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1. INTRODUCTION
1.1 Neu'ral control of saccades
Among five different types of eye movements, neural control of saccade has been
most extensively examined neurophysiologically. The five types of movements are saccade.
the vestibulo-ocular reflex, smooth pursuit, optokinetic response, and convergence. Each is
controlled relatively independently through separate neural pathways, which converge only
at the level of the eye muscle motoneuron. Neural control of saccade is believed 10 occur via
the lower saccade generating system (disinhibition of tonic inhibition of the oculomotor
nuclei) by means of higher corticocortical associations. the center of which is the frontal eye
field

(Schiller el al.,

1980).

The lower saccade generating system consists of the caudate nucleus to the substantia
nigra (SNr) and the superior colliculus (SC) that project to the brain stem reticular formation
which are then transmitted to the extraocular motoneurons. These brain stem structures are
called the saccade generator (SG). Hikosaka

(llikosaka,

t989) showed that the basal ganglia,

especially SI r contributed to the suppression and initiation of saccades by imposing a tonic
inhibition on SC and by removing it.
The higher corticocortical associations are involved in control of saccades. The role of
the frontal eye field (FEF has been well established in physiological studies. Neurons in the
FEF have anticipatory, visual and movement discharge patterns in all purposeful saccades
(Bruce J1nd Goldberg, 1985).

The role of the prefrontal cortex (PFC) in saccadic control has been suggested by
several studies

(Guillon el aI.,

t985;

Funahashi el aI.,

t989, t99t, t993). On the anti saccade trials,

patients with prefrontal lobe lesions showed errors of looking the lit target

(Guillon el aI.,

t985).

The monkeys showed the prefrontal neurons activities when saccades were made toward a
remembered target. and also when this prepotent response was suppressed and a saccade in
the opposite direction was required

(Fullahashi el al..

t989, 1991, t993)

The supplementary mOlOr area (SMA) is involved in saccade control. The SMA
activation occurs prior to and during self-initiated saccades and visually-guided saccades
(Schlag and Sehlag-Rey,

1987). This portion of SMA was named as the supplementary eye field

(SEF) by Schlag and Schlag-Rey

(Schlag alld Sehlag-Re)',

t987). SEF role in saccade control is

supposed to be a regulation of initiation of a saccade, especially in terms of the degree of
willed effort or self-generation required in saccade production

(Schlag and Sehlag-Rey,

t987).

1.2 Saccade disturbance in schizophrenia
Intrusion of saccade during smooth pursuit eye movement in schizophrenic patients
and their relatives is a well established phenomenon

CliolzllJan el aI., 1~73).

In addition, longer

latencies and higher error rates in anti saccade task performance among schizophrenia has

been reported

(Fukushima el aI., 1988, 1990; Thaker el aI., 1989; Rosse el aI., 1993; Sereno el aI., (995).

These

findings suggest that the saccade control system is disturbed in schizophrenia. This saccade
conlrol dysfunction was not related to medication

(Holzman el aI., 1987; Fukushima el aI., 1990; Sereno

ct al.,1995).

The reason of this disturbance has not been fully elucidated yet and it has been a matter of
discussion. Dysfunction of I) the basal ganglia (SNr and SC)
frontal cortex

(Fukushima el aI., (994)

especially the FEF

(Thaker el aI., (989),

(Levin, 1984),

or of 2) the

or of 3) both structures was

postulated.
1.3 Positron emission tomography

1.3.1 General concepts
Positron emission tomography (PET) is a technique for measuring the concentrations
of positron-emitting radioisotopes within a three-dimensional object by the use of external
measurements of the radiation from these isotopes. This technology enables to visualize and
quantify the varieties of physiological parameters such as cerebral blood flow (CBF), cerebral
metabolism rate for glucose (CMRglu), and neurotransmitter functions in the living human
brain (Hoffman and Phelps,

1986).

1.3.2 Task-evoked rCBF paradigm (Activation studies) (Figure 1)
Neural activities always accompany regional energy metabolism. Under physiological
conditions, regional blood flow and energy metabolism are closely correlated with one another
(coupling)

(Sokoloff, 1978).

Thus, regional cerebral blood flow (rCBF) could represent regional

neural activities.
Task-evoked rCBF paradigm (or, more commonly, called as activation studies) refers
to the paradigm where rCBF provides information about relative cerebral responses to different
neurobehavioral tasks in subjects studied with PET and rCBF ligand such as oxygen-IS
labeled (a-IS) water. The validity of the paradigm has been tested in healthy volunteers.
Visual stimulation studies in healthy volunteers demonstrated relative rCBF changes between
control and stimulated states that are in good agreement with similar results obtained using
the same stimulation paradigm with the use of fluorodeoxyglucose to determine cerebral
glucose utilization (Mazziollaelal., (985). Thus we could assume the paradigm should be applicable
to examine cerebral activities in healthy volunteers.
In schizophrenic patients, the above coupling in either resting state or stimulated state
has not been tested yet.
Since neural activity always accompany with energy metabolism, it is reasonable to
assume a linear relalionship between regional glucose utilization and neural activity in
schizophrenia. If regional blood flow well represent glucose utilization under both resling
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state and task condition, the paradigm would be also applicable to examine neural activities
in schizophrenia as is in healthy controls. [n study I, the validity of the paradigm was tested
in schizophrenia by comparing glucose utilization and blood flow under either resting or task
condition.

Figure 1

Basis of task-evoked rCBF paradigm ("coupling")

.·~~--Sokoloff,

1978-----1__•

Healthy subject

Schizophrenia

Sokoloff (Sokoloff, 1978) validaled coupling of neural activily and glucose utilization. In healthy subjects,
coupling of glucose utilization and blood nolV IVas validated at rest (Sokoloff, 1978) and during task (Mazziotla
el aI., 1985). In schizophrenia. coupling of glucose utilizalion and blood nolV has not been examined either at

rest or during task. Filled lines indicate "Resting stale", barred lines indicate "during task".

1.3.3 Activation studies with neural control of saccades
Using the above paradigm, neural control of saccades has already been studied in
healthy subjects (Table 1). (See Next Page)

Table 1

Results of the neural control of saccade in healthy subjects examined by activation
studies.
Y ; activation observed. 0; not observed, - ; data not sholYn or reported. 0 ; tendency.
PVC; the primary visual cortex, FEF; the frontal eye field, SEF; the supplementary eye
field, Ant. Cing; the anterior cingulate, PFC Isup/mid] ; the prefrontal cortex [the superior
frontal gyrus and the middle frontal gyrus I, PFC [inf]; the prefrontal cortex [the inferior
frontal gyrus!. PC [sup/mid] ; the parietal cortex [the superior parietal gyrus and the middle
parietal gyrus!. PC [inf]; the parietal cortex Ithe inferior parietal gyrus I, Caud; the caudate,
and Th ; thalamus.

Researcher

Method

Saccade task

Xe-133

SImple

(Year)

Melamed et al.

PVC FEF SEF Ant
CEng

PFC
Isup
'midi

PFC PC
PC Caud Th
linfl [sup linft
'mld[

(1979)

Foxelal.
(1985)

0·15

Nakashima et al.

