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Figure 5. () Monthly responder rate of “Patient-reported
assessment of relief of abdominal discomfort and/or pain”. (b)
Monthly responder rate of “Patient-reported assessment of
improvement of abnormal bowel habits”. P-values were calculated
using the ¥° test.

compared with placebos was observed ar all time-
points in male patients. In females, however, it was
only observed at month 2. These findings may be
related to the small sizes of female samples in this
clinical study and a high level of placebo effect in
females compared to males. The time-dependent
increase in the placebo effect in females was greater
than that in males. Chang & Heitkemper suggested
that possible factors affecting gender differences in
the response to treatment of patients with IBS
included biobehavioral responses to stress, and
sexual cycle, as well as differences in the roles and
emotions between men and women. All of these
factors may result in a variety of differences in
clinical and physiological reactions [22]. Increased
gastrointestinal symptoms and sensitivity of the
colon during menses have been reported in clinical
studies [23,24]. The mean age of female patients was
around 40 years in this study, and the sexual cycle
may have affected the efficacy assessment to some
extent. A recent positron emission tomography study
in patients with IBS reported gender differences in
activation of brain networks concerned with cogni-
tive, automatic and antinociceptive responses to
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Figure 6. (a) Change in weekly average scores of stool form
(change from the average score for the run-in period), (b) Change
in weekly average of daily stool frequency (change from the
average score for the run-in period). (c) Rate of days without
bowel urgency (number of days without bowel urgency in each
observation week/total number of entry days in the week).

aversive visceral stimuli or the psychological stress
due to such visceral stimuli [25]. Likewise, there are
physiological differences between male and female
patients with IBS, but how these factors affect
the response to placebos in each gender has not
been elucidated. It is unclear how the differences
in demographic characteristics between male and
female patients affect the female patients’ responses.

A clinical study of alosetron demonstrated efficacy
in female patients but not in male patients [10]. The
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Table II. Incidence of adverse events (incidence of 2% or higher in ramosetron group).

pvalue (37 test, with

Symptom Placebo 5ug continuity correction)
No. of safety analysis population 269 270
All adverse events 141 (52.42%) 163 (60.37%) 0.076
Gastrointestinal disorders 33 (12.27%) 70 (25.93%) <0.001
Abdominal distension 4 (1.49%) 12 (4.44%) 0.077
Abdominal pain upper 5 (1.86%) 7 (2.59%) 0.775
Constipation 5 (1.86%) 14 (5.19%) 0.063
Hard stool 2 (0.74%) 20 (7.41%) <0.001
Immune system disorders 4 (1.49%) 6 (2.22%) 0.754
Seasonal allergy 4 (1.49%) 6 (2.22%) 0.754
Infecti and infi i 72 (26.77T%) 53 (19.63%) 0.063
Nasopharyngitis 54 (20.07%) 40 (14.81%) 0.135
Investigations 37 (13.75%) 43 (15.93%) 0.557
Alanine aminotransferase increased 8 (2.97%) 7 (2.59%) 0.994
Blood bilirubin increased 3 (1.12%) 6 (2.22%) 0.505
Gamma-glutamyltransferase increased 10 (3.72%) 9 (3.33%) 0.993
White blood cell count inereased 7 (2.60%) 13 (4.81%) 0.258
Respiratory, thoracic and mediastinal disorders 12 (4.46%) 16 (5.93%) 0.567
Upper respiratory tract inflammation 6 (2.23%) 10 (3.70%) 0.451

No. of subjects with events (incidence).

difference in the site of action between alosetron and
ramosetron is a possible cause of the gender differ-
ences in the response to these drugs. Ramosetron
acts only on peripheral tissues, whereas alosetron is
reportedly transferred to the brain [26]. There are
gender differences in the central pathophysiology of
IBS [25,27]. In response to aversive visceral stimula-
tion, women with IBS showed greater activation in
the “hmbic” area, which is frequently activated by
emotional stimuli including the amygdala, as well as
anterior and infragenual cingulate cortices. With
regard to its central effects, alosetron was found to
have an inhibitory effect on “limbic” (i.e. amygdala
and ventral striatum) regions, and the inhibition of
amygdala activity correlated with IBS symptom
improvement. It is therefore conceivable that the
greater efficacy of alosetron in women with IBS may
be due to its inhibitory effects in the “limbic” region
of the brain, which is more abnormally activated in
women than men [28], whereas ramosetron does not
act on the central nervous system. This difference in
the site of action between alosetron and ramosetron
may contribute to the result that ramosetron was
effective in both male and female patents.
Alterations in mobility, secretion and visceral
sensation are hallmarks of IBS. As all of these
aspects of gastrointestinal function involve serotonin
signaling, potential alterations in mucosal serotonin
signaling have been explored as a possible mechan-
ism of altered function and sensation in IBS [29,30].
A significant association was observed between D-
IBS female patients and the serotonin reuptake
transporter protein (SERT) polymorphisms, sug-

gesting that the serotonin transporter is a potential
candidate gene for D-IBS women [31,32]. However,
it is not known whether differences in SERT poly-
morphisms berween women and men with IBS
contribute to the observed differences in clinical
response to 5-HT, receptors antagonists.

Eighry percent of the patients enrolled in this trial
were male. Kumano et al. reported that D-IBS is
found more frequently among males than females,
i.e. 67.5% of those with D-IBS are males; con-
versely, C-IBS is found much more frequently
among females than males, i.e. 89.9% of those
with C-IBS are females, in Japan [2]. It was reported
that, in the United States, C-IBS is also found more
among females, but the proportion of males with
D-IBS is almost the same as that of females with
D-IBS [33]. It is assumed that the difference in the
ratio of males to females enrolled in the trial might
be related to the differences in culture or lifestyle.

Adverse events that frequently occurred during the
treatment with ramosetron were abdominal disten-
sion, constipation and hard stool, which are con-
sidered to be a classic effect of the 5-HT; receptor
antagonist, The incidence of constipation due to the
administration of alosetron was 29% (n=8328)
[34], whereas such incidence due to the administra-
tion of ramosetron was only 5.19%. Thus, the
incidence of constipation in the ramosetron group
was lower than that in the alosetron group. Neither
ischemic colitis nor severe constipation, which were
reported with alosetron use, was observed in treat-
ment with ramosetron. Although the pathogenesis of
ischemic colitis in patients with IBS on treatment
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with alosetron is uncertain, ischemic colitis might
result from the constipation due to slow transit
induced by alosetron [35]. The incidence of con-
stipation in the ramosetron group is considered to be
lower than that in the alosetron group, so ischemic
colitis is unlikely to be caused by ramosetron.

In summary, it was shown that ramosetron is also
significantly effective for male patients with D-IBS,
unlike alosetron. It was also shown that ramosetron
seems to be effective for female patients with D-IBS.
Ramosetron was also proven to be a safe drug.
Ramosetron is recommended as a novel drug for the
treatment of Japanese patients with D-IBS due to its
selective antagonistic action on 5-HT receptors.
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Introduction

Histamine H, receptor (H;R) antagonists, or antihistamines,
are often used for treating allergic disorders such as sea-
sonal rhinitis. Antihistamines mainly act on peripheral
tissues, but can induce sedation as a central side-effect. This
undesirable side-effect is caused by blockade of nerve
transmission in the histaminergic neuron system which
projects from the tuberomammillary nucleus in the poste-
rior hypothalamus to almost all cortical areas [1-5]. First-
generation antihistamines that can easily penetrate the
blood-brain barrier (BBB), such as diphenhydramine and
d-chlorpheniramine, tend to occupy a large proportion of
postsynaptic H,Rs as demonstrated by positron emission
tomography (PET) [1, 6-8]. PET also reveals that second-
generation antihistamines (mildly or slightly sedative anti-
histamines), such as cetirizine and olopatadine, can slightly
penetrate the BBB and occupy some H,Rs [1,6,9, 10]. Users
who take these second-generation antihistamines at
doubled or tripled doses to achieve desired effects may
suffer from dose-related cognitive impairment. Third-
generation antihistamines (truly nonsedative anti-
histamines), such as fexofenadine and ebastine, hardly pen-
etrate the BBB and do not occupy HRs even at high doses,
as demonstrated by ''C-doxepin PET [9]. Thus, the sedative
property of antihistamines can be evaluated in terms of H,R
occupancy (H,RO). Such variations in BBB permeability are
caused by various factors, including differences in lipophi-
licity, molecular size and actions of drug transporters.
Bepotastine besilate  ({d-(S)-4-[4-[(4-chlorophenyl)
(2-pyridyl)methoxy]piperidino} butyric acid monobenze-
nesulphonate, betotastine besilate, CAS 125602-71-3, TAU-
284 or Talion), a new second-generation antihistamine
developed in Japan, is now used as an oral tablet for aller-
gic rhinitis and chronic urticaria (Figure 1) [11-13].Previous
studies have demonstrated its excellent antiallergic effects
compared with other antihistamines such as ketotifen, ceti-
rizine, epinastine and terfenadine [14-18], whereas only a
few studies have shown its central effects [18,19].Only one
available animal behavioural study by Kato and colleagues
has demonstrated that bepotastine is a highly specific
drug to H,R, having no significant binding affinity for his-
tamine H;, adrenergic o, o, B, dopaminergic Dy, seroton-
ergic SHT;, muscarinic or benzodiazepine receptors, and

