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Comparison of imaging biomarkers for Alzheimer’s
disease: amyloid imaging with [18F]florbetapir positron
emission tomography and magnetic resonance imaging
voxel-based analysis for entorhinal cortex atrophy
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Objective: We compared amyloid positron emission tomography (PET) and magnetic resonance imaging
(MRI) in subjects clinically diagnosed with Alzheimer’s disease (AD), mild cognitive impairment (MCI),
and older healthy controls (OHC) in order to test how these imaging biomarkers represent cognitive
decline in AD.

Methods: Fifteen OHC, 19 patients with MCI, and 19 patients with AD were examined by [*®F]florbetapir
PET to quantify the standard uptake value ratio (SUVR) as the degree of amyloid accumulation, by MRI
and the voxel-based specific regional analysis system for AD to calculate z-score as the degree of entorhinal
cortex atrophy, and by mini-mental state examination (MMSE) and Alzheimer’s Disease Assessment
Scale—cognitive component—TJapanese version (ADAS-Jcog) for cognitive functions.

Results: Both cutoff values for measuring AD-like levels of amyloid (1.099 for SUVR) and entorhinal
cortex atrophy (1.60 for z-score) were well differentially diagnosed and clinically defined AD from
OHC (84.2% for SUVR and 86.7% for z-score). Subgroup analysis based on beta-amyloid positivity
revealed that z-score significantly correlated with MMSE (r=—0.626, p<0.01) and ADAS-Jcog
(r=0.691, p < 0.01) only among subjects with beta-amyloid.

Conclusions: This is the first study to compare [*®F]florbetapir PET and MRI voxel-based analysis of
entorhinal cortex atrophy for AD. Both ['®F]florbetapir PET and MRI detected changes in AD compared
with OHC. Considering that entorhinal cortex atrophy correlated well with cognitive decline only among
subjects with beta-amyloid, [*®F]florbetapir PET makes it possible to detect AD pathology in the early
stage, whereas MRI morphometry for subjects with beta-amyloid provides a good biomarker to assess
the severity of AD in the later stage. Copyright © 2014 John Wiley & Sons, Ltd.

Key words: Alzheimer’s disease; beta-amyloid; positron emission tomography; brain atrophy; cognitive function
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Introduction

Both beta-amyloid and tau proteins play significant
roles in the process of Alzheimer’s disease (AD). Tech-
nological progress has allowed us to visualize the dis-
tribution of these proteins in vivo. Imaging of tau
was newly developed (Maruyama et al., 2013), and fu-
ture research is expected to benefit greatly. On the
other hand, the imaging of beta-amyloid has led to
the accumulation of much scientific knowledge. De-
velopment of [''C] Pittsburgh compound-B (Klunk
et al., 2004) from thioflavin T for positron emission
tomography (PET) enabled the detection of beta-
amyloid in vivo. Since then, amyloid PET studies have
provided much valuable information about AD, such as
that patients clinically diagnosed as AD had significantly
more beta-amyloid than healthy controls (Kemppainen
et al., 2006), and the presence of beta-amyloid detected
by amyloid PET might predict mild cognitive impairment
(MCI) conversion to AD (Rinne and Nagren, 2010).
Nowadays, it is well accepted that PET can detect
beta-amyloid in vivo to the same extent as postmortem
histopathology.

For florbetapir PET, thresholds were created by au-
tomatically characterized cerebral-to-whole-cerebellar
standard uptake value ratios (SUVRs) and diagnosis
of AD by autopsy (Fleisher et al., 2011). The same
florbetapir PET study reported that the percentage of
positive beta-amyloid was 85.3% for patients with
clinically diagnosed AD, 46.6% for patients with MCI,
and 28.1% for older healthy controls (OHC) (Fleisher
et al., 2011). Another study also reported highly signifi-
cant correlations between the results from florbetapir
PET and subsequent immunohistochemistry measure-
ments of fibrillar beta-amyloid, with the results of
florbetapir PET and postmortem rated as positive or
negative for beta-amyloid showing 96% agreement
(Clark et al., 2011). These findings might equally apply
to the Japanese population, but there has been no study
using florbetapir PET in Japan.