0-15

(This study)

0-15

Petiletal

(1993)
Lang er al.
(1994)
Paus et al

0-15

(1993)
Andersonclal

(1994)

0-15
CO,gas

La\\ et al
(1995)

0-15

O'Dn5coll etal
(1995)

0-1
CO,gas

Simple

(Y)

RefleXive

Y

Simple
Reflexive
Volitional

y
y
Y

Simple
Memor)
Imaginary

(Y)

0
0
y

0
0
(Y)

Y
Y

Rene:~jve

0

(Y)

Anllstimulus

(Y)

0

Reflexive

0

(Y)

Remembered

Reflexive

0

Selecllve

(Y)

Anllsaccade
(vs. RefleXive)

The results are not totally congruent. Melamed & Larsen showed reSF increases in
an area within the middle precentral and premotor regions which corresponds to human
frontal eye field (FEF) using xenon 133 injection method and 254-channel dynamic gamma
camera (Melamed &

La,sen, 1979).

Fox et al. applied 0-15 water and PET to localize the activation

foci in a stereotaxic space and to test the effects of the presence of targets, the modality of
cues and the expectancy of targets appearance

(Fox el aI., 1985).

They showed rCSF increases

within the FEFs, the supplementary motor area (SMA), and the cerebellum. FEFs were
consistently activated during the generation of voluntary saccades and uninfluenced by target
presence, type of cue, or task complexity. The SMA was consistently active during all motor
tasks and was uninfluenced by the degree of task complexity or stochasticity. Petit et al. also
used 0-15 water and PET to show rCSF activations during voluntary, memorized and imagined
saccades

(Pelit el aI., 1993; Lang el aI., 199~).

They showed the subcortical structures activation

during the saccade execution. They also showed imagined saccade (without actual eye

movement) activated the FEF and the SMA. Paus et al. applied 0-15 water and PET to show
the anterior cingulate activation during saccade tasks (Paus et aI., 1993). The role of the anterior
cingulate in motor control was also examined. Anderson et al. used 0-15 CO, inhalation
method and PET to show the activation of striale and extrastriate cortex, PPC and the FEF
during reflexive and remembered saccades (Anderson et aI., 1994). During remembered saccades
there was additional activation of SMA, insula, cingulate, thalamus, cerebellum and the right
superior temporal cortex. O'Driscoll et al. performed 0-15 carbon dioxide gas inhalation PET
and compared antisaccade activation to saccade activation (O'Driscoli et aI., t995). She showed
the FEFs involvement in antisaccade tasks. Cortical control of saccade in healthy subjects
was examined in study 2.
1.3.4 PET studies with schizophrenia
Besides receptor studies, PET studies with schizophrenia have been done with rCBF
and rCMRgiu either under resting or baseline task condition (BarticU ct al., 1991a, 1991b; Brodie et
aI., 19S-tj Buchsbaum et aI., 1982, 191:Wa. 198-1b, 1987, 1990, 19923, 1992b, 1992c; Cleghorn ct aI., 1989, 1990, 1992;
Cohen cl al., 1989; DeLisi ct al.,

19S5~1,

1985bj Dolan ct al., 1993; Early et aI., 1987; Farkas cl aI., 1984; Fristan et aI.,

19923, 1992b; Frith et aL, 1992; Gordon el aI., 199-l; Guenther cl aL, 1989, 199-lj Gur et aI., 1987a, 1987b, 1989;
Hazlett et aI., 1993; Jernigan et aI., 1985; Kaplan et aI., 1993; Kishimoto et aI., 1987; Kling el a!., 1986; Levy et aI.,
1992; Liddle et aI., 1992; Potkin et aI., 1994; Resnick et a!., 1988; Salah el aI., 1993; Schroeder et aL,

199~,

1995;

Sheppard et aI., 1983; Siegel Jr., ct aI., 1993; Tamminga et aI., 1992; Volkow et aI., 1986<1, 1986b, 1987, 1992; Weiler
et aI., 1991j Widen et aI., 1983; Wiesel et a!., 1987a, 1987b; ,Yik & 'Yiesel. 1991; Wolkin et aL, 1985, 1988, 1992,

1994). Most repeatedly reproduced finding was an absolute or relative decrease in rCBF or
rCMRgiu of the frontal cortex. Another interest area was the limbic system and the temporal
cortex.
Using SPECT (single photon emission CT) or xenon 133 inhalation method, task-evoked
rCBF changes in schizophrenia were examined (Andreasen et aI., 1992; Berman, 1987; Berman et aI.,
1986, 1988, 1990, 1992, 1993; Calarau et aI., 1994; Daniel el OIL, 1991; Franzen & Ing\'ar, 1975; Guenther et aI., 1986,
1991; Gur et aI., 1994; Ingvar & Philipson, 1977; Kawasaki et al., 1993; Parellada el aL, 1994; Rubin et aI., 1994;

Weinberger et aI., t986, 1992). They showed a lack of the prefrontal cortex activation (functional
hypofrontality).
[n PET activation studies, Volkow applied smooth pursuit eye tracking task and F-18
FDG PET, showing that relative hypofrontality of schizophrenia was more highlightened
under task condition than under baseline condition (Volkow et aI., 1987). Guenther applied simple
and complex finger movement-sequence task. The normals showed significant activation in
mesial frontal and contralateral sensorimotor and premotor areas during complex movement
task. However, schizophrenia lacked this activation (Guenther et aI., 1994). In study 2, activation
patterns during saccadic tasks in schizophrenia were examined.
Some studies reported the relationship between clinical characteristics and rCBF or
rCMRgiu pattern (Cleghorn et aI., 1990; Delisi et aI., 1985b; Dolan et aI., 1993; Gordon et aI., 1994; Gur et aI.,
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1989; Kaplan et aI., 1993; Kishimoto ct aI., 1987; Liddle et al. , 1992; Salah et aI., 1993; Schroeder et at, 1995; Siegel
Jr., ct aI., 1993; Volkow ct aI., 1987; Wiesel ct aI., 19873; Wik & Wiesel, 1991; Wolkin ct aI., 1992, 1994).

Another

pioneering study tried to relate physiological chatacteristics of the patients to their rCMRglu
profile (Hazlett et aI., t993).

2. AIMS

ON THE METHOD (STUDY 1)

-To examine the validity of application of task-evoked rCBF paradigm (activation studies) by
PET for schizophrenia

ON THE NEURAL CONTROL OF SACCADES IN SCHIZOPHRENIA (STUDY 2)

-To examine the neural control of saccades in normal living human brain
-To examine the disturbance of the neural control of saccades in schizophrenia
-To examine whether a regional activation could have significant partial correlations with
several clinical dimensions of schizophrenia

'Paae
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3. GENERAL DESIGN
3.1 Procedure for participating in the studies

Overall. 13 healthy volunteers and 24 schizophrenic patients participated in this study
after signing an informed consent according to the guidelines approved by the Committee on
Medical Ethics. Faculty of Medicine. University of Tokyo. The informed consent form is
attached as Appendix I. As a general rule. each patient's will to participate in the study was
assured twice. first a few weeks prior to the scan. and second on the scan day. Final consent
and signing to the form were not taken by the attending psychiatrist who usually saw the
patient but by another psychiatrist. It was to avoid subconscious pressure to participate in the
study. One copy of the consent forms was kept by the volunteer.
Healthy volunteers were recruited from the community. They were university students.
medical doctors, business people. and housewives. Each underwent a neuropsychiatric interview
and examination. and none had any history of cerebral or psychiatric illness (including
substance abuse). All denied use of psychotropic medications at any time, and none was
taking medications at the time of the study.
All the schizophrenic patients were outpatients at Department of

europsychiatry.

