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Difficulty concentrating due to hypersensitivity to
environmental noises

- Question: How often in the past month have you had
difficulty concentrating while reading or studying
because of environmental noises that bothered you?

- Answer: (0) never, (1) rarely, (2) often, (3) always

Other variables
Alcohol

- Question: Have you drunk any alcoholic beverages
within the past month?
- Answer: (0) not at all, (1) once or more

Smoking

- Question: Have you smoked any cigarettes within the
past month?
- Answer: (0) not at all, (1) once or more

Recreational drugs

- Question: Have you ever used any recreational drug?
- Answer: (0) not at all, (1) once or more

Amount of time spent watching TV and/or using
personal computers

- Question: How many hours on average do you spend
watching TV and/or using personal computers every day?
- Answer: (0) none, (1) less than one hour, (2) one to two
hours, (3) two to three hours, (4) more than three hours

Being bullied

- Question: Have you been the victim of bullying
within the past year?
- Answer: (0) no, (1) yes

Violence from adults in the home

- Question: Within the past month, have you been the
victim of violence from an adult or adults living in
your household?

- Answer: (0) no, (1) yes

Preference for being alone or with others
- Question: Do you prefer being alone or being with

others?
- Answer: (1) being alone, (2) being with others

The number of people you can confide in

- Question: How many people do you know that you
can confide in about your worres and problems?

- Answer; (0) none, (1) one, (2) two, (3) three, (4) four
or more :

Current contact with medical services

- Question: Do you currently use any medical services
to treat any disease or injury you might have?
- Answer: (0) no, (1) yes
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Abstract

Neurobiological mechanisms for social skills acquisition in schizophrenia remain largely unknown. We investigated whether an
electrophysiological index of cognitive function predicts the degree of training-related social skills improvement in schizophrenia.
Thirteen patients with schizophrenia underwent assessment of mismatch negativity (MMN) event-related potentials, followed by
participation in a 3-month social skills training. Larger right frontal/temporal MMN current density values elicited by across-
phoneme change were significantly associated with individual degrees of improvement in total social skills scores as assessed by a
structured role play test. Although preliminary, these results suggest that phonetic MMN could be an index of social skills

acquisition in patients with schizophrenia.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Cognitive dysfunction is one of the core features of
schizophrenia (Andreasen et al., 1999), and is more
closely related to social and functional outcome than are
clinical symptoms (Green, 1996). In psychiatric reha-

* Corresponding authors. Tel.: +81 3 5800 9263; fax: +81 3 5800
6894,
E-mail addresses: yukik-tky@umin.ac.jp (Y. Kawakubo),
kasaik-tky@umin.ac.jp (K. Kasai).

bilitation, social-skills training has been effective in
improving social skills in patients with schizophrenia
(Liberman et al., 1986). However, neurobiological
mechanisms underlying social skills acquisition in
schizophrenia remain largely unknown. Although
evidence suggests that verbal memory and vigilance
assessed by mneuropsychological tests predict social
skills acquisition in schizophrenia (Green, 1996),
relationships between cognitive function at the neuro-
Pphysiological level and social skills acquisition have not
been investigated other than in pioneering work by our -
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group that showed an association between event-related
potential (ERP) indices of selective attention (N2b and
P300) and social functioning assessed by a single-time
evaluation (Ikebuchi et al., 1996; Iwanami et al., 1999;
Ohno et al., 2000).

Mismatch negativity (MMN) is an ERP component
elicited approximately 150—200 ms after the onset of
physically deviant auditory stimuli in identical and
repeated sequences (Nédtidnen et al., 1978), and can be
an index of the process of detection of acoustic changes
or auditory sensory memory in humans. Many investi-
gators have reported a reduction in tone-MMN ampli-
tude in schizophrenia (Shelley et al., 1991; Javitt et al.,
1998; Catts et al., 1995; Hirayasu et al., 1998; Kasai et
al., 1999a,b; Michie et al., 2000, although see
O’Donnell et al., 1994). Recently, Kasai et al. (2002)
found patients with schizophrenia showed more deficits
in MMN elicited by across-phoneme change in speech
sounds (i.e., change between vowels /a/ versus /o/) than
phoneme- or tone-duration MMN. These results are
compatible with the hypothesis that cognitive dysfunc-
tion in schizophrenia is best characterized as that in
language-related function (Saykin et al., 1994; McCar-
ley et al., 1999). Light and Braff (2005a) showed that
lower tone-duration MMN amplitude was significantly
associated with lower scores on global assessment of
functioning in patients with schizophrenia. Thus, MMN
deficits may represent a core neurophysiological
dysfunction linked to global impairments in everyday
functioning in schizophrenia. However, evaluation of
social functioning was made at single time point, and
thus whether MMN can predict social skills acquisition
is unknown. :

Accordingly, the present study aimed to investigate
the relationship between MMN and degree of social
skills acquisition following 3-month training in patients
with schizophrenia. We predicted that across-phoneme
MMN would be more tightly coupled with social skills
acquisition than phoneme- or tone-duration MMN.

2. Method
2.1. Subjects

Thirteen outpatients with schizophrenia (9 males and 4
females; mean age=27.9 [S.D.=4.0]) were recruited from
the Day-treatment Unit, Department of Neuropsychiatry,
University of Tokyo, Japan. All patients had participated
in our previous ERP study (n=23) (Kasai et al., 2002). All
were right-handed (Edinburgh inventory; Oldfield, 1971).
Diagnosis of schizophrenia was made by structured
clinical interview for DSM-IV axis I disorder clinical

version by one trained psychiatrist (K.K.). The mean
duration of illness was 7.4years (S.D.=4.3), and the
mean score of patients’ IQ (Wechsler adult intelligence
scale-revised; WAIS-R) was 89.8 (S.D.=11.4). All of
the patients received typical neuroleptics alone, the
mean dose being 421.2mg/day (chlorpromazine
equivalents; S.D.=251.9). All patients were clinically
stable, and their psychiatric symptoms were evaluated
by K. K. using the Positive and Negative Syndrome
Scale (PANSS) (Kay et al., 1987) before social skills
training. The mean scores for positive symptoms, nega-
tive symptoms and general psychopathology were 10.8
(S.D.=3.4), 16.8 (§.D.=5.8), 30.5 (8.D.=7.5), respec-
tively. After a complete description of the study to the
subjects, written informed consent was obtained.

2.2. ERP procedure

ERPs were recorded within 1month before the
participation in the social skills training program.
Subjects were presented with auditory stimulus
sequences consisting of standard stimuli (n=1080;
probability=90%) and deviant stimuli (n=120;
P=10%) delivered binaurally through headphones in
random order. The interstimulus interval (ISI) was
510+£20ms. The subjects were instructed to watch a
silent film and to ignore the stimuli.

The experiment consisted of three conditions, (1)
tone-duration MMN condition (1000Hz; 70dB SPL;
rise/fall time, 10ms; standard, 100-ms duration; deviant,
50-ms duration), (2) phoneme-duration MMN condition
(standard, Japanese vowel /a/ with a 150-ms duration;
deviant, /a/ with a 100-ms duration) and (3) across-
phoneme MMN condition (standard, Japanese vowel /a/
with a 150-ms duration; deviant, /o/ with a 150-ms
duration). These vowel stimuli were spoken by a native-
Japanese-speaking actor, digitized using the NeuroStim
system (NeuroScan Inc., USA), and edited to have
duration of 100 or 150ms, loudness of 70dB SPL and
rise/fall time of 10ms. The frequency spectra for the
vowels were as follows: /a/, formant (F) 0=140Hz,
F1=760, F2=1250, F3=2750, F4=3600; /o/,
FO0=140Hz, F1=480, F2=770, F3=2820, and
F4=3600. The order of the three conditions was
counterbalanced across the subjects.

2.3. ERP recording

The EEG recording procedure was described in detail
elsewhere (Kasai et al., 1999a,b, 2002). Briefly, EEGs
were recorded via a 128-electrode cap (Neurosoft, Inc.),
referred to the tip of the nose. The analysis period was
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512 ms, including a 64-ms pre-stimulus baseline. After
the artifact rejection (amplitude>50 pV, electrooculo-
gram amplitude>150.uV), the average waveforms were
obtained separately for deviant and standard stimuli.
The mean number of accepted responses was approx-
imately 100 for all the subjects.

