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ORIGINAL ARTICLE
Altered coupling of regional cerebral blood flow and brain

temperature in schizophrenia compared with bipolar disorder
and healthy subjects

Miho Ota’, Noriko Sato?, Koji Sakai®, Mitsutoshi Okazaki?, Norihide Maikusa®, Kotaro Hattori', Hiroaki Hori', Toshiya Teraishi',
Keigo Shimoji®, Kei Yamada® and Hiroshi Kunugi'

Previous studies have suggested that schizophrenia patients have dysfunctional thermoregulation. The aim of this study was to
examine whether brain temperature (BT) in schizophrenia patients differs from that in patients with bipolar disorder and healthy
subjects by using magnetic resonance imaging. We also evaluated the possible relationship between BT and cerebral blood flow
(CBF). We analyzed the temperature of lateral ventricles as the mean BT using diffusion-weighted imaging (DWI) thermometry, and
evaluated the relationships between the BT and the CBF using pseudo-continuous arterial spin labeling (pCASL) among 3
diagnostic groups, 22 male patients with schizophrenia, 19 male patients with bipolar disorder, and 23 healthy male subjects. There
were significant positive correlations between BT in the lateral ventricles and CBF in both the patients with bipolar disorder and
healthy subjects. By contrast, there were significant negative correlations in patients with schizophrenia. We could not detect the
significant difference in the surrogates of BT among three diagnostic groups. We showed that patients with schizophrenia, but not
those with bipolar disorder, have dysfunctional thermoregulation in the brain. Brain temperature is highly dependent on cerebral
metabolism and CBF, and thus uncoupling of cerebral metabolism and CBF may occur in schizophrenics.
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INTRODUCTION

Schizophrenia is a psychotic disorder characterized by altered
perception, thought processes, and behaviors; and bipolar dis-
order is a mood disorder involving prolonged states of depression
and mania.! Historically, bipolar disorder and schizophrenia have
been considered distinct nosological entities, with each disorder
thought to have a different etiology and pathogenesis. However,
the underling neural mechanisms of these disorders remain
unclear. Functional brain imaging studies using positron emission
tomography have most commonly reported that hyperdopami-
nergia are thought to be fundamental to the emergence of psy-
chotic symptoms and to the mechanism of action of antipsycho-
tics (for review, see Fusar-Poli and Meyer—Lindenbergz). Further,
schizophrenia showed hypofrontality, a decrease in cerebral
metabolic rate (CMR for glucose or oxygen) and a decrease in
cerebral blood flow (CBF) in frontal regions revealed by positron
emission tomography and single photon emission computed
tomography (for review, see Hill et alf). However, increased
prefronto-limbic CMR and CBF have been observed in some
positron emission tomography and single photon emission

computed tomography reports in bipolar disorder (for review,
see Gonul et al*).

Cerebral metabolic rate and CBF have been found to be closely
correlated in positron emission tomography studies in healthy
human subjects.* However, some developmental, degenerative,
ischemic, and neoplastic processes have been associated with an
uncoupling of CMR and CBF.>® Dunn et al’ also showed the
uncoupling of CMR and CBF in depressed patients. As for bipolar
disease, they showed that patients with bipolar disease showed a
positive correlation between CMR and CBF globally like controls.”

In healthy humans, brain temperature (BT) is determined by the
balance between heat produced by cerebral energy turnover and
heat removal.? Because heat removal is primarily dependent on
CBF® and the arterio-venous temperature difference across the
brain,®° reduced cerebral perfusion relative to cerebral metabo-
lism may indicate decreased central heat removal (i.e., higher
BT).'° Previous studies have suggested that schizophrenia patients
have dysfunctional thermoregulation,'’™"” and these data suggest
that patients with schizophrenia may exhibit abnormal BT.

