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introduction

Abstract

The possible effect of antihypertensive therapy on Alzheimer’s disease (AD) has been
studied, and angiotensin II receptor blockers (ARBs) have been suggested to exert
an effect on cognitive decline. The purpose of this study is to clarify the functional
effects of telmisartan, a long-acting ARB, on AD brain using prospective longitudi-
nal 8F-fluorodeoxyglucose positron emission tomography (FDG-PET) studies. For
this purpose, brain glucose metabolism of four hypertensive patients with AD was
examined with FDG-PET before and after administration of telmisartan. Studied
subjects underwent three FDG-PET studies at intervals of 12 weeks. Antihyper-
tensive treatment except for telmisartan was started after the first FDG-PET and
continued for 24 weeks. Then 40-80 mg of telmisartan was added after the second
FDG-PET and continued for 12 weeks.Glucose metabolism was significantly de-
creased during the first 12 weeks without telmisartan use at an area (—10,21, —22,x,
¥, 2 Z = 3.56) caudal to the left rectal gyrus and the olfactory sulcus corresponding
to the left olfactory tract. In contrast, the introduction of telmisartan during the
following 12 weeks preserved glucose metabolism at areas (5, 19, ~20, %, 5, , Z =
3.09;6, 19, —22,%,7, z; Z = 2.88) caudal to the bilateral rectal gyri and olfactory sulci
corresponding to the bilateral olfactory tracts. No areas showed decreased glucose
metabolism after the introduction of telmisartan. In AD, amyloid-8 deposition is
observed in the anterior olfactory nucleus {AON) of the olfactory tract. Glucose
metabolism in AON may be progressively decreased and preserved by telmisartan.

activated receptor gamma (PPARy ) agonist effects (Benson
et al. 2004; Lacourcire et al. 2004). Henka et al. (2005) re-
ported that treatment with the PPARy agonist pioglitazone

Many risk factors for dementia have been epidemiologically
investigated with the hope of preventing or delaying the onset
of Alzheimer’s disease (AD; Korczyn and Vakhapova 2007).
Hypertension is linked to AD along with smoking, diabetes
mellitus, and hypercholesterolemia {Papademetriou 2005;
Kehoe and Wilcock 2007). The possible effect of antihyper-
tensive therapy on AD has been studied, and it is suggested
that angiotensin-converting enzyme (ACE) inhibitors and
angiotensin IT receptor blockers (ARBs) exert a greater effect
on cognitive decline than other antihypertensive medications
(Gard 2002, 2004).

Telmisartan is a long-acting ARB that is effective for early
hypertension. It has in addition peroxisome proliferator-

reduces soluble amyloid-g (AB)1-42 peptide in mice. It has
been shown that mRNA and protein levels of B-secretase
or B-site amyloid precursor protein cleaving enzyme is re-
pressed by pioglitazone resulting in reduction of Ag1-42
(Sastre et al, 2006). Clinically, PPARy agonists have been re-
ported to act as insulin sensitizers, and to improve cognition
and memory in AD patients (Watson et al. 2005; Landreth
2007). Mogi et al (2008) showed that telmisartan prevented
cognitive decline partly due to PPARy activation. Recently
PPARYy activation in the brain hasbeen highlighted to prevent
AD via enhancement of Af clearance (Camacho et al. 2004)
and antiinflammatory effects in neurons (Luna-Medina etal.

© 2011 The Authors. Published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative 63
Commons Attribution Non-Commercial License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited and is not used for commercial purposes.
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2005), endothelial cells (Wang et al. 2002), astrocytes and mi-
croglia (Klotz et al. 2003), and an increase in neural stem cell
proliferation (Wada et al. 2006; Morales—-Garcia et al. 2010).
From these findings, it is hoped that treatment of blood pres-
sure (BP) with telmisartan may mitigate the cognitive de-
cline in AD. The purpose of the present study is to clarify the
functional effects of telmisartan on AD brain using prospec-
tive longitudinal **F-fluorodeoxyglucose positron emission
tomography (FDG-PET) studies. In the revised NINCDS-
ADRDA criteria, FDG-PET is dealt with as a topographical
marker and is described to be more useful than pathological
markers when the first cognitive symptoms are manifest in
preclinical AD patients (Dubois et al. 2010).

Materials and Methods
Subjects

Among hypertensive outpatients with memory impairment
with systolic blood pressure (SBP) of >140 mmHg or di-
astolic blood pressure (DBP) of 90 mmHg in the Depart-
ment of Neurology of Saitama Medical University Hospital,
those who were clinically diagnosed with AD according to
revised NINCDS-ADRDA criteria, were recruited (Dubois
et al. 2010). Patients who met the following criteria were
excluded: (1) history of allergy to ARB; (2) SBP of >160
mmHg or DBP of >100 mmHg; (3) pregnancy; (4) severe
biliary excretion dysfunction with serum total bilirubin con-
centration above 2.0 mg/dL; (5) severe liver dysfunction with
serum asparatate aminotransferase (AST) or alanine amino-
transferase (ALT) above 100IU/L; (6) severe renal dysfunc-
tion with serum Cr level above 3.0 mg/dL; (7) hyperkalemia;
(8) continuous administration of ARB, ACE inhibitor, or pi-
oglitazone; (9) other conditions deemed inappropriate for
the purposes of this study by the investigators. Seven patients
who met these criteria were enrolled. FDG-PET findings ofall
patients were supportive of AD. Of these seven patients, one
experienced digestive tract hemorrhage during the follow-up
studies and two refused to continue to participate. Finally
four AD patients, two men and two women, aged from 70
to 77 years, finished the present longitudinal study proto-
col. At each FDG-PET study, mini-mental state examination
{MMSE) was administered and BP was measured.

Figure 1. Study protocol. Subjects
underwent FDG-PET at three points: the first
at entry into this study, the second and third
at 12 and 24 weeks after the 1st study,
respectively. Telmisartan therapy was started
immediately after the second study.

137

E. Imabayashi et al.

This study was approved by the institutional review board
of Saitama Medical University International Medical Center
and Saitama Medical University Hospital, and all subjects
gave written informed consent to participate.

Study protocol

The subjects underwent three FDG-PET studies at intervals
of 12 weeks. Antihypertensive treatment except for telmisar-
tan was started immediately after the first FDG-PET study
and continued for 24 weeks. Then 4080 mg of telmisartan
was added immediately after the second FDG-PET study and
continued for 12 weeks (Fig. 1).

FDG-PET

FDG-PET was performed in the Department of Nuclear
Medicine of Saitama Medical University International Medi-
cal Center. Before FDG-PET was performed, all subjects had
an intravenous line established. Each subject received an in-
travenous injection of 185 MBq of FDG while lying in the
supine position with eyes closed in a dimly lit, quiet room and
was kept in the same resting state for at least 20 minutes. Fifty
minutes after the injection of FDG, brain PET was performed
using PET/Computed Tomography (CT) equipment with
high spatial resolution (Biograph 6 Hi-Rez; Siemens Medical
Systems, Inc.:Suite, Washington, D.C., United States). The
combination of Fourier rebinning and the ordered subsets
expectation-maximization at iteration number 4 and subset
16, and Gaussian filter at 6-mm full width at half maximum
(FWHM) was used for PET image reconstruction. Attenua-
tion correction was performed using CT data.

