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Fig. 1 An 8l-year-old female
with a diagnosis of MCI
(MMSE was 26).-a FDG PET
did not demonstrate an AD
pattern. b BF-227 PET did not
demonstrate significantly
increased uptake in the brain.
¢ 3D-SSP results by Method 1
showed generalized significant
abnormalities in the brain
suggesting AD, although

d those analyzed by Method 2
did not. This patient was
followed up for 3 years, but did
not convert to AD. e BF-227
images after co-registration to
FDG images by Method 1. The
distortions were seen mainly in
the frontal lobes. £ BF-227
images after co-registration to
FDG images by Method 2. No
distortions were seen

Table 2 The numbers of cases with distortions after Method 1

AD MCI NC Total
Slight 6 5 6 17
Strong 1 2 i 4
Total 7 7 7 21

A sample of anatomically standardized image with slight distortion.

A sample of anatomically standardized image with strong distortion.

between MCI and NC in all the lobes, but Method 1 did not Method 2 demonstrated that converters showed signifi-
show a significant difference between MCI and NC in the  cantly higher values than non-converters in the parietal and
frontal lobe (Fig. 2). frontal lobes, which was not observed with Method 1 (Fig. 3).
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Fig. 2 Mean (SD) of eSUVR in the AD, MCI, and control groups calculated by Method 1 and 2. The values were calculated for the parietal,
temporal, frontal, and occipital lobes
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* p<0.01, * p<0.05, pvalues >0.1 were not shown.
Fig. 3 Mean (SD) of eSUVR for MCI-to-AD converters and non-converters calculated by Method 1 and 2. The values were calculated for the

parietal, temporal, frontal, and occipital lobes
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3D-SSP analyses

Figure 4 a—c shows the Z score maps of 3D-SSP analyses
processed by Method 1 and 2, comparing AD and NC, MCI
and NC, and converters and non-converters. The differ-
ences between Method 1 and 2 were not clear in Fig. 4a, b;
however, Fig. 4c demonstrated more intense and wide-
spread abnormalities between converters and non-con-
verters by Method 2 than by Method 1.

Figure 5 a-c shows the Z score maps processed by
Method 2 comparing converters and NC, non-converters
and NC, and converters and non-converters, respectively.
Figure 5a reveals a similar distribution to that in Fig. 4a, b,
but with the scores slightly higher than those in Fig. 4b and
slightly lower than those in Fig. 4a. Figure 5b showed a
globally low z score that was slightly higher in the left
temporal lobe. Figure Sc demonstrated differences between
converters and non-converters especially in both lateral
frontal lobes.

Discussion

Voxel-based analysis allows an objective and sensitive
identification of regional changes. Statistical parametric
mapping (SPM) [7] and 3D-SSP have both been commonly
used for voxel-based analysis for brain PET and SPECT.
However, for amyloid PET analysis, most researchers have
performed SPM analyses using an MR template after reg-
istration of PET images to MR images {8, 9]. In this case,
the AS of SPM will not be influenced by the distribution of
PET tracers. 3D-SSP can also utilize MR images, but this
method is not commonly performed. The 3D-SSP analysis
of amyloid PET images using an FDG template entails the
problems mentioned in “Introduction”. In fact, our results
demonstrated that Method 1 showed varying degrees of
errors for AS in 38% of the cases. These errors may not
only produce an overestimation or underestimation of the
amyloid burden in the brain, but also result in the creation
of inaccurate normal databases for voxel-based analysis.
Thus, Method 1 seems inappropriate for 3D-SSP analysis
of amyloid PET. FDG PET has been widely accepted as
the method to assess functional abnormalities in dementia
[10-12], and is commonly used for clinical evaluation of
patients with MCI and AD. Most of those who underwent
amyloid PET have also undergone FDG PET. We proposed to
take advantage of this coupling of PET images to solve the
problem of 3D-SSP analysis for amyloid PET. Although this
problem has been noticed by some researchers, to our
knowledge, this is the first paper to demonstrate this problem
and present a solution.

For AS of the brain images, a standard stereotactic atlas
brain (template) is necessary. Although templates differ to

some degree between software programs, a template is
basically created by averaging a large number of normal
scans. In addition, Neurostat uses hundreds of predefined
landmarks for nonlinear warping [1]. It seemed difficult to
create an original template with landmarks for amyloid
PET by ourselves. Therefore, the next step was to utilize an
FDG template after co-registration of FDG and BF-227
images. Because these images are obtained from the same
subjects, it is possible to register them accurately using
linear transformation methods, such as translocations and
rotations. For the registration criterion, Neurostat uses
mutual information (MI). The MI of the image intensity
values of corresponding voxel pairs is maximal if the
images are geometrically aligned. Because no assumptions
are made regarding the nature of the relation between the
image intensities in both modalities, this criterion is very
general and powerful and can be applied automatically
without prior segmentation to a large variety of techniques
[13-16]. After the registration, Neurostat successfully
warped registered BF-227 images using transformation
parameters calculated for the AS of corresponding FDG
images.

Results of regional analysis demonstrated that both
Method 1 and 2 showed significantly higher uptake in AD
and MCI patients compared to NC subjects for most lobes,
but Method 1 did not show significant differences between
MCT and NC subjects for the frontal lobe. In addition, only
Method 2 demonstrated significant differences between
converters and non-converters. These differences were also
obvious on 3D-SSP results when Method 2 was used.
Because BF-227 is thought to have lower sensitivity for
diffuse amyloid plaques, and a higher sensitivity for neu-
ritic plaques than PiB, BF-227 has been reported to have
potential as a method for predicting the conversion from
MCI to AD accurately [6, 17, 18]. Previous regions-of-
interest analyses for almost same subjects with this study
demonstrated that increased BF-227 retention was evident
in both the converters and AD patients, but not in the
control subjects or the non-converters [17]. Considering
these facts, Method 2 seems to provide more sensitive and
accurate results than Method 1. In addition, 3D-SSP results
subjected to Method 2 showed preferential accumulation in
the temporal lobes, supporting previous reports that used
SPM [19].

The new method, however, has some limitations. First, it
requires successful FDG scans. If an FDG image has
problems, Method 2 cannot be applied to it. Another
problem with Method 2 is the possible creation of errors by
misregistration of amyloid images. While the reason for
this is not clear, it has been reported that standardization by
3D-SSP was not accurate enough at a head tilt of approx-
imately 25° or more [20]. It is thus important to check each
image after registration and AS.
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Fig. 4 Z score maps of 3D-SSP
analyses processed by Method 1
and 2 of the a AD group
compared to NC group, the

b MCI group compared to NC
group, and ¢ converters
compared 10 non-converters

Fig. 5 Z score maps processed
by Method 2 of a converters
compared to NC group, b non-
converters compared to NC
group, and ¢ converters
compared 10 non-converters
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We would like to conclude that our newly developed
method can be used to modify errors in 3D-SSP analyses of
amyloid PET imaging. 3D-SSP analysis of BF-227 PET
was useful for detecting differences between AD and NC
groups, MCI and NC groups, and converters and non-
converters. Further investigation is required for the evalu-
ation of the utility for individual differentiations.
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Abstract

Purpose Amyloid B protein (AB) is known as a pathological
substance in Alzheimer’s disease (AD) and is assumed to
coexist with a degree of activated microglia in the brain.
However, it remains unclear whether these two events occur
in parallel with characteristic hypometabolism in AD in vivo.
The purpose of the present study was to clarify the in vivo
relationship between Af accumulation and neuroinflamma-
tion in those specific brain regions in early AD.