The University of Tokyo Hospital. Tokyo. They were diagnosed according to ICD-9 (The
International Classification of Diseases: ninth revision) as schizophrenia by two psychiatrists
independently. The diagnosis of schizophrenia was not told to the patient according to the
general practice rule in Japan. but the result of PET experiments was explained by the
patient's attending psychiatrist.
3.2 Clinical ratings

The patients were diagnosed according to ICD-9. The Brief Psychiatric Rating Scale
(BPRS)

(Overall and Gorham,

(SANS)

(Andreasen.

1962) and the Scale for the Assessment of Negative Symptoms

t983) were rated just before the scan by the psychiatrist. Each BPRS item

score, BPRS positive score (=sum of the score on the items referring to positive symptoms).
BPRS total score. each SANS item score. and SANS total score were used for the analysis.
3.3 Radiochemistry

0-15 and F- I8 was produced by a cyclotron. Water labelled with 0-15 was synthesized
by an in-target direct method similar to a hot atom reaction. A target gas was trapped by
bubbling into a saline-filled vial.
F-18 FDG was synthesized according to the standard method

(lIan,",her et al..

1986).
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3.4 Common method

Before PET-experiment, the subject underwent the psychiatric evaluation by a
psychiatrist. BPRS (The Brief Psychiatric Rating Scale) and SANS (The Scale for Assessment
for

I

egative Symptoms) were rated in the patient by the psychiatrist.
In each PET-experiment the subject was placed recumbent with his head in the PET-

camera system. The head of the subject was fixed by a plastic head holder with the aid of
laser alignment beams. The slices were parallel to the OM (orbitomeatal) line of the subject.
Before PET, two cannula were inserted, one into the right antecubital vein and the other into
the left radial artery.
PaCO, was measured before and after the data acquisition. To ensure that the subject
was alert, electroencephalography (EEG) was recorded throughout the experiment. For analysis
of task performance, horizontal and vertical electrooculograms (EOG) were obtained. For a
detection of head movement errors, the subject's head was fixed in a plastic headholder and
monitored.
3.5 PET camera system

The subjects were examined with the seven ring PET-camera system, the HEAOTOMEIV (Iida cl aI.,

1989).

This system produces 14 parallel slices of the brain with the in-plane

resolution about 4.5 mm FWHM (Full Width of Half Maximum) for F-18 and 8 mm FWHM
for 0-15 and the sl ice thickness of 6.5 mm.
Water labelled with 0-15 was administered as an intravenous bolus of 3 ml of saline
containing 740-1480 MBq. A 90-second scan was initiated when the tracer bolus entered the
brain (approximately 5 seconds after injection). Arterial blood samples were drawn to provide
an arterial time-radioactivity curve (lida ct al.,

1986).

Regional cerebral blood flow (rCBF) was

measured using an adaptation of the Kety autoradiographic method (Herscovitch ct aI., 1983).
Regional cerebral glucose utilization rate (rCMRglu) was measured by the FDG model
(Phelps ct aI.,

1979).

F-18 FOG (5 ml of saline containing 74-148 MBq) was administered

intravenously for 2 minutes by a Harvard pump apparatus. After 58-minute dynamic scan,
10-minute static scan was performed. Intermittent arterial blood sampling during this scan
period provided an arterial time-radioactivity curve, which produced rCMRglu.
3.6 PET determination of activation
Calculation of normalized rCBF and normalized rCMRgiu

Absolute rCBF values are changing from time to time. This is a normal physiological
fluctuation. Not only paCO, but also other physiological factors like arousal level can account
for this f1ucutuation. For elimination of irrelevant fluctuation, the regional CBF values for
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each scan were divided by the mean whole brain CBF, which was the average rCBF value for
all ROls in the same subject for each scan. This yielded a relative rCBF value, the whole
brain CBF of each scan being 50 mlimin/lOOg. As was in blood flow, the rCMRgiu values
for each scan were divided by the mean whole brain CMRglu. This yielded a relative
rCMRgiu value, the whole brain CMRglu of each scan being 5 mg/min/lOOg.
Setting the regions of interest

To control the effect of the size of the ROls, the circle ROls, sixteen millimeter in
diameter, were set closely according to the cortical rim line.
3.7 Analysis

All data analysis was conducted using the Statistical Analysis System Package 6.0.3
(SAS Institute Inc,1988)

and STATYIEW software.

4. STUDY 1

4.1 Objectives
Seven schizophrenic patients underwent both 0-15 water PET-experiment (for blood
flow) and F-18 FDG PET-experiment (for glucose utilization) on the same day under either
resting state condition or saccade [ask condition. Regional correlation between blood flow
and glucose utilization was calculated and compared in both conditions. This study was to
test whether an coupling of blood flow and glucose utilization might be established even in
the saccade task condition in schizophrenic patients. It was thus to examine the validity of
application of task-evoked rCBF paradigm (so-called activation studies) by PET for
schizophrenia.
4.2 Subjects & method
Seven schizophrenic patients (age 20-40; male: female = 5 : 2) participated. Three of
them were never medicated and the other four were medicated. They were in their stable
phase of illness. None showed worsening of the psychopathology of their illness after
participating in the study.
The subjects underwent 0-15 water PET scan followed by F-18 FDG PET scan.
Three never-medicated patients were examined for rCBF and rCMRgiu while they were at
resting state. The other 4 medicated patients were examined while they were performing
simple saccade task. Each subject received 3 successive 0-15 water PET scans, one during
saccade task and 2 during resting state, immediately followed by F-18 FDG PET scan during
resting state or saccade task using the same transmission images. In the F-18 FDG PET scan
during saccade task, the subject was required to continue saccades throughout the scanning
period.
Sixteen millimeter in diameter circular ROls were set on the same subject's blood
flow images and glucose utilization images. Relative rCBF and relative rCMRgiu of these
ROls which were located anatomically on the same position were compared.
Regional relationships between the relative rCBF value and the relative rCMRgiu
value were calculated as a Pearson's correlation coefficient (r) after linear regression with
least square method for all ROls (n:number of ROls) in each subject. r was transformed into t
= l(n-2)/(I-r')1'1. where t showed t-distribution with a degree of freedom equal to n-2.

Difference among subjects was tested after Z-transformation of r.

Blood flow images during the resting state and the task condition, and glucose utilization
image during the task condition were shown (Figure 2). The resolution of the images was
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better in the glucose utilization image than in the now images because of longer data acquisition
lime. Detailed structure was visible in the glucose utilization image.