Image preprocessing

All FDG-PET images were spatially normalized
using  statistical parametric mapping 2 (SPM2;
http://www.filion.ucLac.uk/spm/) to a standardized

stereotactic space based on the Talairach and Tournoux
(1988) atlas, using 12-parameter linear affine normalization
and a further 16 nonlinear iteration algorithms with
an original template of FDG (Sakai et al. 2006). Then,
isotropic Gaussian smoothing with 12-mm full-width at half
maximum was performed.

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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image analysis

Data were analyzed also using SPM2 program. The SPM2
combines the general linear model and the theory of Gaus-
sian fields to make statistical inferences about regional ef-
fects (Friston et al. 1991, 1994). To examine changes in brain
glucose metabolism during the 12 weeks without telmisar-
tan, regionally specific differences between the first and sec-
ond FDG-PET were statistically assessed using a two-tailed
paired contrast testing for a decreased probability of glucose
metabolism. Then to examine regionally specific differences
in glucose metabolism between the two conditions, with and
without telmisartan, the first, second, and third FDG-PET
were statistically assessed. A two-tailed contrast testing was
used for an increased or decreased probability (multiple sub-
jects with different conditions in SPM2). To exclude time
effect in voxel intensity across three scans, the term days was
included as a nuisance covariate. The analysis was performed
with normalization of global glucose metabolism for each
subject to the same mean value with proportional scaling to
compare two conditions regarding relative FDG distribution.
The gray matter threshold was set to 0.8.

The resulting set of values for each contrast constituted
a statistical parametric map of the ¢ statistic SPM {t}. The
SPM {t} maps were then transformed to the units of nor-
mal distribution (SPM {Z}), and height threshold was set to
P = 0.005 uncorrected for multiple comparisons with extent
threshold to 100 voxels. These areas of significance were visu-
alized as overlaid on a normalized MR image to obtain a clear
view of the location of the glucose metabolism changes.

Results

MMSE scores and BP are listed in Table 1. No significant
changes in MMSE scores were observed during the time

Table 1. Subjects’ background, blood pressure, and cognitive state.
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course. SBP declined significantly from the first to third and
from the second to third FDG-PET. DBP declined signifi-
cantly from the first to third FDG-PET.

Glucose metabolism was significantly decreased during
the first 12 weeks without telmisartan at an area (—10, 21,
—22,%, ¥, 73 Z = 3.56) caudal to the left rectal gyrus and
the olfactory sulcus corresponding to the left olfactory tract
(Fig. 2). '

In contrast, the introduction of telmisartan during the fol-
lowing 12 weeks preserved glucose metabolism at areas (3,
19, =20, %, ¥, z; Z = 3.09; —6, 19, =22, %, v, 2; Z = 2.88)
caudal to the bilateral rectal gyri and olfactory sulci corre-
sponding to the bilateral olfactory tracts (Fig. 3). No areas
showed decreased glucose metabolism after the introduction
of telmisartan.

Discussion

This short-term study showed a significant decline and
preservation of glucose metabolism in a localized area cau-
dal to the rectal gyrus corresponding to the olfactory tract
during the first 12 weeks without telmisartan, and during the
following 12 weeks with telmisartan, respectively.

The localized area corresponding to the olfactory tract de-
tected by statistical analysis of longitudinal FDG-PET studies
contains the anterior olfactory nucleus (AON; Saiz—Sanchez
etal. 2010). AON plays a central role in human olfactory pro-
cessing (Price 2004; Brunjes and Kenerson 2010). Though
central olfactory connections are scarcely known in man,
AON is assumed to have connections to the piriform cortex,
anterior amygdala, periamygdaloid cortex, and the rostal en-
torhinal cortex (Price 2004). In Parkinson’s disease, Lerner
and Bagic (2008) proposed that AON is connected to the
dorsal motor nucleus of the vagus by three principal path-
ways: the stria medullaris thalami and habenular nuclei, the

Blood pressure MMSE
Systolic Diastolic - {Score)
Age Gender First Second Third First Second Third First Second Third
Case 1 76 Male 151 148 138 75 78 68 2 25 20
Case 2 77 Male 149 128 130 78 74 70 26 26 s
Case 3 70 Female 159 158 141 a6 80 &7 21 16 21
Case 4 i3 Female 148 145 138 80 50 80 21 21 24
| J | |
; e §
B3

*P < 0.005; **P < 0.01; §P < 0.05.

© 2011 The Authors. Published by Wiley Periodicals, Inc.
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Figure 2. Statistically significant decrease of
glucose metabolism from the first to second
FDG-PET studies in an area caudal to the left
rectal gyrus and the olfactory sulcus
corresponding to the left olfactory tract (P <
0.005). The SPM of the t-statistics is
displayed in a standard format as a
maximum intensity projection viewed from
right-hand side and from the top and the
back (top), and as orthogonal sections
{bottomny).

amygdala and stria termmahs, and the me
dleand hypothalamus. Because of these many p, thw:
is assumed to be rich in dendrites and astrocytes, resultmg in
abundant glucose consumptxon in thIS small regz‘ (Iadecola
and Nedergaard 2007). e

Hyposmia has been suggested tobea dzagnostlc symptom
in early AD (Djordjevic et al. 2008). Lietal. (2010) proposed
an objective way to reveal olfactory functional deficits in AD
patients using a functional MRI. Olfactory functional impair-
ment may result from early neurodegeneration of olfactory
systems including AON (Pearson et al. 1985; Braak and Braak
1991; Price et al. 1991). Kovacs et al. (1999) showed that AS
deposition and neurofibrillary tangle formation are observed
in the olfactory bulb both in aging and AD though more fre-
quently in the latter, Moreover, Salz Sanchez et al. (2010)
analyzed the AON expressmn levels of somatostatin in AD
versus controls, and found that levels of somatostatin were
reduced in AON of AD cases compared to controls. It also
has been reported that the reduction in somatostatin induces
downregulation of neprylisin, a peptidase that catalyzes the

66
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proteolytic degradation of AB, and that may be a trigger for

AP accumulation leading to late-onset sporadic AD (Saito et

al. 2005). Decreased somatostatin expression may therefore
result in A accumulation. Furthermore, a reduction in the
density of axons was observed in the olfactory tract of AD pa-
tients (Armstrong et al, 2008). Considering such involvement
of the olfactory system in AD (Brunjes and Kenerson 2010),
glucose metabolism in AON may be decreased more progres-
sively within a short interval than in any other brain region.

Telmisartan is known to effectively reduce A deposition
(Mogi et al. 2008) and to induce PPARy activation. This
PPARy activation has been reported to prevent brain dam-
age through an antiinflammatory effect, for example in en-
dothelial cells, astrocytes, and microglia (Wang et al. 2002;
Klotz et al. 2003; Camacho et al. 2004; Heneka et al. 2005;
Luna-Medina et al. 2005; Watson et al. 2005; Sastre et al.
2006; Wada et al. 2006; Landreth 2007; Mogi et al. 2008;
Morales-Garcia et al. 2010). Thus, the current study sup-
ports the contention that progressive AD pathology in AON
may be prevented by telmisartan.

£ 2011 The Authors. Published by Wiley Periodicals, Inc.
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Figure 3. Statistically significant preservation of glucose
metabolism by telmisartan from the first and second to
third FDG-PET studies in areas caudal to the bilateral rectal
gyri and the olfactory sulci corresponding to bilateral
olfactory tracts (P < 0.005). The SPM of the t-statistics is
displayed in a standard format as a maximum intensity
projection viewed from right-hand side and from the top
and the back (top) and as orthogonal sections (bottom).

The present study period may be too short to detect cogni-
tive changes. However, this short term may notbe inappropri-
ate to observe any early effect of telmisartan on brain glucose
metabolism. Although a further study may be necessary in a
larger number of subjects, the current well-localized results
with statistical significance may help to define the effect of
telmisartan on AD brain.