—OH

g

Bepotastine besilate

Figure 1

Chemical structure of bepotastine besilate
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that it poorly penetrates the BBB [19]. Takahashi and
colleagues first conducted a double-blind, placebo-
controlled, crossover study to measure subjective sedation
and psychomotor activities following administration of
bepotastine, cetirizine, fexofenadine and olopatadine (18],
where bepotastine had the least sedative effect [18].

To date, we have measured H,ROs of various second-
generation and third-generation antihistamines, but not
that of bepotastine. It is of great interest to examine H,RO
of bepotastine in humans. Thus, the primary aim of the
present study was to measure subjective sedation and
cerebral H,RO of bepotastine and to compare the results
with those of diphenhydramine, a typical sedative antihis-
tamine [20], using a placebo-controlled crossover study
design that would make the interpretation of results
clearer and easier by minimizing potential errors due to
intersubject variability [10). Another aim was to determine
whether bepotastine should be classified as a truly
nonsedative or mildly sedative antihistamine.

Methods

The present study was approved by the Committee
on Clinical Investigation at Tohoku University Graduate
School of Medicine, Japan, and was performed in accor-
dance with the principles of the Declaration of Helsinki. All
experiments were performed at the Cyclotron and Radio-
isotope Centre, Tohoku University.

Subjects and study design

Eight male Japanese volunteers (mean age * 5D
24.4 = 3.3 years), who provided written informed consent
after receiving a detailed description of the study, were
recruited. All subjects were in good health with no clinical
history of major physical or mental illness, showed no
abnormality in brain magnetic resonance imaging (MRI),
and were not receiving any concomitant medication likely
to interfere with the study results. Nicotine, caffeine, grape-
fruit and grapefruit juice were not allowed on the test day,
and alcohol was not allowed on the test day or the day
before PET measurement.

All subjects underwent PET measurement after single
oral administration of bepotastine (10 mg), diphenhy-
dramine (30mg) or a lactobacteria preparation (6 mg)
used as placebo in a three-way crossover study, with
minimum wash-out intervals of 7 days between treat-
ments.The lactobacteria preparation has been widely used
as placebo in Japan, and its administration has produced
no statistical difference between pre- and post-
administration in previous cognitive studies [7,9, 10, 21].
The present PET study was conducted in a single-blinded
manner, and after drug administration each subject was
asked to remain seated comfortably on a sofa. To deter-
mine bepotastine and diphenhydramine plasma concen-
trations, blood samples were collected from each subject



before drug administration and at 0, 60, 120 and 180 min
post administration. Subjective sleepiness of each subject
was also measured at 0, 60, 120 and 180 min post admin-
istration using the Line Analogue Rating Scale (LARS) [22]
and the Stanford Sleepiness Scale (S55) as used in previous
studies [9, 23].

Measurement of plasma concentrations of
bepotastine and diphenhydramine

Plasma concentrations of bepotastine and diphenhy-
dramine were measured using liquid chromatography/
tandem mass spectrometry (LC/MS/MS) together with an
electrospray ionization method [24]. LC was performed on
an Agilent 1100 Series LC instrument (Agilent Technologies
Inc.,, Santa Clara, CA, USA) equipped with an analytical
column, The MS/MS system was the APl 4000 (Applied
Biosystems/MDS Sciex, ON, Canada). The Solid Phase
Extraction (SPE) cartridge (OASIS HLB 3 ml/60 mg; Waters
Corp., Milford, MA, USA) was pretreated with 2 ml of metha-
nol, 2ml of water and 2ml of 0.2M Na;COs/HC| buffer
(pH 11).

For measurement, an internal standard solution (10 pl)
and methanol (10 pl) were added to each plasma sample
(50 pl). To the resulting solution, 930 ml of 0.2M Na,CO,/
HCl buffer was added for bepotastine measurement, and
1000 ul of 0.1% formic acid containing acetonitrile/
methanol (50:50, v/v) was added for diphenhydramine
measurement, The mixture was applied onto the SPE car-
tridge after pretreatment as mentioned above. Separations
were carried out on a high-performance liquid chromatog-
raphy (HPLC) column [CAPCELL PAK C18 MG Il (3 um)
2.0 mmo x 100 mm; Shiseido Co., Ltd, Tokyo, Japan) at a
flow rate of 0.2 mI min~' and at a column temperature of
40°C.The reconstituted extract (5 pl) was injected onto an
HPLC system with mobile phases for bepotastine measure-
mentincluding 10 mmol I"" ammonium acetate and aceto-
nitrile of varied concentrations, namely, 32% (0-9 min),
70% (9.5-12.5min) and 32% (12.6-24 min), and with
mobile phases for diphenhydramine measurement includ-
ing 0.1% heptafluorobutyric acid and acetonitrile of varied
concentrations, namely, 40% (0-7 min), 70% (7.5-10.5 min)
and 40% (11-21 min).

Table 1

Plasma concentrations of bepotastine and diphenhydramine (n = 8)

H/RO of bepotastine and diphenhydramine BJ’CP

Detection of bepotastine was based on fragmentation
of the precursor ion (m/z =389 to product ion m/z =202
with collision energy of 29eV for bepotastine, and
m/z =256 to product ion m/z= 167 with collision energy
of 19 eV for diphenhydramine), and that of the internal
standard was based on fragmentation of the precursor ion
(m/z =389 to product ion m/z =201 with collision energy
of 29 eV for bepotastine, and m/z=270 to product ion
m/z=181 with collision energy of 17 eV for diphenhy-
dramine) in positive multiple reaction monitoring (MRM)
mode. Positive ions were detected using an APl 4000
system at 550 °C nebulizer gas temperature, with 5000V
ion spray voltage, 68.9 kPa (nitrogen) curtain gas and Level
4 collision gas for bepotastine, and 206.8 kPa curtain gas
and Level 4 collision gas for diphenhydramine. Chromato-
graphic data for positive MRM were collected using
Analyst software (ver. 1.2, Applied Biosystems/MDS Sciex)
with cycle times of 1.010 s per cycle for bepotastine and
0.5200 s per cycle for diphenhydramine.The lowest detect-
able concentration was around 1 ng mi™" for both antihis-
tamines, and some values slightly under the threshold
{only for diphenhydramine) were extrapolated. As for vali-
dation, the following items were checked for bepotastine
and diphenhydramine, respectively: accuracy (100.7% and
102.2%), correlation coefficients to standard solutions
(r=0.99 for both), and coefficients of wvariation (CVs)
of three different concentrations (n=75) (1.7-2.3%,
1.8-3.8%).

For examination of the relationship between estimated
binding potential ratio (BPR) of ''"C-doxepin and plasma
concentration of each antihistamine, the areas under the
curves (AUCs) of bepotastine and diphenhydramine were
calculated for 0-180 min (AUC.3)) post administration
(Table 1).