Recently, human BT in lateral ventricle has been estimated
noninvasively and accurately from the diffusion-weighted imaging

'Department of Mental Disorder Research, National Institute of Neuroscience, National Center of Neurology and Psychiatry, Kodaira, Tokyo, Japan; *Department of Radiology,
National Center of Neurology and Psychiatry, Kodaira, Tokyo, Japan; *Department of Human Health Science, Graduate School of Medicine, Kyoto University, Sakyo-ku, Kyoto,
Japan; *Department of Psychiatry, National Center of Neurology and Psychiatry, Kodaira, Tokyo, Japan; *Department of Imaging Neuroinformatics, Integrative Brain Imaging
Center, National Center of Neurology and Psychiatry, Kodaira, Tokyo, Japan and ®Department of Radiology, Graduate School of Medical Science, Kyoto Prefectural University of
Medicine, Kamigyo-ku, Kyoto, Japan. Correspondence: Dr M Ota, Department of Mental Disorder Research, National Center of Neurology and Psychiatry, National Institute of

Neuroscience, 4-1-1, Ogawa-Higashi, Kodaira, Tokyo 187-8502, Japan.
E-mail: ota@ncnp.go.jp

This study was supported by a Health and Labor Sciences Research Grant (for Comprehensive Research on Disability, Health, and Welfare) (MO and HK), an Intramural Research
Grant (24-11) for Neurological and Psychiatric Disorders of NCNP (MO and HK), and a grant for ‘Understanding of molecular and environmental bases for brain health’ carried out
under the Strategic Research Program for Brain Sciences by the Ministry of Education, Culture, Sports, Science, and Technology of Japan (HK).

Received 18 November 2013; revised 19 June 2014; accepted 29 July 2014; published online 3 September 2014


http://dx.doi.org/10.1038/jcbfm.2014.151
mailto:ota@ncnp.go.jp
http://www.jcbfm.com

rCBF and brain temperature in psychoses -
M Ota et al @

1869

(DWI).'8"° Cerebral blood flow can also be calculated noninva-
sively by pseudo-continuous arterial spin labeling (pCASL)
imaging.”’ The aim of the present study was to examine whether
the temperature of lateral ventricle, regarded as the mean BT, in
schizophrenia patients differs from that in patients with bipolar
disorder and healthy subjects by using DWI. We also evaluated
whether there were differences in the relationship between BT
and CBF among the three diagnostic groups by using pCASL.

MATERIALS AND METHODS

Subjects

Subjects were consisted of 22 male individuals with schizophrenia, 19 male
individuals with bipolar disorder, and 23 healthy male subjects. Diagnosis
was made according to the Diagnostic and Statistical Manual of Mental
Disorders, 4th ed. (DSM-IV) criteria.?" All subjects were Japanese males and
biologically unrelated. The symptoms of all schizophrenia subjects were
assessed by using the Positive and Negative Syndrome Scale (PANSS),*
and the patients with bipolar disorder were rated with the 21-item
Hamilton depression rating scale”® and Young mania rating scale.?* Daily
doses of antipsychotics including depot antipsychotics and antidepres-
sants were converted to chlorpromazine and imipramine equivalents using
published guidelines, respectively.?® The characteristics of the participants
are shown in Table 1.

Healthy subjects were recruited from the community through local
magazine advertisements and our website announcement. These partici-
pants were interviewed for enrollment by a research psychiatrist using the
Japanese version of the Mini-International Neuropsychiatric Interview.?®
Participants were excluded if they had a prior medical history of central
nervous system disease or severe head injury, or if they met the criteria for
substance abuse or dependence. Those individuals who showed a history
of psychiatric illness or contact with psychiatric services were excluded
from the group of healthy subjects.

After the study was explained to each participant, written informed
consent was obtained for participation. This study was approved by the
ethics committee of the National Center of Neurology and Psychiatry,
Japan.