Conclusion

In consideration of the recent many studies on the olfac-
tory systems in AD, high-resolution FDG-PET is quite use-
ful for the functional evaluation of a small area involv-
ing AON. Telmisartan therapy may inhibit short-term de-
cline of glucose metabolism in the olfactory tract in AD
brain.
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Automatic Voxel-Based Morphometry of
Structural MRI by SPM8 plus Diffeomorphic
Anatomic Registration Through Exponentiated Lie
Algebra Improves the Diagnosis of Probable

ORIGINAL . .
researcH | Alzheimer Disease
H. Matsuda BACKGROUND AND PURPOSE: The necessity for structural MRl is greater than ever to both diagnose
S. Mizumura AD in its early stage and objectively evaluate its progression. We propose a new VBM-based software
K. Nemoto program for automatic detection of early specific atrophy in AD.

MATERIALS AND METHODS: A target VOI was determined by group comparison of 30 patients with
very mild AD and 40 age-matched healthy controls by using SPM. Then this target VOI was incorpo-
rated into a newly developed automated software program independently running on a Windows PC
for VBM by using SPM8 pius DARTEL. ROC analysis was performed for discrimination of 116 other
patients with AD with very mild stage (n = 45), mild stage {n = 30) and moderate-to-advanced stages
(n = 41) from 40 other age-matched healthy controls by using a z score map in the target VOLI.

F. Yamashita
E. Imabayashi
N. Sato

T. Asada

RESULTS: Medial temporal structures involving the entire region of the entorhinal cortex, hippocam-
pus, and amygdala showed significant atrophy in the patients with very mild AD and were determined
as a target VOI, When we used the severity score of atrophy in this target VOI, 91.6%, 95.8%, and
98.2% accuracies were obtained in the very mild AD, mild AD, and moderate-to-severe AD groups,
respectively. In the very mild AD group, a high specificity of 97.5% with a sensitivity of 86.4% was
obtained, and age at onset of AD did not influence this accuracy.

GONCLUSIONS: This software program with application of SPM8 plus DARTEL to VBM provides a high

ncreases in the number of individuals with dementia, the

highest proportion of whom are affected by AD, have made
early diagnosis of AD a major research and clinical priority. Of
several neuroimaging techniques that provide surrogate
markers for the diagnosis of AD, structural MRI is the most
commonly used because of its noninvasiveness and excellent
spatial resolution with good tissue contrast.' In AD, the earli-
est tissue loss occurs in the medial temporal structures, partic-
ularly in the entorhinal cortex.” However, visual inspection is
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performance for AD diagnosis by using MRI.

insufficient for objective evaluation of mild atrophy. Although
manual tracing of these structures can quantify the absolute
volume, it is time-consuming and requires special expertise in
anatomic knowledge for tracers. Recently, computer-aided
VBM? has been applied to detect early atrophic changes in AD.
Although this technique cannot provide the absolute volume,
it can provide statistical results in comparisons of patients
with AD with healthy controls.* Moreover VBM has been re-
ported to be a surrogate indicator of the full brain topographic
representation of the neurodegenerative aspect of AD pathol-
ogy.” Hirata et al® proposed an automated software program, a
voxel-based specific regional analysis system for AD, for the
diagnosis of AD by using this VBM technique. In the present
study, we revised this software by introducing new techniques
and validated its utility.

Materials and Methods

A total of 251 subjects were studied in 1 center. We retrospectively
chose 146 patients (65 men and 81 women ) with a clinical diagnosis of
probable AD according to the National Institute of Neurologic and
Communicative Disorders and Stroke and the Alzheimer Disease and
Related Disorders Association criteria.” These patients were classified
into 3 groups of very mild, mild, and moderate-to-advanced AD. The
very mild AD group comprised 75 patients (37 men and 38 women)
who ranged in age from 51 to 86 years with a mean of 71.2 & 7.4 years.
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At the initial visit, they had no apparent loss in general cognitive,
behavioral, or functional status and corresponded to the criteria of the
amnestic type of MCI® or 0.5 in the Clinical Dementia Rating.” The
MMSE score ranged from 24 to 29 (mean, 25.7 = 1.5). During the
subsequent follow-up period of 2—6 years, the subjects showed pro-
gressive cognitive decline and eventually fulfilled the diagnosis of
probable AD. The mild and moderate-to-advanced AD groups com-
prised 30 patients (8 men and 22 women, 71.4 & 6.8 years of age) and
41 patients (20 men and 21 women, 71.3 & 7.7 years of age), respec-
tively. The MMSE score ranged from 20 to 25 (mean, 21.4 £ 1.3) and
from 6 to 19; {mean, 15.0 * 3.5) for the mild and moderate-to-
advanced AD groups, respectively. Eighty-one of these patients with
AD (48 very mild, 11 mild, and 22 moderate-to-advanced) underwent
follow-up MRI studies at an interval of 1—4 years for, at most, 6 years
(mean, 3.3 =+ 1.2 years), and most patients in the very mild and mild
AD groups moved to a more advanced group during the follow-up
period. Consequently, the total of MRI studies was 89, 57, and 123 for
the very mild, mild, and moderate-to-advanced AD groups.

Eighty age-matched control subjects (37 men and 43 women)
were healthy volunteers with no memory impairment or cognitive
disorders. They ranged in age from 54 to 86 years with a mean of
70.4 * 7.8 years. Their performance was within normal limits both on
the Wechsler Memory Scale—Revised and the Wechsler Adult Intel-
ligence Scale—Revised. Their MMSE scores ranged from 26 to 30
(mean, 29.1 & 1.2). They did not differ in age or education from the
patients with AD. Additionally, 25 healthy volunteers {15 men and 10
women; mean, 31.1 & 7.8 years of age) participated in this study for
creation of a customized template for spatial normalization in the
statistical image analysis. The ethics committee approved this study,
and all subjects provided informed consent to participate. None of
thern had asymptomatic cerebral infarction detected by T2-weighted
MRL

All subjects underwentan MRI study on a 1.5T Vision Plus imager
(Siemens, Erlangen, Germany). One hundred forty 3D sections of a
T1-weighted magnetization-prepared rapid acquisition of gradient
echo sequence were obtained in a sagittal orientation as 1.2-mm thick
sections (FOV = 23, TR = 9.7 ms, TE = 4 ms, flip angle = 12°, and
TI = 300 ms, with no intersection gaps).

First, to define a target VOI for early diagnosis of AD, we per-
formed a group comparison between 30 patients (14 men and 16
women; mean age, 73.8 * 4.8 years) randomly chosen in the present
very mild AD group and the present 40 healthy controls group (19
men and 21 women; mean age, 70.8 = 8.5 years). Using the latest
version of SPM8 (Wellcome Department of Imaging Neuroscience,
London, United Kingdom), we segmented MRIs into gray matter,
white matter, and CSF images by a unified tissue-segmentation pro-
cedure after image-intensity nonuniformity correction. These seg-
mented gray matter images were then spatially normalized to the
customized template in the standardized anatomic space by using
DARTEL (Wellcome Department of Imaging Neuroscience).!® The
customized template for DARTEL was created from the aforemen-
tioned 25 healthy young subjects. To preserve gray matter volume
within each voxel, we modulated the images by the Jacobean deter-
minants derived from the spatial normalization by DARTEL and then
smoothed them by using an 8-mm FWHM Gaussian kernel. To com-
pare the present analysis by using SPM8 plus DARTEL with the pre-
viously reported analysis,” we also defined a target VOI by using an
old SPM version, SPM2 (Wellcome Department of Imaging Neuro-
science) between the same 2 groups. Group comparisons by SPM

2 Matsuda | AINR @ | ® 2012 | www.ajnr.org

were assessed by using the family-wise error at a threshold of P < .05,
corrected for multiple comparisons.