The MMNs were measured in difference waveforms
obtained by subtracting ERPs of standard stimuli from
those of deviant stimuli. The scalp current density
(SCD) computation strengthens near electric fields and

- filters out far electric fields; thus, it is suitable for
differentiating multiple generators of the activities near
the cortical surface. The topographic EEG and SCD
mapping methodologies employed have been described
in detail elsewhere (Kasai et al., 1999a,b). Briefly, for
the 104 channels in the 10—20 system the scalp potential
was reconstructed by spherical spline interpolation. The
SCD distributions were then obtained by computing the
spatial derivatives of the spherical spline functions used
in the potential map interpolation. We conducted
quantitative assessment of SCD using a method similar
to that proposed by Giard et al. (1990). The detailed
definition was described in our previous paper (Kasai
et al., 2002). Briefly described, we calculated individual
SCD values for the right temporal (T) component of the
tone-duration condition, and left temporal (T) and right
frontal/temporal (F/T) component complex of the other
two conditions. The SCD sink values were calculated by
averaging values over 10—12 channels around each
region.

2.4. Evaluation of social skills acquisition

A social skills training program was administered to
patients with schizophrenia once a week for approxi-
mately 3months. The program was provided according
to the medication self-management module (Liberman,
1988). Social skills were assessed before and after the
training period using a structured role play test (Ikebuchi
and Anzai, 1995; Ikebuchi et al., 1996; Ohno et al.,
2000). During the role play test, the subjects first viewed
a scene of videotaped social interaction and were then
required to-indicate the problems presented in the scene,
and the social goal of the scene. Responses were
assessed for information receiving and processing skills.
Subjects were then instructed to perform a role play with
one of the testers, which was recorded on a videotape for
subsequent evaluation by raters blind to individual
subjects. After the role play, a tester questioned each
subject to appraise his/her information-processing skills.
A total of 12 parameters were evaluated. Two parame-
ters were assessed through questioning before and after

the role play: social perception and making alternative
decisions: Ten parameters were assessed via videotaped
role plays: eye contact, facial expression, emotional
expression, voice loudness, voice tone, maintaining con-
versation, fluency of conversation, clarity of message,
social validity of the interaction and goal attainment. A
high interrater reliability between two independent
raters was obtained (intraclass correlation coefficient:
0.74-0.96). The total social skills scores were calculat-
ed, and the difference between scores pre- and post-
training was defined as the index of social skills
acquisition.

2.5. Statistical analyses

The effect of social skills training was examined by
paired t-test for social skills scores at pre- and post-
training. Spearman’s correlation with Bonferroni cor-
rection was used in the analyses of the relationships
between social skills acquisition and five SCD values.

3. Results
3.1. Pre-post change in social skills

There was no significant difference between the
social skills score post- and pre-training (¢;, ;2=—0.325,
P=0.75). This result suggests that the patients’ social
skills were not overall improved by the.-3-month training
(Table 1).

3.2. Correlational analysis

A significant correlation was, however, observed
between social skills acquisition and right F/T SCD
values under the across-phoneme condition (r=—0.690,
uncorrected P=0.009; corrected P=0.045) (Fig. 1).
There were no significant correlations between social

Table 1
MMN current density values and social skills scores

Mean (S.D.)

-5.87 (3.6)uA/m’
—6.56 (4.5)uA/m’

Tone-duration MMN Right T
Phoneme-duration MMN Left T

Right F/T —3.46 (3.7)uA/m’
Across-phoneme MMN Left T -5.71 (3.2)uA/m?
Right F/T -0.27 (2.7)uA/m’
Social skills score’ Pre-training 150.62 (17.5)
' Post-training 151.85 (21.0)
Acquisition 1.23 (13.6)

MMN, mismatch negativity; T, temporal; F/T, frontal/temporal.



264 Y. Kawakubo et al. / Psychiatry Research 152 (2007) 261-265

40.

g
>

g sof
c
o
]
3
o
(3]
o
2
x
[}
;
Q
Q L]
7]

-4 -2 0 2 4

6
(nA/m3)
Right frontaltemporal SCD values for across-phoneme MMN

Fig. 1. Scatter plot depicting a relationship between right frontal/
temporal scalp current density (SCD) values for across-phoneme
mismatch negativity (MMN) and the degree of social skills acquisition
in patients with schizophrenia (n=13).

skills acquisition and any other SCD values (corrected
P>0.21).

4. Discussion

To our knowledge, this is the first study to identify a
significant relationship between MMN and social skills
acquisition in patients with schizophrenia. In addition,
consistent with our hypothesis, MMN in response to
across-phoneme change in speech sounds was more
tightly associated with social skills acquisition than that
in response to change in duration of a vowel or a pure
tone. Kraus et al. (1998) suggested that phonetic MMN
showed an increase as a result of cognitive discrimina-
tion training; thus it may be an index of language-related
plasticity in the central nervous system. Our results
suggest that language-related processing in schizophre-
nia may be a predictor for social skills acquisition in
schizophrenia. The MMN-social skills acquisition
relationship is important for understanding individual
differences in the effectiveness of social skills training
and neurobiological mechanisms underlying social
skills acquisition in schizophrenia. However, this
conclusion should be regarded to be tentative, since
the results were derived from a small sample size and
based on one significant correlation parameter. More-
over, previous studies high test—retest stability of tone-
duration MMN in healthy subjects (Kathmann et al.,
1999) and in schizophrenia (Light and Braff, 2005b).
However, no studies including our study have investi-
gated the stability of across-phoneme MMN in schizo-
phrenia. To establish across-phoneme MMN as a useful
metric to predict social skills acquisition, longitudinal
stability should be tested in future studies.

Social skills acquisition was correlated with the right
frontal/temporal SCD component in the phoneme-
across condition. While the bilateral temporal compo-
nents of MMN are thought to reflect auditory sensory
memory function, the right frontal SCD component may
reflect the automatic attention-orienting process (Giard
et al,, 1990) and/or the top down, modulatory control
(Alho et al., 1994) to facilitate human processing of
complex signals with higher information content, such
as phonemes. The reason for a lack of correlation
between social skills acquisition and left temporal SCD
for across-phoneme MMN, which represent auditory
sensory memory function for speech sounds, is not clear.
One reason may be that the right SCD, a combination of
temporal and frontal components, may reflect more
global ability of change detection process of speech
sounds than left temporal SCD.

The main limitations of our study are: (1) small
sample size, (2) social skills in patients with schizo-
phrenia were not significantly improved as the 3-month
training period was too short to promote social skills as a
whole. Thus, further studies using a larger sample and
longer-term training will be needed.
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ORIGINAL ARTICLE

Progressive and Interrelated Functional
and Structural Evidence of Post-Onset Brain

Reduction in Schizophrenia

Dean F. Salisbury, PhD; Noriomi Kuroki, MD, PhD; Kiyoto Kasai, MD, PhD;

Martha E. Shenton, PhD; Robert W. McCarley, MD

Context: Progressive brain abnormalities in schizophre-
nia remain controversial. Evidence of interrelated pro-
gressive functional impairment would buttress the case
for structural progression. Mismatch negativity (MMN)
is reduced in chronic but not first-hospitalized schizo-
phrenia and may index progressive structural changes.

Objective: To determine whether MMN shows associa-
tions with underlying auditory cortex gray matter at first
hospitalization and progressive reduction longitudinally.

Design: Cross-sectional (first hospitalization) and lon-
gitudinal (1.5-year follow-up).

Setting: A private psychiatric hospital.

Participants: Protocol entrance: MMN and magnetic reso-
nance imaging at first hospitalization in 20 subjects with
schizophrenia, 21 subjects with bipolar disorder with psy-
chosis, and 32 control subjects. Longitudinal electrophysi-
ologic testing: MMN in 16 subjects with schizophrenia, 17
subjects with bipolar disorder, and 20 control subjects. Lon-
gitudinal electrophysiologic testing and magnetic reso-
nance imaging: MMN and magnetic resonance imaging in

11 subjects with schizophrenia, 13 subjects with bipolar -

disorder, and 13 control subjects. At each time point, re-
ported samples were group matched for age, handedness,
and parental socioeconomic status.