Methods Eleven nootropic drug-naive AD patients under-
went a series of positron emission tomography (PET)
measurements with ["'CJ(R)PK11195, ['CIPIB and ['*F]
FDG and a battery of cognitive tests within the same day.
The binding potentials (BPs) of [''CJ(R)PK11195 were
directly compared with those of ['CIPIB in the brain
regions with reduced glucose metabolism.
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Results BPs of [''CI(R)PK11195 and [''CIPIB were sig-
nificantly higher in the parietotemporal regions of AD
patients than in ten healthy controls. In AD patients, there
was a negative correlation between dementia score and
[''CIR)PKI11195 BPs, but not [''CJPIB, in the limbic,
precuneus and prefrontal regions. Direct comparisons
showed a significant negative correlation between [''CJ(R)
PK11195 and [''CJPIB BPs in the posterior cingulate
cortex (PCC) (p<0.05, corrected) that manifested the most
severe reduction in ['"*FIFDG uptake.

Conclusion A lack of coupling between microglial activation
and amyloid deposits may indicate that A accumulation
shown by [''CJPIB is not always the primary cause of
microglial activation, but rather the negative correlation
present in the PCC suggests that microglia can show higher
activation during the production of Af in early AD.
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Introduction

Amyloid f protein (Af) accumulation is important in the
pathology of Alzheimer’s disease (AD). The amyloid
hypothesis here posits that A accumulation is responsible
for triggering tau phosphorylation and neurofibrillary tangle
formation, which lead to neurodegeneration in AD [1]. It
has been reported that Af accumulation can activate
microglia [2-4], and the activated microglia in turn
accelerate A3 accumulation by releasing proinflammatory
neurotoxic substances [5-7]. In the AD brain, the region of
increased microglial activity likely accompanies cerebral
glucose hypometabolism and a higher rate of brain atrophy,
suggesting that the degree of microglial activation predicts
disease progression in AD [&].

A accumulation would reportedly precede a decline in
glucose metabolism and cognitive function and reach a
plateau at an early clinical stage of AD [9, 10]. However,
the AP accumulation seems unrelated to the reductions in
glucose metabolism or Mini-Mental State Examination
(MMSE) scores in AD patients [10~14]. In contrast to the
fibril form of AP, soluble A oligomer that is produced
earlier than formation of AP fibrils is considered to be a
more deleterious substance which can activate microglia
and stimulate secretion of cytokines [2-4], Although animal
experiments hinted that microglial activity could increase
before A3 accumulation [15, 16}, little is known about the
relationship between activated microglia and AR oligomer
or fibril accumulation in the AD brain in vivo.

To clarify the in vivo relationships among these
events, i.e. microglia activation, Af accumulation and
glucose metabolism or neuronal function, we for the first
time measured the levels of binding of radiotracers that
could reflect those severities in early AD within the same
day by PET.

Materials and methods
Participants

A total of 15 patients were initially enrolled in this study,
but 4 patients were unable to proceed to the third PET
measurement (glucose metabolism) because they uninten-
tionally had a meal before the third scan. Accordingly, we
collected data from 1! patients with AD (6 men and 5
women; mean age 70.6£6.4 years) who were all able to
undergo three kinds of PET scans in this study. The
diagnosis of AD was based on the criteria of the National
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Institute of Neurological and Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders Associ-
ation (NINCDS/ADRDA) [17] and the Diagnostic and
Statistical Manual of Mental Disorders-IV (DSM-IV). The
exclusion criteria were: (1) the presence of significant white
matter microvascular changes on magnetic resonance
imaging (MRI) over and above a few scattered lacunes
compatible with normal aging, (2) smoking and drinking
much alcohol regularly, (3) taking donepezil, antipsychotics
and hypnotics, (4) taking anxiolytics and nonsteroidal anti-
inflammatory drugs (NSAIDs) regularly and (5) having
untreated hypertension or diabetes. The above exclusion
criteria were also applied when selecting age-matched
healthy control subjects (n=10 for ["'CJ(R)PK11195 mea-
surement, #=11 for [''C]PIB and ["*FIFDG measurements).
Neuropsychological assessment for all AD patients com-
prised a MMSE, word generation test and cubic copy as
shown in Table 1. Healthy controls had no neurological
problems and no abnormalities on MRI. The present study
was approved by the Ethics Committee of the Hamamatsu
Medical Center, and written informed consent was obtained
from all participants.

MRI scanning

MRI was performed to determine the areas of the regions to
be used for setting regions of interest (ROIs) using a static
magnet (0.3 T MRP7000AD, Hitachi, Tokyo, Japan) with
the following acquisition parameters; three-dimensional mode
sampling, repetition time (TR)/echo time (TE) (200/23), 75°
flip angle, 2-mm slice thickness with no gap and 256x256
matrices. The MRI measures and a mobile PET gantry
allowed us to reconstruct the PET images parallel to the
intercommissural (ACPC) line without reslicing; using this
approach, we were able to allocate ROTs on the target regions
of the original PET images [18].

PET data acquisition

Patients underwent a series of PET measurements after a
battery of neuropsychological tests and MRI. We used a
high-resolution brain PET scanner (SHR 12000, Hamamatsu
Photonics K.X., Hamamatsu, Japan), which was capable of
yielding 47 tomographic images [19]. A 10-min transmis-
sion scan for attenuation correction using a **Ge/*®Ga
source was conducted with the subject’s head fixed by a
radiosurgery-purpose thermoplastic face mask under resting
conditions. After backprojection and filtering (Hanning
filter, cutoff frequency 0.2 cycles per pixel), the image
resolution was 2.9x2.9x3.4 mm full-width at half-
maximum (FWHM). The voxel of each reconstructed
image measured 1.3x1.3x3.4 mm. After a bolus intrave-
nous injection of 280 MBq dose of [''CJ(R)PK 11195, 32
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Table 1 Characteristics of AD patients

Patient No. Age Sex Handedness Disease duration® MMSE Word generation® Cubic copy®
(n=11) (years) (years) Correct Incorrect

1 70 F Right 7 18 7 5 x
2 69 M Right 3 16 2 0 X
3 76 M Rght 3 24 7 0 o
4 69 F Right 1 23 9 4 o
5 69 F Right 2 20 6 2 x
6 81 M Right 0.5 25 il 4 o
7 74 F Right 2 22 4 0 o
8 57 M Right 1 25 12 0 o
9 75 M Right 2 26 10 0 o
10 75 M Right 3 15 3 0 x
11 62 F Right 2 23 8 3 o
Mean + SD 70.6+6.4 24+1.7 21.5%3.5

*The duration between disease onset and PET examination

> Word generation test: counting as many words as possible within | min from a category of animals. In this table, the word “correct” means the number of
words from an appropriate category and “incorrect” means an inappropriate one

© Cubic copy: © correct, * incorrect

serial PET scans (time frames: 4x30, 20x60 and 8§x300 s)
were performed within 62 min. After taking a rest for 2.5 h,
40 serial PET scans (time frames: 12x10, 18x60 and 10x
300 s) were performed during 70 min after injection of
280 MBq [''CJPIB. Later, a static 15-min PET scan was
done 45 min after injection of 100 MBq dose of ['*FIFDG.
No arterial sampling was performed in each measurement.