A stand-alone software program running on Windows for VBM
analysis by SPM8 plus DARTEL was developed to discriminate pa-
tients with AD from healthy controls. First, MRIs were spatially nor-
malized with only a 12-parameter affine transformation to the SPM
template so as to correct for differences in brain size. These linearly
transformed images were nonlineatly transformed and then modu-
lated to the customized template for DARTEL, followed by smooth-
ing by using an 8-mm FWHM kernel. Each processed gray matter
image of the remaining 116 patients with AD and 40 healthy controls
was compared with the mean and SD of gray matter images of the 40
healthy volunteers chosen in the group comparison by using voxel-
by-voxel z score analysis with and without voxel normalization to
global mean intensities (global normalization): z score = ([control
mean] — [individual value]} / (control SD). These z score maps were
displayed by overlay on tomographic sections and surface rendering
of the standardized brain. This program registered the target VOI
defined by the aforementioned group comparison. This software pro-
gram takes 8 minutes 40 seconds for all procedures by using a 64-bit
PC with a Core i7 central processing unit and 6-gigabytes memory
{Intel, Sania Clara, California).

We determined 4 indicators for characterizing atrophy in a target
VOI and in the whole brain: first, the severity of atrophy obtained
from the averaged positive z score in the target VOI; second, the
extent of a region showing significant atrophy in the target VOI—that
is, the percentage rate of the coordinates with a z value exceeding the
threshold value of 2 in the target VOI; third, the extent of a region
showing significant atrophy in the whole brain—that is, the percent-
age rate of the coordinates with a zvalue exceeding the threshold value
of 2 in the whole brain; and fourth, the ratio of the extent of a region
showing significant atrophy in the target VOI to the extent of a region
showing significant atrophy in the whole brain. The utility of these
indicators for this discrimination of AD from healthy controls has
been reported in previous MRI® and SPECT studies."'

These 4 indicators were obtained under 2 conditions, with or
without global normalization. Using the values of the 4 indicators as
the threshold, we determined ROC curves for discrimination of pa-
tients with AD from healthy volunteers by using JMP 7.0 (SAS Insti-
tute, Cary, North Carolina). The program calculates the area under
the ROC curves, sensitivity, specificity, and accuracy. Moreover, the
age effects of AD onset on these 4 indicators and the results of the
ROC were investigated in the very mild AD group classified into 2
subgroups with an age threshold of 65: the early-onset subgroup (16
patients, 9 men and 7 women; mean age, 58.0 = 4.6 years) and the
late-onset subgroup (29 patients, 14 men and 13 women; mean age,
73.8 = 4.4 years).

Results

The group comparison by SPM8 plus DARTEL demonstrated
significant decline of gray matter volume in the left (Talairach
coordinates —24,—10,~ 14, x,y,z; z = 7.37 and 6.95 without
and with global normalization, respectively) and the right
(24,10,14, x,v,z; z = 7.42 and 7.05 without and with global
normalization, respectively) parahippocampal gyri in patients
with very mild AD (Fig 1). These bilateral regions involve the
entorhinal cortex, head to tail of the hippocampus, and
amygdala and are delineated as a target VOI for AD. Group
comparison by SPM2 showed significant decline of gray mat-
ter volume in the left (— 18, —7, —16,%,y,2; 2 = 6.18) and right
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Fig 1. Group comparison of gray matter volume by SPMB8 plus DARTEL and SPMZ between 30 patients with very mild AD and 40 healthy age-matched volunteers. The SPM8 pius DARTEL
analysis demanstrates significant decline of gray matter volume in the bilateral medial temporal structures both with and without global normalization in patients with very mild AD. The
ciuster shape is very close to the anatamic configuration of the medial temporal structures involving the entorhinal cortex, amygdala, and hippocampal formation from head to tail. Although

the SPM 2 analysis demonstrates a significart decline of gray matter volume in the bilateral medial temporal structures, the cluster is confined to the anterior parts of the medial temporal

structures.

Table 1: Values of 4 indicators for characterizing atrophy®

SPM8 plus DARTEL SPM2
Target VOI _ Target VOI Whole-
Global Whole-Brain Brain
Group Normalization  Severity Extent (%) Ratio Extent (%) Severity  Extent {%) Ratio Extent (%}
Healthy controls - 0705 44 +98 08=x15 2547 NA NA NA NA
+ 07+03 20+48 1328 14+08 05+03 18x73 0518 26+ 3.1
Very mild AD - 18+08" 390x355 99+89" 54x78° NA NA ' NA NA
+ 22+ 08 49.2 +30.2° 129+£78° 41 +28° 16:+10° 3084321 6778 54x37°
Mild AD - 22 07" 537 * 29.8° 128+£88° 5557 NA NA NA NA
+ 27+ 08P 63.7 = 258" 15.4+78° 43x19° 21+11% 420+323° 96+92° 54+300
Moderate-to-advanced - 28 10%0¢ 722+ 265064 g4+ 790 151 & 14,0009 NA NA NA NA
AD .
+ 30X 10° BB7 +241%¢ 117267% 71237800 26+ 145 553£3320¢ 7628 90+ 50ped

Note:—NA indicates not applicable; -+, presence; —, absence,

“Tukey honest significance test in each condition of globa! normalization.
Y P < 001 versus healthy controls.

€ P = 001 versus very mild AD group.

4P < 001 versus mild AD group.

(18, —5,15, X,¥,z; z = 5.86) parahippocampal gyri (Fig 1). The
cluster size was smaller in SPM2 than in SPM8 plus DARTEL.

The patients with AD showed significantly (P < .001,
Tukey honest significance test) greater values than healthy
controls in all 4 indicators in both SPM8 plus DARTEL and
SPM2 analysis (Table 1). The mild AD group showed not sig-
nificant but greater values of all 4 indicators than the very mild
AD group. The moderate-to-advanced AD group showed sig-
nificantly (P < .001) greater values of severity and extent for
the target VOI and extent for the whole brain than the very
mild AD group. In contrast, the ratio for the target VOl in the

moderate-to-advanced AD group was lower than that in the
mild AD group and almost equal to that in the very mild AD
group. Global normalization in SPM8 plus DARTEL analysis
elevated the severity and ratio for the target VOI and dimin-
ished the extent for the whole brain in all AD groups. The
SPM2 analysis showed lower values in severity, extent, and
ratio for a target VOI and greater values in extent for the whole
brain than the SPM8 plus DARTEL analysis.

In the SPM8 plus DARTEL analysis, better ROC results
were obtained in the condition with than without global nor-
malization, particularly in specificity (On-line Table 1). Of the
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Table 2: Values of 4 indicators in early- and late-onset subgroups in very mild AD

SPM2

SPM8 plus DARTEL
Target VOI Whle- Target VOI Whole-

Global Brain Brain
Normalization  Onset Severity Extent (%) Ratio Extent {%) Severity Extent (%) Ratio Extent (%)
- Early 15+07 253 =311 38+38 51+49 NA NA NA NA

- Late 1909 438 = 356 5984 116+95 NA NA NA NA

+ Early 19+07 374+ 262 95 £ 6.0 41+17 14210 244 + 346 47 +55 38x24
+ Late 23+08 53.6 = 30.7 141 =81 4127 17+10 332+ 312 75+85 6.0+ 39

Note:—NA indicates not applicable; +, presence; —, absence.