Interventions: Electrophysiologic testing and high-
resolution structural magnetic resonance imaging.

Main Outcome Measures: Mismatch negativity am-
plitude and Heschl gyrus and planum temporale gray mat-
ter volumes.

Results: Initially, groups did not differ in MMN ampli-
tude. Subjects with schizophrenia showed associations
between MMN and Heschl gyrus (r=-0.52; P=.02) not
present in the other groups. At longitudinal MMN test-
ing, schizophrenia showed MMN reduction (P=.004).
Only schizophrenia evinced longitudinal left hemi-
sphere Heschl gyrus reduction (P=.003), highly corre-
lated with MMN reduction (r=0.6; P=.04).

Conclusions: At first hospitalization for schizophre-
nia, MMN indexed left hemisphere Heschl gyrus gray mat- -
ter volume, consistent with variable progression of pre-
hospitalization cortical reduction. Longitudinally, the
interrelated progressive reduction of functional and struc-
tural measures suggests progressive pathologic pro-
cesses early in schizophrenia. An active process of pro-
gressive cortical reduction presents a potential therapeutic
target. Mismatch negativity may be a simple, sensitive,
and inexpensive index not only of this progressive patho-
logic process but also of successful intervention.

Arch Gen Psychiatry. 2007;64:521-529

CHIZOPHRENIA 1S A CHRONI-
cally debilitating disease, typi-
cally striking during young
adulthood. Approximately
50% of patients will not re-

chose the name dementia praecox, or pre-
cocious dementia, for the syndrome. Krae-
pelin conceived of an early-onset dement-
ing disorder with progressive mental
deterioration due to degeneration of the

Author Affiliations are listed at
the end of this article.

main employed even part-time after their -

first hospitalization.' With the cost of treat-
ment and care factored in, the disease has
an enormous impact on society. Al-
though most now agree that the bizarre
manifestations of schizophrenia stem from
brain abnormalities, disagreement about
its course exists. Whether schizophrenia
includes progressive brain degeneration
- has been controversial since Kraepelin? first

frontal and temporal neocortices. Shortly
thereafter Bleuler,’ renaming the syn-
drome schizophrenia, disagreed with in-
variable cognitive and structural decline,
emphasizing cases with recovery. More
than 100 years later, the issue has not been
resolved. Whether schizophrenia in-
volves progressive brain change is more
than an esoteric issue: Progressive change
presupposes an active process that can be
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targeted pharmacologically before it has completed its in-
sidious attack, whereas static brain lesions reflect the end
stage of completed deterioration.

Evidence of prenatal and perinatal complications*” and
little evidence of progressive brain degeneration in chroni-
cally ill patients®” have argued against a degenerative course
in schizophrenia. Dominant theories of schizophrenia pro-
pose a static encephalopathy, whereby some early lesion
interacts with other areas later during neurodevelopment,
causing psychosis.® However, several lines of structural and
functional evidence indicate greater-than-normal age-
related cortical gray matter volume reductions in chronic
schizophrenia, including greater-than-normal slowing of
event-related brain potentials,® greater-than-normal ven-
tricular enlargement,'® and greater-than-normal gray mat-
ter volume reduction.'!'? Nevertheless, studies of patients
with chronic schizophrenia tested long after disease onset
have not provided overwhelming evidence of progressive
brain abnormalities. In contrast, magnetic resonance
imaging (MRI) studies of patients early in the disease pro-
cess provide greater evidence of progressive changes, in-
cluding progressively increased ventricle size,'>¢ progres-
sively reduced whole brain volume and whole gray
matter,'>'"'® and progressively reduced frontal gray mat-
ter and temporal gray matter as well as increased sulcal ce-
rebrospinal fluid.'*'*% Progressive cortical gray matter loss
during adolescence in childhood-onset schizophrenia has
also been reported.'*

Our group reported marked progressive reductions in
left temporal lobe gray matter,?%* consistent with data from
monozygotic twins discordant for schizophrenia showing
marked temporal lobe reductions only in affected twins.?
After first hospitalization, schizophrenia is characterized
by progressive left hemisphere temporal lobe volume re-
ductions. Whether the right hemisphere also shows pro-
gressive changes later in the early course of the disease is
unknown, but markedly left-lateralized temporal lobe gray
matter reductions remain in chronically ill patients with
schizophrenia.?® This sizable left hemisphere cortical gray
matter reduction in the first few years after first hospital-
ization is the strongest empirical evidence of an active de-
generative course in schizophrenia. This progressive cor-
tical reduction may be nonlinear, with a circumscribed
period of intense cortical reduction surrounding the first
psychotic break abating after a few years.”?® Although the
structural MRI data present strong evidence of this period
of intense degeneration near symptom onset, it has been
variable, and the validity of the longitudinal MRI data has
been questioned, perhaps being affected by confounds such
as between-image differences in brain hydration® or medi-
cation effects. 22032

1f schizophrenia involves such a period of progres-
sive cortical gray matter reduction near first hospitaliza-
tion, then longitudinal testing of first-episode patients
should reveal not only progressive reductions of brain
structure but also progressive worsening of functional
measures of the integrity of the shrinking cortical areas.
The presence of interrelated structural and functional ab-
normalities, via 2 independent methods, would bolster
the case for progressive cortical reduction. Auditory mis-
match negativity (MMN), a bioelectric brain index of func-
tional echoic memory processes arising mainly from the

temporal lobe auditory cortex in and around Heschl gy-
rus,>* is reduced in chronic schizophrenia*=® but not
in first-hospitalized patients.*® We herein provide the first
prospective longitudinal evidence of interrelated pro-
gressive functional and structural brain abnormalities near
schizophrenia onset, reflected in progressive voltage re-
duction of the MMN brain wave that is strongly corre-
lated with progressive gray matter volume loss in the left
hemisphere Heschl gyrus, which contains most, if not all,

of the primary auditory cortex.**#

B METHODS e

EVENT-RELATED POTENTIAL RECORDING

Event-related brain potentials were recorded from the scalp ac-
cording to the method described in detail by Salisbury et al.*
Briefly, the electroencephalogram was recorded from the scalp
from 28 sites, including the standard 10-20 sites and 8 inter-
polated sites, passed between 0.15 and 40 Hz, and referenced
to linked earlobes. Bipolar vertical electro-oculograms (above
and below the right eye) and horizontal electro-oculograms (left
and right canthi) were also recorded to monitor eyeblinks and
movements. Activity exceeding +50 pV at Fpl/2 or F7/8 was
considered artifact and was rejected. Epochs were constructed
50 milliseconds before to 300 milliseconds after a 100-
millisecond tone pip (10-millisecond rise/fall) was presented.
Tones were presented 3 per second (1600 total) while sub-
jects performed an asynchronous visual checkerboard rever-
sal tracking task. Mismatch negativity amplitude was mea-
sured from the midline anterior site (Fz), where it is typically
largest. Amplitude was quantified as the mean voltage from 100
to 200 milliseconds in the subtraction waveform constructed
by removing the brain activity to standard, repetitive stimuli
(1 kHz, 95%) from the brain response to rare, deviant stimuli
(1.2 kHz, 5%).

MAGNETIC RESONANCE IMAGING

Magnetic resonance images were obtained and measured ac-
cording to the method described in detail by Kasai et al.”! The
primary anatomical structures of interest were the left and right
Heschl gyri, containing primary and portions of secondary au-
ditory cortices.** The planum temporale, the posterior gyrus
containing secondary and tertiary auditory association corti-
ces, was also measured bilaterally. Magnetic resonance images
were obtained using a 1.5-T scanner (GE Medical Systems, Mil-
waukee, Wis) using 2 acquisition protocols. A 3-dimensional
Fourier transform spoiled gradient-recalled acquisition proto-
col produced a coronal series of contiguous images (repeti-
tion time, 35 milliseconds; echo time, 5 milliseconds; repeti-
tions, 1; nutation angle, 45°; field of view, 24 cm; number of
signals acquired, 1.0; and matrix, 256 X 256 [192 phase-
encoding steps] X 124). Voxels were 0.9375X 0.9375 X 1.5 mm.
Data were reformatted into isotropic voxels of 0.9375 mm. The
second acquisition resulted in an axial series of contiguous
double-echo (proton-density and T2-weighted) images used to
assess intracranial contents (repetition time, 3000 millisec-
onds; echo time, 30 and 80 milliseconds; field of view, 24 c¢m;
and interleaved acquisition with 3-mm slice thickness). Vox-
els were 0.9375 X 0.9375 X 3 mm.