PET tracer and image acquisition

Doxepin is one of the tricyclic antidepressants that has
binding affinity to other receptors such as muscarinic
receptors to some extent. However, its affinity to histamine
HiRs is much higher than to other receptors and is very
high compared with other antidepressants [25]. Thus, dox-
epin’s affinity to other receptor systems is negligible in this

Mean (ng ml ")

Bepotastine time (min) Mean (ng mi-")

o 00 0o 0.0 U] o0 oo 0.0
60 T8O 173 62.9 60 &2 23 1044
120 710 46 182 120 163 2.1 364
180 B2 6 B4 8.7 180 197 12 170
AU 196.1 24.3 350 AUCoan 323 40 353
CV. coefficient of vanauon: SEM. standard error ol mean
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imaging study, as also confirmed by experiments using
histamine H;R knock-out mice, where doxepin binding in
the brain was nearly zero [26]. Thereafter, ''C-doxepin
has been used to evaluate the distribution of histamine
HiRs. ""C-doxepin kinetics in plasma and the brain are
not affected by the sedative antihistamine d-
chlorpheniramine using arterial sampling data combined
with metabolite analysis [6].

In the present study, ''C-doxepin was prepared by
""C-methylation of desmethyl doxepin with '"C-methyl
triflate as described previously [10, 27]. ''C-doxepin radio-
chemical purity was >99%, and its specific radioactivity at
the time of injection was 120.9 = 80.55 GBq umol™'
(3268 = 2177 mCi umol™'). ""C-doxepin-containing saline
solution was intravenously injected into each subject at
90 min post administration, a time close to Tn.. of both
antihistamines (1.2 h for bepotastine and 2-3 h for diphen-
hydramine). The injected dose and cold mass of ''C-
doxepin were 135.4 = 19.83 MBq (3.660 = 0.536 mCi) and
1.587 = 0.895 nmol, respectively, and the radiological dose
was calculated based on a previous study on radiological
exposure [28].

Approximately 60 min after '"C-doxepin injection, the
subjects were positioned on the coach of the PET scanner
(SET2400W; Shimadzu Co., Kyoto, Japan) for transmission
scan (6 min) and emission scan in the three-dimensional
(3D) mode lasting for 15 min (70-85 min post injection of
""C-doxepin) in a similar fashion to our previous work [10,
29]. PET brain images from a 15-min-long emission scan
were corrected for scattering based on a previous study
[30] and for tissue attenuation using post-injection trans-
mission scan data according to previous work [31]. Brain
images were reconstructed with a filtered back-projection
algorithm, with the aid of a supercomputer SX-7 at the
Information Synergy Centre, Tohoku University, Sendai,
Japan.The brain images were then normalized by plasma
radioactivity at 10 min post injection to yield images
reflecting distribution volume (DV) based on our static
scan protocol reported previously [10,32]. Validation using
venous sampling instead of arterial sampling was carried
out by another group, giving no difference between
venous and arterial sampling at 10 min post injection (M.
Senda, personal communication, 23 August 2007).

Three brain images of each subject, following oral
administration of bepotastine, diphenhydramine and
placebo, were coregistered to an identical stereotaxic brain
coordinate system using an MRI-T1 image of each subject,
with the aid of Statistical Parametric Mapping (SPM2,
Wellcome Department, UK) software package [33]. MRI
images were obtained with a 1.5-T magnetic resonance
(MR) scanner (HiSpeed, Ver. 9.1; General Electric Inc., W,
USA) at Sendai Seiryo Clinic (miyagi, Japan). T1-weighted
images (Vascular TOF SPGR: TR/TE 50/24ms, FA 457,
number of excitations 1, matrix size 256 x 256, spatial
resolution: x, y, z = 0.86, 0.86, 20.0 mm, respectively) were
collected from all subjects.
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Regions of interest (ROIs) were first placed on the fol-
lowing brain regions on the T1 images that had precise
anatomical information, i.e. anterior and posterior cingu-
late gyri (ACG and PCG, respectively), prefrontal cortices
(PFC), orbitofrontal cortex (OFC), insular cortex (IC), tempo-
ral cortex (TC), parietal cortex (PC), occipital cortex (OC),
primary sensorimotor cortex (SMC), thalamus, striatum,
midbrain, pons, and cerebellum. ROl was defined for each
cortical region by two to five circles with a diameter of
7.6 mm for each hemisphere in four to five consecutive
brain transaxial slices, as indicated in Figure 2A. For the
thalamus, striatum, pons and midbrain, the margin of each
region was traced in MRI T1 images. An averaged value
from all ROIs was used as a representative value of each
region. Information on ROI location was automatically
transferred to the coregistered three PET images reflecting
DV, and the binding potential ratio (BPR) was calculated for
each region using the following equation: BPR = [(DV of
each region — DV of cerebellum)/DV of cerebellum] [8, 9].
Finally, H,ROs of bepotastine and diphenhydramine were
calculated for each cortical region using the following
equation:H,RO = [(BPR of placebo — BPR of antihistamine)/
BPR of placebo] x 100. BPR brain images were also created
by applying the same equation to each DV brain image
[8-10, 34, 35]. BPR brain images were analysed statistically
on a voxel-by-voxel basis using SPM2 [33], following spatial
normalization and smoothing using the same method
as in our previous work. Differences in parameter values
between bepotastine, diphenhydramine and placebo
(control) were statistically examined, and regional maxima
of statistical significance (P<0.001) were projected onto
surface-rendered MRI-T1 standard brain images. Precise
locations of statistically significant regions were identified
with the Co-Planar Stereotaxic Atlas [36].

Statistical analysis

Differences in subjective sleepiness and BPR between
bepotastine, diphenhydramine and placebo were exam-
ined using anova followed by multiple comparison with
Bonferroni correction. The difference in H,RO between
bepotastine and diphenhydramine was examined using
paired Student’s t-test, The relationship between plasma
drug concentration (AUC) and H,RO was examined using
Pearson’s correlation test. A probability of P<0.05 was
considered statistically significant. All statistical examina-
tions were performed using SPSS for Windows 13.0.1
(Japanese version).

Results

Plasma concentrations of bepotastine

and diphenhydramine

Mean plasma concentrations and AUCs of bepotastine and
diphenhydramine are shown in Table 1. The peak mean
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Figure 2

Binding potential ratio (BPR) images of ''C-doxepin in the human brain [A) and resuits of voxel-by-voxel comparison (8). BPR of ''C-doxepin was calculated
n healthy male subjects (n = 8) by positron emission tomography following oral administrations of placebo (left), bepotastine (10 mg. middle] or diphen
hydramine (30 mq, right), and their magnetic resonance imaging-T1 images (far right), demonstrated In the transaxial (top), coronal {middie) and sagittal
(bottom) sections for each treatment condition, were compared (A). White circles in the transaxial images indicate the regions of interest (ROIs). The brain
image of each subject was transformed to fit stereotaxic brain space (spatial normalization) and was averaged across each drug condition 1o generate the
mean images displayed (A). The images demonstrate that diphenhydramine treatment results in BPR significantly lower than those of other drug conditions
(8). Height threshold of voxel values was set at P<0.001 and extent threshold was set at 10 voxel minimum. Results were not corrected for multiple
comparisons. There are no areas with significantly lower BPR after bepotastine treatment compared with those after placebo treatment ('bepotastine 10 mg
< placebo'in the left columns). In cantrast, red colour shows areas with significantly lower BPR after diphenhydramine treatment compared with those after
placebo treatment ('diphenhydramine 30 mg < placebo'in the right columns). In both columns, significant areas are demonstrated in four aspects, namely,
left and right medial (L. MED and R. MED) and right and left lateral (R. LAT and L. LAT) aspects (P < 0.001, uncomected, using 5PM2] (B)

plasma concentration of bepotastine ranged from 60 to Subjective sleepiness

180 min post administration because, in five of the eight

subjects, it peaked at 60 min post administration, whereas Results of mean subjective sleepiness are shown in
in the other three subjects it peaked at 120 or 180 min post Figure 3. Mean subjective sleepiness of diphenhydramine
administration. Mean plasma concentration of diphenhy- peaked at 120-180 min post administration and that of
dramine was maximal from 120 to 180 min post adminis- bepotastine at 120 min post administration. Both LARS
tration (Table 1). and S5S5 manifested similar patterns. Multiple comparison
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following repeated anova demonstrated that subjective
sleepiness following diphenhydramine administration was
significantly stronger (P < 0.001) than that of both bepo-
tastine and placebo at 120 and 180 min post administra-
tion, and that of bepotastine was not significantly different
from that of placebo (Figure 3).