The volume reductions of specific brain regions
provide useful information for diagnosing dementia.
A previous study reported sensitivity and specificity
of brain atrophy in the medial temporal lobe of 85%
and 88% among patients with clinically diagnosed
AD and normal (Scheltens et al., 2002), but it is often
difficult to evaluate mild atrophy by visual inspection of
magnetic resonance imaging (MRI). The voxel-based
specific regional analysis system for AD (VSRAD) was
recently developed as a sensitive diagnostic tool for early
stages of AD (Hirata et al., 2005; Matsuda et al., 2012).
VSRAD is software that automatically analyzes three-
dimensional T;-weighted MRI and quantifies the medial

Copyright © 2014 John Wiley & Sons, Ltd.
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temporal volumes targeting the entorhinal cortex. Re-
cent studies reported that VSRAD showed a high accu-
racy of 87.8% in the discrimination of patients with
clinically diagnosed AD in the very early stage from
control (Hirata et al., 2005), that the degree of atrophy
evaluated by VSRAD was associated with the severity of
executive dysfunction (Nagata et al., 2011), and that
VSRAD was useful for both early-onset and late-onset
AD (Shibuya et al., 2013). According to the hypothetical
model of dynamic biomarkers in relation to the disease
stage of AD, accumulation of beta-amyloid occurs early
in the disease, before the appearance of clinical symp-
toms, and brain atrophy detected by MRI is related
closely to cognitive performance and is the last bio-
marker to become abnormal (Jack et al, 2010). A few
studies have investigated the association between beta-
amyloid deposition and cortical thinning or atrophy
(Jack et al., 2008; Becker et al., 2011). However, no study
has directly compared how these different imaging
biomarkers differentially diagnosed clinical AD from
healthy subjects using a group of the same subjects.

In the present study, we examined how these differ-
ent imaging techniques, amyloid imaging with ['®F]
florbetapir PET and entorhinal cortex volume analysis
with VSRAD, differentially diagnosed clinically defined
AD from healthy control. We also compared the differ-
ent imaging biomarkers in terms of association with
cognitive decline.

Material and methods
Subjects and study protocol

Participants were recruited between May 2010 and
August 2012. The study population consisted of Japanese
men and women with clinically diagnosed AD, MCI,
and OHC without cognitive impairment. OHC were
65 years of age or older. They were required to be with-
out subjective cognitive complaints as corroborated by
an informant report, to have mini-mental state examina-
tion (MMSE) (Folstein et al., 1975) score of 27 or higher,
and to be cognitively normal based on psychometric
testing. The clinical diagnosis of AD (clinical AD) was
based on the 1984 edition of the NINCDS-ADRDA
criteria (McKhann et al., 1984). Patients with clinical
AD at least met the criteria of probable AD. Participants
with MCI were 55 years old or older and had complaints
of memory or cognitive decline corroborated by an
informant, objective cognitive impairment, generally
preserved functional abilities and activity of daily living
(ADL), a Clinical Dementia Rating (CDR) (Morris,
1993) scale global score higher than 0, an MMSE score
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higher than 23, and no diagnosis of dementia at screen-
ing. All neuropsychological tests were performed by
Y. K., who was blinded to the results of imaging data
and diagnosis.

Participants were excluded if they had other current
clinically relevant neurologic illness or history of ap-
parent brain injury, were receiving any investigational
medications, or had ever received anti-amyloid exper-
imental therapy. In this study, the participants were 15
OHC, 19 patients with clinical AD, and 19 patients
with MCI. Fifteen of 19 AD patients and three of 19
MCI patients took anti-dementia drugs (17 subjects took
donepezil and one took galantamine). Their cognitive
function was evaluated by MMSE and the Alzheimer’s
Disease Assessment Scale—cognitive component—
Japanese version (ADAS-Jcog) (Homma et al., 1992).
Their ADL was measured by CDR. Their behavioral
and psychological symptoms of dementia were examined
by the Neuropsychiatric Inventory (NPI) (Cummings
et al., 1994).