Figure 2

0-15 water (blood flow) PET images during resting state (top left) and saccade task
condition (top right) , and F-18 FOG (glucose utilization) PET image during saccade
task condition (bottom right) in the same schizophrenic patient

Pearson's correlation coefficients (r) between relative rCBF and relative rCMRgiu for
subjects during resting state were 0.65 (n=64, p<O.Ol), 0.42 (n=40, p<O.Ol), and 0.46 (n=54,
p<O.O I), respectively (n: numbers of ROI). That showed a linear and loose correlation between
blood now and glucose metabolism. During saccade task, correlation coefficients were 0.60
(n=50, p<O.OI), 0.58 (n=I04, p<O.OI), 0.43 (n=88, p<O.OI), and 0.35 (n=50, p<OOI),
respectively. That indicated a linear and loose coupling was also established during saccade
execution. There was no significant (p<0.05) difference among each subject's correlation
coefficients. Coupling of blood now and metabolism was established in the same way among
these seven schizophrenic subjects against difference of physiological condition (rest, task).

4.4 Comment

This is the first study comparing rCBF and rCMRgiu in one subject who performing
motor task in schizophrenia. As shown, in this small number of subjects, no rCBF and
rCMRgiu discrepancy was observed notwithstanding difference of physiological condition
(rest vs. task). Since a loose but significant linear glucose utilization-blood now coupling
either during resting state or during acti"ated slate was established, we suppose it appropriate
to apply the task-evoked rCBF paradigm (acti"ation study) for schizophrenia and to compare
its results with those in healthy controls.
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5. STUDY 2
5.1 Objectives
Thirteen heallhy volumeels and twemy schizophrenic patiellls underwent 0-15 water
PET-experimems under lhe resling stale condilion and three differenl saccade lask condilions
on the same day. Regional aClivation under the !ask was determined and compared in both
groups. Correlational regional coactivation was also analyzed. Clinical features of the twenty
schizophrenic paliems were analyzed in relalion 10 the activation pattern. This sludy was to
examine the neural comrol of saccade in normal living human brain and to examine its
disturbance in schizophrenia.
5.2 Subjects & method
The subjects were 13 healthy volunteers (II males and 2 females) with a mean age
28.8 years (SD, 8.2 years) and 20 ICD-9 schizophrenic patients (Table 2).
Table 2

Demographic data of thirteen healthy subjects.
Subject
NI

N2
N3
N4

N5
N6
N7
N8

N9
NIO
Nil

Sex
M
F
M
M
M
M
M
M
M
~I

Age

Years of education

23
22
21
25
36
28

16
16

25
27
2
24
26

15
18
22
18
18
18
18
16
16
16
14

.J8

NI3

M
M
F

Average

M:F

289

17

(SD)

11:2

(8.2)

(2)

Nil

42

The schizophrenic group (Table 3) comprised 10 un medicated patients who were
drug-free at least one month before scanning and 10 medicated patients. All schizophrenic
patients were in a relatively stable phase of lheir illness. None showed worsening of lheir
psychopathology afler participating in the slUdy. (See neXl page)
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Table 3

Demographic data of schizophrenic subjects.

Subject

Sex

Age

Years 01

Durallonor

educatIOn

lllncss(yrs.)

I~

3
3
4
8
0.2
10
16
4
1
1

ICO-9sub'}pe

BPRS
Total

SANS
Total

Lnmedic;],tcd patients

F

S:-..'!

~5

S~2

~I

25

I~

SN3

M

20

12

S~4

F

25

I~

SN5

~I

SN6
SN7
SN8

F
F

21
27
34
23
20

13
12
12
16
13

3~

I~

SNIO

"I"IF

A\'erage

~I'F

27.4

13~

(SO)

5.5

(80)

(13)

S~II

M

15

F

1~

0,25

SM3
SM-I
SM5

F

38
21
37
39
20

12

S~12

16
16
12
12
10
16

10
8
3
5
32

36
20

12

12

19
3

32.3
(10.5)

13.4
(1.3)

10.0
(97)

SN9

~"edicated

paranoid
unspecified

39

hebephremc
hebephrenic

~

unspecifed

31
28
39

hebephremc
hebephrenIc
hebephrenic
hebephrenic
paranoid

50
(49)

3-1
16

83
70
113
96
-15
71
87
78
63
28

316
(105)

(2~~)

23
~5

17

734

patients

S~16

SM7
S~18

F
M
"I
~I

F
F

SM9
SMIO

~I

Average

MF

(SO)

5:5

O?

~
~2

~

paranoid
paranoid

hebephrenic
hebephrenic
hebephreruc
catatonic(inremlssion)
hebephrenic

hebephremc

31
17
14
13
38

97
~3

38
54

42
25

67
78
107
59
95
67

27.8
(14.1)

(23.4)

55

29
I~

70.5

The experiment consisted of five or six consecuti"e 0-15 water PET SCans. Each scan
mten'al was 15-20 minutes. To reduce the effect of the subject's anxiety on rCSF, a 'sham'
scan was oblained before the initial resting scan. For resting state scans, the subjects were
required to remain immobile with their eyes closed and their ears covered. The resting statc
scan was followed by 2 or 3 task perfom1ance scans (task sessions). The last scan was either
a resting scan or another task session not included in this saccade study (Figure 3). The three
tasks described in detail later were allocated to task performance scans in a pseudorandomized
order for avoidance of an order effect (Figure 4).

Figure 3

Experimental design of the study 2

Psychiatric evaluation
BPRS & SANS rating ~

~
Each scan interval was
15-20 minutes

3 tasks were
pseudo-randomly
allocated to session 1-3

Psychiatric evaluation

Figure 4

Task session scan.

PET scan

90 second data acquisition
Instruction
& practice

120 second task execution
Start
30 second before injection

End

Task performance

For each task session, the subjects were required

to

keep performing the task from 30

seconds before the injection of the tracer umil the end of the scan. Prior

to

each scan, each

task was instructed and practiced.
After the whole series of scans, the subject was evaluated by the psychiatrist's interview. The
subject's self evaluation about his or her task performance and the strategy used were reported
then and recorded.

Task Design (Figure 5)
Figure 5

Task design.
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For delineation of differences among tasks, visual input and oculomotor output were
controlled. The visual input stimuli were 2 (right and left) light-emitting diodes (LEOs)
placed 40 cm in front of the subject at a visual angle of 10 degrees. Oculomotor output
consisted of continuous saccadic eye movements toward the left and right targets. The amplitude
and interval of each saccade were 5 degrees and 900-1100 msec., respectively.
We designed the tasks as follows;
(1) Reflexive saccade task: For this task. the subjects were required to look at a lit target,

which was alternatively lit (Ieft-right-Ieft-right-... ) at intervals of900-1100 msec. Each saccade
had an initiation cue and a goal. The task thus consisted of visually-guided saccades. Cortical
areas involved in both saccade execution and visual attention were expected to respond.
(2) Volitional saccade task: This task consisted of visually-guided saccades with distracting
stimulus. The subjects were required to make a saccadic eye movement toward a target on
one side while another target on the contralateral side was illuminated. The target illumination
interval was the same as for the first task. Each saccade also had an initiation cue and a goal.
but the lit target served as an distracting stimulus. Cortical areas involved not only in saccade
execution and visual attention but also in inhibiting irrelevant responses and maintaining
newly learned strategies were expected to respond.
(3) Simple saccade task There was no lit target during this task. The subjects were required
to

saccade toward the left target and toward the right wrget alternatively (Ieft-right-Ieft-right-.)
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at the same interval as in the above two tasks (approximately once per sec). This task can be
regarded as a motor control task. Cortical areas involved in continuous saccade execution
were expected to respond.
In this study, the resting state was used as a baseline condition. Comparison of these 3
tasks made it possible to examine the function of higher neural circuits relative to saccadic
performance.
Regions of interest

Circle ROls, sixteen millimeter in diameter, were set closely according to the cortical
rim line. With the aid of the subject's CT/MRI image and the standard brain atlas (Tala;rach
Tournoux.