Brain distribution of ''C-doxepin

Radioactivity distribution patterns of ''C-doxepin are
shown in Figure 2A. The mean BPR image, averaged from
eight subjects, following bepotastine treatment was
similar to that following placebo treatment in an individual
subject. Namely, high radioactivity was observed in ACG,
PCG, PFC, OFC, IC, TC, PC, OC and SMC following both treat-
ments, whereas the radioactivity distribution pattern fol-

[-3
o

o
=l

3
o

Subjective sleepiness (LARS)

o

pre &0 min 120 min 180 min

Figure 3

Subjective sleepiness evaluated using the Line Analogue Rating Scale
(LARS). Eight healthy subjects were studied following oral administration
of bepotastine (BEP, 10 mg), diphenhydramine (DIP, 30 mg) or placebo
(PLA). *P < 0.001 by anova followed by multiple comparison with Bonfer-
roni correction. Error bars represent interindividual variability (SEM). BEP,
(4p); DIF, (W); PLA, (a)

Table 2

lowing diphenhydramine treatment was much lower than
that following the other two treatments (Figure 2A).

Comparison of parametric BPR images
(bepotastine vs. diphenhydramine)

Using SPM2 on a voxel-by-voxel basis, parametric brain
BPR images following bepotastine or diphenhydramine
treatment were statistically compared with those follow-
ing placebo treatment. In Figure 2B, red areas show brain
regions where BPRs were significantly lower (P < 0.001) fol-
lowing diphenhydramine treatment than those following
placebo treatment (Figure 2B, right; Table 3). ACG, PFC and
TC demonstrated significantly lower BPR after diphenhy-
dramine treatment than after placebo treatment (Table 2).
On the other hand, SPM analysis showed no brain areas
where BPR was significantly lower after bepotastine treat-
ment than after placebo treatment (Figure 2B, left).

ROl-based comparison of BPR and H;RO

BPRs in H,R-rich regions such as ACG, PFC, IC,TC,PC and OC
were evaluated based on ROI analysis (Figure 4A).BPRs fol-
lowing bepotastine treatment were only slightly different
from those following placebo treatment. However, BPRs
following diphenhydramine treatment were significantly
lower than those following placebo or bepotastine treat-
ment (P<0.001) for all cortical regions. In the thalamus,
striatum, pons and midbrain, there was no significant dif-
ference in BPRs between diphenhydramine, bepotastine
and placebo treatments.

H,RO following diphenhydramine or bepotastine treat-
ment was also calculated using H,RO after placebo treat-
ment as baseline (0%) (Figure 4B). Cortical mean H,RO
following bepotastine treatment was approximately
14.7% and that following diphenhydramine treatment
was approximately 56.4%. H,ROs following bepotastine
treatment were significantly lower than those following
diphenhydramine treatment (P<0.001) in all cortical

Binding potential ratios and histamine H, receptor occupancies in placebo, bepotastine and diphenhydramine conditions

Regions

b
BEP-DIP !

Anterior cingulate gyrus (ACG) 078 022 066 011 033 009
Posterior cingulate gyrus (PCG) 085 018 07 009 040 0.09
Prefrontal cortex (PFC) 0.65 0.16 055 010 027 0.0
Orbitofrontal cortex (OFC) 0.60 020 050 013 024 0.08
Insular cortex (10 080 018 066 009 036 009
Temporal cortex (TC) 061 01wl 05 pos 027 D11
Parietal cortex (PC) 054 017 044 0a3 o 012
Occipital cortex (OC) 049 010 043 006 027 008
Somatosensory cortex (SMC) 044 014 036 o o019 0.09
Mean 064 014 054 D12 028 007

028,064 024042 143 1.9 577 B9 331,538 054 -030
0.28. 0617 018-D43 148 123 520 971 241,502 057 -0D57
026,05 020-037 142 12.2 583 122 317,585 066 -028
023,051 018035 154 118 605 6% 341,52 001 -0I8
029,057 021-037 159 9.5 540 80 287,474 052 -029
022,048 021-028 144 126 57.2 110 306,550 004 -020
022,043 017-030 160 169 628 165 306, 629 0.34 0.16
015031 011-022 1O 128 463 135 235470 031 006
0.13,038 006-029 165 159 576 216 189,633 078 -018

147 16 56 4 50 048 019
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Table 3

Regions with significantly lower specific binding following diphenhydramine treatment compared with those following placebo treatment

Regions s are Hemisphiers

Superior temporal gyrus 2 R 54-56 16 29543 11.55 641 «0.001
Medial temporal gyrus 21 L -58-12-12 5.C na 637 <0001
Precuneus 1 R 26-58 48 5C 11.08 629 <0.001
Medial temporal gyrus 21 L 48 4-32 32 B14 541 <0 00Y
Superior frontal gyrus 10 L -2460 12 104 1.53 518 <0.001
Superior frontal gyrus 8 t -28 24 50 36 7.07 S «0.001
Medial frontal gyrus 10 R 2854 14 1342 B53 555 <0.001
Medial frontal gyrus 5 R 42 6 40 5.C B46 552 <0.001
Madial frontal gyrus & - 24458 s.C 858 57 <0001
inferior frontal gyrus 46 L -40 44 12 8 896 569 <0 001
Clhuster size % represented by the number ol voxel (voxel v2e 2 0x 20 x 2 0mm') 5C, the same cluster as above Results are not corrected for mulliple comgparsons
A = = = = regions. These data demonstrate that BPR following bepo-
R AR S tastine treatment is substantially higher than that follow-
0.8 ing diphenhydramine treatment in all cortical regions
2 PO T 1 studied.
¢ v TR TE R
Joe 1 I Relationships between subjective sleepiness,
g . I’h & plasma drug concentration and H;R
by ; —
S04 . Subjective sleepiness (AUC of LARS curve) did not signifi-
-y cantly correlate to plasma concentration of bepotastine
‘g 'g (r=0.04), but did correlate well to plasma concentration of
@92 diphenhydramine (r=0.72). H,ROs following bepotastine
administration significantly correlated to plasma concen-
0l tration of bepotastine in ACG, PCG, PFC, IC and SMC,

- TC SMC PC oOC whereas those following diphenhydramine administration
were all negatively correlated (Table 2). A similar trend

ACG PCG

B was observed between cortical mean H;RO and plasma
e T e T T T T T concentration of both antihistamines (Figure 5AB).
60/ However, when the baseline data are plotted together,
= mean H;RO due to diphenhydramine tended to increase
& rapidly with diphenhydramine concentration, whereas
Q 40 that due to bepotastine gradually increased with bepotas-
T tine concentration (Figure 5A,B). H,RO following bepotast-
%0 ine administration did not significantly correlate to
subjective sleepiness (r=0.01) (Figure 5D), whereas that
I R ; g following diphenhydramine administration negatively cor-
o ACG PCG. PEC OFC IC TG SMG PC  OC related to subjective sle_epmess when the baseline data
were plotted together (Figure 5C).
Figure 4
Region of interest (ROI}-based analyses of binding potential ratios (BPR) Discussion

(A) and histamine H, receptor occupancy (H,RO) (B) in the cortex. ROl
measurements were performed in the anterior and posterior cingulate
gyri (ACG and PCG, respectively), prefrontal cortex (PFC), orbitofrontal
cortex (OFC), insular cortex (IC), temporal cortex (TC), sensorimotor cortex

Recently, molecular imaging techniques have been
actively applied in clinical pharmacology research [1,8-10,

