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Figure 3. Correlations between rans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyl]pyrrolo-[2,1-aJisoquinoline {["'C]{+)McN-5652) distribution volumes
(DVs) in a representative brain region (the thalamus) and clinical variables in methamphetamine (METH) abusers. A, Significant negative correlation between
["C){+)MeN-5652 DVs and the duration of METH use (r=—0.84; P=.001 by Pearson correlation coefficient). B, Correlation between ["'C](+)McN-5652 DVs and
the duration of METH abstinence (r=0.16; P=.61). C, Correlation between Aggression Questionnaire scores and ["'C}(+)McN-5652 DVs (r=-0.82; P=.001).

Although the present study was not designed to di-
rectly assess recovery from brain damage induced by meth-
armphetamine use, there was no correlation between the
[M'C](+)McN-5652 DVs and the duration of methamphet-
amine abstinence. Along with this finding, the result show-
ing that even individuals who had been abstinent for more
than 1 year (n=9) had a substantial decrease in serotonin
transporter density (approximately a 30% decrease com-
pared with controls) (Figure 3B) suggests that reductions
in the density of the serotonin transporter in the brain as-
sociated with habitual methamphetamine abuse could per-
sist long after methamphetamine use ceases.

The magnitude of aggression in methamphetamine abus-
ers increased significantly with decreasing serotonin trans-
porter densities in some brain regions. Detoxification from
methamphetamine in all the abusers in this study was con-
{irmed by regular urine drug screening as described in the
“Drug Screening” subsection, including a test on the day
of PET examination; these tests were conducted to estab-
lish that the psychiatric symptoms, such as aggression, were
residual rather than acute symptoms induced by metham-
phetamine use. As a result, the relationship between the
degree of aggressiveness and the density of serotonin trans-
porter found in this study was not ascribed to the process
of detoxification from methamphetamine use. Thus, the
present findings indicate that methamphetamine-
induced serotonergic disturbances are responsible for the
elevated aggressiveness that is frequently observed, as a re-
sidual symptomn, in abstinent methamphetamine abusers.
This contention is consistent with a variety of studies™™
that have documented associations between decreased se-
rotonergic function and increased aggression. For ex-

ample, cerebrospinal fluid 5-hydroxyindoleacetic acid,
which is known to reflect presynaptic serotonergic activ-
ity in the brain, has been found to be reduced in aggres-
sive psychiatric patients,”** impulsive violent men,*** and
impulsive violent offenders.”

In the correlational region analysis using SPM in the
methamphetamine group, the magnitude of aggression
was substantially associated with a decrease in seroto-
nin transporter density in the clusters located in the or-
bitofrontal cortex, anterior cingulate, and temporal cor-
tex, although the clusters were localized to small areas
and did not fully occupy the anatomic brain regions. This
result suggests that the potential methamphetamine-
induced decrease in serotonergic function around these
3 areas may play an important role in the pathogenesis
of elevated aggression in methamphetamine abusers. This
is supported by several lines of evidence. For example,
studies of brain injuries suggest that damage to the or-
bitofrontal and anterior cingulate areas produces syn-
dromes characterized by aggression and impulsiv-
ity.”>*® Furthermore, recent PET and postmortem
clinicopathologic correlation studies have indicated that
low levels of serotonin,, receptors in the orbitofrontal,
anterior cingulate gyrus, and temporal areas are related
to aggressive behavior.**®!

However, we cannot rule out the possibility that the
increased aggression observed in methamphetamine abus-
ers could reflect a preexisting condition, for example, an
“addictive personality,” which might often involve a ten-
dency toward aggression.®? Nevertheless, in the present
study, we selected methamphetamine abusers who had
no history of abnormal aggression before the use of meth-
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Figure 4. Results of the whole-brain voxel-based statistical parametric mapping analysis of the trans-1 ,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)
phenyl]pyrrolo-[2,1-ajisoquinoline ({'C)(--)McN-5652) distribution volumes (DVs). A, Locations of methamphetamine abuser and control differences in
["'C](+)MCN-5652 DVs. Areas with significantly reduced ['C}{+)McN-5652 DVs in methamphetaming abusers compared with those in controls (P<.001,
corrected for cluster level) are given in Table 2. B, Locations of clusters with significant negative correlations between Aggression Questionnaire scores and
[M'C)(+)McN-5652 DVs in methamphetamine abusers (P<.05, corrected for voxel level) (Table 3). Each top row shows 3-dimensional glass brain views; each
bottom row, detected area superimposed onto normal template magnetic resonance images.

amphetamine, and their histories were retrospectively con- detailed Structured Clinical Interview for Diagnostic and
firmed by the abusers and their family members through Statistical Manual of Mental Disorders, Fourth Edition—
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Abusers Compared With 12 Control Subjects*

Table 2. Voxel-Based Analysis of Regional Brain ["'C](-+)McN-5652 Distribution Volume Reductions in 12 Methamphetamine

Cluster-Level Analysis

Voxel-Level Analysis

Talairach Coordinates

T ]
Corrected Voxels,

I
Corrected z

1 [ 1

Locatien P Value No. P Value Score X y z
Right insular cortex <.001 45315 .009 5.33 34 13 -4
Left caudate nucleus NA NA .02 512 ~-10 19 -4
Right claustrum NA NA 03 5.02 32 0 -3

Abbreviations: ["'C](+)McN-5652, trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyl]pyrrolo-[2,1-ajisoquinoling; NA, not available. )
*The significance threshold was P<.05 at the corrected voxel level and P<.05 at the corrected cluster level. Coordinates are given in millimeters from the origin

at the midpoint of the anterior commissure for voxels of peak significance.

Questionnaire Scores in 12 Methamphetamine Abusers*

Table 3. Voxel-Based Analysis of Regional Brain ["'C){-+)McN-5652 Distribution Volumes Negatively Associated With Aggression

Cluster-Level Analysis

I ]
Corrected Voxels,

Talairach Coordinates
1 I ™1

Voxel-Level Analysis

[
Correcled z

Lacation P Value No. P Value Score bd y z

Right orbitofrontal cortex <.001 20 .007 5.49 6 26 ~21
Left inferior temporal cortex <.001 38 .007 5.48 -57 -30 -19
Left orbitofrontal cortex .001 10 .02 5.17 -10 34 -24
Right anterior cingulate cortex <.001 12 .03 5.13 10 49 10

Abbreviation: ["'C}(+)McN-5652, trans-1,2,3,5,6,10-beta-hexahydro-6-[4-(methylthio)phenyl]pyrrolo-[2,1-a]isoquinoline.
*The significance threshold was P<.05 at the corrected voxel level and P<.05 at the corrected cluster level. Coordinates are given in millimeters from the origin

at the midpoint of the anterior commissure for voxels of peak significance.

based interviews. Furthermore, in this study, the sever-
ity of aggression clearly paralleled the decreases in sero-
tonin transporter density in the brain, which in turn were
found to be associated with the duration of methamphet-
amine use. Therefore, it seems unlikely that the in-
creased aggression observed in these methamphet-
amine abusers reflected a preexisting disposition or
personality trait.