Magnetic Resonance Imaging Data Acquisition and Processing

The magnetic resonance studies were performed on a 3-T MR system
(Philips Medical Systems, Best, The Netherlands). The DWI was performed
in the axial plane (repetition time/echo time, 5,760/62 ms; matrix, 80 x 80;
field of view, 240 x 240 mm; 60 continuous transverse slices; slice thickness
3mm with no interslice gap). To enhance the signal-to-noise ratio,
acquisition was performed twice. Diffusion was measured along 15
noncollinear directions using a diffusion-weighted factor b in each
direction of 1,000s/mm? and one image was acquired without using
any diffusion gradient. The imaging parameters for all of the pCASL
experiments were single-shot gradient-echo echo planar imaging in

combination with parallel imaging (sensitivity encoding (SENSE) factor 2.0),
repetition time=4,000ms, echo time=12ms, matrix=64x 64, field of
view =240 X 240, voxel size =3.75 x 3.75 mm, 20 slices acquired in ascend-
ing order, slice thickness=7mm, 1-mm gap between slices, labeling
duration=1,650ms, postspin labeling delay=1520ms, time interval
between consecutive slice acquisitions=32.0ms, radio frequency
duration=0.5 ms, pause between radio frequency pulses =0.5 ms, labeling
pulse flip angle=18°, bandwidth = 3.3 kHz/pixel, echo train length=35.
Thirty-two pairs of control/label images were acquired and averaged. The
scan duration was 4 minutes and 24 seconds. For measurement of the
magnetization of arterial blood and also for segmentation purposes, an
echo planar imaging MO image was obtained separately with the same
geometry and the same imaging parameters as the pCASL without
labeling. Details of the calculation of regional CBF (rCBF) are described
elsewhere.'”” The CBF maps were then normalized with the DARTEL
(diffeomorphic anatomical registration using the exponentiated lie)
registration method using a template made from the average CBF maps
of healthy subjects previously recorded at our center.?” Each map was then
spatially smoothed with a 4-mm full-width at half-maximum Gaussian
kernel to decrease spatial noise and compensate for the inexactitude of
normalization.

Calculation of the Brain Temperatures

Diffusion-weighted imaging analysis. We extracted the body of the lateral
ventricle and calculated the mean temperature in the lateral ventricle
using the automated temperature calculation method.'® In this method,
the diffusion coefficient in the diffusion direction i was calculated by
Equation [1] and then converted to a temperature.

D; = In(S,/S;)/b (1]

Here, D; is the diffusion coefficient (mm?/s) along the diffusion direction i, b
is the applied diffusion weighting (s/mm?), and S, and §; are the voxel
signal intensities of the reference and diffusion-weighted images along
diffusion direction i, respectively. The D; value was converted to the
corresponding temperature using Equation [2].

T; = (2256.74/In [4.39221/D)]) - 273.15 2]

Here, T; is in the unit of degrees Celsius (°C). The temperature within the
lateral ventricle was determined according to our previous paper.'®

Statistical Analysis

The differences in age and years of education among patient groups and
healthy subjects were evaluated using analysis of variance, and the
differences in age at onset and dose of antipsychotics and antidepressants
were evaluated using two-sample t test. The differences of BT in lateral
ventricles were evaluated using analysis of covariance controlling for age.
The post hoc test was done using Bonferroni's correction for multiple
comparisons. The correlations between BT in lateral ventricles and the
clinical symptoms of disorders were evaluated using partial correlation

Table 1. Demographic and clinical characteristics of the subjects
Variable Healthy subjects Schizophrenia Bipolar disorder P
Male (n=23) Male (n=22) Male (n=19)
Mean +s.d. Mean + s.d. Mean +s.d.
Age (years) 393+12.7 363+ 104 42.4+10.2 0.24
Education (years) 17.2+4.0 148+2.6 15.8+3.3 0.06
Age at onset (years) 22.7+6.1 32.7+10.5 < 0.001
Antipsychotic medication® (mg/day) 573.9+470.8 222.3+3445 0.01
Antidepressant medication® (mg/day) 38.0+100.6 64.7 +141.4 0.5
HAM-D 12.2+9.0
Young mania rating scale 04+1.1
PANSS positive 148 +4.4
PANSS negative 17.0+7.3
PANSS general 334+10.2
HAM-D, Hamilton’s rating scale for depression; PANSS, positive and negative syndrome scale; s.d., standard deviation. *Chlorpromazine equivalent.
PImipramine equivalent.
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analysis controlling for age. Statistical analyses were performed using SPSS
Statistics for Windows 17.0 software (SPSS Japan, Tokyo, Japan).