Image data processing

The binding potential (BP) of [''C(R)PK11195 was
estimated based on a simplified reference tissue model
[20, 21], in which we used a normalized mean time-activity
curve created from control subjects as a reference tissue
curve. This procedure has been described elsewhere [22].
Briefly, a normalized input curve was first created by
averaging the ROIs placed over the bilateral frontal cortex,
temporal cortex, thalamus, basal ganglia, cerebellar hemi-
sphere and brain stem in the control group. The normalized
mean tissue-activity curve was then used as the reference
input function, because the desirable reference region free
from specific binding is not present in patients with
neurodegenerative disorders. The normalized input curve
derived from the control group was used as the time-
activity curve for the reference region of both the control
subjects and AD patients.

To evaluate AP accumulation, [''CJPIB BP was estimated
based on a noninvasive Logan plot method using an input
curve created from the cerebellar hemisphere in each subject

122

[23, 24]. All BP parametric PET images were generated
using PMOD 2.95 software (PMOD Technologies Ltd.,
Zurich, Switzerland).

To evaluate neuronal function (glucose metabolism), a
semi-quantitative ratio index of ['*FJFDG was calculated as
standardized uptake value ratio (SUVR), where the SUV
showed fracer activity per injected dose normalized to body
weight and then the SUVs of each region in the AD subjects
were divided by the SUV of the cerebellar hemisphere in the
same subjects and expressed as the SUVRs.

Image data analysis and statistics
SPM analysis

To explore the brain regions showing characteristic accu-
mulation of the radiotracers, we examined the whole brain
using a voxel-wise analytic method. For this purpose,
SPM2 was used (Wellcome Department of Cognitive
Neurology, London, UK, http://www.fil.ion.uclac.uk/spm/
software/spm2/). All [""CI(R)PK11195 BP, [''C]PIB BP
and ["*FIFDG SUVR parametric images were first normal-
ized to the Montreal Neurological Institute space and
smoothed with an isotropic Gaussian kernel of 8 mm. The
between-group comparisons (AD vs healthy control) for
each parameter were performed using ¢ statistics on a voxel-
by-voxel basis with a statistical threshold set at p<0.05
corrected for multiple comparisons (FDR), where the
MMSE scores served as confounding covariates.
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ROI analysis

Referring to the knowledge from the results of SPM analysis,
multiple ROIs (44474 mm®) were drawn bilaterally over the
anterior cingulate cortex (ACC), posterior cingulate cortex
(PCC), precuneus (Prec), superior frontal cortex (SFC)
(Brodmann area or BA9), middle frontal cortex (MFC)
(BA9), parahippocampal cortex (PHC) and hippocampus
(Hip) on the ACPC-aligned MR images of each subject [25].
Using an image processing system (Dr. View, Asahi Kasei
Co., Tokyo, Japan), we determined ROIs on the MR images
reformatted to the size of PET images. While PET images
were displayed side by side together with the MR images,
the delineated ROIs were placed on the same area on both
the MR and the corresponding PET images. Because both
reconstructed PET and MRI images were obtained parallel to
the intercommissural line, they theoretically required no
reorientation procedure [26]. In this way, these ROIs were
transferred onto the corresponding quantitative PET para-
metric images. We examined correlations between MMSE
scores and PET parameters in each delineated brain region.
We also made direct comparisons among PET parameters
obtained across multiple ROIs. The Pearson correlation and
simple regression analyses were used with statistical signif-
icance set at p<0.05 corrected for multiple comparisons
(SPSS version 17 J; SPSS Japan Inc., Tokyo, Japan).

Results

Levels of each PET parameter in AD patients vs healthy
controls

The SPM analysis showed significant increases in [''C](R)
PK11195 BP in the medial frontal and parietal cortex and

a b

left temporal cortex in AD (p<0.05, corrected) (Fig. la,
Supplementary Table 1). This voxel-wise analysis was
confirmed by the ROI analysis showing that the quantita-
tive value of [''C}(R)PK 11195 BP was significantly higher
in these regions in the AD group (Table 2). The analysis
also showed that the level of [''C]PIB BP was significantly
higher in the medial and lateral parietal cortex, temporal
cortex and frontal cortex in the AD group (p<0.05,
corrected) (Fig. 1b, Supplementary Table 1). In addition,
there were significant reductions in ['"*FJFDG SUVR in the
medial and lateral parietal cortex, temporal cortex and
frontal cortex in the AD group compared to the healthy
control group (p<0.05, corrected) (Fig. Ic, Supplementary
Table 1). These findings in AD patients in comparison with
healthy subjects were all consistent with the previous
literature. Figure 2 shows a sample of PET parametric
images of [''CJ(R)PK11195 BP (Fig. 2a), [''C]PIB BP
(Fig. 2b) and ['*FIFDG SUVR (Fig. 2¢) in AD patient 2.

Clinico-biotracer correlation in the AD group

Based on the present SPM results and previous literature [8—
13, 27], we focused on the levels of tracer accumulation in
the ACC, PCC, Prec, SFC (BA9), MFC (BA9), PHC and
Hip, all of which are particularly affected in the AD brain.
Pearson correlation analysis showed that there were signif-
icant negative correlations between MMSE scores and [''C]
(R)PK11195 BPs in the left ACC (r=—0.90, p<0.05,
cdrrected), left Prec (r=-0.80, p<0.05, corrected), left Hip
(r==0.79, p<0.05, corrected) and left MFC (BA9) (r=—0.94,
p<0.05, corrected) in the AD group (Fig. 3, Supplementary
Table 2).

Other clinical parameters failed to correlate with the
levels of [''C)(R)PK11195 and [''CIPIB binding in any
region (data not shown). The MMSE score tended to

c

Fig. 1 Results of SPM analyses. The regions with statistically
significant increases in [''CJ(R)PK11195 BP (a) and [!'CJPIB BP
(b) and decrease in ['*FJFDG SUVR (¢} in AD patients compared
with healthy control subjects (»<0.05, corrected). The upper images

@_ Springer

show glass brains and lower images denote the rendering of PET and
MRI fusions. The colowr bar denotes levels of ['CYR)PK11195 BP,
[''CIPIB BP and ["*F]FDG SUVR



£ORLA A E RS

Eur J Nucl Med Mol Imaging (2011) 38:343-351

§

o e ¥

EH

347

Table 2 Levels of all PET measures in the AD and control groups

Region ["'CHR)PK 11195 BP [''CIPIB BP ['*FIFDG SUVR
AD HC AD HC AD HC
ACC Mean  0.39* 0.13 0.81% 0.20 1.00 1.06
SD 0.17 0.09 0.24 0.11 0.08 0.06
R:0.50,1:029  R:0.14,L:0.11  R:0.84,L:0.78 R:020,L:0.19 R:093,L:1.06 R:1.05 L: 1.06
PCC Mean  0.30% 0.04 1.04* 0.25 1.03* 1.50
SD 0.21 0.03 0.26 0.11 0.13 0.11
R:0.26,L: 034 R:001,L:007  R:1.03,L:1.05 R:027,L:022 R:1.04,L:1.02  R:1.51,L:1.49
PC Mean  0.24% 0.02 0.99* 0.18 1.17* 1.49
SD 0.11 0.03 0.32 0.07 0.13 0.11
R:0.20,L: 028  R:0.03,L:000 R:1.00,L: 098  R:021,L:0.14 R:1.14, L:1.19  R:1.51,L: 146
Hip Mean  0.34 0.20 0.31% 0.17 0.81% 0.99
SD 0.11 0.13 0.16 0.13 0.16 0.06
: R:0.33,L:034 R 022,L:017 R:033,L:029 R:0.14,L:0.18 R:081,L:080  R:0.96, L: 1.02
PHC Mean  0.32% 0.04 0.40* 0.16 0.76* 1.06
SD 0.12 0.06 0.16 0.08 0.11 0.07
R:032,1:033  R: 001, L:007 R:037,L:043 R:0.15 L: 016 R:076,L:076  R:1.06 L: 1.07
SFC Mean  0.24 0.11 0.89% 0.16 1.04* 1.18
SD 0.14 0.07 0.27 0.08 0.10 0.08
R:0.20,L: 027  R:0.13,L:009 R:088,L:091 R:0.16L:017 R 105 L:1.03 R:1.19,L: 1.17
MFC Mecan  0.28% 0.07 0.78* 0.16 1.09% . 1.31
SD 0.12 0.04 0.23 0.08 0.14 0.10
R:0.30,1: 025  R:0.06,L:007 R:076,L:079 R:0.16,L:0.17 R:1.10,L:1.08  R:1.31, L: 1.31