SUBJECTS

Patient recruitment and diagnostic procedures are described in
detail by Salisbury et al.** Subjects were recruited from Mclean
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Hospital inpatient units at their first hospitalization for psycho-
sis or within 1 year of their first hospitalization for psychosis (n=72;
range, 0-11 months; mean, 1.7 months; and median, 2 weeks).
Provisional research diagnoses were established at protocol en-
trance via the Structured Clinical Interview for DSM-IV, and di-
agnoses were reassessed at longitudinal testing for subjects who
returned for follow-up. This was a fully longitudinal design. Sub-
jects were tested at protocol entrance and again during the early
course of their disease. 1deally, all subjects would have com-
pleted electrophysiologic and MRI retesting, but some were lost
to follow-up. In addition, some subjects who completed retest-
ing were culled to match samples. Patient sample overlap among
studies is presented in Figure 1.

For MMN and MRI at protocol entrance, first-hospitalized
patients represent a subsample of the patients reported by Sal-
isbury et al’® in addition to patients recruited subsequently. At
protocol entrance, 16 (22%) of 72 patients refused or could not
tolerate MRI. Matched first-episode patients in this analysis were
tested 6 months or less from their first hospitalization (n=41;
range, 0-6 months; mean, 1 month; and median, <1 week) and
comprised 20 subjects with first-episode schizophrenia (3 fe-
males; mean+SD age, 24.5+6.5 years; mean +SD parental so-
cioeconomic status [SES],* 1.85+0.9; with 14 receiving atypi-
cal neuroleptics, 1 receiving traditional neuroleptics, 3 receiving
both, and 2 unmedicated) and 21 subjects with first-episode
psychotic bipolar disorder, mania (4 females; mean+SD age,
21.8+5.0 years; mean +SD parental SES, 1.52+0.9; with 14 re-
ceiving atypical neuroleptics, 1 receiving atypical and tradi-

tional neuroleptics, and 6 receiving no antipsychotic medica- -

tion). A group of 32 psychiatrically well subjects (10 females;
mean+SD age, 24.1+3.7 years; mean+SD parental SES,
1.53+0.8) from the general population served as controls.
Samples did not differ significantly on age, parental SES, or hand-
edness.®® All groups were above average in intelligence (Wech-
sler Adult Intelligence Scale-R* information subscale, group
means >12). Patient samples did not differ in mean+SD over-
all symptom severity as measured using the Brief Psychiatric
Rating Scale (BPRS)* (first-episode schizophrenia: 37.3+13.2;
first-episode psychotic mania: 32.9+10.7; P=.25).

Subjects with psychosis were reassessed approximately a year
and a half after protocol entrance (specific intervals are re-
ported for each study). Subjects with psychosis lost to fol-
low-up testing (37/72 [51%]) did not differ from retested sub-
jects with psychosis in mean+ SD age (returned: 23.3+ 5.4 years,
lost: 25.2+7.8 years; t;=1.2; P=.24), total BPRS scores (re-
turned: 36.1+11.7; lost: 34.1+10.0; t;s=0.8; P=.46), medica-
tion dosages (returned: 192.4£189.1; lost: 215.4+ 188.3; t;,=0.5;
P>.6), SES (returned: 3.1+1.2: lost: 3.5+ 1.2; t,;,=1.3; P=.20),
or parental SES (returned: 1.7+0.8; lost: 1.9+ 1.2; t;;=0.6; P=.56)
measured at protocol entrance. However, subjects with psy-
chosis lost to follow-up had lower mean+SD scaled Wechsler
Adult Intelligence Scale information scores (returned: 13.4£2.7,
lost: 11.5£2.9; ts;=2.8; P=.006), although both groups were
well above average in estimated premorbid intellect. Also, sub-
jects with psychosis lost to follow-up had worse social func-
tioning (mean=SD Global Assessment of Functioning scale
scores: returned: 37.3+8.3; lost: 31.1x8.3; t,=3.1; P=.003),
although both groups had major impairments in several areas
of social functioning and reality testing.

All returning subjects with psychosis remained at least
mildly impaired at retesting compared with premorbid func-
tioning. Of the 35 subjects with psychosis who returned for
retesting, 8 (23%) were inpatients at retesting, and 16 (46%)
had been rehospitalized subsequent to protocol entrance.
There were no significant differences in MMN amplitudes at
retest between subjects with psychosis rehospitalized ever
and those who maintained outpatient status in either patient

group.

FE Schizophrenia FE Bipolar Disorder

Protocol Entrance n=31 Protocol Entrance n=41
Study 1 ' Study 1
T1 MMN and MR T1 MMN and MRI
n=20 n=21
Study 2 Study 3 Study 2 Study 3
Retest MMN Retest MMN Retest MMN Retest MMN
n=16 and MRI n=17 and MRi
n=11 n=13

Figure 1. Venn diagram of the patient sample overlap among the 3 studies.
FE indicates first-episode; MMN, mismatch negativity; MRI, magnetic
resonance imaging; and Tt, time 1.

The first comparison of longitudinal data is for MMN, which
more subjects with psychosis tolerated at retest. The mean MMN
retest interval did not differ significantly (subjects with schizo-
phrenia, 1.7 years; subjects with bipolar disorder, 1.3 years; and
control subjects, 1.4 years; F, 5,=0.80; P=.46). The matched lon-
gitudinal MMN retesting subjects with psychosis (n=33) were
tested within 1 year from their first hospitalization (range, 0-11
months; mean, 1.7 months; and median, <1 week) and com-
prised 16 subjects with schizophrenia (3 females; mean+SD age,
26.4+8.1 years; mean+SD parental SES, 1.8+0.7) and 17 with
psychotic bipolar disorder, mania (2 females; mean+SD age,
22.4+3.6 years; mean+SD parental SES, 1.5+0.7), compared
with 20 psychiatrically well control subjects (4 females;
mean=+SD age, 24.5+ 4.1 years; mean +SD parental SES, 1.4+0.6).
Retest electrophysiologic samples did not differ significantly
on age, parental SES, or handedness.