Correlations between the BT in the lateral ventricles and rCBF in patient
groups and healthy subjects were assessed using the SPM8 (Welcome
Department of Imaging Neuroscience, London, UK) software. We evaluated
the correlation of each group by ‘full factorial’ design in SPM8 with age as a
covariate, and with the BT in the lateral ventricles as a covariate interacting
with the factor ‘diagnosis’. Statistical analyses were performed only
differences that met the following criteria were deemed significant. In this
case, a height threshold of P <0.001 (uncorrected) and the extent
threshold of P < 0.05 (uncorrected) were adopted.

RESULTS

The demographic and clinical characteristics of the participants
are shown in Table 1. There were no significant differences in age
and education years among the three groups in each sample.

When the temperature in the lateral ventricles was compared
by DWI thermometry, we could not detect a significant difference
among the three diagnostic groups (Figure 1). Only the significant
negative correlation was detected between the BT in lateral
ventricles of schizophrenia and PANSS-general score (correlation
coefficient=-0.54, P=0.012, d.f.=19). Second, we evaluated the
relationships between the BT in the lateral ventricles and rCBF,
and there were significant positive correlations in the left anterior
cingulate in healthy subjects, and the left orbitofrontal region in
patients with bipolar disorder (Figures 2A 2a, 2B, and 2b; Table 2).
However, there were significant negative correlations in the right
medial frontal region in patients with schizophrenia (Figure 2C
and 2¢; Table 2). The slope and R? value of the linear approximate
equation between the rCBF and the temperature in the lateral
ventricles were slope=0.06, R* value=0.53 in healthy subjects
(Figure 2a); slope =0.04, R? value = 0.62 in the patients with bipolar
disorder (Figure 2b); slope =-0.08, R? value =0.49 in the patients
with schizophrenia (Figure 2c).

DISCUSSION

We found that there were different correlation patterns between
BT in the lateral ventricles and CBF in the patients with schizo-
phrenia compared with the patients with bipolar disorder and
healthy subjects. To our knowledge, this is the first study focusing
on the surrogate of BT and CBF simultaneously determined using
magnetic resonance imaging.

Human studies examining acute stroke, brain tumors, and
Moyamoya disease have shown a significant difference of BT
compared with healthy subjects,'®**2° and they indicated that the
balance between heat production caused by CMR and heat

39.0
Lateral ventricle

38.0 1

Temperature [°C]
s
-3
L=}

36.0 4
35.0 r
Healthy subjects Schizophrenia Bipolar disorder
Figure 1. Clinical differences of brain temperature. There was no

significant difference of temperature in the lateral ventricles among
the three groups.
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removal by CBF helps to keep the temperature of the brain
constant. A previous study focusing on psychiatric disease
reported that all regional correlation coefficients for CMR and
CBF were positive in the patients with bipolar disorder just as in
the control subjects.” Our results revealed that patients with
bipolar disorder showed a positive correlation between the BT in
the lateral ventricles and the CBF that was the same pattern in
healthy subjects. These points may indicate that the thermo-
regulation system of the healthy subjects is the same as that of
patients with bipolar disorder. However, the patients with
schizophrenia showed a different correlation between the BT
and the CBF. Typically, glucose is the principal energy substrate of
the brain. However, it is reported that the brain of depressive
patient uses an energy source other than glucose,*® and other
study showed the dysregulation between CMR and CBF in the
patients with major depressive disorder.” Similarly, the patients
with dementia of Alzheimer’ type and with the alcohol abuse, who
showed the decrement of brain glucose utilization and the
increase in acetate uptake in the brain,'">* presented with a
dysregulation between CMR and CBF.3*3® The metabolic profiling
study>® and postmortem study®’ indicated the disordered energy
metabolism in the brain of schizophrenia. Brain depends exclu-
sively on glycolysis and oxidative phosphorylation to create ATP.
Thus, any mitochondrial pathology will have the most pronounced
effect on the brain. Recent postmortem studies in schizophrenia
have revealed abnormalities in mitochondrial morphology, func-
tion, and gene expression.3® In vivo evidence for mitochondrial
involvement in schizophrenia derives from magnetic resonance
spectroscopy, an imaging technique that allows visualization of
energy-related metabolite levels in the brain. N-acetyl-aspartate is
an amino acid thought to be primarily synthesized in the
mitochondria of neurons that can be measured by magnetic
resonance spectroscopy. Some of magnetic resonance spectro-
scopy studies in schizophrenia have reported decreased N-acetyl-
aspartate levels in several brain regions.>® Further, it is known that
antipsychotics induce the dysfunction of mitochondria.”® The
change in the brain energy metabolism in schizophrenia would
alter the coupling of CBF and BT.