The data on both hemispheres were averaged in each region and expressed as mean £ SD

AD Alzheimer's disease, HC healthy control, 4CC anterior cingulate cortex, PCC posterior cingulate cortex, Prec precuneus, SFC superior frontal
cortex, MFC middle frontal cortex, Hip hippocampus, PHC parahippocampal cortex, R right, L left

*p<0.05, corrected, vs healthy controls

correlate with ['*FJFDG SUVR in the hypometabolic
regions (Supplementary Table 2)

Relationship between microglia activation and Af3
accumulation in the AD group

Direct comparisons showed a significant negative correlation
between [''CJ(R)PK 11195 BPs and ["'C]PIB BPs in the PCC
(left: r=—0.84, right: » = —0.90, p<0.03, corrected) (Fig. 4,
Supplementary Table 2). There was a tendency toward
negative correlation between [''CJ(R)PK11195 BPs and
["'CIPIB BPs in the left PHC, right SFC (BA9) and right
MFC (BA9). No significant correlations between [''C)(R)
PK 11195 BPs and FDG SUVR or between [''CJPIB BPs and
FDG SUVR were found in any ROIs (Supplementary Table 2),

Discussion

To our knowledge, this is the first study to examine the
pathophysiological conspirators in the living AD brain
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using PET with three tracers (["'CJ(R)PK 11195, [''CIPIB
and ['®*FJFDG). We showed a significant increase in [''C]
(R)PK11195 BP in the ACC and PCC, where there was a
more robust increase in [''C]PIB accumulation and marked
decrease in ['*FJFDG uptake. This elevation of [''C)(R)
PK11195 binding was consistent with the previous reports
[8, 27]. In contrast to the relatively confined region of [''C]
(R)PK 11195 accumulation, an elevation of [''C]PIB bind-
ing was found in broader brain regions such as the parietal,
temporal and frontal cortices, which was also compatible
with the previous results [9-12, 23, 24, 27-29]. It is
generally accepted that after the reduction in ['*F]FDG
uptake is seen in the medial parietal cortex at a very early
disease stage, it then progresses to the lateral parietal and
temporal cortices, and finally to the frontal cortex [30-32].
Our patients had clinically mild-to-moderate AD (MMSE
scores 21.5+3.6), and the present ['*FJFDG uptake pattern
indicated that our patients were pathophysiologically in
mid-stage disease. The findings of each tracer in the current
study might be consistent with those already reported, but
these pathophysiological events were measured for the first

@ Springer
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Fig. 2 Quantitative PET para-
metric images of an AD patient.
PET parametric images of [''C]
(RYPK11195 BP (a), ['CIPIB
BP (b) and ['*F]FDG SUVR (¢)
are superimposed on MRI. The
colour bars denote levels of
["'CIRPK 11195 BP, [V'CIPIB
BP and ['*FJFDG SUVR

a

time without any delay, i.e. we completed a whole set of
neuropsychological and imaging measurements within the
same day for an individual patient. Thus, the present
protocol offers the great advantage of depicting pathological
events occurting simultaneously in vivo in AD.

Among pathological events such as Af deposits, micro-
glial activation and glucose metabolism in the AD brain,
only microglial activation in the left limbic region was
found to correlate with MMSE scores in the present study,
which was in line with the previous report (see the
supplementary data and [27}). Although glucose metabolic
reduction tended to correlate with MMSE scores, no
tendency of correlation was found for A accumulation.
This suggests that not AB accumulation but microglia
activation is critical in the damage of neurons involved in
the orchestration of cognitive function in AD. Laterality of
the correlation between microglial activation and MMSE
scores was observed in the present study. Lateralized [''C]
(R)PK11195 binding was also reported in the previous

@_ Springer
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results from Cagnin et al. [8]. In line with their report, we
found a weak but significant [''CJ(R)PK11195 accumula-
tion displayed in the left temporal cortex in the SPM
analysis (see Fig. la). The reason for this was unclear but
there might have been a selection bias; all patients were
right-handed. We also considered that this laterality was
related to a greater vulnerability of language function in
such a group, as suggested in the previous report [8].
Indeed, the present patients performed poorly on the word
generation test.

There is evidence that A accumulation itself is not
always detrimental to the brain environment. A major
component of extracellular A accumulation in the AD
brain is insoluble AB fibril and [''C]PIB is reported to bind
the AP accumulation homogeneously [11]. Because [''C]
PIB cannot distinguish insoluble from soluble AB, we do
not currently know how harmful soluble AB can be to the
brain in vivo. It has been shown that soluble and insoluble
AR can directly or indirectly bind to receptors expressed by
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Fig. 3 Correlations between MMSE scores and regional ["'CI(R)
PK11195 BPs in the AD group. Scatter grams of correlations between
MMSE scores and [''C}(R)PK 11195 BPs in the ACC (a), Prec (b),
MFC (¢) and Hip (d). Filled circles indicate the left side of each

microglia through TLR, CD40 and MHC-1I, which leads to
activation of microglia [2-4]. Recent studies showed that
soluble AP oligomer is involved in neurodegeneration [33,
34] and induces neuronal apoptosis mainly through activa-
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Fig. 4 Correlations between [''CI(R)PK11195 and [''CIPIB BPs in
the AD group. Scatter grams of correlations between [''CJ(R)
PK11195 BP and [''CJPIB BP in the PCC. Filled circles indicate
the left side of each region and open circles the right. A straight line
denotes a significant correlation (p<0.03, corrected). PCC posterior
cingulate cortex
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region and open circles the right. Straight lines show significant
correlations (p<0.05, corrected). ACC anterior cingulate cortex, Prec
precuneus, MFC middle frontal cortex, Hip hippocampus

tion of the sphingomyelinase-ceramide pathway [35].
Because microglial activation can be found earlier, before
insoluble AP accumulation becomes apparent [15, 16], and
soluble APP fragment activates microglia into releasing
cytokines [36, 37], there is now an assumption that a
change of microglial activity is related to the degree of
production of soluble AR oligomer as a neurodegenerative
trigger. In the present study, we found a significant negative
correlation between microglial activation and AP accumu-
lation in the PCC, which is affected early in AD [30]. Thus,
it might be possible that microglial activity increases in the
region at an early stage of AP production and subsides
during the phase when neurodegeneration is predominant
with - large insoluble AP fibril deposits. Since we are
currently unable to detect the amount of soluble AR
oligomer accumulated in vivo, microglial imaging may be
informative in predicting the presence of toxic substances
other than Ap fibril accumulation in AD.