{SMC), parietal cortex (PC) and occipital cortex (OC) after treatments with 37].0ne of the primary aims of such work is to evaluate the
placebo (PLA), bepotastine (BEP) and diphenhydramine (DIP), Compari relationship between doses of therapeutic drugs and their
son of BPRs shows differences in the sadative properties of the three adverse reactions in terms ofchanges in‘endophenotypes’

drugs (A). HiROs due to BEP and DIP are shown, taking H,RO due 1o z F Z ;
placebo as 0% (B). "P<0.001, ANOVA followed by multiple comparison in the brain [38]. The primary aim of the present study

with Bonferroni correction. Error bars represent interindividual variability was to Clalify whether bepotastine be[0n95 to second-
(SEM). PLA, (TT); BER, {@J); DIF. (M) generation antihistamines in terms of H,RO. Another aim
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Relationship between mean H, receptor occupancy (H,RO), plasma concentration and subjective sleepiness following administrations of bepotastine and
diphenhydramine. Relationship between mean H,RO (across brain regions) and plasma concentrations was examined for diphenhydramine (A) and
bepotastine (B). Plasma concentrations of the two antihistamines are presented as area under the curve (AUC). H,RO of diphenhydramine rapidly increases
with plasma concentration, whereas H,RO of bepotastine gradually increases with plasma concentration. Error bars represent intraindividual variability (SD).
Dotted curves reflect the estimated curves of relationship between plasma concentration and the H,RO analysed by the Michaelis-Menten equation (A and
B). Subjective sleepiness (presented as AUC of line-analogue rating scale curve: AUC_LARS) demonstrates mild correlation to mean H,RO due to diphen-
hydramine (C), whereas subjective sleepiness due to bepotastine demonstrates no correlation to mean H,RO due to bepotastine (D)

was to determine whether bepotastine should be classi-
fied as a truly nonsedative or mildly sedative antihista-
mine, as previously discussed in the Consensus Group on
New Generation Antihistamines (CONGA) [3].

In the present study, H,ROs following a single oral
administration of bepotastine (10mg) or diphenhy-
dramine (30 mg) were 14.7 and 56.4%, respectively. The
relatively high H,RO due to diphenhydramine agrees with
those of other reported first-generation antihistamines [1,
6, 38). Single oral administration of d-chlorpheniramine
(2mg) achieved 50-77% H,RO, and this high H,RO was
associated with high prevalence of sleepiness and cogni-
tive decline [6, 8, 39). On the other hand, bepotastine’s low
H;RO value suggests that this antihistamine can be classi-
fied into the category of second-generation antihista-
mines [6, 8,9, 39-42, 38].

Thus, whether bepotastine can be classified as truly
nonsedative or not is an additional point of clinical impor-
tance. In the present study, subjective sleepiness follow-
ing bepotastine administration (10 mg) was negligible
{Figure 3).This finding seems to be in accordance with that
of Takahashi and colleagues [18], where bepotastine
65:6 |/
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(10 mg) induced slight subjective sedation among healthy
volunteers. In their study, the best performance was
achieved following bepotastine treatment in a word-
processing task compared with those following cetirizine
(10 mg), fexofenadine (60 mg) or olopatadine (5 mag) treat-
ment [18]. Another study [11] has demonstrated that
results of serial arithmetic tests following oral administra-
tion of bepotastine (2.5, 5, 10 and 20 mg) showed no
significant differences from those following placebo treat-
ment. These clinical studies tried to demonstrate the
nonsedative property of bepotastine, but they failed to
include an active placebo (sedative antihistamine) to
prove sensitivity of the selected tasks as recommended in
the CONGA guideline [3]. An additional animal study [19]
has demonstrated that bepotastine manifested a sedative
profile similar to that of cetirizine and terfenadine. As a
whole, these results suggest the low liability of bepotastine
to produce sedative side-effects at a therapeutic dose of
10 mg. Considering the significant correlation between
H;RO and plasma drug concentration (AUC) found in the
present study (Figure 5B), bepotastine may be classified as
a mildly sedative antihistamine.
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In general, HiRO is used as an index of BBB permeabil-
ity, but it could also be affected by gut absorption that
can raise plasma drug concentration. At the molecular
level, variation in BBB permeability has been determined
by factors such as lipophilicity, molecular size and dif-
ferent actions of various drug transporters including
P-glycoprotein (P-gp), an efflux pump expressed in capil-
lary endothelial cells in the BBB [10]. Many lipophilic first-
generation antihistamines are absorbed in full amount in
the gut and can freely enter the brain tissue, whereas gut
absorption and brain penetration of second-generation
antihistamines tend to be reduced. For fexofenadine, a
substrate of P-gp, both gut absorption and BEB perme-
ability are highly reduced because of its low membrane
permeability and high action of P-gp. For bepotastine,
also a substrate of P-gp, the same extent of reduction as
that of fexofenadine is observed [43]. The gradual
increase in H,RO with plasma bepotastine concentration,
suggesting its relatively high membrane permeability
(Figure 5B), may be associated with the action of P-gp in
the BBB. On the other hand, gut absorption of bepotast-
ine tends to be much higher than that of fexofenadine,
presumably because of bepotastine’s higher membrane
permeability in the upper part of the small intestine
where P-gp expression is low [43]. Such difference is
one of the possible reasons for explaining the dif-
ference between bepotastine and fexofenadine. An-
other reason is that fexofenadine is transported not
only by P-gp but also by the organic anion protein trans-
porter family, further reducing its absorption in the gut
[44, 45),

The limitations of the present method are as follows.
The short scanning PET protocol would be useful espe-
cially in conducting a placebo-controlled crossover study
because of the enormous mental and physical stress of
volunteers observed in a previous study, where they were
requested to complete four sets of 100-min-long PET
examinations [34], It is therefore important to develop a
short scan protocol, although such protocols would
include a larger amount of noise. Users of the PET system
should consider these limitations. We note here that not
exact values but, rather, approximations of DV and BP were
measured in this study.

We were interested in the effects of an acute single
dose of an antihistamine, and we planned to start PET
scanning at the time point near T, for each drug, but the
tracer injection for diphenhydramine condition seemed to
be slightly early since the plasma concentration of
diphenhydramine was still increasing (Table 1). Therefore,
H:RO due to diphenhydramine might give slightly differ-
ent values when measured in the equilibrium state. This
might be the reason why H.RO following diphenhy-
dramine treatment did not correlate positively to the
plasma concentration of diphenhydramine, contrary to
our expectation based on a previous study using
d-chlorpheniramine [8].

H;RO of bepotastine and diphenhydramine BJCP

In summary, we have examined H,RO of bepotastine
{10 mg; 14.7%) and compared it with that of diphenhy-
dramine (30 mg; 56.4%) given as a single oral administra-
tion, using PET in a placebo-controlled crossover study.itis
suggested that oral administration of bepotastine (10 mg),
with its low H,RO and minimal sedation effects, is useful for
treating various allergic disorders. As for the dose depen-
dency of its sedative effects,another cognitive study involv-
ing an active placebo is needed in order to draw a definitive
conclusion. The dose dependency of H;RO should also be
examined by PET measurements at higher doses.
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To investigate exercise-induced regional metabolic and perfusion changes in the human brain, various
methods are available, such as positron emission tomography (PET), functional magnetic resonance
imaging (MMRI), near-infrared spectroscopy (NIRS) and electroencephalography (EEG). In this paper,
details of methods of metabolic measurement using PET. |'*F]fluorodeoxyglucose (|'*FIFDG) and
|"*0]radio-labelled water (|"*0]H,0) will be explained.
Functional neurcimaging in the field of neuroscience was started in the 1970s using an autoradiography
technique on experimental animals. The first human functional neuroimaging exercise study was con-
ducted in 1987 using a rough measurement system known as '*?Xe inhalation. Although the data was
useful, more detailed and exact functional neuroimaging. especially with respect to spatial resolution,
was achieved by positron emission tomography. Early studies measured the cerebral blood flow changes
during exercise. Recently, PET was made more applicable to exercise physiology and psychology by the
use of the tracer |"*F|FDG. This technique allowed subjects to be scanned after an exercise task is com-
pleted but still abtain data from the exercise itself, which is similar to autoradiography studies.
In this report, methodological information is provided with respect to the recommended protocol design,
the selection of the scanning mode, how to evaluate the cerebral glucose metabolism and how to inter-
pret the regional brain activity using voxel-by-voxel analysis and regions of interest technigues (RO},
Considering the important role of exercise in health promotion, further efforts in this line of research
should be encouraged in order to better understand health behavior, Although the number of research
papers is still limited, recent work has indicated that the [ "®*F]JFDG-PET technigue is a useful tool to under-
stand brain acrivity during exercise.

