
cortex and right frontopolar cortex were negatively correlated with
the Beck Depression Inventory (BDI) score. A negative correlation
between delta power in the frontal areas and the BDI score was also
reported in a magnetoencephalographic study (Wienbruch et al.,,
2003). These latter findings are in line with the results reported

here (Table 2), showing an association between enhanced delta
band activity and severity of negative symptoms, including affec-
tive disturbances.

Tislerova et al. (2008) reported that clozapine enhances LORETA
current source density for delta and theta bands activity in the
anterior cingulate cortex and medial frontal cortex in neuroleptic-
naive patients with schizophrenia. Another study (Gross et al.,
2004) reports that the greater improvement in negative symp-
toms by treatment with clozapine was associated with the larger
increase in 3.5-7.0 Hz power band activity in fronto-central areas.
Together with the link between the increased delta band activ-
ity in prefrontal cortex and fewer negative symptoms (Table 2),
the results of these previous studies suggest that an increase in
slow activity in specific brain regions may represent a compen-
satory mechanism against the pathological process intrinsic to
schizophrenia.
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Fig. 3. Correlations between LORETA current density and SANS Total score for respective ROIs in subjects with schizophrenia (see Section 3).
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Dang-Vu et al. (2008) found transient changes in brain activity
to be consistently associated with slow wave (>140 wV) and delta
wave (75-140 wV) during slow wave sleep (SWS) in 14 healthy
control subjects. Significant increases in activity were related to
these waves in several cortical areas, including the inferior tem-
poral, medial prefrontal, precuneus, and posterior cingulate areas.
Compared with baseline activity, slow waves were associated with
significant activity in the parahippocampal gyrus, cerebellum, and
brainstem, whereas delta waves were related to frontal responses
(Dang-Vu et al.,, 2008). They concluded that SWS is not a state of
brain quiescence, but rather is an active state during which brain
activity is consistently synchronized to the slow oscillation in spe-
cific cerebral regions (Dang-Vu et al,, 2008). Their results are in line
with our contention that slow waves, such as delta band activity,
may be an “active condition” which is likely to compensate for the
pathological conditions in schizophrenia.

Harmony et al. (1996) argued that an increase in delta EEG
activity during mental tasks may be related to subjects’ attention
to internal processing. Therefore, an increase of delta band activ-
ity might be related to a mechanism of reducing external input,
that is, subjects who are capable of reducing inputs might also
be able to cope better with psychosis, and have less secondary
negative symptoms. We also found a trend-level increase in theta
and alpha-2 band activities in patients with schizophrenia. Previ-
ous QEEG studies report an increase in theta activity in subjects
with schizophrenia. For example, Veiga et al. (2003) observed that
patients with chronic schizophrenia show increased delta and theta
frequency bands activity in brain areas, such as the right mid-
dle frontal gyrus, right inferior temporal gyrus, and right insula,
as well as bilateral anterior cingulate gyrus, using LORETA. These
previous data from chronic patients and the present results from
first-episode patientsindicate that increased slow activity in frontal
regions is independent of the clinical stage, and thus, intrinsic to
schizophrenia.

Some studies report an increase in the alpha power over the
frontal regions in schizophrenia (Nakagawa et al,, 1991; Kahn
et al, 1993). A recent analysis of the current density distribu-
tion also showed “anteriorization” of alpha activity in first-episode
schizophrenia (Begre et al., 2003), which is in partial agreement
with the current data showing a trend-level increase in alpha-2
band activity in the patients (Table 2, Fig. 2).

A major limitation in our study is the relatively small num-
ber of subjects. This might have confounded some of the present
results, e.g. correlations between delta band activities vs. negative
symptoms.