Except for the scores on the AQ, none of the scores
on the clinical rating scales for psychiatric symptoms were
correlated with the decrease in serotonin transporter den-
sity. Methamphetamine has been reported to affect not
only serotonergic neurons but also several other types
of neurons, such as the dopaminergic, glutamatergic, and
y-aminobutyric acid (GABA)-ergic neurons, all of which
have been implicated in the presence of a variety of psy-
chiatric symptoms (eg, delusions, hallucinations, and anxi-
ety).** Itis possible that changes in various types of neu-
rons might have affected or modified the clinical
symptoms evaluated herein. Another plausible interpre-
tation for the negative results is that, as seen in Table 1,
the severity of most of the residual symptoms assessed
in this study ranged from mild to moderate, and the vari-
ances of their distributions were relatively small; to-
gether, these factors may have biased the results toward
the null hypothesis.

Herein, we recruited methamphetamine abusers from
the community; they were recreational abusers of meth-
amphetamine only, and none of them had used other il-
licit drugs or had taken toxic or high doses of metham-
phetamine. Although our strategy allowed us to evaluate

the pure effects of methamphetamine on the human brain,
the findings may not be generalized to the broad popu-
lation of methamphetamine abusers. However, the com-
bined use of methamphetamine with other illicit drugs
is infrequent in Japan, as indicated by Japanese National
Police Agency records in 2002.%* One reason for this is
that cannabis, cocaine, and major illicit drugs other than
methamphetamine are not widely distributed in Ja-
pan.® Furthermore, a national survey of 233 metham-
phetamine abusers reported that only 2.6% of the abus-
ers had undergone methamphetamine intoxication,®
suggesting that abusers of an overdose of methamphet-
amine are rare in Japan. Consequently, our findings are
considered to be fairly generalizable to the population
of methamphetamine abusers, at least in Japan.

In this study, all the methamphetamine abusers ex-
hibited some psychopathologic symptoms, even in an ab-
stinent state. To our knowledge, no previous studies have
examined the incidence of psychopathologic abnormali-
ties in abstinent methamphetamine abusers recruited from
the general community. In a study by Wada and Fukui,”
who investigated the psychopathologic characteristics of
233 abstinent methamphetamine abusers recruited from
hospitals in Japan (the period of abstinence exceeded 1
month; the mean +SD duration of methamphetamine use
was 11.1+7.9 years), almost all the abusers exhibited some
psychopathologic symptoms, such as auditory halluci-
nations, delusions of reference/persecution, mood dis-
turbances, anxiety, insomnia, irritability, impulsivity; and
personality changes, including the antisocial personal-
ity type. Such observations cannot be applied to absti-
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nent abusers in the community as a whole but may
provide some support for the high occurrence of psy-
chopathologic symptoms observed in this study. In Ja-
pan, most methamphetamine abusers take the sub-
stance intravenously,® whereas in a study® from the United
States, approximately 90% of methamphetamine abus-
ers had no history of intravenous or intramuscular in-
jection of methamphetamine. Furthermore, a study by
Domier and colleagues® revealed that among recently ab-
stinent methamphetamine abusers who had discontin-
ued its use for several months, the injecting abusers had
a significandy higher incidence of psychopathologic symp-
toms than the noninjecting abusers. These results sug-
gest that in Japan, the intravenous intake of metham-
phetamine could predispose its abusers to persistent
psychiatric problems, even after the cessation of meth-
amphetamine use. Nevertheless, it remains an impor-
tant and unresolved issue whether a reduction in sero-
tonin transporter could be expected to occur in abusers
with no psychopathologic signs or symptoms. To verify
our findings that methamphetamine abuse is linked to a
reduction in brain serotonin transporters, which in turn
underlies persistent psychopathologic symptoms, addi-
tional studies that also incorporate a group of metham-
phetamine abusers with no apparent psychopathologic
problems are required.

Wilson and colleagues® examined serotonin concen-
trations in postmortem tissue samples from human brains
with a history of long-term methamphetamine abuse, al-
though they did not study serotonin transporters per se.
They concluded that there were no substantial alterations
in serotonin concentrations in the global brain exceptin
the medial prefrontal cortex (Brodmann area 11: areduc-
tion of 56% compared with controls) and in the orbito-
frontal cortex (Brodmannarea 12:a reduction of 61% com-
pared with controls). These results seem to contradict our
observation of reductionsin serotonin transporters in widely
distributed brain regions. The discrepancy between the
results of that postmortem study and those of present study
is puzzling, However, one possible explanation for this dis-
crepancy could be related to differences in the pattern and
amount of drug use between the samples."'*!" In West-
ern countries, methamphetamine abusers often use other
drugs, mainly cocaine or cannabis®™; however, no infor-
mation is provided with respect to this issue in the study
by Wilson and colleagues.®” Because methamphetamine
is more likely to produce neurotoxic effects in seroton-
ergic neurons than either cocaine or cannabis,” "> meth-
amphetamine abusers who use this drug only could have
experienced more severe damage to serotonergic neurons
than abusers who simultaneously use other drugs, such
as cocaine or cannabis, Furthermore, similar to most meth-
amphetamine abusers in Japan, those in this study intra-
venously injected the substance. The intravenous intake
may further potentiate the neurotoxic effects of metham-
phetamine.

To our knowledge, this is the first study to demon-
strate a severe and long-lasting reduction in the density
of the serotonin transporter in the living brains of meth-
amphetamine abusers. The observed decrease in seroto-
nin transporter density was also found to be associated
with elevated levels of aggression. The present findings,

combined with the results of previous animal studies, sug-
gest that those who abuse methamphetamine may be at
substantial risk for severe serotonin neuronal damage in
the brain, potentially leading to persistently elevated ag-
gression, even in those in a currently abstinent state.
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We compared pharmacologically-perturbed hemodynamic parameters
(cerebral blood volume; CBV, and flow; CBF) by acetazolamide
administration in six healthy human subjects studied with positron
emission tomography (PET) and near-infrared (NIR) time-resolved
spectroscopy (TRS) simultaneously to investigate whether NIR-TRS
could measure in vivo hemodynamics in the brain tissue quantitatively.
Simultaneously with the PET measurements, TRS measurements were
performed at the forehead with four different optode spacing from 2 cm
to 5 cm. Total hemoglobin and oxygen saturation (SO,) measured by
TRS significantly increased after administration of acetazolamide at
any optode spacing in all subjects. In PET study, CBV and CBF were
estimated in the following three volumes of interest (VOlIs) determined
on magnetic resonance images, VOI;: scalp and skull, VOI,: gray
matter region, VOI3: gray and white matter regions. Acetazolamide
treatment elevated CBF and CBV significantly in VOI, and VOI; but
VOI;. TRS-derived CBV was more strongly correlated with PET-

derived counterpart in VOI; and VOI; when the optode spacing was .-

above 4 em, alfhoixgh optical signal from cerebral tissue could be
caught with any optode spacing. As to increase of the CBV, 4 cm of
optode spacing correlated best with VOI,. To support the result of
TRS-PET experiment, we also estimated the contribution ratios of
intracerebral tissue to observed absorption change based on diffusion
theory. The contribution ratios at 4 cm were estimated as follows: 761
nm: 50%, 791 nm: 72%, 836 nm: 70%. These results demonstrated
that NIR-TRS with 4 cm of optode spacing could measure cerebral
hemodynamic responses optimally and quantitatively.
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Introduction

Near-infrared spectroscopy (NIRS) allows simple, non-invasive
measurement of the oxygenation state and hemodynamics in living
tissue by utilizing the differential in absorption spectrum between
oxygenated and deoxygenated hemoglobin. This field got its start
from the finding by Jobsis (1977) that when a cat’s head is
irradiated with near-infrared (NIR) light, the intensity of the
transmitted light shows changes according to the oxygen metabolic
state in the tissues. Since then, there has been growing study and
technique of NIRS measurement.