© 2008 Elsevier Inc. All rights reserved,

1. Methodologies for functional neuroimaging on exercise

Physical exercise is executed through a sophisticated neural
control system in the brain. Neural processing in the human brain
plays crucial roles not only in the generation of motor outputs but
also in the perception and integration of various sensory inputs.
There are various methods for functional neuroimaging, such as
positron emission tomography (PET) and single photon emission
computed tomography, as well as other imaging methods, such
as functional magnetic resonance imaging (MRI), near-infrared
spectroscopy (NIRS) and electroencephalography (EEG) (Fig. 1),

We have been using PET, over the last years for measuring the
regional metabolism of the brain [1,2] and skeletal muscles during
exercise [3,4]. PET has been a useful tool for measuring cerebral
metabolic changes induced by exercise tasks. This is especially true

* Corresponding author. Fax: +81 22 795 77497
E-muail address: mtashiro@®m.tains. tohoku.ac jp (M. Tashiro)

1046-2023/8 - see front matter © 2008 Elsevier Inc All rights reserved
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for PET procedures that utilize the radio-labelled glucose analogue
(| "®FIfluorodeoxyglucose: ["®FJFDG). This |'*Flnuclide has a half-
life of approximately 110 min, and such |'®*F|labelled tracers are
suitable for long observation in the range of 30-60 min, Activated
regional brain activity is usually accompanied by increased de-
mand for glucose and oxygen, which is immediately followed by
dilation of brain capillaries due to increased regional cerebral per-
fusion (Fig. 1). Thus, cerebral perfusion can be measured using
radio-labelled water (['*0]H,0), that circulates throughout the
subject’s body intermixed with systemic circulation so that the re-
gions with increased perfusion show increased signals. Although
PET together with | '*0]H,0 has been used to study brain activation
during exercise, it is cumbersome and has some restrictions, that
is, subjects have to exercise in the supine position during PET
examinations [5-8]. This is unnatural and allows for only limited
movement. Partly because of the very short half-life of | "°Onuclide
(approximately 2 min), the PET method using | '"*0JH;0 is not suit-
able for long observation. In addition, the PET technigque has the
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Fig. 1. Methodologies for neuroimaging and biological information obtainable from
the living human brain. The most important energy resource of the human brain is
glucose. Glucose metabolism can be measured using positron emission tomography
PET) with |"*F]Nuorodeoxyglucose (|'""F|FDG). Temporal resolution of this method
is approximately 30 min to a few hours. Oxygen is necessary for the operation of
TCSA cycle to synthesize ATP molecules from glucose, Oxygen metabolism can be
measured using PET with |00, and near-infrared oxymeter (NIRO ). Glucose and
oxygen molecules necessary for glucose metabolism are supplied by the blood flow
Brain regions with increased activity are accompanied by Increased regional
cerebral blood flow due to capillary dilation. At present. regional cerebral blood
flow changes can be measured using various methods such as PET with | '*0|H,0,
functional MRI (IMRI) and near-infrared spectroscopy (NIRS). Temporal resolution
of each method is 0.5-1 min, 1 5 and 0,1 &, respectively. Interaction of neurotrans-
mitters and receptors can also be measured using PET with various |''C| and |"*F|
labelled ligands.

hazard of radiation exposure and the number of repeated measure-
ment is therefore limited, which is not the case for MRI, NIRS and
EECG.

More recently, methods free from radiation exposure have been
introduced. MR (i.e., IMRI), with higher spatial and temporal reso-
lution, has been applied to the measurement of regional perfusion
alterations in the brain, though this method is more vulnerable to
motion artifact compared to PET. In addition, another technique,
NIRS, has also been recently introduced for measuring regional
changes in brain activity, though its spatial resolution is limited
and it does not measure well subcortical activation. PET measure-
ment of regional activation using | '*0JH-0 is currently limited and
it has been more commonly used for measuring regional brain glu-
cose consumption and for evaluating neurotransmission function
[9-12]. In this paper, the applications of PET neuroimaging in
sports sciences are discussed in more detail (Fig. 1).

As mentioned above, PET has been used for measuring regional
brain activity during or following exercise tasks using various radio-
active pharmaceuticals such as | "*F|FDG and [ '*0]H,0. Inthe human
brain, neurotransmitters can manifest their effects even in very
small amounts. However, it is not easy to visualize their actions in
the living human brain externally without using a highly sensitive
technigue such as PET. Although neurotransmission studies during
exercise are still few, it is possible to quantify interactions between
neurotransmitters and neuroreceptors in the living brain using the
time course data of radioactivity in brain tissue [13].

2. A brief history of functional neuroimaging during exercise

Regional cerebral metabolic changes induced by exercise have
been examined in animals using autoradiography technique such

as ['4C)deoxyglucose (['*C]2-DG) [14,15]. These studies provided
the first functional indices of brain activity with respect to exercise.
[**C]2-DG has been a useful tracer for exercise studies because it
does not require the simultaneous scanning of subjects during an
exercise task [16]. Using this autoradiography technique, Sharp
[17] demonstrated a selective increase in glucose uptake in the cer-
ebellar vermis of swimming rats. On the other hand, an autoradio-
graphic study in free-running rats showed no selective activity in
the cerebellar vermis but moderately increased glucose uptake
for the entire cerebellum [18].

Later, human studies were also conducted. As far as we know,
the first study on human brain activity during exercise was con-
ducted by Herholz and coworkers in 1987 [19]. In this study, sub-
jects were examined during a riding task in the half-upright
posture (about 45°) using the '**Xe clearance method for studying
regional changes in brain activity. They demonstrated that the
largest increase in blood flow induced by an ergometer bicycle task
was not in the parietal region but in the frontal region. The study
had many limitations, such as low spatial resolution (a few centi-
meters) as well as problems with the study design. Fink and
coworkers demonstrated regional activation during and immedi-
ately after an ergometer task by PET using ['*0]H;0. The spatial
resolution of that study was much better (around 5 mm). They
showed activation in the superomedial part of the motor cortex
associated with leg and arm motion, which disappeared immedi-
ately following the cessation of the motor task, while the lateral
part of the motor cortex remained active possibly due to chest wall
movement associated with post-exercise hyperventilation [5].
Based on the fact that muscle fibers and motor neurons jointly
form "motor units™, | "*FJFDG uptake in muscles may correlate with
activity in their corresponding cerebral regions. Mishina and
coworkers applied ['®*F]JFDG-PET to the neuropathological evalua-
tion of patients with olivo-pontine-cerebellar atrophy manifesting
gait disturbances who exhibited a decreased response to a walking
task in the cerebellar vermis compared with normal subjects [20].

We first applied | "*F|FDG-PET to human subjects during a run-
ning task in the upright posture [1], and demonstrated augmented
energy consumption in the parieto-occipital region during the task
compared with the motor area. This was probably due to the high-
er energy consumption necessary for integrating multimodal sen-
sory information. Our results also showed that frontal activity
was lower during running than during resting. In addition, our
study demonstrated a trend of relative decrease in whole brain
mean activity during exercise compared with the resting condition
In parallel, our group also examined whole-body energy (glucose)
redistribution and how exercise affects this distribution. We
showed no significant changes in relative glucose metabolism in
the brain between exercise and resting conditions [21]. Based on
the work by Tashiro and coworkers 1), Kemppainen and cowork-
ers examined absolute glucose consumption in the human brain of
healthy volunteers. They found for the first time, using ['®F]FDG-
PET technique, that the glucose consumption level decreases dur-
ing strenuous exercise especially in the cingulate gyrus [2].