At longitudinal retesting, 5 (14%) of 35 subjects refused or
could not tolerate MRI. For combined longitudinal MMN and
MRI retesting, the mean MMN retest interval did not differ sig-
nificantly between groups, but there was a slight trend for sub-
jects with bipolar disorder to have a shorter MMN retest inter-
val (subjects with schizophrenia, 1.7 years; subjects with bipolar
disorder, 1.1 years; and control subjects, 1.4 years; F,3,=2.63;
P=.09). The mean MRI retest interval did not differ signifi-
cantly among groups (subjects with schizophrenia, 1.7 years;
subjects with bipolar disorder, 1.3 years; and control subjects,
1.4 years; F,3,=0.8; P=.46). The matched longitudinal MMN
and MRI retesting subjects with psychosis (n=24) entered the
protocol within 1 year from their first hospitalization (range,
0-11 months; mean, 2.1 months; and median, 2 weeks) and com-
prised 11 subjects with schizophrenia (2 females; mean+SD age,
26.0+7.9 years; mean +SD parental SES, 2.0x0.6; 4 were tak-
ing atypical medications, 4 were noncompliant, and 3 were not
prescribed antipsychotic medications by their outside treat-
ers) and 13 subjects with psychotic bipolar disorder, mania (3
females; mean+SD age, 22.1+3.3 years; mean +SD parental SES,
1.8+0.8; 7 were taking atypical medications, 3 were noncom-
pliant, and 3 were not prescribed antipsychotic medications by
their outside treaters), compared with 13 psychiatrically well
control subjects (4 females; mean+SD age, 23.5+£2.7 years;
mean+SD parental SES, 1.4+0.7). Samples did not differ sig-
nificantly on age, parental SES, or handedness.
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Table. MMN Amplitudes and Absolute MRI Volumes*
MMN MMN MMN Left HG Left HG Left HG Right HG  Right HG  Right HG
Time 1 Time 2 Change Time 1 Time 2 Change Time 1 Time 2 Change
Protocol entrance
Schizophrenia (n = 20) -3.841+254 NA NA 1.61+0.39 NA NA 1.4110.38 NA NA
Psychotic bipolar disorder -2.88 + 1.50 NA NA 1.83+0.44 NA NA 1.68 + 0.50 NA NA
(n=21)
Controls (n = 32) -3.82 + 2.67 NA NA 2,02 +0.40 NA NA 1.66 + 0.37 NA NA
MMN follow-up
Schizophrenia (n = 16) -425+272 -2.84+1.89 -1.41+165 NA NA NA NA NA NA
Psychotic bipolar disorder -3.32+1.55 -3.51+272 0192224 NA NA NA NA NA NA
(n=17)
Controls (n = 20) -3.80+1.87 -418+1.40 038150 NA NA NA NA _ NA NA
MMN and MRI follow-up
Schizophrenia (n = 11) -435+£232 -290+192 -146+0.94 1831050 1.72+0.48 -0.113+0.08 1.57+0.51 156+ 0.48 -0.01+0.05
Psychotic bipolar disorder -3.04 +1.20 -3.08:093 005:1.35 1.78:0.28 1.78+0.28 -0.001+0.12 1.76 +0.32 1.73+0.33 -0.04+0.08
(n=13)
Controls (n = 13) -4.09+1.86 -447+144 039:+1.63 1.80:037 1.76+0.32 -0.03+0.07 1.86+0.33 1.82+0.34 -0.05+0.06

Abbreviations: HG, Heschl gyrus; MMN, mismatch negativity; MRI, magnetic resonance imaging; NA, not applicable.

*Data are given as mean + SD.

ANALYSES

For the analysis of MMN at protocol entrance, groups were com-
pared using 1-way analysis of variance (ANOVA). For the analy-
sis of relative Heschl gyrus volumes (percentage of intracranial
contents) at protocol entrance, groups were compared using re-
peated-measures ANOVA, with hemisphere as the within-
subjects factor. Associations between MMN amplitude and
Heschl gyrus and planum temporale absolute gray matter vol-
umes were assessed using Pearson correlations. Comparisons
‘of r values between groups were assessed using directional
z-transforms. For longitudinal MMN testing, repeated-measures
ANOVA with diagnosis as the between-subjects factor and time
as a within-subjects factor tested for overall effects. Subse-
quently, nonparametric Wilcoxon signed rank tests were per-
formed to assess longitudinal effects within groups. Wilcoxon
signed rank tests rank the magnitudes of differences in each sub-
ject, thus preserving the ordinal magnitude of changes while also
emphasizing the number of subjects showing a change. This is
particularly important if significant change is driven by a sub-
group of subjects: to claim that a group of patients shows pro-
gressive reductions, most, if not all, should show reduction. Pair-
wise t tests within groups were also performed. For combined
longitudinal MMN and MRI testing, repeated-measures ANOVA
with diagnosis as the between-subjects factor and time as a within-
subjects factor tested for overall effects on MMN and on relative
Heschl gyrus volumes with the additional factor of hemisphere.
Subsequently, nonparametric Wilcoxon signed rank tests and
t tests within groups were performed to assess longitudinal ef-
fects. To assess the associations between MMN change and abso-
lute left hemisphere Heschl gyrus change, Pearson correlations were
used. Change in MMN was calculated as follows: time 1 MMN -
time 2 MMN, because MMN is a negative voltage, and Heschl change
was calculated as follows: time 2 volume - time 1 volume. Thus,
negative change scores mean worsening. Comparisons of r values
between groups were assessed using directional z-transforms. The
distributions of change scores in each group were compared with
random distributions using the x* goodness-of-fit test to determine
whether groups differed from random distributions.

The MMN and Heschl gyrus values for each study are
given in the Table. Study 1 examined MMN and Heschl

gyrus gray matter volumes cross-sectionally at first hos-
pitalization for psychosis. First-hospitalized subjects with
schizophrenia, first-hospitalized subjects with bipolar dis-
order, and psychiatrically well control subjects did not
differ in MMN amplitude at initial testing (F,7=1.2;
P=30). Groups differed in relative Heschl gyrus gray mat-
ter volumes (F, 70=5.8; P=.005), and all groups had larger
gray matter volumes in the left hemisphere (side:
F,70=18.1; P<.001). Follow-up ANOVA revealed that
first-hospitalized subjects with schizophrenia had re-
duced relative Heschl gyrus gray matter volumes rela-
tive to controls (F, 50=11.7; P=.001) and relative to first-
hospitalized subjects with bipolar disorder (F,3,=6.9;
P=.01). Psychiatrically well controls and first-hospi-
talized subjects with bipolar disorder did not differ in rela-
tive Heschl gyrus gray matter volumes (F, 5,=0.2; P=.89).
Subjects with schizophrenia showed a significant asso-
ciation between MMN amplitude at the mid-frontal site
(where it is largest) and their left hemisphere Heschl gy-
rus gray matter volume (r=-0.52; P=.02) (Figure 2).
Pairwise directional z-transform comparisons indicated
that the association between MMN and left Heschl gy-
rus gray matter volume in first-hospitalized subjects with
schizophrenia was significantly different from the asso-
ciation in the other groups (P<<.05 for all). In schizo-
phrenia, the association between MMN and left hemi-
sphere Heschl gyrus gray matter volumes was different
from the correlation in the right hemisphere (-0.18) at
trend level (P=.06, Fisher z-transform), and no associa-
tions with the left or right planum temporale were ap-
parent. There were no significant associations between
MMN and any region of interest in the other groups. How-
ever, these cross-sectional data are only indirect evi-
dence of an active period of brain reduction in schizophre-
nia near first hospitalization and can alternately be explained
by variable severity of perinatal insult. Only prospective lon-
gitudinal testing from first hospitalization can definitively
demonstrate a progressively worsening abnormality.
Study 2 examined MMN longitudinally. Groups did not
differ in overall MMN amplitudes (F, 5,=0.63; P=.54). How-
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Figure 2. Magnetic resonance imaging—defined regions of interest and correlations with mismatch negativity (MMN) at first hospitalization.

A and B, Three-dimensional magnetic resonance imaging constructions of major subdivisions of the superior temporal plane. Heschl gyri (dark blue and dark
green) mainly contain the primary auditory cortex. The planum temporale (light blue and yellow-green) contains secondary and tertiary auditory association
cortices. The left side of the figure is the left hemisphere. Note the larger left hemisphere planum temporale. C, At first hospitalization, despite mean MMN
amplitudes within the normal range, subjects with schizophrenia showed an abnormal relationship between MMN and underlying left hemisphere primary auditory
cortex volumes, consistent with some degree of prehospitalization cortical volume reductions in some subjects with schizophrenia. HG indicates Heschl gyrus;

colored lines, regression line.

ever, groups showed different changes in MMN ampli-
tudes over time (group X time, F,5,=4.97; P=.01). Only
subjects with schizophrenia showed progressive reduc-
tions in MMN (Figure 3). Wilcoxon signed rank tests re-
vealed that 14 of 16 subjects with schizophrenia showed
smaller MMN amplitudes at retest (Z=2.9; P=.004). By con-
trast, 8 of 17 subjects with bipolar disorder (Z=0.2; P=.83)
and 12 of 20 control subjects showed MMN reduction
(Z=0.5; P=.60), essentially chance. These findings were
confirmed using within-group t tests, where subjects with
schizophrenia showed significant MMN reductions (t,,=3.4;
P=.004) but those with bipolar disorder (t,,=0.4; P=.73)
and control subjects (t,o=1.1; P=.27) did not.