The contention that microglial activation is important as
a therapeutic target in the clinical setting may be based on
the previous epidemiological observation that the incidence
of AD was lower among arthritis patients with daily use of
NSAIDs [38]. The efficacy of NSAIDs for AD patients is
still controversial, but many reports favour their usefulness
by showing that NSAID treatment delays cognitive decline

@_ Springer
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in AD patients and that the treatment suppresses
activated microglia in the postmortem AD brain [39].
A series of animal experiments identified many promis-
ing drugs such as aminopyridazine which inhibits micro-
glial activation and cytokine production from neuronal
damage in rats with AR deposits [40] and memantine
which suppresses activation of microglia by antagonizing
the N-methyl-D-aspartate (NMDA) receptor [41]. In line
with these observations, the present finding that micro-
glial activation may play important roles in the early
development of degeneration and cognitive decline
would support early introduction of drugs with the
capacity to suppress microglial activation in AD. With
regard to detecting early events occurring in the living
AD brain, our 1-day protocol PET study is useful to
disclose the level of alterations and mutual relations
among pathophysiological substrates in vivo. However, a
larger sample size of very early AD patients or patients
with mild cognitive impairment will be necessary to
clarify the long-term alteration of these substrates. In
addition, the relationship between early production of
soluble A and microglial activation needs to be
determined in the living AD brain in future.
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Effects of Brain Amyloid Deposition and Reduced Glucose
Metabolism on the Default Mode of Brain Function in
Normal Aging
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Brain B-amyloid (AB) deposition during normal aging is highlighted as an initial pathogenetic event in the development of Alzheimer’s
disease. Many recent brain imaging studies have focused on areas deactivated during cognitive tasks [the default mode network (DMN),
i.e., medial frontal gyrus/anterior cingulate cortex and precuneus/posterior cingulate cortex], where the strength of functional coordi-
nation was more or less affected by cerebral A3 deposits. In the present positron emission tomography study, to investigate whether
regional glucose metabolic alterations and A deposits seen in nondemented elderly human subjects (1 = 22) are of pathophysiological
importance in changes of brain hemodynamic coordination in DMN during normal aging, we measured cerebral glucose metabolism
with [ "°F]FDG, AB deposits with [ ''C]PIB, and regional cerebral blood flow during control and working memory tasks by H, 0 on the
same day. Data were analyzed using both region of interest and statistical parametric mapping. Our results indicated that the amount of
A deposits was negatively correlated with hemodynamic similarity between medial frontal and medial posterior regions, and the lower
similarity was associated with poorer working memory performance. In contrast, brain glucose metabolism was not related to this medial
hemodynamic similarity. These findings suggest that traceable A deposition, but not glucose hypometabolism, in the brain plays an

important role in occurrence of neuronal discoordination in DMN along with poor working memory in healthy elderly people.

Introduction

Accumulated evidence obtained by functional brain imaging has
revealed two dominant domains that act in opposite ways to each
other. One set of brain areas shows increases in activity, while the
other set of areas shows decreases in activity during performance
of a wide range of different types of cognitive task {Fox et al.,
2005). The former set of brain areas includes the dorsolateral
prefrontal cortex (DLPFC) and the precentral and inferior pari-
etal cortices (Cabeza and Nyberg, 2000; Owen et al., 2005). The
latter set of brain areas includes the precuneus and posterior
cingulate cortex (preC/PCC), and a medial frontal region includ-
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ing parts of medial frontal gyrus and ventral anterior cingulate
cortex {MFG/vACC) (Raichle, 1998; Gusnard and Raichle, 2001;
Mazoyer et al., 2001; Simpson et al., 2001a; Fox et al.,, 2005).
These latter task-negative responses have been proposed as the
default mode of brain function (Simpson et al,, 2001a), and co-
activation in a distributed network [i.e., the default mode net-
work (DMN)] in these cortical regions has been revealed
(Greicius etal., 2003). Specifically, the posterior part of the DMN
(Le., precuneus) has been recognized as the region with early
changes in glucose metabolism (Silverman et al., 2001; Drzezga et
al,, 2003) as well as AB deposition (Mintun et al., 2006) in Alz-
heimer’s disease (AD). Recent imaging studies also showed that
the DMN function was impaired in AD patients and altered in
healthy elderly people by some degree of AB deposition (Greicius
et al., 2004; Supekar et al., 2008; Hedden et al., 2009; Sperling et
al.,, 2009; Zhang et al., 2009; Sheline et al., 2010). Therefore we
hypothesized that, even in the healthy older individuals, altered
default mode of brain function is associated with some degree
of amyloid pathology, of reduction in glucose metabolism,
and of deterioration of cognitive performance, which may be
central to aging effect on slowness of thoughts in the elderly.
However, no previous study has demonstrated them all in the
same subjects. The main purpose of the present study was to
examine whether the DMN measured by the steady-state brain
hemodynamic configuration is relevant to the cognitive decline,
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glucose hypometabolism, and amyloid burden under normal ag-
ing. The advantage of the present study was that measurement of
these biological parameters in the same subjects on the same day
allowed us to compare the default mode of brain function with
amount of A deposit by [''C] Pittsburgh compound B (PIB)-

positron emission tomography (PET) and with glucose meta- -

bolism by ['*F] fluorodeoxyglucose (FDG)-PET directly. To
evaluate the DMN under steady-state hemodynamic configura-
tions during various cognitive conditions (the mean of phasic
variations}, H, '*O-PET was used for assessment of steady-state
cerebral blood flow.

Materials and Methods

Participants. We examined 22 healthy elderly subjects (9 men and 13
women; mean age 68.0 & 7.28 years) (Table 1). None of the subjects had
any personal or family history of psychiatric or neurological diseases. The
exclusion criteria were (1) dysfunction or difficulty in independence in
their daily lives, or loss of social interaction in

their community, as assessed by Clinical De-

mentia Rating (CDR) (Morris, 1993) =0.5 or A
Functional Assessment Staging of Alzheimer’s

Disease (FAST) (Reisberg, 1986) =2; (2) pres-

ence of significant white matter microvascular
changes on magnetic resonance imaging WM
(MRI) over and above a few scattered lacunas K
compatible with normal aging; (3) drinking large
amounts of alcohol regularly or smoking; (4) tak-
ing any medication for at least 8 weeks before the
examination; and (5) untreated hypertension or
diabetes. The present study was approved by the
Ethics Committee of Hamamatsu Medical Cen-
ter, and written informed consent was obtained
from all participants before enrollment.

MRI scanning. All participants underwent three-
dimensional MRI just before PET measurement,
Here, a static magpet (0.3 T MRP7000AD; Hitachi)
was used in three-dimensional mode (Quchi et al,,
2001).

Working memory task. Visual tasks were pre-
sented on a liquid crystal screen in front of sub-
jects during PET scanning. One type of resting
control condition and two types of working
memory task were used; as shown in Figure 1, one
was the simple visual working memory task (WM
task) and the other was the visual working memory with mental rotation
(RWM task).

Regional cerebral blood flow measurement using PET scan during working
memory task. We used a high-resolution brain PET scanner (SHR12000;
Hamamatsu Photonics KK, ) (Ouchi etal,, 1999). After head fixation using a
thermoplastic face mask and a 10 min transmission scan, we performed
quantitative measurement of regional cerebral blood flow (rCBF) in the
conventional manner (Herscovitch et al,, 1983; Quchi et al., 2001). Nine 1
min PET scans for rCBF were performed under various conditions, as shown
in Figure 1 B. The dose of H, "0 injected was 4 MBqg/kg per scan.