Making that advantage, this method has been expected for use
in surgical operations (Kakihana et al., 1996; De Blasi et al., 1997)
and neonate respiration care (Meek et al., 1999; Isobe et al., 2000).
Besides the clinical field, topographical imaging by multi-channels
measurement is being performed to observe brain activity on the
cortex (Watanabe et al., 2000; Tanosaki et al., 2001).

NIRS encompasses some different techniques and analysis, and
we are adopting approaches of time-resolved spectroscopy (TRS;
Oda et al, 1996; Yamashita et al, 1998), phase modulated
spectroscopy (PMS; Tuchiya and Urakami, 1996; Iwai et al.,
2001) or spatially resolves spectroscopy (SRS; Suzuki et al., 1999)
method, etc. to quantification. '

In contrast to the wide applicability of NIRS to brain monitoring,
fundamental and critical questions still remain to be clarified, one of
which is light propagation in the human head. The effect of the
various external tissues of the head such as skin, skull and
cerebrospinal fluid (CSF) on photon propagation in the internal
cerebral tissue has not yet been fully examined in vivo.

Several researchers (Firbank et al., 1995; Okada et al.,, 1997)
expressed doubts about the use of NIRS on adult human heads due
to problems from the multi-layered structure of the scalp, skull,
CSF and the cerebral tissue. Firbank first showed that the presence
of CSF had a significant effect on the light distribution. It was
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reported that the NIRS signal from the adult human head was only
10-20% of the total signal due to the effect of CSF from the Monte
Carlo simulation. These doubts are related to the essential question
of where to measure using the photon, and research studies are
being conducted using both simulations (Okada and Delpy, 2000,
2003a,b; Misonoo and Okada, 2001) and experimental measure-
ments. On the contrary, several researchers (McCormick et al.,
1992; Harris et al., 1994; Germon et al., 1995; Kohri et al., 2001)
have reported that NIRS can detect the brain signals more
specifically by increasing the optode spacing from experimental
measurements. :

In this study, in order to investigate the relation between the
optode spacing and light sampling depth, we observed change
i the cerebral blood volume (CBV) of six adult subjects by
administration of a drug with simultaneous measurement of the
TRS system which can measure the blood volume and the oxygen
saturation (SO,) quantitatively and positron emission tomography
(PET), and we compared the CBV by TRS (TRS CBV) with CBV
by PET (PET CBV) and estimated the contribution ratios of intra-
cerebral tissue to the observed absorption change at three different
wavelengths.

Materiéls and methods
Subjects

Six healthy male subjects (mean age, 42.6 = 5.08; range, 37 to
51 years) were studied. Informed consent was obtained from all
subjects before experiment. It was confirmed that they had no
previous history of intracranial disorders and also that there were
no anatomical abnormalities by making a check with a magnetic
resonance imaging (MRI; 0.3 T MRP7000AD, Hitachi Ltd.,
Japan).

Three-wavelength TRS system
We used TRS-10 system (Hamamatsu Photonics K.K., Japan)

(Odaetal., 2000) to obtain TRS-CBV in our experiment. This system
uses time-correlate single photon counting (TCPC) method for

measuring the temporal function of the sample. The system measures
the intensity of light in a time domain and enables analysis of to the
data with the time domain photo diffusion equation (Patterson et al.,
1989). The block diagram of this system is shown in Fig. 1.

As the light source, this system uses semiconductor lasers
called “Picosecond Light Pulser (PLP, Hamamatsu Photonics K.K.,
Japan)” emitting light pulses at three different wavelengths
(761 nm, 791 nm, 836 nm) with a peak power of 60 mW, average
power of 30 pW, the full with at half maximum (FMHM) of 100 ps
and repetition frequency of 5 MHz. The detector section of this
system consists of a photomultiplier tube (PMT, H6279-MOD,
Hamamatsu Photonics K.X., Japan) followed by constant fraction
discriminators (CFD), time-to-amplitade converters (TAC), A/D
converters and histogram memories.

The systern instrumental function is about 160 ps FMWH. The
three PLPs emit light pulses on a time series, and the 3-wavelength
optical pulses (761, 791, 836 nm) are guided into one optical fiber
via a fiber coupler (CH20G-D3-CF, Mitsubishi Gas Chemical
Company Inc., Japan). An optical switch (SC SERIES, JDS FITEL
Inc., Canada) in this experiment selected the light irradiation point.
A neutral density filter installed between the optical switch and
each irradiation fiber maintained the light entering the PMT at a
correct level. Each single optical fiber (GC200/250L, FUIIKURA
Ltd., Japan) used for light irradiation has a numerical aperture
(NLA.) of 0.25 and a core diameter of 200 um. The optical bundle
fiber (LB21E, HOYA Corp., Japan) used to collect the light has an
N.A. 0f 0.21 and a bundle diameter of 3 mm.

TRS data analysis

The observed temporal profiles were fitted into the photon
diffusion equation (Patterson et al., 1989) using the non-linear least
square fitting method. The reduced scattering (u,’) and absorption
coefficients (u1,) for three wavelengths were calculated (Appendix
A). Then oxyhemoglobin (TRS HbO,), deoxyhemoglobin (TRS
Hb), total hemoglobin (TRS tHb) and oxygen saturation (SO,)
were calculated with least square method (Appendix B). We then
converted the TRS tHb into the TRS CBV for comparison with the
PET CBV (Appendix C). Additionally, we calculated the partial
mean pathlength of extracerebral tissue (Lyy) at each wavelength
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Fig. 1. Block diagram of time-resolved spectroscopy system (TRS-10: Hamamatsu Photonics K.K.).
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by applying the method by the reference (Kohri et al., 2001) for
five subjects whose absorption coefficients (u,) increased propor-
tional to optode spacing from 2 to 4 cm. The observed mean
pathlength (L) was calculated (Zhang et al., 1998) from temporal
profiles. Then, we determined the contribution ratio of the
intracerebral tissue to the observed absorption change using these
values.