Study 3 examined subjects receiving both MMN and
MRI longitudinal testing. Groups did not differ in over-
all MMN amplitudes (F, 3,=2.16; P=.13), and there were
significantly different changes in MMN over time in the
groups (group X time, F, ;4,=6.06; P=.006). Wilcoxon
signed rank tests revealed that 10 of 11 subjects with
schizophrenia showed smaller MMN amplitudes at re-
test (Z=2.8; P=.004), whereas only 6 of 13 subjects with
bipolar disorder (Z=0.04; P=.97) and 7 of 13 control sub-
jects (Z=0.5; P=.60) showed MMN reduction. These find-

ings were confirmed using within-group t tests, in which
subjects with schizophrenia showed significant MMN re-
ductions (t,,=5.2; P<.001) but those with bipolar dis-
order (t1,=0.12; P=.90) and control subjects (t;,=0.85;
P=.41) did not. For Heschl gyrus gray matter volumes,
groups did not differ in relative gray matter volumes
(Fy34,=0.97; P=.39), but there were significantly differ-
ent changes in gray matter over time in the groups re-
stricted to 1 hemisphere (group X hemisphere X time
interaction, F;3,=4.88; P=.01). Separate ANOVAs iso-
lated the differential changes to the left hemisphere (group
X time interaction, F, ,=4.52; P=.02), not the right
(group X time interaction, F,;,=0.86; P=.43). Wil-
coxon signed rank tests revealed that 11 of 11 subjects
with schizophrenia showed reduction (Z=2.9; P=.003).
In contrast, only 6 of 13 subjects with bipolar disorder
(Z=1.2; P=.25) and 8 of 13 control subjects (Z=0.1;
P=.92) showed reduction, essentially chance. These find-
ings were confirmed using within-group t tests, in which
subjects with schizophrenia showed signilicant left
Heschl gyrus gray matter reductions (t,,=4.5; P<<.001)
but those with bipolar disorder (t,,=1.47; P=.17) and con-
trol subjects (t,,=0.05; P=.96) did not.
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Figure 3. At longitudinal retesting, subjects with schizophrenia, who showed normal mean mismatch negativity (MMN) initially, now show significant reduction in
MMN. Control subjects and subjects with bipolar disorder showed essentially no change in MMN amplitude
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Figure 4. Relationship of mismatch negativity (MMN) amplitude reduction and left hemisphere primary auditory cortex gray matter volume loss. Whereas the
subjects with bipolar disorder and control subjects cluster around 0 in both MMN amplitude change and gray matter change, those with schizophrenia are almost
exclusively contained in the negative quadrant defined by MMN reduction and gray matter loss. HG indicates Heschl gyrus; colored lines, regression line.

Of primary importance was the tight interrelation-
ship between the progressive reductions of MMN am-
plitude and left hemisphere Heschl gyrus gray matter vol-
umes in schizophrenia. These reductions were highly
correlated in subjects with schizophrenia (r=0.62; P=.04)
but not in those with psychotic bipolar disorder or con-
trol subjects (Figure 4). In the schizophrenia group, the
correlation between left hemisphere cortical gray mat-
ter change and MMN change was different from the cor-
relation between right hemisphere change and MMN
change (-0.12), attaining marginal significance (P=.06).
Recall, however, that right Heschl gyrus volumes showed
no significant change over time. The association be-
tween MMN decrement and left Heschl gyrus gray mat-
ter volume decrement in subjects with schizophrenia was
significantly different from the association in the other
groups (P<<.05 for all). No significant associations with
the left or right planum temporale were apparent. Fur-

thermore, nearly all of the subjects with schizophrenia
were in the quadrant defined by both MMN reduction
and Heschl gyrus reduction. Assuming a chance distri-
bution around the 2 dimensions, the expected random
distribution would be 25% per quadrant. Neither con-
trol subjects nor those with bipolar disorder differed sig-
nificantly from a random distribution (x*<1 in each
group; P> .8 for all). By contrast, subjects with schizo-
phrenia were extremely different from a random distri-
bution (x*=23.6; P<.001).

B coMMnT

Several results support the presence of an active period
of peri-onset cortical reduction in schizophrenia. At first
hospitalization, only subjects with schizophrenia showed
an abnormal brain volume-brain activity correlation be-
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tween left hemisphere Heschl gyrus gray matter cortical
volume and MMN amplitude, despite normal group mean
amplitude and gray matter volume. This is consistent with
asimilar association between MMN and Heschl gyrus vol-
ume in chronic schizophrenia.*® Subjects with psy-
chotic bipolar disorder and control subjects likely had
substantially more cortex than necessary 1o generate MMN
and, hence, no statistical relationship between the size
of their cortex and the size of their electrical response.
The abnormal brain structure-function relationship at first
hospitalization is consistent with progressive cortical re-
duction before the emergence of psychotic symptoms and
cannot be explained by medication effects because most
subjects were only acutely medicated after hospitaliza-
tion. However, subjects with abnormally small MMN and
Heschl gyrus volumes may well have had those abnor-
malities from birth, and only longitudinal testing can prove
progressive reductions.

Longitudinal testing of MMN showed that nearly all
subjects with schizophrenia showed MMN amplitude re-
duction and left hemisphere Heschl gyrus gray matter vol-
ume reduction. Of primary importance was a tight rela-
tionship between MMN reduction and gray matter loss.
Highly related progressive abnormalities of functional and
structural measures are present in schizophrenia after the
first hospitalization. Therefore, MMN at initial hospital-
ization may serve as an index of the course of prehospi-
talization brain reduction in schizophrenia, and MMN
subsequently may index continued cortical volume re-
duction.

Our ideas about the causes and course of schizophre-
nia need be readdressed. In the static lesion model of
schizophrenia, which has been highly influential, pre-
natal or perinatal developmental abnormalities or in-
sults form a primary static lesion with emergence of symp-
toms in young adulthood due to dysfunction of brain areas
maturing later in life.® Alternative theories of combined
early static and late progressive lesions have been pro-
posed (eg, see Waddington et al’” and Pantelis et al*®),
wherein the prenatal or perinatal neurodevelopmental ab-
_ normality interacts with some form of late-adolescent cor-
tical gray matter reduction synergistically to cause psy-
chosis. The MRl and MMN data from this study support
the presence of a late progressive lesion.

The underlying biological mechanism of this late le-
sion is unknown. The schizophrenic brain as revealed
through postmortem histologic examination is charac-
terized by increased cell density,*® smaller somal size,>
reductions in the dendritic spines® in the tertiary fron-
tal cortex, and smaller somal size® in the temporal cor-
tices. These data indicate that schizophrenia is not char-
acterized by classic neural degeneration but rather by a
process of neuronal volume reduction that primarily in-
volves dendrites.**?* Several candidate mechanisms for
this reduction in dendrites have been suggested, includ-
ing glutamatergic excitotoxicity®> and synaptogenesis
abnormalities.>**

1f glutamate plays a role in the late progressive le-
sion, there may be good reason why MMN seems to be a
sensitive index of this process. Mismatch negativity re-
flects current inflow in N-methyl-D-aspartate glutamate
receptors® and is reduced in healthy individuals after

N-methyl-D-aspartate antagonists.®° The relationship
among MMN, N-methyl-D-aspartate glutamate recep-
tors, and dendrite physiology may be especially impor-
tant for understanding the brain abnormalities of schizo-
phrenia. The association between MMN and progressive
gray matter volume reduction has novel clinical impli-
cations; early pharmacologic intervention to prevent pro-
gressive cortical gray matter reduction may be tracked
via the relatively noninvasive measurement of MMN am-
plitude.