3. Measurement of cerebral glucose metabolism

The autoradiographic technique using ['*C]2-DG has been a
useful tracer for exercise studies because it does not require simul-
taneous scanning of subjects during an exercise task [16]. The met-
abolic alteration is trapped, which enables the observation of the
remaining metabolic “record” or “memory” afterward. With this
technique, data acquisition can be performed following exercise
tasks although the data “dates back” to the exercise itself. How-
ever, the ['*C|2-DG is not applicable to human activation studies
because its half-life is too long. Mishina and coworkers measured
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Fig. 2. Time-activity curves in plasma (pTAC: solid line) and tissue ((TAC: dotted
line) fallowing |" F|FDG injection. The plasma concentration of |"FJFDG is very
high for the first 10 min or so after Injection, and then gradually decreases.
Therefore. it is recommended that exercise tasks be completed within the first
30 min or so. | "*F|FDG accumulation in the tissue {brain) reaches a plateau after 30-
40 min following injection. A prolonged exercise task lasting for 60 min after
injection does not produce additional accumulation since the plasma concentration
of [""FIFDG is already very low: instead, blood with low |"*F|FDG concentration
might wash out the FDG particularly after 80 min of injection. Abbreviation: Keps,
kilo-count per second.

cerebellar glucose uptake before and after walking in patients with
neurological disorders using ['SF|FDG [20]. Although their main
purpose was the clinical evaluation of a specific neurclogical disor-
der, this is probably the first study conducted in human subjects to
investigate the effect of actual walking on brain activity. Thus,
|'"*F|FDG has proven to be an ideal tracer for exercise physiology
studies in humans because of its metabolic trapping property, a
property that has already been recognized together with |'*C]2-
DG, for that purpose. When this tracer is used, the ['®F]FDG mole-
cules are taken up by activated regional brain or muscle tissues in
proportion to the energy consumption level of these tissues. Then,
the ['®F|FDG molecules are phosphorylated in a manner similar to
a glucose molecule. However, these |"®F|FDG molecules escape
from further metabolism and are eventually trapped in the tissue,
preserving the metabolic pattern for an hour or so [16]. Thus, it is
possible to estimate energy consumption in different regions of the
brain an hour after the completion of physical activiry.

As shown in Fig. 2, the plasma time-activity curve (pTAC) dem-
onstrates that the plasma |'*F]FDG concentration is very high for
the first 10 min or so after injection, and then gradually decreases,
Therefore, it is recommended that some kind of exercise tasks be
conducted during the first 30 min or so. A prolonged exercise rask
up to 60 min after injection would not produce much difference
since the plasma |['®F]FDG concentration is already very low. In-
stead, the blood with low | '“F]FDG concentration might wash out
the ['"*F|FDG particularly 60 min after injection. With this in mind.
|'®F|FDG-PET can be an ideal technique for studies on exercise
physiology by separating “a task phase” (the first 20 min or so)
and “data acquisition phase” (30-60 min after injection). This par-
adigm allows investigation of a totally free movement task as-
signed to subjects. NIRS also allows observation of moving
subjects; however, the subjects are connected to the data acquisi-
tion system by a measurement cap and cables, requiring proximity
to the system for any tasks to be performed. Also, it is prone move-
ment artifacts for gross movements. With the |"*FIFDG-PET tech-
nique, subjects can carry out any tasks, that is, not only running

but any movement such as driving of a car or swimming [22]. Thus,
although the temporal resolution of the |'®FJFDG-PET technique is
limited (just 30-60 min), it is exactly this unique property that en-
ables the application of this technique to human movement
science.

As for the cellular and molecular mechanism of the |'*F]FDG-
PET and autoradiography techniques, new studies have added sev-
eral novel findings. Brain glucose/|'®F|FDG was thought to be
transported and consumed by neural cells. However, recent studies
have demonstrated that glumse,fl"‘FlFDG is transported through
the blood-brain barrier (BBB) to be taken up by astrocytes, which
express a large number of glucose transporters (GLUT) of GLUT-1
type on their surface membranes. It has been proposed that neu-
rons receive their energy source from these astrocytes in the form
of lactate produced by glycolysis and lactate dehydrogenase action
123-25], Magistretti and Pellerin have established the “astrocyte-
neuron lactate shuttle hypothesis” (ANLSH), an operational model
for the coupling between synaptic activity and glucose utilization.
This model seems to be consistent with the notion that the signals
detected during brain activation studies using ['®*F|FDG-PET may
predominantly reflect tracer uptake not into neurons but into
astrocytes [23-25). This theory has provided a cellular and molec-
ular basis for these functional brain imaging techniques; however,
it does not question the validity of brain activation techniques
using | "*F]FDG and [ '#C)2-DG [23-25].

4. Data acquisition and two- and three-dimensional modes

PET is the method of choice for functional imaging using radio-
pharmaceuticals that detect annihilation photons with relatively
high energy (511 keV) emitted from injected radioisotopes. Recent
technical advances have allowed the development of a new three-
dimensional (3D) data acquisition mode system with increased
sensitivity of up to about 8-10 times that of a conventional two-
dimensional (2D) mode system [26). This significant increase in
sensitivity has lead to a substantial reduction in radiological doses
and therefore reduction in radiation exposure to subjects, With
this innovation, studies on healthy volunteers using PET have be-
come more feasible than before. Thus, we first applied this tech-
nigue to map changes in whole-body glucose metabolism during
running in the upright posture [3], and assessed skeletal muscle
activity in normal healthy volunteers [4]. Usually, ["®FIFDG of
190-370 MBq (5-10 mCi) is injected to patients for clinical diagno-
sis using 2D acquisition mode, Since the effective doses in humans
using | '®F|FDG is estimated as 0.02 mSv/MBq or so (0.8 mSv/mCi or
so) [27], the radiation exposure to the patients is estimated to be
3.8-74mSv. Using the 3D acquisition mode, 40-80MBq (1-
2mCi) would be enough for the exercise study however. Thus
the radiation exposure to the subjects is far below (0.8-1.6 mSv)
the annual accumulated environmental radiation exposure
(2.4 mSv}. Thus, for safety reasons in terms of radiation, it is rec-
ommended to use the 3D acquisition mode for exercise study be-
cause it allows for less radiation exposure to otherwise healthy
subjects. In addirion, depending on the study protocol, a practical
way to minimize radiation exposure would be to aveid scanning
the same subject more than twice.

5. Protocols for measuring cerebral glucose metabolism during
exercise

At many institutes, | "*F]FDG is presently synthesized based on
the procedure introduced by Hamacher and colleagues [28]. In
studies using ['"*F]FDG, it is expected that all subjects refrain from
eating and drinking for at least for 3-4 h before starting the exam-
inations (["®FJFDG injection). If possible, fasting for 5h would be
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ideal because the influx of ['*F]FDG molecules into the brain tissue
is affected by plasma glucose level, and an increased level of plas-
ma glucose lowers | '*F|FDG uptake into the brain because of com-
petition. Thus, plasma glucose concentration should be measured
in all subjects just prior to ['*F|FDG injection to determine if the
glucose level is within the appropriate range. Moreover, subjects
should not perform any exercise one day before the examinations.
In a previous study by Kemppainen and coworkers, subjects fasted
for at least 12 h before the study and any kind of strenuous phys-
ical activity was prohibited for at least one day before PET exami-
nation [2]. Usually, PET scanning is initiated 40 min after ['*F|FDG
injection since |"®F]FDG uptake in brain tissue reaches the plateau
level at around 40-50 min post-injection. Also, it is recommended
to recruit subjects who are all right-handed or left-handed because
some studies have suggested effects of lateralization of specific
sensori-motor functions [29,30]. Our previous study suggested
the presence of lateralization in muscular glucose metabolism used
during upright running [1].

Usually, subjects are instructed to run for a total of 30-40 min
after ["®F|FDG injection, with 10-15 min of exercise before injec-
tion. The amount of injected ['®F|FDG is approximately 40-
80 MBq (1-2 mCi per subject) if a 3D data acquisition system is
used. If a 2D system is used, 200 MBq ['®F|FDG (approximately
5 mCi) is needed for data acquisition to compensate for the lower
sensitivity of the detector system. For | '®F]FDG injection, a catheter
is usually inserted into an antecubital forearm vein. For quantifica-
tion of absolute glucose consumption rate, another catheter should
be, in principle, inserted in the artery of the opposite arm for serial
sampling of arterial blood. Some investigators also use arterialized
venous blood data using the opposite antecubital vein. In this case,
the forearm should be warmed so that as many arterio-venous
shunts are opened as possible. In order to observe “relative” cere-
bral glucose metabolic changes, however, investigators do not have
to carry out serial blood sampling.