TRS fiber position

Prior to the experiment, headgear was made for each volunteer
to fix the TRS optical fibers to their left forehead. The headgear
was made of thermoplastic material (ESS-15, Engineering System
Co., Japan) to ensure a secure fit onto the head of each volunteer. A
total of five fiber holders were fabricated for four light irradiation
points (S;.4) with optode spacings of 2, 3, 4 and 5 cm and one
light detection point (D), and a black sheet was affixed to the inner
side of the headgear except for the fiber holders to shield a
detection fiber from stray light propagating on the skin surface.
More specifically, the light irradiation point §4 was first established
on the left forehead, at a point 35 mm above supra-orbital margin
so as to avoid the frontal sinus, and also 1 cm away from the
median line to avoid the superior sagittal sinus. Next, the other
light irradiation and detection points (S} .3, D) were established
using this point (S4) as a reference. The positions of the light
irradiation and detection points (S) 4, D) on the MRI image of the
head are shown in Fig. 2A. After measurement was complete, the
value of optode spacing for substitution into the photon diffusion
equation was measured as a straight distance with calipers. Fabri-
cating headgear allowed the measurement to be easily made and
permitted setting accurate optode spacing.

PET procedure

PET was performed using a high resolution PET scanner
(SHR22000, Hamamatsu Photonics KX, Hamamatsu, Japan)

(Iwase et al., 2002) with spatial resolution of 3.6 mm at full width
half maximum (FWHM) transaxially and 4.2 mm axially, and ‘with
a 23-cm axial field of view, yielding 63 image slices simulta-
neously. After backprojection and filtering, the image resolution
was 8.0 x 8.0 x 5.3 mm FWHM. The voxel of each reconstructed
image measured 1.73 x 1.73 x 3.6 mm. Just prior to PET
measurement, each subject underwent an MRI for determining the
brain scanning area by using a static magnet with 3-dimensional
mode acquisition (Ouchi et al., 1998). Fifteen-minute transmission
scan for attenuation correction was performed with a 8Ge/®Ga
source.

We applied the *0-CO short inhalation method followed by 5
min of data acquisition to measure the PET CBV (Lammertsma and
Jones, 1983; Lammertsma et al., 1987). During this acquisition
period, two pairs of arterial blood samples were collected for deter-
mining arterial **0-CO radioactivity.

One hundred twenty-second dynamic emission scans (10 s x
12 frames) were performed while subjects received a 500-MBq
bolus of HYO through the right cubital vein by an automated
injector. Simultaneously after injection, arterial blood was con-
tinuously withdrawn through the left brachial artery using the
automated arterial blood vy-ray coincidence counter (BACC-2:
Hamamatsu Photonics K.K., Hamamatsu, Japan) yielding arterial
input data per second (Quchi et al,, 2001). A quantitative PET CBF
value was estimated using 2-min H3’O data accumulated after the
tracer started circulating in the brain by summing the dynamic
frames based on the autoradiographic method (Herscovitch et al.,
1983).

Physiological parameters were monitored during PET exami-
nation and additional arterial blood samples were taken after each
scan for analyzing levels of PaCO,, Hb, hematocrit and arterial pH
using a blood gas analyzer (Bayer Rapidlab 860, Tokyo, Japan).
The psychophysical condition of each subject was evaluated by
asking if any different sensation or mental activity was developed
during the whole measurement in order to exclude any change in
such brain activities as a confounding factor.

Fig. 2. Fiber and VOI positions setting on MRI image and PET images. (A) Fiber markers appear on left forehead. S, _4 and D are corresponding to irradiation
fibers and a detection fiber, respectively. Optode spacings of $)-D: 2 cm, S3-D: 3 cm, S3-D: 4 ¢m, S4-D: 5 cm were set. The four PET VOIs were set as
follows. VOI,: extracerebral tissue, VOI,: gray matter region, VOI5: gray matter and white matter regions. (B) Images of typical measurements (41 years old;
male) of PET CBF (upper) and PET CBV (lower) in the resting (left) and loading (right) state.
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After measurements, to grasp the TRS light irradiation and
detection points on the PET image, the fiber positions were marked
by multi-modality radiographic markers (MM-3004, 1.Z.1 Medical
Products Corp., USA) and the brain once again measured by MR1.

PET VOI

The volume of interest (VOI) on PET image used for
comparison with TRS values was set by means of the following
procedure. First of all, 3-dimensional MRI images were cut into 3.6
mm thick slices transversely along the multi-modality radiographic
marker line. Then two slices involving these markers were selected
from all these slices. Next, the following four VOIs were placed
under S4-D area on the two slices. These were set as VOIi:
extracerebral tissues (such as scalp and skull), VOI,: gray matter
region, VOI;: gray matter and white matter regions. These VOIs
were then repositioned on the PET image matching the selected
two MRI slices as the PET VOIs. Mean values for each VOI size
were VOL;: 2.88 cm?®, VOI,: 3.16 cm?®, VOI: 5.99 em®. The VOI
settings are shown in Fig. 2A.

Since the PET CBF and PET CBV values were calculated with
coefficients established for intracerebral tissues, the data of VOI,
set in extracerebral tissues were treated with arbitrary unit.

Protocol

PET measurements were performed in the resting state (before
administration) and the loading state (after administration) at more
than 20 min after the intravenous administration of 1000 mg
acetazolamide (Diamox, Japan Wyeth Ledele Ltd., Japan) appeared
to be the maximum effect of cerebral vasodilatation. Two CBF
measurements and one CBV measwrement with PET were per-
formed in resting and loading state.

In the TRS measurement, the optode spacings were changed in
sequence by switching the four light irradiation points (S} . 4) with an
optical switch. To maintain a peak count greater than 5000 (Suzuki
etal.,, 1994), the acquisition times at each light irradiation point were
set to 10, 20, 30 and 120 s. These TRS measurements were
performed consecutively on a time series from the start to the finish
of the PET measurements. Subjects were kept at rest while lying face
up on the bed during measurements. The protocol is shown in Fig. 3.
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Statistical analysis

All results were expressed as mean * SD. Statistical signifi-
cance of the changes in PET CBV, PET CBF, TRS CBV and SO,
before and after administration of acetazolamide was analyzed by
paired ¢ test. Statistical significance of contribution ratio among
wavelengths was analyzed by ANOVA and Bonferroni 7 test. A
significant difference was defined when statistical probability:
P was less than 0.05.

The association between TRS CBV and PET CBV was
evaluated by squared Pearson’s correlation coefficient (). Change
in CBV (ACBV) by administration of acetazolamide was also
evaluated in the same way. The assessment for VOI, was not
performed because it was expressed in the arbitrary unit. Statistical
significance of +* was analyzed by a ¢ test for 2. A significant
difference was defined when statistical probability: P was less than
0.05.

Results
Physiology

There were no significant changes in physiologic parameters
(arterial blood pressure, pulse rates, PaCO,) and psychophysical
states (changes in mental activity) between before and after
administration of acetazolamide (data is not shown).

TRS

Typical values of TRS tHb and SO, at each optode spacing
during the experiment are shown in Fig. 4. The rise of TRS tHb
and SO, was confirmed at all optode spacings immediately after
administering acetazolamide and reached a plateau after about 10
min. These phenomena were observed in all subjects.