Image data acquisition. After measurement of rCBF during working
memory, with a rest period of 1 h, 40 serial PET scans (time frames: 12 X
10, 18 X 60, and 10 X 300 s} were performed for 70 min after injection of
5 MBq [ "'C]PIB/kg. Later, a static 15 min PET scan was performed 45
min after injection of 1.2 MBg/kg dose of [ *FIFDG.

Image datn processing. To evaluate rCBF, H, "O-PET images from
each participant were individually adjusted for mean image (normalized
rCBF) (Ouchi et al., 2001). To evaluate glucose metabolism, a semiquan-
titative ratio index of { ""FIFDG was calculated as standardized uptake
value ratio (SUVR) (Ouchi et al,, 2009). To evaluate A3 accumulation, a
semiquantitative ratio index of [ ''C] PIB binding potentials was esti-
mated as SUVR (Yokokura et al., 2011).

ROI analysis. PET images using H, O were realigned, and all PET
images, including { '"*F]JFDG-SUVR and [ "'CJPIB-SUVR images, were

Figure 1.

Acquisition (6 §)
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Table 1. Demographic characteristics of all subjects

Group Healthy subjects
Total pumber 2
Male/female 9/13
Age (years) 68.0 (57-81)
Education (years) 10.7 (8-16)
R 0(0)
FAST , ST
MMSE score 28.8 (26 -30)
Cubic copying test L
Point of connection 8(8)
Plane-drawing errors 00
Lexical fluency 3(3)F
Correct answer for WM and RWM test (%) 94.4 (86.7-100.0)°

MMSE, Mini-Mentat State Examination. “Eight points represents a perfect score (Maeshima et al,, 1997). *Zero
points represents a perfect score (Maeshima et al, 1997). “Three paints represents a perfect score {Frontal Assess-
ment Battery subtest) {Dubois et al,, 2000). “One hundred percent represents a perfect score. Except for the first two
fows, values are given as mean {range).

Maintenance (6 s} Recognition (6 5}

X 10
3 min

Task paradigm. A, Subjects performed two types of working memory task; one was a simple visual WM task and the
other was a visual RWM task in which subjects were asked to select the correct picture with the same hand flipped over from the
palm side (acquisition) to the rear (recognition). For the resting control condition (Con), subjects were asked to look ata cross mark
centered in the screen. To avoid drowsiness under control conditions, subjects were instructed to pressa button in the right or left
hand every 18s. B, Each condition continued for 3 min and each interval lasted for 7 min with the eyes closed (black square).

spatially normalized into the Montreal Neurological Institute (MNI)
coordinate system using ['*F]FDG-PET template for H,'°O and
["*FIFDG images and early summation [ ''C]PIB PET template for
[ 'C]PIB images to calculate the warping paramerers {Nelissen et al.,
2007), and smoothed witha 8 X 8 X § mm Gaussian kernel using SPM8
(Wellcome Department of Cognitive Neurology, hitp://www.fil.ion.ucl.
ac.uk/spm/software/spm8/). The use of a thermoplastic face mask and
three-dimensional laser markers enabled us to keep the subjects’ heads
fixed in the same position during a series of all PET measurements (Qu-
chi etal., 2006). For H, '*0 and [ "*F] FDG images, proportional scaling
was used to correct for within-session variations in global signals for
each adjusted mean image. Regional data for CBF, [ 'C]PIB index, and
['SFIFDG index were determined automatically for each participant us-
ing MarsBaR, which provided us with a sophisticated template for re-
gions of interest (ROIs) on statistical parametric mapping (SPM)
normalized images {MARSeille Boite A Région d’Intérét (Brett et al.,
2002}]. The details of this ROI procedure have been reported previously
(Tzourio-Mazoyer et al.,, 2002).

Similarity index in the default mode network. To evaluate functional
coupling between MFG/VACC and preC/PCC (or level of frontoposte-
rior disengagement in DMN), we used Spearman’s rank correlation co-
efficient as a similarity index, in which a higher value of this index
denoted a higher functional engagement in DMN. We used this coeffi-
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Figure 2. 4, Results of ROl analyses. Three-way ANCOVA showed a significant interaction
between region and condition effects (Table 2). This interaction was due to the inverse hemo-
dynamic responses to memory task between ROls {i.e., medial vs lateral ROIs). Error bars indi-
cate 15D. B, Exploratory SPManalyses {p < 0.001, uncorrected), Significant elevation of rCBF in
DLPFC and parietal and occipital cortices during memory conditions (WM and RWM tasks) as
compared with control conditions. , Significant reduction of 1CBF in MFG, preC, and occipital
cortex during memory conditions (WM and RWM tasks) as compared with control conditions.
Con, Control condition.

cient because it is available without knowledge of the joint probability
distribution of these two regions.

Statistics for ROT analysis. For the rCBF variable, three-way analysis of
covariance (ANCOVA) was performed (ROl X condition X gender).
Two factors were within subjects for region effect (MFG/VACC vs preC/
PCC vs DLPFEC vs parietal cortex) and condition effect (control vs WM
task vs RWM task). One factor was between subjects for gender effect
(male vs female). To remove the effect of age, we defined age as a cova-
riate. Statistical significance was defined as p < 0.05. Relationships be-
tween dependent variables (i.e, [ V'CIPIB or { ®FIFDG index from 11
ROI) and independent variables (hemodynamic similarity index, work-
ing memory performance, or age) were assessed using Spearman’s rank
correlation coefficient. Statistical significance was defined as p < 0.0045
because of multiple comparisons (11 ROIs}). In addition, the effects of age
on these independent variables were assessed using Spearman’s rank
correlation coefficient, and gender differences in these independent vari-
ables were assessed using Mann~Whitney U test. Statistical significance
was defined as p < 0.05.

Statistics for voxelwise analysis. SPM8 was used for voxelwise analysis.
All [POJxCBF, [ 'CIPIB-SUVR, and [ ®*FJFDG-SUVR parametric im-
ages were first normalized to the MNI space and smoothed with an
isotropic Gaussian kernel of 8 mm (same method with ROT analysis). The
between-condition comparisons for rCBF were performed using the
flexible factorial model with a statistical threshold set at p = 0.001 un-
corrected for peak height. Confounding factors of age and gender were
included in the model. Voxel-based correlations were computed between
rCBF similarity index and [ "' CJPIB-SUVR and [ "*F]EDG-SUVR para-
metric images using the multiple regression model with the statistical
threshold set at p = 0.001 uncorrected for peak height. Confounding
factors of age and gender were also included in the model.

Results

Changes in regional cerebral blood flow

rCBEF was estimated in the brain regions that were a priori considered
important in DMN (MFG/VACC and preC/PCC as task-negative
regions, DLPFC and parietal lobes as task-positive regions) for each
participant. Three-way ANCOVA showed a significant interaction
effect between ROI and condition (F = 2.28; p = 0.041) (Fig. 24,
Table 2). As shown in Figure 2 A, this interaction was due to the
inverse hemodynamic responses to memory task between ROIs
(especially medial vs lateral ROIs). Whole-brain SPM analysis
revealed significant elevation of rCBF in superior, middle, and
inferior frontal gyri, superior parietal lobules, middle and infe-
rior occipital gyri, and fusiform gyrus (Fig. 2 B), and significant
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Table 2. Three-way ANCOVA for r(BF hemodynamics

. : : Interaction:
Region effect Condition effect Gender effect region X condition
Fvalue pvalue = Fvalue pvalue  Fvalue . pvalue  Fvalue  pvalue

(BF 517 0003 331 0.047 051 ns. 2.28 0.041

Weused the ANCOVA in order to remove the effect of a covariate (age). Twa factors for within subject: region effect,
MFG/VACC versus preC/PCC versus DLPFC versus parietal cortex; condition effect, control versus Wh-task versus
RWM-task. One factor for between subjects: gender effect, male versus female. Covariance: age. ns., No
significance.

reduction in superior, medial, and inferior frontal gyri, uncus,
precentral gyrus, superior and middle temporal gyri, angular
gyrus, and precuneus (Fig. 2C) during working MEMOTY as com-
pared with control conditions.