5. Conclusion

In conclusion, LORETA analysis of three-dimensional distribu-
tion of EEG current density suggest aberrant electrophysiological
activity in some brain regions, e.g. prefrontal cortex, is associated
with negative symptoms. Increased delta band activity, related to
fewer negative symptoms, may represent a response to the patho-
logical process intrinsic to schizophrenia.
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Chapter 7
Electrophysiological Imaging Evaluation
of Schizophrenia and Treatment Response

Tomiki Sumiyoshi, Yuko Higuchi, Toru Ito, and Yasuhiro Kawasaki

Abstract Neuroimaging data provide various insights into altered functions and
structures in the brain of subjects with schizophrenia. While some blood flow
measures, e.g. functional magnetic resonance imaging and positron emission tomog-
raphy, are characterized by high spatial resolutions, their time resolutions are in
the range of second order. In contrast, electromagnetic recordings, e.g. electroen-
cephalography (EEG) and magnetoencephalography, directly detect neural activity
that occurs in the range of milli-second order. In spite of its feasibility, analy-
sis with traditional EEG methods has been associated with the limited ability to
localize aberrant signals. However, the recent development of imaging technique,
such as low resolution electromagnetic tomography (LORETA) and its modified
versions (e.g. SLORETA), improves the spatial resolution of EEG at rest and event-
related potentials (ERPs), such as P300 and mismatch negativity by providing
three-dimensional distribution pattern of these electrophysiological activities. In this
chapter, the authors present recent findings from electrical neuroimaging studies of
schizophrenia in relation to the neural basis of psychotic symptoms and cognitive
deficits of the illness, as well as treatment response. These research areas are likely
to facilitate the development of practical and reliable biomarkers to predict symptom
severity, improve long-term outcome, and pave a new avenue to early intervention
of schizophrenia.

Keywords EEG - Event-related potentials - P300 - MMN - Neuro imaging -
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Abbreviations

AAPDs Atypical antipsychotic drugs

EEG Electroencephalography

LORETA Low resolution electromagnetic tomography
MMN Mismatch negativity

Introduction

There is considerable evidence for associations between social function-
ing/community outcome and cognitive function, as evaluated by neuropsycho-
logical tests, such as the MATRICS Consensus Cognitive Battery in patients
with schizophrenia [1]. Therefore, neural substrates underlying impaired cogni-
tive performance need to be elucidated, particularly for the deVelopment of novel
therapeutic methods for the illness.

While brain imaging methods based on blood flow, e.g. functlonal magnetic
resonance imaging and positron emission tomography, are characterized by high
spatial resolutions, their time resolutions are limited compared to neurophysiolog-
ical paradigms, e.g. electroencephalography (EEG) and magnetoencephalography.
Specifically, electrophysiological biomarkers, such as EEG and event-related poten-
tials (ERPs), have been suggested to provide objective indices of cognitive dysfunc-
tion in schizophrenia, and be more sensitive to drug-induced changes compared with
other functional imaging modalities [2].

Recent development of imaging technique, such as low resolution electromag-
netic tomography (LORETA) [3] and its modified versions (e.g. SLORETA) [4],
has improved the spatial resolution of ERPs, e.g. P300 and mismatch negativity
(MMN), by providing three-dimensional distribution pattern of these electrophysio-
logical activities. This chapter provides recent findings from electrical neuroimaging
studies on neural basis for psychopathology of schizophrenia as demonstrated by
current source imaging of EEG and ERPs in discrete brain areas, and response to
psychotropic drugs in relation to cognition and functional outcome.

LORETA Imaging of EEG in Schizophrenia

Scalp distributions of EEG power of various frequency bands are generally ambigu-
ous [5], and depend on the reference sites used. Therefore, numerical analyses,
such as dipole source modeling, are required to obtain precise locations of EEG
generators.

LORETA has been developed to provide three-dimensional tomography of brain
electrical activity, which only requires simple constraints (“smoothness of the solu-
tion”), and predetermined knowledge about the putative number of discernible
source regions is not necessary (Fig. 7.1). With this method, brain electrical data
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Fig. 7.1 Concept of low resolution electromagnetic tomography (LORETA) developed by
Pascual-Marqui [3]. Three-dimensional imaging of LORETA values [mA/mm?] is derived from
2394 voxels of the whole brain [8]

with high time resolution are transformed into functional imaging of brain activi-
ties, since brain electrical activity can be analyzed separately for the different EEG
frequency ranges. LORETA has also been widely used for statistical comparisons of
intracranial current density distributions between control subjects and patients with
neuropsychiatric disorders [6, 7].