Mean values of TRS CBV and SO, at each optode spacing in
the resting and loading states are shown in Fig. 5. The TRS CBV
and SO, at each optode spacing in resting state were as follows:
2 cm: 2.7 0.4 cm?/100 g, 70.3 + 1.1%, 3 cm: 3.0 £ 0.2 cm®/100 g,
68.7 £ 1.8%, 4 cm: 3.0 + 0.3 cm®/100 g,69.6+23%, 5cm: 2.7
0.3 cm’/100 g, 71.7 = 2.8%. The TRS CBV and SO, in loading

rest acetazolamide] Joad
i.v.
H.®0 H.®0 c®o c®0 H™oH "o
2 2 2 2
v, v, inhalation inhalation iv. Jv.
20min
PET measurement H 1L . H.H
2min 2min  Smin 5min  2min 2min
CBF CBF CBvV CBV CBF CBF
3min
TRS measurement W 7 777 7 )
optode spacing : 2cm . 10 sec continuous measurement
3cm 20 sec tHb
. SO
4cm 5. 30 sec 2
Sem 120 sec

Fig. 3. TRS and PET simultaneous measurement protocol. The TRS measurement was made while switching the light irradiatior: point to set optode spacings of
2,3, 4 and 5 cm. Data acquisition time was 10, 20, 30 and 120 s at each irradiation point. In the PET meacurement CBF was measured twice and CBV once,
both resting and loading state. One CBF measurement required 2 min and the CBV measurement 5 min.
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Fig. 4. TRS measurement results at each optode spacing. Typical responses
(41 years old; male) of TRS tHb (upper) and SO, (lower) for acetazolamide
administration. The oblique lines indicate PET data acquisition period.

state significantly rose approximately 6% and 3%, respectively, of
resting state at all optode spacing.

PET

The CBF and CBV images at the resting and loading state are
shown in Fig. 2B. The CBF can be clearly seen to increase after
administering acetazolamide, whereas the CBV shows a relatively
minor increase.

Mean values of PET CBF and PET CBV at each VOI in the rest
and loading state are shown in Fig. 6. The PET CBF and PET CBV
at each VOI in the resting state were as follows: VOI, (arbitrary
unit): 6.6 = 1.2 cm®/100 g/min, 2.6 = 0.4 cm*/100 g, VOLy: 39.6 +
5.3 cm®/100 g/min, 4.4 + 0.9 cm>/100 g, VOI,: 40.6 + 5.1 cm?/
100 g/min, 4.0 £ 0.7 cm’/100 g. The PET CBF and PET CBV at
VOL, 5 in the loading state significantly increased approximately
30% and 10%, respectively, compared to those of resting state.
However, no significant increases were observed for the CBF and
CBV at VOI,, which increased 8.2% and —1.3%, respectively.

Correlations

The #* for the CBV and ACBV, respectively, between’ TRS and
PET are shown in Tables 1A and B.

The 7% of CBV at 4 cm and 5 cm of optode spacing was higher
than those at 2 cm and 3 cm of optode spacing at all VOI, and they
also showed high correlation values as the depth increased.

As to ACBV, r? of VOI, showed exceptionally higher than
those of VOI; at all optode spacing. At the VOI,, however, 2 at 2
cm of optode spacing showed lower than those at other optode
spacing. At the VOI;, just as with the CBV correlation, »2 at 4 cm
and 5 cm of optode spacing showed higher than those at 2 ¢m and
3 cm of optode spacing.

Low and the contribution ratio
Ly at each wavelength was as follows: 761 nm 11.7 £ 2.7 cm,

791 nm: 6.3 £ 2.4 cm, 836 nm: 6.5 £ 1.5 cm. L, at 761 nm was
significantly longer than those of 791 and 836 nm, against
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Fig. 5. Mean values (n = 6) for (A) TRS CBV and (B) SO, in the resting
and loading state. Significant differences were confirmed for all optode
spacings after administering acetazolamide (*P < 0.05).
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Fig. 6. Mean values (n = 6) for (A) PET CBF and (B) PET CBV in the
resting and loading state. Significant differences were confirmed at VOI,
and VOI; after administering acetazolamide (*P < 0.05). tVOI; was
expressed in the arbitrary unit.

observed mean pathlength of each wavelengths were also the same
(data is not shown).

The contribution ratios of the cerebral tissue at each wave-
length are shown in Fig. 7. The contribution ratios of 761 nm with
all optode spacing were significantly lower than those of 791 and
836 nm.

Discussion

The acetazolamide used in this experiment increases the regional
CBF by inhibiting carbonic anhydrase and thereby expanding
cerebral blood vessels (Posner and Plum, 1960; Ehrenreich et al.,
1961). This drug is therefore generally used to assess the
cerebrovascular reserve capacity as an acetazolamide test. Similarly
in this study, significant increases of PET CBF and PET CBV by

Table 1
Squared correlation coefficient () between PET and TRS: (A) CBV; (B)
ACBV

TRS optode spacing PET

VOI, VOI;
(4) r: TRS CBV vs. PET CBV (n = 6)
2 cm 0.601+* 0.535%*
3cem 0.410* 0.525%*
4 cm 0.690%* 0.84 1%
5cm 0.762*+* 0.859**
(B) ¥2: TRS ACBV vs. PET ACBV (n = 6)
2 cm 0.331 0.050
3 cm 0.633* 0.277
4 cm 0.699* 0.457
5 cm 0.585 0.352

* P < 0.05. )

#* P <0.01.

acetazolamide in the intracerebral tissues (VOlp3) and no signifi-
cant increase of those in the extracerebral tissues (VOI;) were
confirmed. In the TRS measurements on the other hand, significant
increases in CBV at all optode spacings were observed. Further, the
result of significant increases of SO, at all optode spacing agrees
well with a report (Vorstrup et al., 1984) that there was hardly any
change in CMRO, even though the CBF increased when
acetazolamide was administered. These results suggest that when
optode spacing is 2 cm to 5 cm, the photons passing through the
head convey the intracerebral hemodynamic response.

However, the CBV and ACBV correlations clearly differed
according to the optode spacing and VOI. As for CBV correlation,
these trends suggest that the longer the optode spacing, the deeper
the region that the photons can penetrate, because the correlation
with VOI; was higher than that with VOI, at each optode spacing
except at 2 cm. In addition, correlations at 4 cm and 5 cm of optode
spacing showed a trend to higher than those at 2 cm and 3 cm of
optode spacing with both VOIs. These results suggested that
optode spacing was preferably more than 4 cm for improving
quantification of NIR-TRS to cerebral hemodynamics.
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Fig. 7. Mean values (n = 5) for contribution rations of the cerebral tissue to
observed absorption change. Significant differences were confirmed for all
optode spacing at 761 nm to 791 and 836 nm (*P < 0.05).
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Fig. 8. Mean values (n = 5) for reduced scattering coefficient at each
wavelength and optode spacing. The values of 761 nm for all optode
spacing were highest among three wavelengths (no significant differences).