4 indicators, the severity and extent for the target VOI with
global normalization showed almost equal and high accuracy.
Even in the very mild AD group, the severity showed a high
accuracy of 91.6%, increasing to 95.8% in the mild AD group
and 98.2% in the moderate-to-advanced AD group. SPM8
plus DARTEL showed better ROC results for all 4 indicators
than SPM2.

Although the early-onset subgroup showed lower values of
indicators for the target VOI than the late-onset subgroup
{Table 2), global normalization elevated these indicators
evenly in the early- and late-onset subgroups. These indicators
were largely stable before and after global normalization in
healthy controls. Consequently, ROC results in SPM8 plus
DARTEL revealed equal accuracy after global normalization
between these 2 subgroups (Online Table 2). In contrast,
SPM2 analysis showed approximately 10% lower accuracy in
the early-onset subgroup than that in the late-onset subgroup
when using the severity score.

In each of 81 follow-up patients with AD, the severity score
in a target VOI gradually increased from the baseline to fol-
low-up studies. The annual increase of the severity score after
global normalization was 0.27 = 0.15.

Representative cross-sectional and longitudinal studies for

SPMS8 plus DARTEL

SPMS plus DARTEL analysis are demonstrated in Figs 2 and 3,
respectively.

Discussion

Using severity as an indicator, we obtained a high sensitivity of
86.4% and extremely high specificity of 97.5%, resulting in an
accuracy of 91.6% for discrimination of patients with very
mild AD from healthy controls in the SPM8 plus DARTEL
analysis. Extremely high specificity mainly contributed to this
high accuracy. In the SPM2 analysis, ROC analysis presented
5% lower sensitivity and approximately 13% lower specificity
compared with those in the SPM8 plus DARTEL analysis.
Kawachi et al'? reported 82.9% in both sensitivity and speci-
ficity in the patients with very mild AD in a similar VBM study
by using an older SPM version, SPM99. This better specificity
may result from application of the SPM8 plus DARTEL algo-
rithm. This DARTEL algorithm can provide more precise spa-
tial normalization to the template than the conventional
algorithm.'>*?

This improvement in the preciseness of the spatial normal-
ization was confirmed by group comparison for determining a
target VOI. The SPM8 plus DARTEL results showed signifi-
cantly decreased volume with anatomically precise configura-

Co

Anterior

Posterior

Right Lateral Left Lateral

Inferior Superior

Fig 2. Cross-sectional VBM study by using SPM8 plus DARTEL. A, MB image of a 52-year-old woman with an MMSE score of 27, One year iater the MMSE score declined to 19. B, SPM8
plus DARTEL analysis with global normalization reveals a significant decrease of gray matter volume in the right eatorhinal area. Calored areas with z scores of >2 are overlaid as
significantly atrophied regions on tomographic sections and cortical surface of the standardized MRI template. A target YOI in the medial temporal structures is demarcated with purple

lines. The right temporoparietal cortex also shows extensive significant atrophy.
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Fig 3. Longitudinal VBM studies by using SPM8 plus DARTEL. A 63-year-old woman with an MMSE score of 27 at the first visit was followed up for 6 years. One year later, the MMSE
scare decreased to 20 and gradually decreased thereaiter. VBM analysis with global normalization reveals significant atraphy in the bilateral medial temporal areas even at the time of
the initfal study. Then the 2 score in a target VO! increased step by step with time. In contrast, analysis withaut global normalization does not demonstrate significant atrophy in the medial
temporal areas for the first 3 years. Severity scores as an indicator for characterizing atrophy in the medial temporal structures are shown.

tion of the medial temporal structures involving the entorhi-
nal cortex, amygdala, and total hippocampal formation.
Takahashi et al'* demonstrated almost identical results by us-
ing SPM8 plus DARTEL. The present SPM results by using
conventional VBM by SPM2 showed decreased gray matter
volume mainly in the anterior parts of the parahippocampal
gyri with a less precise configuration. The severity score
proved to be useful for longitudinal studies as well. The annual
increase of this score may be indicative of disease progression.

The modulation in VBM allows comparison of the absolute
amount of gray matter.”” The step of global normalization
allows correction of the absolute amount of gray matter for
individual total brain volume. Comparison of discrimination
performance demonstrated better results in the condition
with than without global normalization. This difference in dis-
crimination performance may arise from the well-known fact
of selective atrophy in the medial temporal structures in
AD.M+®1617 Even if the absolute amount of gray matter of the
medial temporal structures is decreased, a concomitant de-
crease in the total volume of gray matter would decrease spec-
ificity. The specificity in ROC analysis of the severity for the
target VOI was 17% lower in the condition without than with
global normalization in very mild AD. The degree of selective
atrophy in the medial temporal areas can be assessed by the
ratio as an indicator. In patients with AD, more than 10-fold

selective atrophy was observed in the medial temporal areas
compared with the whole brain in SPM8 plus DARTEL.
Global normalization enhanced this ratio. Progression of neo-
cortical atrophy would result in the decline of this ratio in
advanced AD. This indicator may be useful for differentiation
of AD from other neuropsychiatric diseases manifesting
dementia.

The early-onset subgroup showed milder atrophy in the
medial temporal structures than the late-onset subgroup.
This is in line with several previous reports in which late-
onset subgroups showed greater atrophy in the medial tem-
poral structures than the early-onset subgroups.'®!” How-
ever global normalization in SPM8 plus DARTEL extended
the difference of indicators for a target VOI evenly in the
early-onset and late-onset subgroups from indicators in
healthy controls. This extension led to almost equal accu-
racy for discrimination of early-onset and late-onset very
mild AD from healthy controls. This global normalization
procedure may make it possible to use a common target
VOI irrespective of age at onset of AD.

Thus the present study made it clear that the global nor-
malization procedure in VBM by using SPM8 plus DARTEL
has advantages in enhancing the discrimination power of di-
agnosing AD. However lower values of the extent for the whole
brain after global normalization would underestimate neocor-
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tical atrophy. The extent for the whole brain without global
normalization may be useful for accurately evaluating the de-
gree of neocortical atrophy.

This study is not without limitations. First, we should in-
vestigate whether this 1-site study is applicable to multicenter
studies. Second, evaluation of the reproducibility of the pres-
ent VBM technique may be necessary for longitudinal studies.
Third, we investigated patients with amnestic MCI who all
converted to AD. The outcome for any patient with MCI is
uncertain because many subjects remain stable or even revert
to a normal state, while others progress to dementia. Accord-
ingly, the predictive study by using this VBM approach is
much more important for MCI conversion to AD. Fourth, the
single target VOT was used irrespective of age at onset of AD. A
similar VBM study by Ishii et al'® recommended the use of a
target VOI involving not only medial temporal structures but
also parietal and posterior cingulate cortices and precunei in
early-onset AD. Although this software program presented the
same accuracy between early- and late-onset very mild AD
subgroups, we may have to investigate a more appropriate
target VOI from a larger number of patients with early-onset
AD. However, incorporation of 2 types of target VOIs for ear-
ly- and late-onset AD into a software program may confound
the program user in the selection of a target VOI in the case of
follow-up studies on an approximately 65-year-old patient.