Previous investigations [3, 8] suggest that enhanced delta band activity in the pre-
frontal cortex is associated with the pathophysiology of schizophrenia. Specifically,
negative symptoms have been associated with structural impairment in the pre-
frontal cortex, and have been hypothesized to arise from decreased dopaminergic
activity in this brain region [9]. These observations indicate a role for prefrontal
cortex in the generation of negative symptoms. With these backgrounds, we sought
to determine if some components of EEG, such as delta band activity, would be
increased in brain areas relevant to the pathophysiology of schizophrenia, e.g.
prefrontal cortex.

As shown in Fig. 7.2 comparisons of current source density, as represented by
LORETA values, between patients with schizophrenia and healthy control subjects
revealed a significant increase in delta band activity for patients, with a maximum
difference found at the left inferior temporal gyrus. A significant increase in delta
band activities was also found for the right middle frontal gyrus, right inferior frontal
gyrus, right superior frontal gyrus, and right parahippocampal gyrus. These data
suggest LORETA analysis of three-dimensional distribution of EEG current density
provides a measure of aberrant electrophysiological activity specific to the brain
regions responsible for the manifestation of negative symptoms.
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Fig. 7.2 LORETA current source density of delta band activity is increased in schizophrenia
(P < 0.001, Bonferoni correction) : '

P300 Current Source Imaging ahd;:Psychopathology

Reduced amplitude of the P300 component during the auditory oddball task is one
of the most consistent findings in patients with schizophrenia [10-12] (Fig. 7.3).
However, little information is available about exact relationship between the clinical
symptomatology of schizophrenia and the neurophysiological disturbances underly-
ing the P300 abnormality. It is reasonable to assume that anatomically distinct neural
substrates responsible for positive or negative symptoms independently contribute
to the generation of the P300 component, because this ERP measure is thought to
be a composite representation of neural activity in anatomically distinct generators
[13-16].

To test this hypothesis, LORETA was used to compute the voxel-wise distri-
bution of brain electrophysiological activity of the P300 component in order to
identify brain regions in which the P300 current density is correlated with severity
of psychotic symptoms of schizophrenia. Then, we applied the statistical paramet-
ric mapping (SPM) methods [17] to LORETA current density images of the P300
component [18, 19].
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Fig. 7.3 Impaired P300, an event-related potential (ERP), as an endophenotypic marker of
schizophrenia. In the right figure, black lines represent data for normal controls, while blue and
red lines indicate data for patients before and after treatment with olanzapine, respectively

Results of the SPM one-sample t-test showed that P300 sources are localized
in the bilateral medial frontal and medial parietal cortex, bilateral superior tempo-
ral gyrus (STG), right temporo-parietal junction, and left lateral prefrontal cortex.
With regard to the relationship between the P300 current density and the BPRS Total
score, voxel-based whole brain analysis without any hypothesis identified peak vox-
els of significant negative correlation located at the left STG and right medial frontal
region. As shown in Fig. 7.4 (left), statistically significant voxels formed clusters
within these brain regions. Mean current density values of the cluster in the STG
elicited significant relationships with the Positive subscale score Fig. 7.4 (right).
On the other hand, current density values of the cluster in the medial frontal region
revealed a significant relationship with the Negative subscale score.