Several caveats should be considered. Retest MRI may
be confounded by changes in hydration and perfusion
between images,” and medication may be associated with
changes in cortical volumes, equivocally both in-
creases® and reductions.>'*? Subjects in this study were
generally taking atypical medications, recently related to
less cortical gray matter reduction.’ Comparison of sub-
jects with schizophrenia who were taking atypical medi-
cations at follow-up with those who were not revealed
no significant differences in Heschl gyrus volume loss
(effect size d=0.23) or MMN reduction (effect size
d=0.37). Subjects who were taking atypical antipsychot-
ics and those who were not showed cortical gray matter
and MMN reduction, with relatively small effect sizes for
increased loss if not medicated at all. In addition, test-
ing of subjects with psychotic bipolar disorder who were
receiving antipsychotic medications served as a natural
control for medication effects, and those subjects showed
no evidence of MMN or Heschl gyrus reductions. Fur-
thermore, medication effects would be expected to be ob-
served across the whole brain, yet the left, but not the
right, Heschl gyrus was reduced in these subjects. These
data weigh against any global hydration, perfusion, or
medication effects. Second, subjects with schizophrenia
lost to follow-up may differ significantly in terms of course
from those who returned. There were moderately lower
IQ and worse Global Assessment of Functioning scale
scores in the lost subjects. However, both groups were
relatively bright and significantly impaired. Third, other
brain areas may show progressive reductions that cor-
relate with MMN. We note that MMN generators are not
distributed throughout the brain, and the temporal lobe
accounts for much, if not all, MMN activity. Fourth, the
single-rater intraclass correlations for Heschl gyrus vol-
umes were high in all groups (subjects with schizophre-
nia, 0.96; subjects with bipolar disorder, 0.97; and con-
trol subjects, 0.93), but MMN reliabilities were lower
(schizophrenic subjects, 0.74; bipolar subjects, 0.22; and
control subjects, 0.52). We note that the schizophrenia
group, where the main finding is present, was accept-
ably reliable. State effects might account for the low MMN
reliability in subjects with bipolar disorder. Never re-
hospitalized subjects with bipolar disorder (n=11) showed
an increase in MMN amplitudes (~27%), and those ever
rehospitalized (n=9) showed a reduction (~20%). Fi-
nally, there were no associations between negative symp-
toms and MMN amplitudes at either time 1 or time 2, as
has been reported in chronic schizophrenia.®' Likewise,
we did not detect any associations between MMN
amplitudes and social functioning.%? We suspect that
the changing clinical picture of first-episode patients
likely plays a role in this lack of associations. First-
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hospitalized patients have not settled into a characteris-
tic pattern or typical constellation of symptoms and pre-
sent with extreme anxiety and turmoil in a state of
symptom flux and evolution. Thus, the clinical and so-
cial functioning measures may have a relative emphasis
on state rather than trait. We note that significant asso-
ciations in the first-hospitalized schizophrenic subjects
between anxiety at time 1 and subsequent MMN change
(r=-0.58; P=.06) and Heschl change (r=-0.77; P=.0053)
highlight the unique clinical picture at protocol en-
trance. Furthermore, there was no association between
anxiety at retest and MMN or Heschl gyrus change. At
retesting a significant association between paranoia and
MMN reductions emerged. Subjects with schizophrenia
with the most paranoia at retest had the greatest MMN
amplitude reductions (r=-0.65; P=.03), although the as-
sociation with Heschl gyrus volume reduction did not
attain significance (r=-0.4; P=.25).

In summary, these interrelated functional and struc-
tural measures support the presence of a late progres-
sive lesion in schizophrenia. Mismatch negativity am-
plitude in schizophrenia, even when within the normal
range, is tightly coupled to the volume of the underly-
ing left temporal auditory cortex, shows progressive re-
ductions coupled with ongoing cortical gray matter re-
duction of the left temporal auditory cortex, and, thus,
may serve as a metric of successful interventions in halt-
ing such peri-onset progressive abnormalities.
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Abstract

Functional neuroimaging studies to date have shown prefrontal dysfunction during executive tasks in schizophrenia. However,
relationships between hemodynamic response in prefrontal sub-regions and clinical characteristics have been unclear. The objective
of this study is to evaluate prefrontal hemodynamic response related to an executive task in schizophrenia and to assess the
relationship between activation in the prefrontal sub-regions and clinical status. Fifty-five subjects with schizophrenia and age- and
gender-matched 70 healthy subjects were recruited for this case-control study in a medical school affiliated hospital in the Tokyo
metropolitan area, Japan. We measured hemoglobin concentration changes in the prefrontal (dorsolateral, ventrolateral, and
frontopolar regions) and superior temporal cortical surface area during verbal fluency test using 52-channel near-infrared
spectroscopy, which enables real-time monitoring of cerebral blood volumes in the cortical surface area under a more restraint-free
environment than positron emission tomography or functional magnetic resonance imaging. The two groups showed distinct
spatiotemporal pattern of oxy-hemoglobin concentration change during verbal fluency test. Schizophrenia patients were associated
with slower and reduced increase in prefrontal activation than healthy controls. In particular, reduced activations of the frontopolar
region, rather than lateral prefrontal or superior temporal regions, showed significant positive correlations with lower global
assessment of functioning scores in the patient group, although task performance was not significantly associated with the scores.
These results suggest that reduced frontopolar cortical activation is associated with functional impairment in patients with
schizophrenia and that near-infrared spectroscopy may be an efficient clinical tool for monitoring these characteristics.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Schizophrenia; Near-infrared spectroscopy (NIRS); Frontopolar prefrontal cortex; Verbal fluency test; Global assessment of functioning
(GAF)

1. Introduction

_ ‘ Neuroimaging studies have identified schizophrenia
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481 3 5800 6894. et al.,, 1998), an area involved in almost all high-level
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retrieval, executive function, and language (Cabeza and
Nyberg, 2000). Moreover, recent advances in neuro-
science have sought to clarify functional segregation in
the prefrontal cortical surface areas such as dorsolateral,
ventrolateral, and frontopolar (anterior frontal) regions
(Daw et al., 2006; Fletcher and Henson, 2001; Fox et al.,
2006). The ventrolateral and dorsolateral sub-regions
are involved in the updating/maintenance of information
and to the selection/manipulation/monitoring of that
information, respectively (Fletcher and Henson, 2001).
In contrast, frontopolar cortex (BA 10), which has been
suggested to have enlarged and become specialized
during hominid evolution (Semendeferi et al., 2001),
provides higher level of control to coordinate ventro-
lateral and dorsolateral functions in order to maximize
task performance (Koechlin et al., 1999; Fletcher and
Henson, 2001; Braver and Bongiolatti, 2002), which has
led to the idea that frontopolar region is likely to have a
vital role in achieving high-order executive control in
everyday life (Burgess et al., 2000). However, it remains
unclear which specific sub-regions of the prefrontal
cortex is most directly associated with clinical char-
acteristics in schizophrenia.

An independent line of work has suggested that
cognitive deficits as indexed by neuropsychological as-
sessments are more tightly coupled with social func-
tioning in patients with schizophrenia than positive or
negative symptoms (Green, 1996; Green et al., 2000;
Green et al., 2004; Flashman and Green, 2004). Whereas
progress has been made for an association between
psychosocial impairment and electrophysiological mea-
sures such as P300, N200b, and mismatch negativity
event-related potentials (Ikebuchi et al., 1996; Iwanami
etal., 1999; Kawakubo and Kasai, 2006, Light and Braff,
2005; Ohno et al., 2000) and brain morphological mea-
sures (Ho et al., 2003; Milev et al.,, 2003; Prasad et al.,
2005; Staal et al., 2001; Wassink et al., 1999), the rela-
tionships between functional hemodynamic response in
the sub-regions of the prefrontal cortex and clinical
characteristics in schizophrenia has been unclear. These
research questions may be an important step towards
developing an objective monitoring tool and ultimately
an effective intervention strategy for cognitive and social
dysfunction in schizophrenia.