Conclusions

We proposed an automatic VBM software program of struc-
tural MRI for discrimination between patients with probable
AD from the very-mild- to advanced stages and age-matched
healthy controls. Application of the SPM8 plus DARTEL anal-
ysis to this software program provided a high accuracy of
91.6% for discrimination of patients with very mild AD from
healthy controls by using a target VOI located in medial tem-
poral structures, Equal accuracies were obtained in early-onset
and late-onset very mild AD subgroups. This software pro-
gram may be useful for early diagnosis and longitudinal eval-
uation of AD.

6  Matsuda | AINR @ | @ 2012 | www.ajnr.org
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In conventional pharmacotogical research in the field of mental disorders, pharmacological effect and dose have been estimated
by ethological approach and in vitro data of affinity to the site of action, In addition, the frequency of administration has been
estimated from drug kinetics in blood, However, there is a problem regarding an objective index of drug effects in the living
body, Furthermore, the possibility that the concentration of drug in blood does not necessarily reflect the drug kinetics in target
organs has been pointed out, Positron emission tomography (PET) techniques have made progress for more than 20 years,
and made it possible to measure the distribution and kinetics of small molecule components in living brain, In this article, we

focused on rational drug dosing using receptor occupancy and proof—of—concept of drugs in the drug development process
using PET,

KEY WORDS: Positron emission tomography; Occupancy, Dopamine D, receptor; Serotonin transporter; Norepinephrine trans—

porter; micro—PET,

INTRODUCTION

In conventional pharmacological research in the field
of mental disorders, pharmacological effect and dose have
been estimated by ethological approach and in vitro data
of affinity to the site of action. In addition, the frequency
of administration has been estimated from drug kinetics in
blood. However, there is a problem regarding an objective
index of drug effects in the living body. Furthermore, the
possibility that the concentration of drug in blood does not
necessarily reflect the drug kinetics in target organs has
been pointed out. Positron emission tomography (PET)
techniques have made progress for more than 20 years,
and made it possible to measure the distribution and ki-
netics of small molecule components in living brain, PET
neuroimaging including neuroreceptor imaging and en-
zyme activity imaging have contributed to drug evalua-
tion by 1) rational drug dosing, 2) biodistribution of drug,
3) therapeutic rationale for drug utilization, and 4) mecha-
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nism of drug action.” In this article, we focused on ration-
al drug dosing using receptor occupancy and proof-of-
concept of drugs in the drug development process using
PET.

Dopamine D, Receptor Occupancy by Antipsychotics
Dopamine dysregulation has been suspected for the
pathophysiology of schizophrenia. The common pharma-
cological profile of antipsychotics that can alleviate pos-
itive symptoms has a dopamine D, receptor blocking
property.z) Farde and others succeeded in visualizing dop-
amine D; receptors by using the selective, high-affinity
dopamine D; receptor antagonist ''C-labeled raclopride
and PET, allowing estimation of dopamine D, receptor
bindings quantitatively in the human brain.” By applying
this technique, it was possible to evaluate the degree of
dopamine D, receptor inhibition of antipsychotics as a
change of radioligand binding. Using a binding potential
(BP) reflecting the receptor density at the specific binding
site,occupancy was defined as the percentage reduction of
BP and calculated as follows:
BPhasetine — BP. drug
BP, baseline
There are some reports concerning dopamine D> re-
ceptor occupancy by antipsychotics in living human brain,
A range of 70 to 89% was reportedin an open study of 22

Occupancy(%) = x 100
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Fig. 1. Typical summated PET images before and after administration
of 200mg of Sultopride and Sulpiride.™ (upper stand) Pre is typical
summated PET image before sultopride administration. Post is typical
summated PET image ot the possible peak time of plasma
concentration of the sultopride, 2 hr after single administration of 200
mg of sultopride. (lower stand) Pre is typical summated PET image
pefore sulpiride administration. Post is fypical summated PET image
at the possible peak time of plasma concentration of the sulplride,
3 hr after single administration of 200 mg of sulpiride. The absolute
decline in dopamine D; binding is significantly greater after
administration of sultpride than sulplide, PET, positron emission
tomography.

schizophrenic patients responding to treatment with con-
ventional doses of classical neuroleptics.” A double-blind
PET study of schizophrenic patients suggested that dop-
amine D, receptor occupancywas positively correlated
with the percentage of reduction in total Brief Psycho-
pathological Rating Scale (BPRS) score at the end of treat-
ment compared to baseline, and the dopamine D- receptor
occupancy valuerequired to induce 50% reduction of
BPRS was about 70%.” Another double-blind PET study
reported a significant relationship between dopamine D;
receptor occupancy and improvement in Clinical Global
Impressions Scale (CGI) rating, with over 65% dopamine
D» receptor occupancy showing a distinct clinical res-
ponse.” On the basis of these findings, the likelihood of
clinical response increases as dopamine D receptor occu-
pancy exceeds 70%, while the risks of extrapyramidal
symptoms (EPSs) increase at occupancy higher than 80%.

Dose—finding of Antipsychotics Based on Dopamine D,
Receptor Occupancy

Appropriate dosages of various antipsychotics are now
being decidedbased on measurements of dopamine D, re-
ceptor occupancy. Previous studies reported that a dose
range between 3 and 5 mg/day of risperidone was assumed
to be optimal for supporting the clinical outcome.””

100

80

60

40

20+ Sultopride

a Sulpiride

Dopamine D, receptor occupancy (%)

400 600 800

Dose (mg)

0 200

Fig. 2. Relationship between dopamine D; receptor occupancy and
doses of sulpiide and sultopride.’® Mean dopamine D, receptor
occupancy of three regions (prefrontal cortex, termporal cortex, and
thalamus) was shown as dopamine D, receptor occupancy. Open
squares Indicate sulpiride, and open circles indicate suitopride. The
dotted regression curve was fitted to the sulpiide data, and the solid
regression curve was fitted to the sulfopride data,

Moreover, the appropriate dosage of olanzapine has been
reported to be 8-14 mg/day, also in good agreement with
the clinical dose.”'® In a phase II clinical trial in Japan,
paliperidone ER at 6-9mg/day provides an estimated level
of dopamine D, receptor occupancy between 70-80% M
In Korea as well, dopamine D, receptor occupancy by a
novel antipsychotic, YKP1358, was measured using
PET,'” and this will require further clinical study.

Thus, performing a dose-finding study using PET at the
clinical trial stage has been considered one of the reasons
for the fewer side effects of the so-called second-gen-
eration antipsychotics.

On the other hand, in terms of conventional anti-
psychotics, there have not been enough supporting data
regarding clinical doses based on dopamine D, receptor
occupancy. Takano and others measured dopamine D; re-
ceptor occupancy of two conventional benzamide anti-
psychotics, sulpiride and sultopride, using positron emis-
sion tomography, to investigate the rationale of their clin-
ical doses.”™ In that study, doses required for 70-80% oc-
cupancy were shown to be quite different: 1,010-1,730 mg
for sulpiride but 20-35 mg for sultopride despite their sim-
ilar registered clinical doses (300-1,200 mg) (Fig. 1, 2).
Sultopride has been reported to induce more EPSs than
sulpiride, which can be attributed to the fact that the regis-
tered clinical doses of sultopride were approximately 10
times higher than the calculated optimal doses.

As evidence for the clinical doses of conventional anti-
psychotics has been limited, their re-evaluation based on
dopamine D, receptor occupancy can contribute to the es-
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Fig. 3. Time-course of D, receptor occupancy by rsperidone.'”
Time-course of dopamine D, receptor occupancy in the temporal
cortex (@) and the plasma concentrations (O) after taking 4 mg
tisperidone. The sum of the plasma concentrations of rsperidone
and 9-OH-risperidone was used os the plasma conceniration of
risperidone. The h/f2 of plasma concentration (17.7 h) was shorter
than that of dopamine Da receptor occupancy (73.8 h).

tablishment of rational antipsychotic therapy.