These findings indicate pathological neural activities of anatomically distinct
generators contribute to the generation of the abnormal P300 component [20]. Our
data were consistent with the proposal that negative symptoms are associated with
neural deficits in the frontal lobe, while those in the temporal lobe are responsible
for positive symptoms [21-23]. Taken together, the present results support the con-
cept that the abnormal functional connectivity of fronto-temporal neural network
plays a crucial role in the pathophysiology of schizophrenia [24-27].
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Fig. 7.4 Severity of psychotic symptoms is correlated with P300 current source density in discrete
brain regions: A LORETA study [20]

ERPs Activity in Discrete Brain Regions and Effect
of Neuroleptic Treatment

P300 amplitudes have been reported to be diminished in patients with schizophrenia,
which differs in its effect size topography across the midline and temporal electrode
sites [11, 28]. Specifically, Kawasaki et al. [29] found negative correlations between
auditory P300 amplitudes and severity of psychotic symptoms of schizophrenia.
Renoult et al. [30] report a positive correlation between differences in P300 ampli-
tudes at temporal sites (T4-T3) and severity of positive symptoms and worse global
functioning, consistent with the association between low P300 amplitudes and ver-
bal memory deficits in schizophrenia [31, 32]. We reported the first observation that
P300 current source density, as evaluated by LORETA, is decreased in several brain
regions, especially the STG, precentral gyrus, middle frontal gyrus, and presumes
(all in the left side) in patients with schizophrenia as compared with normal con-
trols (Fig. 7.5) [33]. Our findings have been confirmed by an independent group of
investigators [34].

Cognitive function, such as verbal memory, attention, and executive function, is
a major determinant of outcome in patients with schizophrenia [35, 36]. The second
generation antipsychotics, or so-called “atypical antipsychotic drugs (AAPDs)”,
have been found to partially improve cognitive disturbances of schizophrenia [37].
There is accumulated evidence for the ability of AAPDs, e.g. clozapine, olanzapine,
risperidone, quetiapine, melperone, and ziprasidone and perospirone to ameliorate
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Fig. 7.5 Statistical non-parametric mapping on LORETA images of P300 current density.
LORETA values in the marked areas in the left hemisphere were lower for schizophrenia patients
compared to control subjects (P < 0.001) [33]

cognitive impairments in patients with schizophrenia (reviewed by Sumiyoshi et al.
[38]), although their effects have been under scrutiny [39—41]. So far, there is
limited information about the neurophysiological mechanisms underlying the abil-
ity of neuroleptic treatment to modulate cognitive performance in subjects with
schizophrenia.

Umbricht et al. [42] found that treatment with clozapine but not haloperi-
dol increased P300 amplitudes in patients with schizophrenia. Subsequently,
Niznikiewicz et al. [43] observed an increase in P300 amplitudes in left temporal
electrodes during treatment with clozapine, indicating a region-specific response
to pharmacological treatment. We conducted clinical trials [33, 44] to determine if
decreased P300 current source density in brain regions responsible for the genera-
tion of psychopathology, such as the left STG and prefrontal cortex, is recovered by
long-term treatment with olanzapine, and if this change in P300 activity is correlated
with improvement of cognitive performance and functional outcome in patients with
schizophrenia.

As shown in Fig. 7.6 LORETA images of P300 from patients at baseline elicit
lower P300 current density in the left hemisphere compared with normal controls.
However, after 6-months treatment with olanzapine, P300 current density in the
STG was increased, and the left-dominant laterality pattern of P300 current source
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Fig. 7.6 LORETA images of P300; effect of olanzapine trgatfnent;"Six—month treatment with
olanzapine enhanced P300 current source density in the left’STG;(inc\ligéted by arrows) [33]

density was noted, which is similar to the pattern of healthy controls [33, 44].
Moreover, significant correlations were noted between changes of verbal memory
performance and LORETA values of the left STG, and between changes of quality
of life and LORETA values of the left middle frontal gyrus (Fig. 7.7) [33]. These
observations suggest that changes in cortical activity, as measured by EEG, are
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Fig. 7.7 (A) Changes in P300 current source density in the left STG by olanzapine were correlated
with improvement in verbal memory, as measured by the Japanese Verbal learning Test (JVLT).
(B) Changes in P300 current source density in the left middle frontal gyrus by olanzapine were
correlated with improvement in quality of life, as measured by the Quality of Life Scale (QLS)
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responsible for the ability of some antipsychotic drugs to improve cognitive and
functional status in patients with schizophrenia.