Following an exercise task. PET scanning is initiated. There are
two kinds of scanning modes, namely, “emission” and “transmis-
sion” scans. In emission scanning, annihilation photons (gamma
rays of 511 keV) emitted from the injected radiopharmaceuticals
in the body of subjects are detected by the PET detector system.
In transmission scanning, external radiation sources such as
%5Ge/*Ga emitting 511 keV gamma rays are detected by PET
detectors to map the tissue artenuation throughout the brain.
These transmission data are used for correcting the emission data
affected by tissue attenuation |26). As indicated in Fig. 4, the dee-
per the location of the brain structure, the more the counts are
attenuated due to absorption and diffraction in the brain and sur-
rounding tissues, For the data analysis, images corrected for tissue
attenuation should be used.

6. Quantification of cerebral metabolic rate of glucose

Quantification of regional cerebral metabolic rate of glucose
(rCMRglc) is done based on the method developed by Sokoloff
and coworkers, who used the equation below based on a compart-
ment model consisting of three compartments for “['*F|FDG in
plasma”, “unmetabolized | 'SF]FDG in the brain” and “metabolized
|"®F]FDG in the brain", as shown in Fig. 3 [31,32]:

_G[ kK G - G
CMRgIc= LC[k; el am |

where €, denotes native glucose concentration in plasma, LC
denotes the lumped constant for |"*FIFDG, k; to k; denote the first
order kinetic rate constants for |'*F|FDG, |G (T) - C(T)]/C,(T) is
the factor that corrects the ratio between observed and the popu-
lation-average metabolic rates [31,32) For the calculation of
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Fig. 3. Schematic diagram demonstrating the kinefic model for quantification of
regional cerebral metabolic rate of glucose (rCMRglc). This compartment model
consists of three compartments for "FDG in plasma®, “unmetabolized FDG in the
brain~ and “metabolized FDG in the brain™ C,. ©, and €, denote concentrations of
native glucose in plasma and the brain tissue, and metabolized glucose (glucose 6-
phosphate, glucose-6-P), respectively. €, C, and C, denote concentrations of FDG
in plasma and the brain tissue, and d FDG [FDG 6-phosphate, FDG-6-P),
respectively. ky to ky denote the first-order kinetic rate constants for glucose. k, to
k; denote the first-order kinetic rate ¢ for FDG, Abb : BBB, blood-
brain barrier.

rCMRglc, LC of 0.52, reported by Reivich and coworkers, is often
used [33]. Recently, Wakita and coworkers established a simplified
quantification technique using 1-point blood sampling data using
arterial (12 min after injection) and venous (40 min after injection)
blood [34]. In addition to the method for quantifying rCMRgle
based on the full kinetic model [35,36], simplified graphical ana-
lytic methods are also available. The latter is used in PET scans per-
formed after exercise (lacking the first part of the time-activity
curve), as reported in the study by Kemppainen and coworkers
[2]. In the first quantification study conducted by Kemppainen
and coworkers, plasma radioactivity tended to be low 25 min after
tracer injection and exercise, This suggests that the period berween
the end of exercise and the start of the scan had a minor effect on
cerebral tissue tracer counts 2], which indicated that the mea-
sured k; reflects the existing condition during exercise.

In addition to the determination of rCMRglc, rough estimation
of [ "®F]FDG distribution is also sometimes used to identify changes
in global mean glucose metabolism. Tashiro and coworkers previ-
ously calculated the modified standardized uptake ratio (SUR) (also
known as standardized uptake value, SUV), which represents the
ratio of the global mean cerebral glucose uptake to the whole body
["8FIFDG uptake, using the following equation:

lobal mean cerebral |"*F FDG uptake per volume (cps/ pixel)

SURm =& .
mean whole body ["®F]FDG uptake per volume (cps/ pixel)

A basic equation is introduced by Kubota and coworkers as follows
[37):

iptake per volume (cps/pixel) « body size of subjects (kg)
injected dose(MBq) « calibration factor{cps/MBq)

LY s
SUR = ["AFDG

7. Voxel-by-voxel analysis using statistical parametric mapping

Voxel-by-voxel analysis is the standard tool in detecting
changes in activity levels in certain brain regions. The most popular
contrast in exercise studies has been to contrast “resting” with "ac-
tive exercise”. In addition, voxel-by-voxel analysis as been useful in
detecting brain regions correlating with specific cofounding factors
such as age, exercise intensity, as well as measures of blood chem-
istry and autonomic nervous function. As demonstrated in previ-
ous exercise studies [1,2], the most popular software tool for this
analysis has been the “Statistical Parametric Mapping (SPM)" soft-
ware package.
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Fig. 4. Brain images with and without attenuation correction. Rawemission data (LEFT) have low signals in the middle part of the brain due 1o increased Dssue attenuation
This tissue attenuation can be corrected using fransmission data. The corrected image is shown in the night hand of this figure.
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Fig. 5. Voxel-by-voxel analysis can visualize both increased and decreased regional brain activities associated with exercise task. Areas of si

Decrease

sagittal coronal

ficantly increased (LEFT) and

decreased (RIGHT) glucose metabolisms during running, where the areas with statistically-significant changes appear in red to yellow. Sagittal section image (A) showing
high glucose uptake in the posterior parietal, occipital visual and premotor cortices, and cerebellar vermis. Coronal section image (B) showing high uptake in the posterior
parietal cortex and cerebellar vermis. Transverse sectional image (C) showing high uptake in the occipital visual cortex. Surface rendering image providing superior (vertex)
view which demonstrates high uptake in the premotor, temporo-parieto-occipital association and visual cortices (D). Sagittal section image (E) on the right showing low
uptake in the basal prefrental cortex. Coronal section image (F) showing low uptake in the temporal lobe including the basal ganglia. Transverse section image (G) showing
low uptake in the cerebellar hemisphere and inferoanterior temporal regions. Modified from the Ref | 1] by courtesy of Minerva Medica

Briefly, the brain parametric images of each individual are
realigned across different conditions using parameters estimated
from summed images. For statistical analysis, all brain images
were anatomically normalized by mathematical calculation
including linear and non-linear transformations o minimize in-
ter-subject anatomical variation using the SPM software pack-
age [38]. This normalization procedure 15 executed based on
MRI T1 image of each subject's own or a ligand-specific tem-
plate for ['"®F|FDG that is available from the SPM site. In the
work by Kemppainen et al. [2], the brain images were then
smoothed using a 12- to 16-mm isotropic Gaussian kernel to
increase the signal-to-noise ratio, depending on the spatial res-
olution of the PET scanner, For statistical analysis, all pixel val-
ues were normalized to an arbitrary global mean value of
50 mg/100 ml/min by ANCOVA to exclude the effects of inter-
subject variability in global cerebral glucose metabolism. The
paired r-test was applied to each voxel; only voxel clusters
were maintained with voxels corresponding to p<0.001 in a
single test and a cluster size of 8 voxel minimum in two ways
(runners-controls and controls-runners) [39]. The statistical sig-
nificance of a regional metabolic change was given in Z scores
Empirically in SPM analysis, a Z score higher than 3.0 {approx-
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imately corresponding to p<0.001) is roughly considered as
statistically significant. The location of each statistical peak
was identified based on a co-planar stereotaxic atlas of the hu-
man brain [40]. Recently, this localization procedure is often
carried out using the MNI Space utility, which first converts
the MNI coordinates given by SPM to Talairach coordinates
using non-linear transformation and then identifies each voxel
by the anatomical labels presented in the Talairach Daemon
database [41]. Statistically significant areas were superimposed
on the standard MRI brain template images (Fig. 5). The ad-
justed regional metabolic rate ratio at each statistical peak is
available by defining regions of interest (ROls) based on the
normalized brain images as demonstrated by the plotted data
in Fig. 6 |39). In principle, the SPM analysis is conducted as
an explorative analysis covering the whole brain, that is, with-
out any a priori hypothesis or spatial constrictions concerning
the location of potential effects. If carmed out with a certain a
priori hypothesis or spatial constrictions concerning the location
of potential effects, statistical thresholds can be lowered. In
addition, in case the quantitative brain images of glucose met-
abolic rate (GMR) values are used, SPM analyses should be per-
formed without global normalization function