Although the concept of a “therapeutic window” be-
tween 70-80% of dopamine D receptor occupancy seems
to apply for most antipsychotics, there may be a different
optimal occupancy other than 70-80% depending on the
characteristic of drugs such as aripiprazole, dopamine D,
receptor partial agonist, occupy more than 90% of striatal
dopamine D, receptor at clinically effective doses.'*'”
Furthermore, optimal occupancy of low-affinity drugs
such gs clozapine and quetiapine have been inconclu-

. 1
sive.

Pharmacokinetics at Specific Binding Site

Until now, drug disposition has been mainly evaluated
by plasma kinetics. However, it is important to directly fo-
cus on the kinetic profile at the specific binding site, ex-
cept for the drugs that have a site of action in blood.
Therefore, the time-course of occupancy at the binding
site of the drug reflects the drug kinetics at the specific
binding site, and is an important index. Takano and others
measured the time-course of dopamine D, receptor occu-
pancy in the temporal cortex as well as that of risperidone
plasma concentration after its administration in chroni-
cally treated patients.'” The half-life of the plasma con-
centration (17.7 h) was shorter than that of dopamine D
receptor occupancy (73.8 h) (Fig. 3). Furthermore, they
reported that the estimated time-course of dopamine D,
receptor occupancy from the mean pharmacokinetics data
and the in-vivo EDso value fitted well with the data from
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consecutive PET scans. Thus, estimating the drug kinetics
at the receptor site in this way can applicable to appro-
priate dose scheduling.

Regionality of dopamine D; Receptor Occupancy

The concept of limbic and cortical selectivity of sec-
ond-generation antipsychotics, i.e., higher dopamine D,
receptor occupancy in the cerebral cortices than in the
striatum, has also been suggested to explain their clinical
efficacy with few EPSs.'” Limbic and cortical selectivity
was originally observed in dopamine D, receptor occu-
pancy by clozapine in patients with schizophrenia using
[ 1231]epidepride_18) Limbic and cortical selectivity was al-
so reported in other second-generation antipsychotics
such as risperidone and olanzapine.'**” However, in most
studies concerning the regional selectivity of dopamine
D, receptor occupancy in patients with schizophrenia,
baseline binding to receptors for the calculation of occu-
pancy was based on binding of other healthy subjects, not
the binding of the neuroleptic-naive state of the same
patients. In addition, dopamine D, receptor density is
quite different between striatal and extrastriatal regions.
Therefore, to elucidate the regional difference in dop-
amine D, receptor occupancy by second-generation anti-
psychotics, Ito and others measured dopamine D; receptor
occupancy in the striatal and extrastriatal regions by dif-
ferent tracers with different affinity for receptors using the
neuroleptic-naive state of the same subjects as the
baseline. No obvious regional differences in dopamine D,
receptor occupancy by risperidone were observed.””
Moreover, dopamine D; receptor occupancy in the extra-
striatal region by olanzapine has also been reported to
agree with occupancy in the striatum.” By adapting an ap-
propriate measurement in this way, it could be shown that
the concept of limbic and cortical selectivity of risper-
idone and olanzapine was not observed.

Dopamine D, Receptor Occupancy in the Pituitary
Hyperprolactinemia, one of the common side effects of
antipsychotic drugs, is reported to be induced by blocking
of dopamine D, receptors in the pituitary. Although ex-
amination of the relation between dopamine D; receptor
occupancy and hyperprolactinemia has been attempted
using PET,G’QZ’23 ) the outcomes have been inconclusive.
Arakawa and others reported that the dopamine D, re-
ceptor occupancy in the pituitary by 4 antipsychotic drugs
was significantly correlated with the plasma concen-
tration of prolactin, but no such correlation was found in
the temporal cortex (Fig. 4).*” Furthermore, a character-
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Fig. 4. Relation between plasma concentration of prolactin and
dopamine Dy receptor occupancy in the pituitary.®® Significant
positive correlation was observed between the plasma concen-
tration of prolactin and dopamine D; receptor occupancy in the
pituitary by different doses of risperidone, olanzapine, haloperidol,
and sulpiride (Y=0.41; X-4.0; p=.001).

istic tendency of each drug was observed in dopamine D;
receptoroccupancy in the pituitary and the temporal
cortex. Sulpiride, known to be prone to hyperprolac-
tinemia, blocked dopamine D, receptors in the pituitary
more preferentially than in the temporal cortex, whereas
olanzapine showed relatively less occupied dopamine D,
receptors in the pituitary. This is due to the fact that the pi-
tuitary exists outside the blood-brain barrier. The magni-
tude of hyperprolactinemia of various antipsychotics can
be predicted by the permeability of each antipsychotic into
the brain. Thus, especially in the area of new drug devel-
opment, the permeability of each antipsychotic drug
might prove to be useful for the early evaluation of the risk
of hyperprolactinemia.

Serotonin Transporter Occupancy by Antidepressant
Serotonin transporters (5-HTT) are located at pre-
synaptic serotonergic neurons and have a key role in the
regulation of serotonin concentration in the synapse. They
are believed to be one of the major therapeutic targets of
antidepressants. PET studies, using radioligands such as
["'CIMcN(+)5652 and [''C]DASB, have made it possi-
ble to measure the occupancy of 5-HTT by antidepre-
ssants in living human brain. 5-HTT occupancy was re-
ported to be over 80% at clinical doses of selective seroto-
nin reuptake inhibitors (SSRIs) during the treatment of
depressicn.zs’%) Suhara and others investigated the rela-
tionship between 5-HTT occupancy and the dose of the
classic tricyclic antidepressant (TCA) clomipramine, and
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one of the SSRIs, fluvoxamine.” In this study, even 10
mg of clomipramine showed approximately 80% 5-HTT
occupancy, while step-wise increases of fluvoxamine in
dosage demonstrated only a gradual increase (Fig. 5). Ina
dose-finding study of duloxetine, a part of phase I clinical
trials in Japan, it was reported that 40mg or more was
needed to attain 80% occupancy, and 60 mg of duloxetine
could maintain a high level of 5-HTT occupancy with a
once-a-day administration schedule.””

However, a distinct threshold in 5-HTT occupancy for
achieving an antidepressant effect without side effects,
comparable to dopamine D, receptor occupancy by anti-
psychotics, has not yet been demonstrated. Additionally,
clomipramine, its metabolite desmethyl-clomipramine
and duloxetine have affinity to norepinephrine transporter
(NET) as well as 5-HTT. Although evaluation of NET oc-
cupancy is required, suitable radioligands for NETwere
not developed at the time these studies were carried out.

Norepinephrine Transporter Occupancy by Antidepressant

Norepinephrine, one of the monoamine neurotransmi-
tters in the central nervous system, has been reported to be
related to several functions such as memory, cognition,
consciousness, emotion, etc. NET is responsible for the
reuptake of norepinephrine into pre-synaptic nerves and is
another main target of antidepressants such as seroto-
nin-norepinephrine reuptake inhibitors (SNRIs) and
TCAs. SSRIs are widely considered as the first choice of
treatment for depression. However, it is known that about
one-third of the patients with major depression do not re-
spond to SSRIs.”**” Recent studies have suggested that
the treatment of depression with newer antidepressants
that simultaneously enhance both serotonergic and nor-
epinephrinergic neurotransmissions can be expected to re-
sult in higher response and remission rates compared to
SSRIs.>*" Therefore, examining NET occupancy by
TCAs and SSRIs might provide a new therapeutic in-
dication other than S-HTT occupancy.