1988),

&

these ROls were grouped into functional subareas. Multiple ROls were always

used for any subarea because they could reduce variability which was inevitable in choosing
only one ROI (Kuwert et aI.,

1992).

[n this study, we took a hypothesis-testing approach. We selected cortical regions
which were supposed to be invol ved in the control of saccade (Anderson et aI.,

1994) ad

hoc. The

reason why we limited the number of the regions to analyze was to increase the detection
power for significant change against multiple comparisons. The primary 5 regions to analyze
were the primary visual cortex (PVC), the frontal eye field (FEF) and the supplementary
motor area (SMA) as cortical areas essential for saccade, and the dorsolateral prefrontal
cortex (DLPFC) and posterior parietal cortex (PPC) as higher associative cortex over the
FEF.
In a preliminary study comparing rCBF during fixation and at rest, we found a
significant activation in PVCs

(~Iomose

et aI.,

1991).

The PVCs were activated in presense of

visual stimuli. We chose resting state as a control because of further analysis of resting state
rCBF in comparison with previous publications. Considering the effect of the visual stimuli
on the PVCs, we excluded the PVCs in this analysis.
The supplementary motor area (SMA) was apparently associated with the execution
of saccades (Schlag & Schlag-Re)', 1987), however, in this analysis, this area was not included. The
main reason was because it was difficult to decide the size of the SMA ROl. Though we
observe the SMA activation during the saccade tasks, it was difficult to delineate the ROI in
our RaJ approach.
As a result, in this analysis, only three regions of FEF, DLPFC, and PPC were
examined.
The ROls for these regions were shown (Figure 6). Ambiguous regions at the border
of the two adjacent cortices were omitted. Physiologically defined FEF set on 2 slices on
precentral gyrus and the middle frontal gyrus; for DLPFC on 5 slices mainly on the superior
frontal gyrus and the middle frontal gyrus; for PPC on 4 slices including superior lobule,
supramarginal gyrus and angular gyrus. (See next page)

Figure 6

ROI scheme.

Analysis

Relative rCBF value changes were tested by a 4-way repeated-measure analysis of
variance (AI OVA) with independent groups and repeated-measures for conditions (4), brain
regions (FEF, DLPFC, PPe), and hemisphere (right and left); an interaction procedure was
then applied to explain the source of the effects. For handling of the missing values, twO
types (fype II and Type III) of SS (Sum of Square) calculation were applied and compared
(only Type II result was shown)

(S.~S Insti'"'e Inc. 1988).

Only if both calculation showed

significance, we took the result significant. For aposr hoc analysis, a paired-r lest was applied
(after Bonferroni correction).
Correlationa,l analysis among the regional activation under each condition was done.
In order to avoid type I error, cut off level was set at p = 0.01, that might mean r> 0.6.
Relationship belween the regional aClivation and the clinical features of schizophrenic
patients was analyzed. The effect of medication. the difference between positive and negative
schizophrenic patients, the effect of the chronicity and the severity of the illness, and the
symptomatology were analyzed.
The effect medication was assessed by a group comparison between the medicated
(n=IO) and the unmedicated (n=IO) patients. Under 4 conditions, the mean normalized rCBF
in the ROls of each group were compared.
The difference between positive and negative schizophrenic patients was assessed by
a group comparison and a correlational analysis. In the group analysis, the patients in whom
positive symptoms dominated (SNI, SN2, SN3. SN4, SN5, SN6, SI 9, SNIO, SiVl5) were
included in the positive group (n=9). In the positive group. the patients whose BPRS positive

score> 10 and SANS total score < 70 (SNS, S 9, S

10, SMS) were especially categorized

as the very positive group (n=4). On the other hand, the patients In whom negative symptoms
dommated (SN7, SN8, SMJ, SM2, SM3, SM4, SM6, SM7, SM8, SM9, SMIO) were included
111

the negati"e group (n=II). In the negative group, the patients whose BPRS positive scorc

< 5 (SN8, SMI, SM3, SM4, SM7, SM8) were categol;zed as the very negative group (n=6).

Under 4 conditions, the mean nOlmalized rCBF in the ROIs of each group were compared. In
the correlational analysis, the normalized rCBF in the ROIs of each subject were compared
\\Ith the subject's BPRS positive score or the SANS total score.
To analyze the effect of the chronicity, according to the Icngth of the duration of the
illness, a group comparison [very chronic (duration> 10 years; n=6) vs. subchronic (10 years
> duration> 3 months; n=l2) vs. acute (duration < 3 months; n=2)] and a correlational
analysis with duration were peIformed on the normalized rCBF in the ROls under4 conditions,
The effect of the severity of the illness was analyzed by a correlation between BPRS
total score and the nomlalized rCBF in the ROls under 4 conditions. The symptomatology of
the patient was analyzed by a correlation of each BPRS and SANS item score to the normalized
rCBF in the ROls under 4 conditions.
More sophisticated analysis like a factor analysis

(Liddle el aI., (992)

was not performed.

It was because the observation number was not enough for those kinds of the analyses.

Task Performance
Analysis of EOG recordings showed that the accuracy of each saccade was almost
100%, which means that the task was complete throughout the scanning period. The highest
error rate was 2 % in one patient during volitional saccade. Latencies of saccades could not
be examine because the execution of saccades was done continuously, and thus the establishment
of the fixation phase could not be assumed.

MRI-PET combination
Superimposing of the PET Image onto the reconstructed MRI image by Watanabe's
method

(Walanahe el aI., 1991)

was shown (Figure 7). The bOllom left (A) is the reconstructed

MRI Image of one nomlal subject. The top left (B) and the top nght (C) are the combining
Images of MRI and PET during resling state and dUling "olitional saccade task performance,
respectively. The bOllom right (D) shows the subtraction image of the resting state image
from the activated image. FEF and PYC are found to be activated. This physiologIcally
dell ned FEF is located on Brodrnann's area 8 (claSSIcal FEF). (See next page)

Figure 7

The superimposing of the PET image onto the reconstructed MRI image of one
healthy subject
The reconstructed MRI image [Boltom left (All. The combining images of MRI and PET
during resting stale ITop left (Bli and during volitional saccade task [Top right (e)J . The
subtraction image of the resting stale image from the activated image IBottom right (0)1. FEF
and PVC are activated.