Because-the density of blood vessels in VOI,, which covers the
gray matter mostly, was high, there might be a large increase in
blood volume. Accordingly, the ACBV correlation with VOI, may
be higher than VOI; regardless of the optode spacing. Also, the
ACBV correlation for VOI, is a maximum at 4 cm of optode
spacing so that this distance may be optimum for capturing
cerebral hemodynamics response around the gray matter region.

Contribution ratios at 4 cm of optode spacing were as follows:
761 nm: 50.4 £ 10.3%, 791 nm: 72.9 £ 9.4%, 836 nm: 70.0 £ 6.0%.
The results at 836 nm are very much in agreement with the results
at 834 nm by Kohri (Kohri et al., 2001). But these resulis are
different from previous simulation work (Firbank et al., 1995). The
photon propagation depends heavily on the optical parameters of
tissues. We believe that the y, and g’ of the postmortem adult
human brain (Van der Zee et al., 1992) and piglet (Firbank et al.,
1993) used in the simulation work maybe different from those in
living tissues. Furthermore, both contribution ratios at 5 cm of
optode spacing were higher than those at 4 cm and the ACBV
correlation at 5 cm of optode spacing is lower than that at 4 cm;
thus it is speculated that photons has penetrated even deeper, and
contains information not only on gray matter but also on white
matter and cerebral ventricle. Conversely, the lowest value of the
ACBYV correlation at 2 cm of optode spacing corresponds with
derived Jow contribution ratios. So the 2 cm of optode spacing is
not recommended for acquiring intracerebral information.
Although we treated a complex layered structure as a single set
of u, and ug’, assuming of a homogeneous medium, making
optode spacing longer could satisfy this condition concededly.

Leye at 761 nm was 1.7 times of those at 791 and 836 nm,
although observed mean pathlength at each wavelength was also the
same values. 1t means that the photons of 761 nm are hard to
penetrate into the cerebral tissue than those of 791 and 836 nm. To
support this result, mean values for z at each wavelength and the
optode spacing in the resting state are shown in Fig. 8. As the higher
the scattering, the photons are harder to spread into the cerebral
tissue deeply. The difference of u,” among wavelength showed a
similar tendency to that of Ley. It was also reported that the value of
uts” increases progressively with decreasing wavelength (Bevilacqua

et al., 1999; Torricelli et al., 2001). To improve the accuracy of NIR
measurement, it should be necessary to consider wavelength
selection including us” as well as absorption spectra of hemoglobin.

The TRS system has a potential to quantitate the hemoglobin
concentration since it directly measures the optical pathlength
distribution of detected photons passing through the living tissue,
different from the conventional measurement methods (Brazy et al.,
1985; Ferrari et al., 1987; Cope and Delpy, 1988). This allows
making patient-to-patient comparisons and comparing the patient
condition before and after treatment, making it highly valuable as
an indicator for diagnosis and treatment. In this study, a good
correlation coefficient was obtained between TRS-derived CBV
and PET-derived CBV, while the absolute CBV levels by TRS
were lower than those by PET. One reason for the under-/over-
estimnation of the CBV values might be a difference in modalities
which measure different in vivo responses. An absolute value of
CBYV weighs considerably in the NIRS study. Thus, further studies
are needed to resolve this methodological issue.

NIR measurement is proven capable of continuous measure-
ment with high time resolution while also being a simple, safe
and non-invasive method. Additionally, study of diffuse optical
tomography is being proceeded based on this technology (Ueda
et al., 2001; Hillman et al., 2001). We hope to further develop
our work in the NIRS field to the level where it can be used as
a modality to assist and complement PET technology.

Conclusion

We observed a change in the CBV by administration of
acetazolamide with simultaneous measurement of TRS and PET.
These experiments showed that intracerebral hemodynamics
response by administering acetazolamide could be captured at
optode spacings of 2 cm to 5 cm.

Furthermore, by evaluating the correlation with PET, we
concluded that more than 4 cm of optode spacing is preferable
for improving quantification of the NIR-TRS measurement to
intracerebral hemodynamics. Additionally, 4 cm of optode spacing
s a good setting to monitor cerebral hemodynamics response
around the gray matter region. Contribution ratio of intracerebral
tissue at 4 cm estimated about 70%, although it varies according to
wavelength. NIR measurement is a simple and easy method to

‘evaluate cerebral hemodynamics.
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Appendix A. Derive reduced scattering and absorption
coefficients from temporal profiles

Behavior of photon within scattering and absorption media like
a living body is expressed by the photon diffusion Eq. (1)
(Patterson et al., 1989).

13
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where ¢(r, t) is the diffuse photon fluence rate at position r and
time 7, D is the photon diffusion coefficient and expressed in D =
1/3us’, v is the velocity of light within the media and S(r, 1) is the
light source.

Solutions using this equation are found under different
boundary conditions. We used the solution of a semi-infinite
homogeneous model (Patterson et al., 1989) for TRS data analysis.
In this solution, R(d, ) is expressed by a function of the optode
spacing, the reduced scattering coefficient (i) and absorption
coefficient (11,), as shown in Eq. (2).

NE_ o8 d?+z
R{d1) = (4nDv) 2zot Zexp(——yavt)exp<— Do ) 2)
where d is the optode spacing and zo = 1/,

Using the non-linear least squares method, we fit Eq. (2) into
the observed temporal profiles obtained from TRS and determined
us’ and p, at each wavelength (Suzuki et al, 1994). The
conversion chi-square (32) value was adopted to evaluate fitting

accuracy. We confirmed that our observed profiles fitted well with.

the theoretical curves using this index (0.8 < ¥2 < 1.2; Grinvald and
Steinberg, 1974).

Appendix B. Calculation of hemoglobin concentration and
oxygen saturation by absorption coefficients

The u, of the 3 wavelengths (761, 791, 836 nm) that were
measured is expressed as shown in simultaneous Eq. (3).

Har6inm = 60>:yHb76lnmCoxyl-l'b + 8deoxyHb76lnmCdeoxyHb

-+ 8H:O761nmCH:O + Habkg761nm

Ha79inm = &oxyHb79lnmCoxyHb + gdcoxym779\nmcdcoxyHb

+ £3,07910mCH,0 + Habkg7915m

Hag36nm = EoxyHbs3nm Coxyb + EdeoxyHbs36nm CaeoxyHb
+ €1,08360mCH;0 + Labkag3enm 3)

where 1, is the absorption coefficient at the wavelength 1, g,,; is
the molar extinction coefficient of the substance m at the
wavelength 4, C,, is the concentration of the substance m and
bkg is the chromophores contributing to u, in tissue for other than
oxygenated hemoglobin (oxyHb), deoxygenated hemoglobin
(deoxyHb) and water.

Based on the assumption that light absorption in the lving body
in this wavelength region occurs from oxyHb, deoxyHb and water,
and also that there is no other background absorption in the living
body (Tromberg et al, 1997), we determined TRS values for
oxygenated hemoglobin (TRS HbO,) and deoxygenated hemoglo-
bin (TRS Hb) as tissue water concentration is 70%.

TRS total hemoglobin (TRS tHb) and SO, were obtained fiom
Eq. (4) as follows.