From the clinical point of view, it is meaningful to examine the effect of type
of antipsychotic drugs on the pattern of ERPs activation, as these compounds have
been reported to possess differential profiles in terms of binding affinity for var-
ious neurotransmitter receptors [45]. Specifically, postmortem studies report that
the serotonin-5-HT1A receptor density is increased in prefrontal cortical areas in
subjects with schizophrenia [46, 47], suggesting altered 5-HT1A receptor-mediated
transmission in this brain region [48, 49]. This concept is in agreement with clinical
observations that augmentation therapy with 5-HT1A partial agonists, e.g. buspirone
and tandospirone, enhanced the performance on some neuropsychological tests rep-
resenting frontal lobe function in patients with schizophrenia [38, 50]. Therefore, it
is conceivable that neural activity in frontal cortical regions would be enhanced by
treatment with antipsychotic drugs with agonist actions at 5-HT1A receptors, such
as perospirone [45], in patients with schizophrenia.

Using the same treatment paradigm as in the olanzapine study, above, we inves-
tigated the effect of perospirone on P300 current source density, as evaluated by the
sLORETA method [4], in patients with schizophrenia, and examine the relationship
between changes of P300 activity vs. performance on a cognitive task measuring
the ability to evaluate component actions of social situations, which is related to
frontal lobe function. As shown in Fig. 7.8 comparison of P300 current source den-
sity between baseline and 6-month after the start of treatment revealed a significantly
enhanced neural activity in the left superior frontal gyrus, while conventional assess-
ment of P300 amplitudes and latency were not significantly changed [51]. Some
of the subjects studied here had been pre-treated with other antipsychotic drugs,
including olanzapine, which are devoid of a noticeable affinity for 5-HT1A recep-
tors. Therefore, our observations with perospirone provide further support to the

Fig. 7.8 Effect of perospirone on P300 current source density in patients with schizophrenia.
Six-month treatment with perospirone enhanced P300 activity in the left superior frontal gyrus
(comparison of P300 SLORETA values between before and after 6-month treatment) [51]
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Fig. 7.9 ERP waveforms in response to the odd-ball tasks (rare-target)

concept that stimulation of 5-HT1A receptors may mediate the ability of this agent
to increase P300 current source density in the left prefrontal cortex.

Mismatch negativity (MMN) is another component of ERPs generated in
response to occasional variations of acoustic stimuli (Fig. 7.9) and is suggested
to reflect pre-attentive cognitive operations [52]. We recently found the addition
of tandospirone, a 5-HT1A partial agonist and anxiolytic [50, 53], was effective
for enhancing MMN [54]. This is consistent with previous reports that 5-HT1A
agonists, e.g., tandospirone [50, 53, 55], buspirone [38], and perospirone [51, 56],
ameliorated cognitive deficits related to frontal and temporal lobe function in
subjects with schizophrenia.

Conclusions and Future Directions

Neuroimaging of ERP components, such as P300 and MMN, are also expected to
provide an objective diagnostic tool. We conducted discriminant function analysis
of multivariate linear model using the statistical parametric mapping (SPM) in order
to construct an optimal model to distinguish between healthy controls and patients
with chronic schizophrenia [57] (Fig. 7.10). Although the classification power was
not enough due, possibly, to the fact that these patients were mixed in terms of
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Spatial
pattern

Fig. 7.10 The general scheme of discriminant function analysis of multivariate linear model
(MLM) using the statistical parametric mapping [57]

treatment status [57], application of this method to drug-naive subjects with first
episode schizophrenia and those at the prodromal stage is likely to facilitate early
intervention into the illness.

In conclusion, the utilization of neuroimaging methods enhances spatial resolu-
tion of electrophysiological evaluation, e.g. ERPs, which would provide feasible and
reliable biomarkers, objective assessments of psychosis and cognition, and predic-
tive measures of treatment response, and facilitate early diagnosis and intervention
of schizophrenia.
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