RCBF Changes during Task Performance
Table 4

The rCBF changes in the FEF, DLPFC, and PPC during task performance.
Mean normalized rCBF (mIIlOOg/min) (SD)
Heallhy
Lefl
Right

FEF
Resting state
Simple saccade
Refle\i"e saccade
Volitional saccade

OLPFC
Resling state
Simple saccade
Renc~i\'e saccade

Volilional saccade

50.8
(3.7)

'+9..+

53.9*
(4.4)
52.3*

53.3*
(.+.5)
52.7*
('+8)

(3.7)
53.7>
(.+.2)

50.6
(2.8)
50.7
(2.5)
51.2
(.+.7)

53.5*'"
(56)

PPC
Resting slate
Simple saccade

Renc"ive saccade
Volitional saccade

50.5
(5.5)
50.3
(.+.2)
50.8
(7.6)
52.7
(88)

Left

Schizophrenia
Righr
5.+.0
(.+.0)
55.2

52.5*
(-+9)

53.6
(5.0)

53.7
(.+.2)
55.9
(7.1)
55.1
(5.7)
5.+.9
(5.7)

507
(3.2)
517
(2.9)
'+9.8
(3.2)
49.3
(38)

50.6
(2.6)
49.2
(2.7)
-+8.9
(23)
48.9
(30)

49.7
(2.5)
4S.9
(H)
48.2
(3.0)
49.2
(3.1)

491
(.+.5)
.+9.5
(3.6)
-+89

52.8
(5.4)
517
(6'+)
52.1
(.+.8)
52.1
(5.2)

51.9
(5.8)
51.6
(40)
51.2
(5.0)
51.2
(48)

(-+.8)

(5A)

.+8.6
(.+,6)

(-+9)

550
(5A)

Repealed-measures ANOV A
Group effec!: F = 0.65, df = I, P = A2; Slruelure: F = 2.+.8, df = 2, P < .0001; group by SlruClure interaClion: F =
8.51, df = 2, P = .002; hemisphere: F = 11.8, df = I, P = .0006: group by hemisphere inleraclion: F= 6.85, df = 2,
P = .009; group by SlruClure by hemisphere by condition interaclion: F = 2.66, df = 6, p = .014
Simple inleraclions: FEF, group, F = 4.56, df = I, P = .03, and condition, F = 3.70, df = 3, p = .01.: DLPFC,
group, F = 7.84, df = I. P = .005, hemisphere, F = 15.3, df = I, P = .0001, and group by condition by
hemisphere, F = 6.83, df = 3, P = .0002; PPC, group, F = 5.02, df = I, P = .02.
Pos/·hoc anal)sis:
• Simple saccade vs. Res!: 1= -3.37. P = .01; Renexi'e saccade's. Res!: I = -4.33. P = .008; Volilional saccade
's. Res!: 1= -4.38, P =.003.
** Volilional saccade vs. Res!: 1= -3.49, P = .02.
The FEF showed a significant increase in controls but no signific3m increase in the schizophrenic patient. The
left DLPFC was activated during volitional saccade onl} in normal controls

The rCBF changes in the FEF, DLPFC, PPC during task performance in the healthy
and the schizophrenic groups are shown (Table 4). The FEF showed a significant increase
under all 3 task conditions in controls but no significant increase in the schizophrenic group
(Figure 8). Four-way ANOYA revealed a group by condition by hemisphere interaction, with

r

Page 25

the relative rCBF during volitional saccade the highest under all conditions in the left DLPFC

I

in the control group but no change in schizophrenic group.

Figure 8

FEF activation in schizophrenia vs. healthy volunteers during 3 task conditions.
Values are rCBF percent increase compared to the baseline condition. SO and SE are
indicalc:d. Schizophrenia showed lo\ver activation during saccadic {ask.

15

D

Hea,tl1 Y
control

10

I

SClliZOpllrenia

-5
-10

Left Right
Simple
saccade

Left Right
Reflexive
saccade

Left Right
Volitional
saccade

Left DLPFC percent increase during "olitional saccade in schizophrenics and in health~
"olunleers

(Figur, 9).

Schizophrenics clearly sho"'ed less activation
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Figure 9

The left DLPFC percent increase during volitional saccade in schizophrenics and in
healthy volunteers
Healthy conlrol's m~an. SO. SE are shown Values are rCEF percent lllcrease compared to me
basdine condition.

% increase vs. rest
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-10
-15
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The percent of rCBF Increase relati"e to the resting rCBF was significanlly grealer
during "olitional saccade (7.6190) lhan thal under any olher condition. AnalysIs of the percent
Increase in the bilaleral DLPFC and PPC under saccade condiuons revealed a significant
correlation bwveen the left DLPFC and the left PPC (r = 0.97; p<O.OOI), and the right
DLPFC and the right PPC (r = 0.97: p<O.OOI) dunng "obtional saccade. A similar correlation
was not obsel'\'ed in the schizophreniC group (Table 5).

Table 5

The significant rCBF coactivation among bilateral FEF, DLPFC, and PPC during task
performance
CUI orr Iev<l was r>0.6 and p<O.OI

condiuon

coactl\"aUOIl regIOn

correlauon

Simple saccade

Lt-DLPFC "S. Rt-DLPFC

r=0.'78*

Reflexive saccade

;":one

Volitionai saccade

Lt-DLPFC "S. Lt-PPC
RI-DLPFC "S. RI-PPC

coeffiCient

Healthy VOlul1h::ers

SdULophn:nw
Simple saccade
Rej?r:xi\'e saccade
\'olirionol saccade

:\one
Lt·FEF "
,"Ollt:

R,·FEF

r=0.97"
r=0.97«
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Medication effect
No significant acti\·ation difference for each condition was indicated in comparison
betlleen unmedicated and medicated group (A 'OVA, medication by region by hemisphere).

Regional activation and the clinical variables
The difference between positive and negative schizophrenic patients, the chronicity
and severity of the illness did not show any significant effect on the normalized rCBF in the
ROls under 4 conditions.
In the correlatIonal analysis between the BPRS and SA S Item score and the normalized
rCBF in the ROls under 4 conditions, only tll'O relationships reached a slgmficant level.
Those were, I) alogia I's. left DLPFC dUrIng the restIng state (r=-0.62) and 2) uncooperativeness
vs. right DLPFC during the simple saccade task (r=0.61)

5.4 Comment
In schizophrenia
(Fukushima

el

aI.,

II

ho were reported to make more errors dUrIng anti saccade task

t988), task performance was almost complete. This was primarily because in

our task paradigm two laterally placed targets would have been spatially predictable or
remembered. Since we did not find any significant error, the present activation findings could
not be altributed to incomplete task execution
In the analysis of the relationship between symptomatology and blood flow, we observed
the negatil'e correlation (r = -0.62, p < .01) between resting state left DLPFC rCBF and the
se\'erity of Alogia (Poverty of Speech and Thought)

In

a category of SANS. This was

concordant with the findings of Dolan and Hammersmith group who stressed on the state
dependency of the left DLPFC resting state rCBF related to psychomotor retardation or
poverty of speech in schizophrenia and depression (Belich el

aI.,

t993:

Dolall

el al., (993).

6. GENERAL DISCUSSION

In this study, we found a linear relationship between the relative rCBF by 0-15 water
PET and the relative rCMRgiu by F-18 FDG PET during resting state in 3 unmedicated
schizophrenic patients. During simple saccade a linear relationship between the relative rCBF
and the relative rCMRgiu was also established in medicated patients. There was no difference
between those relationships among subjects.
Sokoloff and his colleagues showed a tight coupling between rCBF and rCMRgiu in
rats during resting state applying quantitative autoradiographic method using C-14iodoantipyrine as a blood flow tracer and C-14-2-deoxyglucose as a probe to a glucose
utilization

(SokololTel aI., 1977; SokololT, 1978).