Correlations between regional [ ''C]PIB-SUVR and
hemodynamic similarity index

Figure 4 A denotes Spearman’s rank correlation between regional
['C]PIB-SUVR (separating the whole brain into 11 regions) and
hemodynamic similarity index. PIB-SUVR in the whole cerebral
cortex, MFG/vACC, and middle temporal and inferior temporal
cortices showed a negative correlation with the hemodynamic
similarity in DMN (p = —0.640, p = 0.0034 for the whole brain
as shown in Fig. 3A4). Whole-brain SPM correlation analysis
showed that PIB uptake in the cingulate gyrus, parahippocampal
gyrus, fusiform gyrus, cuneus, insula, and lentiform nucleus were
correlated negatively with the similarity index (Table 3, Fig. 4 B).

Correlations between regional [ '*F]FDG-SUVR and
hemodynamic similarity index

Although ROI analysis failed to demonstrate any correlation be-
tween adjusted regional FDG-SUVR and hemodynamic similar-
ity index (Fig. 54), we continued to perform voxel-based analysis.
As shown in Table 3 and Figure 5B, relatively higher FDG-SUVR
in the temporooccipital region (outside the medial DMN region)
was associated with higher similarity index.

Correlations between working memory performance and
hemodynamic similarity index, regional [ "' C]PIB-SUVR, or
regional [ **FIFDG-SUVR

Spearman’s rank correlation coefficient showed the number of
correct answers correlated positively with the similarity index in
DMN (p = 0.646, p = 0.0031) (Fig. 3B}, and negatively with the
PIB-SUVR in middle temporal cortices (Fig. 4A). There was no
significant correlation between cognitive performance and re-
gional FDG-SUVR (Fig. 54).

Effect of age on hemodynamic similarity index, working
memory performance, regional [''C|PIB-SUVR, or regional
["*FIFDG-SUVR

Spearman’s rank correlation coefficient showed no significant
correlation between age and similarity index (p = 0.274, p >
0.05), working memory performance (p = 0.002, p > 0.05), or
regional [11C]PIB-SUVR in all 11 ROIs (p > 0.0045) (Fig.
4 A). There was no brain region but superior temporal cortex,
in which [18F]FDG-SUVR was significantly correlated with
age (p = —0.627, p = 0.0040).

Effect of gender difference on age, hemodynamic similarity
index, and working memory performance

Mann-Whitney U test failed to demonstrate any significant
gender differences for age (U = 52.5, p > 0.05), similarity
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Figure3. A, ["'(JPIB-SUVR in the whole cerebral cortex was correlated negatively with the similarity index (; = —0.640, p = 0.0034). Representative images for opposite changes between
["'CJPIB index and hemodynamic similarity were shown in two subjects. A subject {top left) with the higher PIB index shows the lower hemodynamic similarity in pre(/PCC with seed region
(MFGAVALC), whereas the other subject (bottom right) with the lower PIB shows the higher similarity in preC/PCC. B, The number of correct answers to working memory task was correlated positively

with the similarity index between MFG/VACCand pre(/PCC{p == 0.646, p = 0.0031).

Table 3. Brain regions with significant” refationships between ["'CJPIB-SUVR or [ "*F]FDG-SUVR and hemodynamic similarity index

Coordinate®
Brain area BA Hemisphere X ¥ z zscore Cluster size
Negative correlation between [ 'CJPIB-SUVR
and similarity index
Temporal Lobe
Fusiform Gyr. 37 R 38 ~52 -8 3.64 161
Limbic Lobe
Cingulate Gyr. 24 R 15 ~7 3 565 2982
Cingulate Gyr. 31 L - 20 —36 33 507 3265
Parahippocampal Gyr. 28 L -2 -13 -17 4.63 297
Parahippocampal Gyr. 28 R 13 -2 -19 429 1220
Cingulate Gyr. 30 t -2 —65 12 372 91
Cingulate Gyr. 29 R 3 —48 8 3.57 62
Occipital Lobe
Cuneus 17 R 24 ~79 6 3.54 118
Sublobar
Lentiform nudleus — L -8 1 0 3.68 51
Insula 13 L —43 -7 15 349 52
Positive correlation between | "*F |FDG-SUVR
and dissimilarity index
Temporal Lobe
Middle temporal Gyr. 19 L —40 =79 20 3.54 33
Ocdipital Lobe
Middle temporal Gyr. 19 R 40 60 14 3.60 65
Middle temporal Gyr. 19 L —41 —60 16 339 39

“Statistical significance was assumed at an individual voxel level of p << 0.001, uncosrected. “Talairach and Tournouxbrain atlas coordinates:x = distance in millimeters tothe tight (-+) or left (~ ) side of the midline;y = distance anterior
() or posterior {—) to the anterior commissure; 2 == distance superior {+) or inferior (~) to a horizontal plane through the anterior and posterior commissures. BA, Brodman's area; Gyr., gyrus.

index (U = 48.5, p > 0.05), and working memory perfor-
mance (U = 39.5, p > 0.05).

Discussion
Hemodynamic response, similarity index, and
["'CIPIB uptake
Our hemodynamic study focusing on the four loci showed two
opposing hemodynamic responses; i.e., DLPFC and parietal cor-
tex were activated during cognitive tasks, while MFG/VACC and
preC/PCC were deactivated (Fig. 2). This disparity was replicated
by other tasks in previous studies (Raichle, 1998; Mazoyer et al.,
2001; Simpson et al., 2001a; Buckner et al., 2005; Fox et al., 2005).
These hemodynamic responses were shown to disappear under
pathological conditions, such as mild cognitive impairment
(MCI) and AD (Lustig et al., 2003; Petrella et al., 2007), suggest-

ing disruption of brain default mode. Indeed, it was of particular
interest that the anatomical pattern of high AB deposits in the AD
brain was very similar to the anatomical pattern of the default
mode activity, especially in the medial posterior part of the brain
preC/PCC (Buckner et al., 2005). Even in nondemented elderly
individuals, high levels of AB deposits were shown to be related to
altered DMN activity on functional magnetic resonance imaging
(fMRI) (Sperling et al., 2009). In addition, we found that the
similarity index between MFG/vACC and preC/PCC across the
rest and task conditions was negatively correlated with PIB-
SUVR (Fig. 44,B) and positively correlated with the working
memory performance (Fig. 3B). These results suggest that AS
deposition, if any, during normal aging could affect DMN activ-
ity and deteriorate cognitive performance. As shown in Table 2
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B Similarity-negative PIB regions

Figure 4. A, Spearman’s rank correlation coefficient between adjusted regional [ V'(JPIB-
SUVR and hemodynarmic similarity index, cognitive performance (the number of correct an-
swers), or age. B, Exploratory SPM analyses. [ "'CIPIB-SUVR in the MFG, cingulate gyrus, and
temporal lobes showed negatively correlations with the similarity index.
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Figure 5. A, Spearman’s rank correlation coefficient between adjusted regional { *FJFDG-
SUVR and hemodynamic similarity index, cognitive performance (the number of correct an-
swers), or age. B, Exploratory SPM analyses, [ "*FIFDG-SUVR in the temporooccipital regions
was positively correlated with the similarity index.