In this study, the significant positive or negative correlation
between the BT of the lateral ventricles and CBF was observed in
the medial frontal region and orbitofrontal region. The anterior
cerebral artery runs through the neighborhood of the anterior part
of the lateral ventricles, and the course of the artery is thought to
influence the BT in the lateral ventricles.

Our data could not detect the significant difference of the BT in
the lateral ventricle among three diagnostic groups. It is known
that schizophrenia patients have dysfunctional thermoregulation
(e.g., axillary, corneal, rectal, and oral esophageal),'’™"” though
there has been only one study that evaluated the BT of schizophrenic
patients in vivo. In that report, there was posterior-dominant
occipital-frontal temperature gradient in schizophrenics.'”” We
calculated the mean BT in the whole lateral ventricle, and did not
evaluate in each segmented area. Further study with the
measurement of temperature in small segmented lateral ventricles
may show the temperature gradient of the schizophrenic brain.
We detected the negative correlation between the BT and PANSS-
general score, and this point was compatible with the previous
one."” In addition, it is known that antipsychotics may influence
the temperature. Specifically, antipsychotics have been shown to
have the capacity to lower core temperature,*’*? yet the schizo-
phrenic patients in this study were prescribed larger volumes of
antipsychotics, and showed higher BTs, compared with the
patients with bipolar disorder. The schizophrenic participants in
this study also showed relatively low PANSS scores, and PANSS
scores have been shown to be negatively correlated with frontal
CBF.**** Then, the little decline in CBF may have obscured the
change in BT. A further study with controlled antipsychotics and
severe schizophrenic patients may show the dysfunctional brain

© 2014 ISCBFM
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Figure 2. The relationships between the brain temperature and regional cerebral blood flow. Three left images showed the statistically
significant regions projected on a glass brain in the three orthogonal planes and one right image showed the regions on the standard
T1-weighted image. (A) There were significant positive correlations in the left anterior cingulate in healthy subjects (shown in yellow). (a) The
scatter plot of them. (B) There were significant positive correlations in the left orbitofrontal region in patients with bipolar disorder (shown in
red). (b) The scatter plot of them. (C) There were significant negative correlations in the right medial frontal region in patients with
schizophrenia (shown in blue). (c) The scatter plot of them.

Table 2. Regions of statistically significant correlations between regional cerebral blood flow and temperature of lateral ventricles using age as
nuisance variable

Group Cluster size Z score X y z Brain region

Positive correlation

Healthy subjects 184 4.52 -10 26 16 Left anterior cingulate gyrus
Patients with bipolar disorder 82 433 -22 44 -20 Left orbitofrontal gyrus
Negative correlation

Patients with schizophrenia 99 3.94 14 34 34 Right medial frontal gyrus
thermoregulation. Besides, this study contained relatively small of freedom, and experiments should be designed such that d.f.
sample size, then the degrees of freedoms for each of their >30."° Future study with a larger number of subjects would be
correlations in the individual groups were low; 19 for schizo- necessary to verify this study.
phrenia patients, 16 for bipolar disorder, and 20 for healthy con- In conclusion, we showed that patients with schizophrenia, but

trols. The validity of the SPM is strongly dependent on the degrees not those with bipolar disorder, exhibited dysfunctional
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thermoregulation in the brain. Brain temperature is highly
dependent on CMR and CBF, and thus uncoupling of CMR and
CBF may occur in schizophrenics.
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