1986; Balaza"a el aI., (988),

There were human coupling PET studies

(Baron el aI.,

both of which showed a loose correlation.

In terms of coupling in an activated state, an double labelled autoradiographic method
were applied in rats during tactile stimulation to show that the same column structure of
375-500 mm was found as a neuroanatomical topography both for CBF and CMRglu (Greenberg
el aI., 1979).

In human with PET, continuous visual stimulation with illuminating checkerboard

showed 50 % increase vs. resting state in rCBF and in rCMRglu, but only 5 % increase
rCM R02 (Fox el aI.,

1988).

This discrepancy between blood flow increase and oxygen utilization

increase was also found in the same worker's tactile stimulation study

(Fox el aI., 1986).

It is

difficult to do a double labelled autoradiographic PET study in man. [n these human studies
including ours, rCBF and rCMRgiu were determined at a different time point, which was a
limitation of the methodology. In addittion, rCBF was determined by two minutes scan,
besides rCMRgiu was determined by 68 minutes scan. It was questioned whether we could
compare two minutes and 68 minutes period at rest or when performing saccadic task in a
strict sense. It was another limitation.
In this study we compared not absolute but relative values of rCBF and rCMRglu.
Thus we could not tell whether an overall rCBF and rCMRgiu coupling mechanism in
schizophrenia is different from that in healthy subjects. However, at least in this small cohort,
there was no absolute value difference in either rCBF or rCMRgiu between schizophrenia
and healthy subjects (data not shown).
Regions of interest

In order to quantify PET data in terms of anatomical regions, there are three strategies
(Bohlll el aI., 1992).

The first is to draw ROls directly onto the PET images and calculate the

average signal of each ROI (Drawing anatomic ROls in the image under study). That approach
is relatively simple to perform. However. to determine the region anatomically, the precise
knowledge of the brain anatomy is required. Additionally, that approach is not free from the
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problem of the effect caused by the size and the location of the ROls (that is partial volume
effect).
The second is to use the subject's CT/MRI template by transferring the ROls drawn
on CT/MRI images onto PET images (Combining several modalities). The average signal of
each ROI is then calculated. That approach seems to be accurate. However, because of the
thickness of each PET image (in this study, 6.5 mm thick), it is theoretically impossible to
transfer the cortical ROls which are drawn on the thinner (about 1 mm thick) MRI image
since we cannot know how each gyrus runs within the PET image thickness. It is not free
from the same problem of the size of the ROls either.
The last is so-called stereotaxic method (Atlas based method). The stereotaxic method
assumes interindividual variability of the human brain can be neglected in both an anatomical
and a functional sense. Each individual brain can be either linearly or nonlinearly transformed
into a standard brain (sometimes called as a brain atlas or a brain map), on which each
subareas of the brain can be readily identified. Images of different individuals are transformed
onto the brain atlas and then statistically processed as a group. Significant activation pinpoints
are identified on the atlas with their magnitude usually shown as Z score or t-test value.
However the assumption has some weakness. Anatomical heterogeneity is one problem.
As Steinmetz et al. (SleinmelZ el aI.,

1991;

Rademacher el aI.,

(993)

wisely pointed out, even the

primary sensory cortex could not be transferred onto the standard brain without any significant
interindividual difference. To help desensitize the analys to variations in gyral anatomy and
to improve the local signal-to-noise ratio, the original PET data were rescaled and smoothed
with a two-dimentional filter with large (20mm) FWHM, which means their 'pinpoints' are
always suffering large errors. Functional heterogeneity is another. If in different subjects
some different points in a brain subarea serves the same function, the activation cannot be
detected by this approach.
Considering these matters, in this study we chose the first approach with the aid of the
second and the last. To control the effect of the size of the ROls, the circle ROls, sixteen
millimeter in diameter, were set closely according to the cortical rim line. With the aid of the
subject's CT/MRI image and the standard brain atlas (Tatairach

&

Tournoux,

(988),

these ROls

were grouped into functional subareas. Multiple ROls were always used for any subarea
because they could reduce variability which was inevitable in choosing only one ROI (Kuwerl
el aI.,

1992).

Activation of a brain subarea was shown as an average rCSF value of the brain

subarea, not as a maximal value within the subarea. We limited the number of the subareas in
order to enhance the power of detection against multiple comparisons.
Location of FEF

The location of human FEF revealed by MRI-PET combination in this study was
concordant with the previous results.

Most studies except the first Xe-SPECT study by

Ivlelamed & Larsen applied the stereotaxic transformation method to show the location of

FEF

(Melamed & Larsen, 1979).

The stereotaxic method was advantageous in the sense of SIN,

however, in the consequence of neglecting interindividual anatomical differences, might
obscure the precise location of FEF. Actually the reported coordinate for FEF was so far
apart from each other.
MRI-PET combination method like ours or Petit et al.

(Petit e' 01.,1993; Lang et 01., 199~)

could overcome the mislocation problem, however, single study was not enough to show a
significant increase against noise. The presented result was one representative case, and it
was not clear whether this relatively large activation areas were all related to saccade execution,
or including a spill-over from a narrower within this apparent activation.
Considering the results of Petit et aI, which showed saccade-related activation in the
precentral gyrus

(Petit et 01., 1993),

the presented relatively large activation area designated as

human physiologically-defined FEF might include two different components. One was so-called
motor-related FEF located in area 6 on the precentral gyrus, and the other was more anterior
part (area 8 and area 9), which could be involved in other functions such as attention. This
anterior part that is on the middle frontal gyrus, was recently argued by Petrides et al.
Cl 01.,1993)

(Petrides

to be involved in monitoring external generated responses. In this study, we did not

separate these supposed subareas. This could limit the interpretation of the following results.
To localize and clarify of these subareas in the human FEF, the use of functional
MRI must be advantageous. It is because the method can relate the activation directly onto
the subject's MRl slice and is free from a limitation of the number of the scans, while PET
scans have the limit because of the radiation exposure limit.
Cortical control of saccades in healthy volunteers
In the previous studies

(Melamed & Larsen, 1979; Fo.\:

Lang et 01., 199~; Anderson et 01., 199~),

healthy subjects

(Table I).

et al.,

1985j Petit ct

aI.,

1993; Paus

et aI.,

1993;

neural control of saccades has already been studied in

In this study, the frontal eye field (FEF) were activated during all

the saccadic tasks. The result was in good agreement with the others. This was because FEF
was engaged in saccade execution.

In our ROI analysis, left dorsolateral prefrontal cortex (DLPFC) activation was observed
during volitional saccade task. However, other results from a stereotaxic analysis was not
conclusive. Law et al. showed bilateral large DLPFC activations during anti saccade task
et 01.,1995).

(Law

Paus et al. showed a significant activation point during antistimulus saccade task in

the right superior frontal sulcus

(I'ous et 01., 1993).

In the contrary, O'Driscoli et al. applied

antisaccade task and reported no activation in DLPFC

(O'Driscoll et 01.,1995).