TRS tHb[pM] = TRS HbO, + TRS Hb,

TRS HbO,
SO [%) = ez % 100 (4)

Appendix C. Conversion TRS tHb into TRS CBV

We converted the TRS tHb into the CBV by TRS (TRS CBV)
using Eq. (5) (Wyatt et al., 1990) for comparison with the CBV by
PET (PET CBV).

TRS tHb x MWy,
TRS CBV[CC/lOO g] = Hb x nxpX 100000 (5)

where MWy, is hemoglobin molecular weight; 64,500, Hb is
arterial hemoglobin concentration (g/dl) of subject, # is the
cerebral-to-large-vessel hematocrit ratio; 0.85 (Phelps et al.,
1979) and p is density of cerebral tissue (g/ml); 1.04 (Picozzi
et al., 1985).
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Changes in cerebral blood flow under the prone condition
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Abstract

To investigate changes in regional cerebral blood flow (rCBF) under the prone condition with and without light massage on the back, we
measured rCBF quantitatively in healthy human subjects using positron emission tomography with H,'3O. Biochemical tests showed that the
light massage (palm-pressure) reduced levels of stress-related serum cortisol and salivary stress protein chromogranin-A measured after the PET
examination. Absolute rCBF significantly increased in the parietal cortex (precuneus) under the prone condition compared with the supine condition,
and this rCBF increase was in parallel with comfortable sensation and slowing heart rate during the massage. Correlation analysis in statistical
parametric mapping showed that the amygdalar and basal forebrain rCBF correlated with parasympathetic function (heart rate reduction), indicating
involvement of the forebrain-amygdala system in mediating activities in the autonomic nervous system in the presence of comfortable sensation.
To conclude, prone posture itself can stimulate the precuneus region to raise awareness, and the light massage on the back may help accommodate

the brain to comfortable stimulation.
© 2006 Published by Elsevier Ireland Ltd.

Keywords: Prone posture; Palm-pressure massage; Cerebral blood flow; Positron emission tomography; Precuneus

A prone posture is what people sometimes assume for a quick
rest in the daily living and is a common style during massage
therapy. It is well accepted that massage therapy gives posi-
tive effects on physical and mental care irrespective of health
conditions {4,18,23]. Specifically, moderate pressure massage is
reported to cause reductions in heart rate and in alpha and beta
activities on electroencephalography (EEG), indicating genera-
tion of a relaxation response [23]. Biochemical basic studies also
indicated massage-related favorable changes in the immune [§]
and neurohormonal systems [22]. Thus, we hypothesized that
the maneuver could alter brain activity in a specific region that
relates to autonomic nervous system.

Exploration of brain activation can be achieved by using neu-
roimaging techniques such as positron emission tomography

* Corresponding author. Tel.: +81 53 585 0366; fax: +81 53 585 0367.
E-mail address: ouchi@pmc.hmedc.orjp (Y. Ouchi).

0304-3940/$ - see front matter © 2006 Published by Elsevier Ireland Ltd.
doi:10.1016/j.neulet.2006.08.037

(PET) and functional magnetic resonance imaging (fMRI) in
the field of complementary alternative medicine, e.g. acupunc-
ture [2,13]. We have recently developed a new imaging method
that enables to scan human subjects on the prone condition using
PET [16]. This technique allows us to investigate the effect of
back massage on regional cerebral blood flow (fCBF) quantita-
tively. Previous studies indicate that the inferomedial region of
the frontal cortex and amygdala are likely to play central roles
in relaxation processing {11,14] and that the precuneus engages
in the integration of multiple neural systems producing a con-
scious self-percept [1]. Thus, the purpose of the present study
was to examine absolute changes in rCBF in the prone posture
with and without massage applied on the back using PET with
H,1%0.

Eight right-handed healthy volunteers (4 male, 4 female;
mean age = S.D., 40.2 4 10.7 years) participated in the current
study. All participants had neither neurological problems nor
habits of regular intake of over-the-counter pills, and were naive



132 Y. Quchi er al. / Neuroscience Letters 407 (2006) 131-135

to the current palm-pressure massage. The present study was
approved by the Ethics Committee of the Hamamatsu Medi-
cal Center, and written informed consent was obtained from
all participants. To examine stress neuroendocrinologically, we
measured salivary levels of chromogranin-A, a protein induced
by mental stress [10,15] and cortisol in blood [20] before and
after the measurement.

Three-dimensional MRI by a 0.3 T scanner (MRP7000AD,
Hitachi, Tokyo, Japan) revealed no morphological abnormali-
ties. Then, a maximum of four to six PET scans were performed
under the following conditions with all eyes closed; (a) supine
at rest, (b) prone at rest, (c) prone with back massage at an early
stage (4 min after the stimulation, Stim-1), (d) prone with back
massage at a later stage (20 min after the stimulation, Stim-2).
The massage was performed in a similar manner over the back
target region. Two professional therapists from Balance Ther-
apy University performed palm-pressure massage onto the back
muscles including trapezius, rhombodeus and latissimus dorsi
for nearly 24 min, consecutively.

Using a brain-purpose PET scanner (SHR 12000, Hamamatsu
Photonics, Hamamatsu, Japan), we performed quantitative mea-
surement of rCBF in a conventional way [7,17] but in a different
condition in which arterial blood was sampled continuously
through the catheter inserted in the left brachial artery while
the examinee was lying on his/her stomach during the PET scan.
The dose of H, 'O injected was set 300 MBg/scan for each mea-
surement. To establish the reproducible measurement under the
prone posture, we used a thermoplastic facemask attached firmly
to the scanner’s couch during the prone condition, which allowed
the volunteer to be secured in the gantry and to avoid misregis-
tration artifacts [16]. The heart rate, arterial blood pressure and
skin temperature were monitored simultaneously during scans.
The subjective visual analog scale (VAS) for relaxation (ranging
from 1 to 10, 1 being the most uncomfortable to 10 being the
most comfortable) was rated after each PET scan.

Each rCBF value was calculated based on a region of interest
(ROI) method, in which semicircular ROIs were placed over the
cerebellum, lower frontal area (Brodmann area or BA: 10/11),
upper frontal area (BA: 6/8), temporal (BA: 21/22), parietal (BA:
7), occipital (BA: 17/18) cortices, the striatum and the thalamus
on the MR images and the corresponding PET images [16].
Repeated measures analysis of variance (ANOVA) was used for
analyzing changes in rTCBF among the present conditions. Fol-
lowing a Bonferroni post hoc test, a p-value less than 0.05 was
regarded as statistically significant. In addition, we performed
a voxel-wise mapping analysis using SPM2 (Wellcome Depart-
ment of Cognitive Neurology, University College, London) to
elucidate brain loci significantly activated during the massage.
Voxel-based correlations were computed between physiological
parameters and rCBF using VAS scores as confounding covari-
ates, and the statistical threshold was set at p = 0.001 uncorrected
for peak height and at clusters over 50 contiguous voxels.