As mentioned above, several studies have been re-
ported regarding 5-HTT occupancy by antidepressants.
However, NET occupancy by antidepressants in human
brain has not been reported because of a lack of suitable
radioligands for NET. (S,S)-['*FIFMeNER-D; was re-
cently developed as a radioligand for the measurement of
NET binding with PET,”® allowing estimation of NET
bindings quantitatively in human brain,”>> Further-
more, NET occupancy by nortriptyline, corresponding to
the administration dose and plasma concentration of nor-
triptyline, was observed in human brain using PET with



Central Nervous System Drug Evaluation Using Positron Emission Tomography 13

100

Fluvoxamine O 0 O
Rat Vehicle 10 mg/kg, po

8
L

<D
[
i

Rat EC,,=6.1 ng/mlL

5-HTT occupancy (%)
s
o

N
o

0 T T T 1
0 50 100 150 200

O Plasma concentration of fluvoxamine (ng/mi)

High similarity
100 -
Human Baseline Fluvoxamine
asewne , ~ 80
: g o S
r
£ 601 ©
o d
§ S50 Human EC4,=4.6 ng/mL
e 4910
o
T
% 504
0 T H T T 1
4] 5 10 15 20 25 -

Plasma concentration of fluvoxamine (ng/mt.)

Fig. 5. Serotonin fransporter occupancy by SSRI fluvoxamine in rat* and human brain.®” (left sids) PET imaging of ('C)DASB distribution
In rat and human brain before and after oral administration of fluvoxamine. (right side) Relationship between plasma concentration of
fluvoxamine and 5-HTT occupancy in rat and human brain. The plasma concentration of fluvoxamine needed for 50% occupancy (ECs=6.1
ng/ml) was almost equivalent to the value determined in human studies (ECx=4.6 ng/mi).

(S,S)-[*F]JFMeNER-D,.*® Further NET occupancy stud- biomarker for AD. Several amyloid ligands, such as [''C]
ies in humans will be needed to evaluate the relation with PIB, [''C|BF227, [''C]AZD-2184 and ['*F]AV-45, have
the clinical effects of antidepressants. been developed for PET imaging.*”*"
Furthermore, Rinneand others reported that cortical
Biomarkers for the Proof-of-Concept of Drugs and New ["'C]PIB retention was reduced in the AD patients group
Treatments received the treatment with bapineuzumab, a humanised
The most utilized imaging biomarker for rational drug anti-A 8 monoclonal antibody, compared with both base-
dosing is the receptor or transporter occupancy by drugs line and the placebo group.*” Measurement of brain A 8
acting on those sites as blockers. However, in psychiatric deposition by PET may be useful not only for early diag-
disorders, reliable diagnostic biomarkers are still awaited. nosis of AD but also for therapeutic monitoring of the ef-
Nonetheless, in the case of Alzheimer disease (AD), dis- fects of disease-modifying agents such as anti-A 8 mono-
tinctive pathological changes such as deposition of £- clonal antibody, secretase inhibitors or modifiers, met-
amyloid protein (A 8 ) and neurofibrillary tangles (NFT) al-protein attenuating compounds, antioxidants and so on.
have been identified. Quantification of A £ in living hu- Despite the distinctive biomarker and several promising
man brain is reported to represent an important diagnostic therapeutic agents, current treatment of AD is limited to
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the enhancement of acetylcholinergic neurotransmission.
This treatment is based on the pathology of a reduction in
acetylcholinergic neurotransmission, thought to be re-
sponsible for several symptoms including memory
impairment. Although an acetylcholinesterase inhibitor
such as donepezil hydrochloride is assumed to increase
the synaptic acetylcholine level, direct evidence of the
mechanism of its action in the living human brain was
needed. Using PET and radiolabeled acetylcholine ana-
logue [”C]N-methyl-é!—pipeﬁdyl acetate (MP4A), also a
substrate of acetylcholinesterase, and 5 mg of donepezil
hydrochloride, acetylcholinesterase activity was reported
to be reduced by 34.6% in AD brain.*?

Translational Study from Animal to Human

Measuring occupancy using PET is indispensable in the
development of new pharmaceuticals. However, clinical
trials for new pharmaceuticals have various restrictions in
relation to radiological effects. In-vivo imaging with mi-
cro-PET of small animals is a more convenient means, and
it is significant for preclinical drug development with the
potential of simulating human models.

New concepts of treatment of AD are concerned with
directly targeting amyloid in the brain. Vaccination ther-
apy of A 8 is thought to be a candidate, but how to mon-
itor the treatment is an issue to be settled before entering
into any clinical trial. Using amyloid precursor protein
(APP) transgenic (Tg) mice, ['CJPIB binding was re-
duced after vaccination measured by microPET system.*”
Moreover, imaging microglia, which are observed in the
vicinity of neuritic plaques, is also important because their
activation is responsible for the degree of activity of the
brain immune system, and their overactivation causes
encephalitis. ["*FJFE-DAA1106 is an effective radio-
ligand for peripheral benzodiazepine receptor, and is re-
garded as an effective biomarker for activated microglia.
Using two different ligands for amyloid deposition and
microgial activation, a clear relationship between amyloid
reduction and the activation of microglia was revealed in
vaccinated Tg mice.* This result suggests the usefulness
of preclinical evaluation of emerging diagnostic and ther-
apeutic approaches for AD.

Saijo and others investigated the occupancies of 5-HTT
with rats treated with varying doses of fluvoxamine and a
new compound, (2S)-1-[4-(3,4-dichloropheny!) piperidin-
1-y1}-3-[2-(5-methyl-1,3,4-oxadiazol-2-yl) benzo [b] fur-
an-4-yloxypropan-2-ol monohydrochloride (Wf-516).*”
In that study, a reduction of ['CJDASB binding to 5-HTT
was shown to be correlated with the doses and plasma con-
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centrations of fluvoxamine and Wf-516. The estimated
EDso value of Wf-516 for [''CIDASB binding was re-
sulted in 3.1 mg/kg (p.o), which was 5 times lower than
one of fluvoxamine as 15.2 mg/kg (p.o). This EDsg ratio of
W£-516 to fluvoxamine was fairly close to previous ex
vivo [3H]citaropram autoradiographic study (Wf-516 vs.
fluvoxamine: 1.1 mg/kg vs. 4.5 mg/kg).*” Moreover, the
plasma concentration of fluvoxamine needed for 50% oc-
cupancy of central 5-HTT was 6.1ng/ml, similar to the
value reported in human studies as 4.6 ng/ml (Fig. 5).*”

These results suggest preclinical animal PET studies on
candidate agents enabling the estimation of the sensitivity
and efficacy of pharmacological agents in humans.

However, there are several limitations in current small
animal PET studies. The spatial resolution of those PET
systems is limited to ~1.5 mm, which is not sufficient for
analyzing small brain structures,’” and the anesthesia
used for the fixation of the animal may influence the bind-
ing imaging agents.”>*”

CONCLUSION

In this article, the occupancy by antipsychotics and an-
tidepressants using PET was reviewed. Techniques using
PET have made it possible to evaluate how each drug acts
at the specific binding site, and provide important indices
for evaluating clinical drug efficacy and side effects.
Therefore, it is considered that their roles will continue to
increase in the psychiatry domain, where there has per-
haps been a shortage of objective indices.
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