As I pointed out in

the method section, this in consistency might be explained by the fact that these stereotaxic
method was not sensitive to a large and scatteringly distributed activation.
The DLPFC role in the saccade has been suggested as reflexive saccade suppression
(Guiltol1 ct aI., 19S5; Picrrol·Ocscilligny ct al., 1991)
e' 01..1993).

and as holding instructional information (Ful1<lha!'>hi

Volitional saccade paradigm has both factors. In another view, the DLPFC activation
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can be related to the subjects' intention (or sustained attention) to execute saccade tasks.
Because even the volitional task was easy enough in a stochastic sense for the healthy
subjects, it could have happened that they only kept performing the predetermined motor set
Qeft...right. .. left...right). However, concerning the attentional aspect, in non-human primates
DLPFC lesions generally improve performance on sensory discrimination tasks so that the
DLPFC might not contribute to attention (Irle, t990).
Laterality of the activation is a matter of a debate. There are lines of observation
which showed the DLPFC activations during neuropsychological tasks in one hemisphere
(Fletcher ct al. , 1995; Frith et al., L991) 1992; K:lpur ct aI., 1994j I)ardo ct al. , 1991; Weinberger ct al. , 1986).

Lack

of DLPFC activation in one hemisphere did not always mean that the DLPFC in the hemisphere
had nothing to do with the task performance. Possible activation in the hemisphere might
have not reached a significant level in the study.
Recently the functional heterogeneity within the DLPFC has been drawing attention.
Petrides et al. (J'etrides el aI., (993) argued that mid-DLPFC was rather related to the monitoring
of externally generated responses. Frith et al. (Frilh el aI., (992) reported that the more lateral
and inferior DLPFC related to the willed action. Kapur et al. (Kapur el aI.,

199~)

argued that the

left inferior DLPFC was involved in 'working with meaning', not in willed-action nor taskspecific.
In this study, we did not analyze the lateral and inferior part of DLPFC, mainly consisted of
the inferior frontal gyrus. That was because of the difficulties to identify the regions confidently
in our method. However, this area might serve a different role from the DLPFC we analyzed.
Correlative alteration of the PPC during volitional saccade can be related to the role
of this region as the center for spatial or motion vision (MounleaSlle el aI., (975). Superior PPC
activation was reported in memory or remembered saccade task (Pelil el aI., 1993b; Anderson el aI.,
19')~)

and in reflexive saccade task (Paus et aI., 1993; Anderson el aI.,

199~).

Our study did not show

any PPC activation during the reflexive saccade task. It was mainly due to the difference of
the task paradigm and the ROI strategy. Like our result, the PPC activation during antistimulus
task was reported (Paus el aI., (993).
Subareas in the PPC are of interest as is in the DLPFC. Our ROI was located on the
superior lobule, supramarginal gyrus and angular gyrus. This area included ROls applied in
other studies (Pelil el aI., 1993b; I'aus el aI., 1993), but was somewhat different from the activation
location in the other study (Anderson el aI., 1994). More detailed study should be conducted to
clarify the functional heterogeneity within the ppe.
When focusing on the functional correlation patterns among regions, positive
correlations between DLPFC and PPC in both hemispheres during volitional saccades were
observed. There are reciprocal projection between DLPFC and PPC (Cavada and Go1dnmn-Rakie,
(989) and in the rhesus monkey coactivation of PFC and inferior parietal cortex during
working memory tasks (Friedman and Goldman-Rakic, (994). This study's result is concordant with
these results.
Some of the olher important cortical regions in control of saccade such as the anterior
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cingulate
overlap

(Paus cl aI., 1993)

to

and the supplementary motor area (SMA), some of which might

the supplementary eye field (SEF)

(Schlag and Schlag.Rc)', 1987),

were not analyzed in

this study. It was also due to the difficulty to set a priori ROI reliably on those regions. Lack
of these data limited the impact of the observation.
There was another limitation with these data. In saccade control, basal ganglia (Hiko;aka,
1989),

striatum and thalamus together with corticostriatal and corticothalamic pathways are

important. However, current PET resolution and plane separation with 0-15 water (8 mm in
plane and 6.5 mm, respectively) is not sufficient for quantification of the basal ganglia, the
striatum or thalamus. Thus this study could not afford the consideration on their role in
control of saccades.
Cortical control of saccades in schizophrenia

Saccade control is critical in understanding the pathophysiology of schizophrenia. The
smooth pursuit eye movement abnormalities and anti saccade distractions of schizophrenia
can be related

to

the lack of normal inhibition of the saccadic system. Levin related this

disinhibition to dysfunction of FEF mechanisms

(Lc"in, 198~).

As was assumed by Levin, this study showed lack of FEF activation during saccadic
tasks in schizophrenia as a group (Figure 8), but not all the schizophrenic subject lacked the
FEF activation. The following figure shows the one of the un medicated schizophrenic subject,
on whom the FEF activation during saccadic tasks could be seen (Figure 10). No clinical
characteristics could explain the individual activation difference. FEF of schizophrenia is
thus dysfunctional, however, considering lhe individual difference, it may not be primarily
impaired.
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Figure 10

Unmedicated schizophrenic subject showed the FEF activation.

DLPFC of schizophrenia lacked activation during volitional saccade. This result was
concordant with other rCBF studies involving prefrontal challenge tasks
Berman, 1987; Berman ct aI., 1986,1988, 1990, 1992, 1993

j

(Andreasen et aI., 1992;

Catafau ct aL, 1994; Daniel ct aI., 1991j Franzen &

Ingvar, 1975; Guenther et aI., 1986, 1991; Gur ct al. , 1994; Ingvar & Philipson, 1977; Kawasaki et al., 1993;

I'arellada et aI., 1994; Rubin et aI., 1994; Weinberger et aI., 1986, 1992).

of schizophrenia regarded as "hypo/ranta/icy"
might be highlightened when it was challenged

A supposed prefrontal dysfunction

(Ingvar & Franzen, 1974; Franzen & Ingvar, 1975)

(Volkow et aI., 1987).

The lack of DLPFC activation

could be an expression of the dysfunction of the area.
The activalion difference could not be explained by those patients' clinical features. II
may be due to the number limitation of the observation.

Neurochemical factors such as

GABA or dopamine receptors activity in cortical areas rather than patients' clinical features
may explain the acti vation pattern. In saccade control, 0 I-dopamine antagonist injection into
DLPFC impaired delayed saccade task performance

(Sawaguchi et aI., 1994).

Of interest, 01-

dopamine receptor role in the pathophysiology of schizophrenia is now drawing an attention.
There is a possibility that 0 I-dopamine receptor activity may explain the activation difference.
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7. SUMMARY OF FINDINGS

ON THE METHOD

- Task-evoked rCBF paradigm (activation studies) by PET is applicable for schizophrenia
with a reliability

ON THE NEURAL CONTROL OF SACCADES

- DLPFC, together with PPC is activated when saccade against a distractible stimuli is made.
- FEF and DLPFC in schizophrenia is not so activated when making saccades.
-

0

clinical variable can explain the cerebral activation difference in schizophrenia.

- Decrease of left DLPFC is related to the patient's severity of Alogia
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