Among physiological parameters, a significant reduction
was observed only in heart rate during the Stim-2 condition
(Table 1, Fig. 1D). The x2~test disclosed that the concentrations
of salivary chromogranin-A and plasma cortisol were signifi-
cantly lower after PET examination (0.8 == 1.0 pmol/mg-protein

Table |

Results of physiology and cerebral blood flow during each condition

Cerebral blood flow (ml/100g/min)

Physiology

Condition

Parietal Occipital Thalamus Striatum

Upper frontal Temporal

Temperature (°C) Cerebellum Lower frontal

Heart rate (b/m)

MABP (mmHg)

56.8 &+ 8.3
58.1 £ 9.7
58.6 £ 8.7
60.6 + 8.8

545+ 6.8
61.8 £90
60.3 + 9.2
620+ 7.8

46.5 + 7.2
509 4+ 8.3
522+£73
57.0 & 9.4°

493 & 6.4
51.24+£7.7
544 + 7.1

499 £ 4.9
505 %73
53375
54.6 + 8.3

500 £ 6.2
53.6+94
526 £9.2
547 £9.5

454 + 59
48.0 £ 7.9
473 £ 538

479 £ 7.1

511 £73
58.4 4+ 93
60.8 £ 10.1
603 £ 9.7

N.E.

712 £ 9.8
70.6 £ 11.1

81.1 83
817 £ 117
804 73

Supine
Prone

33.66+0.37
33.61£0.19
33.74+0.28

69.7 + 9.9
66.91 & 10.3

Stim-1

57.6 & 8.9°1

817+ 11.4

Stim-2

Values are expressed as mean & S.D. MABP: mean arterial blood pressure. *p <0.05 vs. supine condition, fp <0.05 vs. prone condition,
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Fig. 1. Brain regions significantly activated during the prone condition vs. the supine condition (A), during the Stim-1 vs. the prone condition (B), and during the

Stim-2 vs. the prone condition (C). (D) Changes in visual analog scale (VAS, @) for relaxation and heart rate (HR, O).

and 5.4+ 3.4 pg/dl, respectively) than before (1.241.7 and
6.4 + 3.8 ug/dl, respectively), suggesting reduction in mental
stress. This speculation was consistent with the finding that the
VAS score for positive affect was much higher after the Stim-2
condition (Fig. 1D).

Repeated measures ANOVA showed significant increase in
absolute rCBF in the parietal and occipital cortices during the
Stim-2 condition compared with rCBF in the supine condition
(Table 1). The parietal rCBF was also significantly higher in the
Stim-2 condition than that in the prone condition. There was a
tendency of rCBF elevation after assuming of prone posture in
comparison with the supine posture in general.

Examination of relative increase in rCBF in the brain using
voxel-based subtraction analysis in SPM2 revealed a signifi-
cant elevation in rCBF in the precuneus bilaterally during the
prone condition versus the supine condition (Talairach coordi-
nates: xyz=-—18 —6250,Z=5.1; 16 —64 58, Z=4.6) (Fig. 1A).
Comparison of the Stim-1 condition with the prone condition
showed significant increase in rCBF in the left precuneus and
pons (8 —18 —28, Z=4.6) (Fig. 1B). Compared with the prone
condition, significant rCBF increase was found in the bilat-
eral precuneus and left fusiform gyrus (xyz=-—-46 —28 —24,
Z=4.7) during the Stim-2 condition (Fig. 1C), in which the VAS
and heart rate were significantly elevated (Fig. 1D). Correlation

analysis showed a significant positive correlation of heart rate
reduction with rCBF in the bilateral amygdala, orbitofrontal,
hypothalamus (infundibulum) and cerebellar vermis (Fig. 2).

The present study was the first to measure rCBF quanti-
tatively in the prone posture under palm-pressure massage
applied to the back. Because each participant was released from
a restraint of prone posture and allowed to sit just after each
PET scan, there was less chance of a protracted prone-posture
effect itself. We found that prolonged palm-pressure stimulation
activated the precuneus and fusiform, along with a greater
increase in parasympathetic activity and comfortable valence
under the conscious state of mind. Thus, the present therapeutic
maneuver may operate on the parieto-occipital region and stim-
ulate the parasympathetic system. The present activation was in
accordance with a previous report that the medial occipital cor-
tex and lower parietal cortex were activated by relief-inducing
electroacupuncture possibly through somatic-visceral sensory
stimulation [24]. In addition, no increase in absolute rCBF in
the frontal cortex during the present back stimulation was in
line with the result from a previous PET study on hypnotics
showing that the hypnotic condition caused rCBF reduction in
the frontal lobe [9]. Thus, generation of comfortable sensation
by the back massage may be related to rCBF increase in the
posterior brain region, specifically the precuneus.
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Fig. 2. Brain regions significantly correlated with reduction in heart rate. Am, amygdala; Ver, cerebellar vermis; Hyp, hypothalamus (infundibulum).

The reason for rCBF increase in the posterior brain region
remains yet to be explored, but there are pieces of evidence
to be noted. Regional CBF in the occipital lobe increases in a
state of reduction in vigilance in parallel with the slow wave
activity on electroencephalogram [19]. Visually-induced grief
generates an activation of the inferior temporal and fusiform gyri
[5]. The precuneus is involved in the integration of the neural
network for self-consciousness, engaged in self-related mental
representation [ 1]. In contrast, deactivation of the precuneus may
indicate a loss of higher-order body or self-representation [12].
Thus, the precuneus is considered again, to play an important
role in the internal mentation processes of awareness [1]. In other
word, the activation of the precuneus by the back massage may
reflect an augmentation of arousal and consciousness functions
for positive affect.

The present VAS and neurohormonal findings verified the
efficacy of the present back stimulation to reduce mental stress
or anxiety in an objective sense. Before interpreting the cur-
rent back massage effect, though, the methodological limitations
have to be recognized because we did not apply any differ-
ent types of massage that would induce mental relaxation and
because we did not perform polysomnography to rule out a
contamination form an early stage of sleep. However, the pre-
vious report about this massage and prompt volitional reactions
just after each PET measurement (no one fell into sleep) would
support the occurrence of palm-pressure effect on the neuronal
and cognitive basis. In the voxel-wise correlation analysis, the
bilateral amygdala, basal forebrain and cerebellar vermis were
associated with reduction in heart rate. Because a PET study on
biofeedback relaxation effect indicated that the region close to
the hypothalamus-amygdala system serves in reducing the sym-

pathetic bodily responses to stress and anxiety [3], the current
back stimulation might affect this forebrain-amygdala system
into augmenting the parasympathetic tone in the brain. The sig-
nificant correlation in the cerebellum likely implies cerebellar
contribution to regulating the parasympathetic system because
the cerebellum is reciprocally connected to the hypothalamus,
enabling to engage in the neural circuit governing autonomic
function [21].

In conclusion, a prone-posture itself raises absolute rCBF
in the awareness-related posterior brain region, and this rCBF
increase was in association with relaxed feeling induced by back
massage. The present result provided scientific evidence on its
efficacy of palm-pressure massage to generate mental relaxation
possibly by modulating neuronal activities in the forebrain-
amygdala and precuneus network because happiness affect
might be associated with the activation of the amygdala and
posterior part of the cingulate cortex such as the precuneus [6].
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