and Figures 4 and 5, effects of age and gender were negligible in
this study, suggesting again that AB deposition is of a pathophys-
iological value for the DMN malfunction. However, to answer
why women suffer more from AD than men (Jorm and Jolley,
1998; Fratiglioni et al., 2000}, a larger number of participants
with a broader age range would be necessary for clarification of
gender effect.
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The steady state of the brain

Imaging of a physiological baseline state of the brain depends on
the imaging modality used, such as PET or MRL PET is insensi-
tive to second time scale fluctuations in brain physiology, but it
can capture the steady state of the brain perfusion and metabo-
lism as a stable unit parameter (Raichle et al., 1983; Ouchi et al.,
2001). Considering the role of regional engagement of the basal
brain function, depiction of the steady state in the target brain
region may sometimes be preferable. In particular, physiological
noise, such as respiratory or cardiac noise, can reduce power or
yield artifactual correlations in functional connectivity studies
(Lowe et al,, 1998; Raj et al., 2001; Birn et al., 2006; Lund et al.,
2006), and these noise sources would become artifacts that affect
DMN (Birn etal., 2006). The 1 min scan of the steady state used in
the present study minimized the chances of physiological artifi-
cial noise or mental unsteadiness noise. The similarity index,
therefore, reflects the steady-state conditions of the brain activity
(i.e., resting and working memory conditions). Although the
physiological significance may be different from the fMRI meth-
ods that have been reported in previous studies (Hampson et al.,
2006; Sheline et al., 2010), our results using a similarity index
were consistent with those of recent fMRI studies as follows. Per-
formance on the working memory task was positively correlated
with the strength of the functional connectivity between the PCC
and MFG/vACC in nine healthy subjects (Hampson et al., 2006),
and higher fanctional connectivity between preC and anterior
cingulate was observed in nondemented participants with
["'C]PIB negative to a certain threshold (Sheline et al., 2010). In
addition, we found that AB deposits altered the brain regional
engagement between preC/PCC and MFG/VACC even in nonde-
mented elderly in a deposit-dependent manner.

Similarity index in DMN

The concept of a similarity index originates from recent studies
regarding preC/PCC and MFG/VACC (Vogt et al., 1992; Bechara
et al,, 1997; Simpson et al., 2001a,b; Oshio et al., 2010). A funda-
mental dichotomy was reported between the functions of MEG/
vACC and preC/PCC (Vogt et al.,, 1992), in which the preC/PCC
subserves evaluative functions, such as monitoring sensory
events in spatial orientation and memory (Vogt et al., 1992; Os-
hio et al., 2010), and the MFG/vACC subserves primarily execu-
tive functions for emotional control (Bechara et al., 1997
Simpson et al., 2001a,b). When an individual is awake and alert
and yet notactively engaged in an attention-demanding task (i.e.,
default mode), brain activities in preC/PCC and MFG/VACC
would predominate in gathering and evaluating information
broadly arising in the external and internal milieu (Simpson et al.,
2001a). Once focused attention is required, brain activity within
these areas may be attenuated. This attenuation in activity reflects
a necessary reduction in resources devoted to general informa-
tion collection and evaluation. Thus, neural engagement between
preC/PCC and MFG/vACC would enhance the flexible realloca-
tion of attentional resources, which may be crucial to perform
cognitive tasks. As shown in the present study, this functional
coupling of medial frontoposterior DMN seems to be disrupted
by AB deposition in DMN along with deterioration of cognitive
performance. ‘

['*C]PIB accumulation in the nondemented elderly subjects

Our results confirmed that [ ''C]PIB uptake can be a biological
marker for brain functional deterioration during the preclinical
state of amyloid pathology. This preclinical significance of
[ "'CJPIB uptake cannot be recognized after development of de-
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mentia in previous studies. Total amyloid level did not correlate
with disease progression in histologically proven AD patients
(Lue et al., 1999; McLean et al., 1999), and in clinically diagnosed
AD patients, there was no significant association between
[M'C]PIB uptake and cognitive deterioration or clinical severity
(Rowe et al., 2007; Yokokura et al., 2011), or only a weak associ-
ation (Pike et al,, 2007). This [ "'C]PIB accumulation seemed to
reach a plateau at the level of dementia with moderate clinical
severity (i.e., sum of the individual ratings of CDR >5) (Grim-
mer et al., 2009). In addition, recent studies also showed that
[ "'C]PIB uptake affected cognitive performance in normal aging
(Pike et al., 2007; Mormino et al,, 2009; Rentz et al., 2010). These
lines of evidence confirm that [''C]PIB uptake can be used as a
surrogate marker for reduced cognitive reserve during the pre-
clinical state of amyloid pathology. In this pathology, one of the
amyloid species (soluble oligomers) is considered to be a more
powerful pathogen than the insoluble amyloid fibrils in AD
(Montalto et al., 2007). In human studies, increased soluble A
levels in the AD cerebral cortices were highly correlated with
disease severity (Lue et al, 1999; McLean et al, 1999). As
[ "'C]PIB cannot distinguish insoluble from soluble AB (Klunk et
al., 2004), we do not currently know how much soluble AB does
harm to the brain in vivo directly. However, the present observa-
tions may support the suggestion that soluble Af (oligomer)
depicted partly by [''C|PIB plays a central role in cognitive de-
terioration in the elderly. A specific probe for soluble oligomers
would be desirable to gain a further understanding of its role in
normal brain aging and in subjects with preclinical AD.

Hemodynamic features and glucose metabolism in DMN

In the present study, resting glucose metabolism in DMN failed
to show significant correlation with hemodynamic similarity in-
dexin DMN or performance of working memory (Fig. 54). How-
ever, exploratory SPM analysis of [ "*F]FDG images showed a
positive correlation between hemodynamic similarity index and
glucose metabolism in the temporooccipital region (Fig. 5B),
which is also considered part of the lateral DMN (Fox et al., 2005;
Raichle and Snyder, 2007). It is generally acknowledged that low
glucose metabolism in this region is likely associated with future
cognitive decline in normal subjects (Jagust et al., 2006). Thus,
glucose metabolism measured by ["*FIFDG-PET in the lateral
cortex of the brain may be involved in deterioration of task-
induced brain functions in aging. It was recently reported that
unlike [ **F]FDG-based glucose metabolism reflecting anaerobic
glycolysis, aerobic glycolysis in DMN is highlighted in preclinical
AR deposition (Vlassenko et al,, 2010). Indeed, our results were
consistent with their suggestion because [ *F]FDG-SUVR reduc-
tion in preC/PCC and MFG/VACC was not significantly associ-
ated with DMN dysfunction. As the results of Vlassenko et al.
(2010) were obtained by comparing different sets of groups, fur-
ther studies are needed to confirm this by focusing on changes in
aerobic glycolysis in DMN and brain hemodynamic discordance
in the same group of nondemented elderly people. Age-related
reduction of [ "*F]FDG in the superior temporal cortex (Fig. 5) in
the present study might reflect the morphological changes be-
cause [18F]FDG-SUVR of the bilateral pensy}vlzm areas de-
creased with age (Yanase et al., 2005).

Conclusion

Here we show for the first time that AB deposition in the brain of
the healthy elderly is linked to a pathophysiological mechanism
of impaired neuronal connectivity in DMN and the resultant
decline of working memory.

Kikuchi et al. » Default Mode of Brain Function in the Elderly
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