Multi-channel near-infrared spectroscopy (NIRS), a
recently developed functional neuroimaging technol-
ogy, enables the non-invasive detection of spatiotem-
poral characteristics of brain function (Strangman et al.,
2002a, 2003; Boas et al., 2004; Huppert et al., 2006).
NIRS has enabled non-invasive and bedside measure-
ment of the concentrations of oxy-hemoglobin ([oxy-
Hb]) and deoxy-hemoglobin ([deoxy-Hb]), which are

assumed to reflect the regional cerebral blood volume
(rCBV). While functional brain imaging methodologies
such as functional magnetic resonance imaging (fMRI)
and positron emission tomography (PET) have an excel-
lent spatial resolution, they are limited in that they
require large apparatuses which prevents their use in a
bedside setting for diagnostic and treatment purposes. In
contrast, NIRS is a neuroimaging modality that, for the
following reasons is especially suitable for psychiatric
patients (Matsuo et al., 2003a). First, because NIRS is
relatively insensitive to motion artifact, it can be applied
to experiments that might cause some motion of the
subjects such as vocalization. Second, the subject can be
examined in a natural sitting position, without any sur-
rounding distraction. Third, the cost is much lower than
other neuroimaging modalities and the set-up is very
easy. Fourth, the high temporal resolution of NIRS is
useful in characterizing the time course of prefrontal
activity of psychiatric disorders (Kameyama et al.,
2006; Suto et al.,, 2004). Accordingly, NIRS has been
used to assess brain functions in many psychiatric dis-
orders, including schizophrenia, bipolar disorder, de-
pression, dementia, post traumatic stress disorder, and
pervasive developmental disorders (Fallgatter et al.,
1997; Hock et al., 1997; Kameyama et al., 2006; Kubota
et al., 2005; Kuwabara et al., 2006; Matsuo et al., 2003a,
b, 2004; Shinba et al., 2004; Suto et al., 2004).

A previous study (Suto et al., 2004) showed reduced
[oxy-Hb] changes in the prefrontal cortex during verbal
fluency task in patients with schizophrenia using a NIRS
machine with insufficient coverage of important sub-
regions of the prefrontal cortex such as ventrolateral
portions. The purpose of the present study was to use an
NIRS machine with a wide coverage of the prefrontal
cortex in order to investigate more precisely the rela-
tionship between activity in the prefrontal sub-regions
and the clinical characteristics in a larger group of
patients with schizophrenia.

2. Materials and methods
2.1. Subjects

Fifty-five patients with schizophrenia and 70 age-
and gender-matched healthy subjects participated in the
study (Table 1). All the participants were right-handed
according to the Edinburgh Inventory (Oldfield, 1971)
and were native Japanese speakers.

The patients were recruited among outpatients and
inpatients at the University of Tokyo Hospital. Diagnosis
of schizophrenia was made through the Structured
Clinical Interview for DSM-IV Axis I Disorders (First
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Table 1
Clinical characteristics of the study groups

Patients with

Healthy subjects Group difference

schizophrenia (N=55) (N=70) P value
Mean SD Mean SD

Age, year 40.1 11.1 374 13.6 22
Gender, women/men 26/29 34/36 892
Handedness 92.4 17.3 92.9 16.3 85
Education, year : 14.7 25 15.6 2.0 .022
Self socio-economic status (SES) 34 1.1 2.0 6 <.001
Parental SES 25 7 23 7 18
Estimated premorbid 1Q 102.3 12.2 108.3 9.8 .006
Number of words generated 14.3 4.6 17.3 44 <.001
Age at onset, years 264 8.7 NA
Duration of illness, years 13.8 10 NA
PANSS

Positive 16.7 5.6 NA

Negative 21.6 6.4 NA

General psychopathology 382 79 NA
Global Assessment of Functioning (GAF) 472 12.9 NA
Medication

Chlorpromazine equivalent dose, mg/day 778 655 NA

Diazepam equivalent dose, mg/day 13.4 18.5 NA

Biperiden equivalent dose, mg/day 32 2.3 NA

Abbreviations: 1Q, Intelligence Quotient; PANSS, Positive and Negative Symptom Scale; NA, not applicable.
# Chi-square test was used for testing group difference. Otherwise, t-test was used.

et al., 1997) by an experienced psychiatrist (K.K.). For
screening of healthy subjects, SCID non-patient edition
(SCID-NP) was used. On the same day as the near-
infrared spectroscopy (NIRS) experiment, psychiatric
symptoms and the level of social functioning were
evaluated by one psychiatrist (K.K.) using the Positive
and Negative Syndrome Scale (PANSS) (Kay et al.,
1987) and the Global Assessment of Functioning scores
(GAF) (American Psychiatric Association, 1994), re-
spectively, without knowledge of the NIRS data. At the
time of the study, the patients with schizophrenia were on
medication with antipsychotics and/or anxiolytics and/or
antiparkinsonian agents. Socioeconomic status (SES)
and parental SES were assessed using the Hollingshead
scale (Hollingshead, 1965). Premorbid IQs were esti-
mated using Japanese version of the National Adult
Reading Test (Matsuoka et al., 2006) (Table 1). The
reliability of the GAF as an assessment of social func-
tioning was confirmed based on the high correlation
between GAF scores and total scores on the Japanese
version of Life Skills Profile (N=55, r=.61, P<.001)
(Parker et al., 1991; Japanese version, Hasegawa et al.,
1997).

The exclusion criteria for both groups were neuro-
logical illness, traumatic brain injury with any known
cognitive consequences or loss of consciousness for
more than 5 min, a history of electroconvulsive therapy,

and alcohol/substance abuse or addiction. An additional
exclusion criterion for the control group was a history of
psychiatric disease in themselves or a family history of
axis I disorder in their first-degree relatives. The ethical
committee of the Hospital of Tokyo University ap-
proved this study. All subjects gave written informed
consent according to the Declaration of Helsinki after a
complete explanation of the study.

2.2. Activation task

[Hb] changes were measured during a cognitive ac-
tivation task. Each participant sat on a comfortable chair
with their eyes open throughout the measurements. The
subjects were instructed to minimize movement such as
head movements, strong biting and eye blinking during
the NIRS measurements, for they can produce artifacts
or changes in cerebral perfusion unrelated to the task.

The cognitive activation task included a 30-s pre-task
baseline, a 60-s verbal fluency task (letter version), and a
70-s post-task basecline. The verbal fluency test was
chosen, because it has been often used for cognitive
activation in NIRS studies, and previous reports showed
measurable prefrontal activation during the letter fluency
task in healthy subjects (Herrmann et al., 2003, 2006;
Kameyama et al., 2004). This procedure was similar to
that of Suto et al. (2004), Ito et al. (2005) and Kameyama
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et al. (2006) except for the use of a 70-s post-task base-
line instead of their 60 s, to enable a more complete
return of [Hb] change to the baseline in the post-task
period.

For the pre- and post-task baseline periods, the subjects
were instructed to repeat Japanese vowels (/a/, /V/, /w/, /e
and /o/) aloud. This was intended to correct the data
during the fluency task for activation due to vocalization.

During the verbal fluency task period., they were
instructed to generate as many Japanese words begin-
ning with a designated syllable as possible, which is
commonly used in Japanese letter version of the verbal
fluency task since Japanese words inevitably begin with
a vowel or consonant-vowel syllable. The three initial
syllables (first; /to/, /a/, or /na/, second, /i/, /ki/, or /se/,
third; /ta/, /o/, or /ha/) were presented in the order which
was counterbalanced among the subjects and changed
every 20 s during the 60-second task to reduce the time
during which the subjects remained silent. The subjects
were instructed by an auditory cue at the start and end of

n
(9]

the task and when the syllable was changed. Because the
number of words generated was not significantly differ-
ent among the three initial syllables (one-way repeated
measures ANOVA; F[2, 123]=1.28, P=.28. ns.), the
total of correct words generated during verbal fluency
tasks was defined as a measure of task performance
(Table 1).

2.3. NIRS measurement

The 52-multi-channel NIRS machine (ETG-4000,
Hitachi Medical Co.) measures relative changes of [oxy-
Hb] and [deoxy-Hb] using two wavelengths (695 nm
and 830 nm) of infrared light based on the modified
Beer—Lambert law (Yamashita et al., 1996). The [total-
Hb] was calculated as the sum of [oxy-Hb] and [deoxy-
Hb]. In this system, these [Hb] values include differ-
ential pathlength factor (DPF). The distance between
pairs of source-detector probes was set at 3.0 cm and we
defined each measuring area between pairs of source-

Fig. 1. The probe setting and measurement points of 52-channel near-infrared spectroscopy (NIRS). Panel A: the probes with thermoplastic
3 = 11 shells were placed over a subject’s bilateral frontal regions. Panels B—E: the 52 measuring positions of the NIRS machine are superimposed on
3D-reconstructed cerebral cortical surface from magnetic resonance imaging of a representative subject. The channel numbers are indicated above the

measuring points.