MRI analysis

The MR images of the brain were acquired with 1.5-T
MR imaging, Intera 1.5T Achieve Nova (Philips Medical
Systems, Best, the Netherlands). T, -weighted MR images
were obtained at 1-mm slices in 49 of the 53 (92.5%)
subjects. The remaining four subjects underwent com-
puted tomography (CT) because of metals in their body.
None of the participants showed any significant organic
changes on brain imaging. We analyzed the 49 subjects
who completed MRI. VSRAD analysis was performed
for assessing the severity of atrophic changes in the me-
dial temporal lobe using 3D-T-weighted imaging of the
entire brain and SPM8 (Statistical Parametric Mapping,
2008 edition) plus DARTEL as described by preceding
studies (Matsuda et al., 2012). To calculate the z-score
in the entorhinal cortex, normalization to global mean
intensities was carried out. This step allows correction
of the absolute amount of gray matter for individual total
brain volumes. The severity of atrophic changes was de-
scribed as the z-score, calculated as z-score = ([control
mean] — [individual value])/(control SD), where control
values came from the imaging database consisting of 40
Japanese men and 40 Japanese women aged between 54
and 86 years (Matsuda et al., 2012).

PET analysis
A PET scanner system, Eminence SET-3000GCT/X

(Shimadzu Corp., Kyoto, Japan), was used to measure
regional brain radioactivity. Each scan was preceded

Copyright © 2014 John Wiley & Sons, Ltd.
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by a 4-min transmission scan for attenuation correc-
tion using 137Cs. Static PET scanning was performed
50 min after intravenous bolus injection of 370 MBgq,
with a 10-min emission acquisition scan (as dynamic
scan with two 5-min frames). Images were recon-
structed with an iterative reconstruction algorithm
(four iterations, 16 subsets) using a Gaussian filter of
5-mm full width at half maximum and were saved as
a series of 128 x 128 matrices with a voxel size of
2x2x2mm. For quantitative analysis of florbetapir-
PET images, we used the same method as described
in the previous study (Fleisher et al.,, 2011). Region
of interest (ROI) analysis was performed on individual
PET images, spatially normalized to Montreal Neuro-
logical Institute atlas space using SPM. Mean cortical
ROI templates contained six regions—medial orbital
frontal, temporal, anterior, and posterior cingulate,
parietal lobe, and precuneus—as defined by the Auto-
mated Anatomic Labeling Atlas (Tzourio-Mazoyer
et al., 2002). Mean cortical and whole-cerebellar ROI
templates were applied to all PET scans to calculate
mean regional cerebral-to-cerebellar SUVR (Fleisher
et al., 2011). The average of these six regions was eval-
uated as a measure of global mean cortical florbetapir
'8F binding.

Statistical analysis

Kruskal-Wallis test with Steel-Dwass test and chi-
square test were used for group comparisons. Receiver
operating characteristics (ROC) curve analysis allowed
us to examine the diagnostic power of the cerebral-to-
whole-cerebellar SUVR or z-score of the entorhinal
cortex against clinical AD and OHC, and the area un-
der the curve (AUC) was calculated. Sensitivity and
specificity of florbetapir PET or MRI were calculated
at the optimal cutoff point, and sensitivity and speci-
ficity of MRI for beta-amyloid in MCI were also calcu-
lated. The linear correlation coefficients for a pair of
variables were calculated to determine the correlations
among brain imaging, age, and cognitive functions.
Multiple regression analysis was used for comparisons
among SUVR, age, z-score in entorhinal cortex, MMSE,
and ADAS-Jcog. In all tests, a p value < 0.05 was consid-
ered statistically significant. Bonferroni correction was
used for multiple comparisons.

Ethics statement
This study was approved by the review board of Nippon

Medical School Hospital, Tokyo, Japan (#221038). The
study was conducted in accordance with the Declaration
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of Helsinki. Study procedures were performed after
written informed consent was obtained from the study
participants or from authorized representatives of
patients with clinical AD.

Results

Background characteristics of the OHC, MCI, and
clinical AD groups are shown in Table 1. There were
no significant differences between the respective
groups in terms of gender and age. MMSE score
(mean * SD) was 18.3 4.6 for the clinical AD group,
26.7 1.8 for the MCI group, and 29.2+ 1.1 for the
OHC group. ADAS-Jcog score (meanz=SD) was
20.4+11.1 for the clinical AD group, 8.9+4.5 for
the MCI group, and 4.6 +2.6 for the OHC group.
NPI score (mean + SD) was 10.4 % 11.2 for the clinical
AD group, 10.8+11.2 for the MCI group, and
0.8 £+ 1.5 for the OHC group. CDR score (mean + SD)
was 1.2%0.7 for the clinical AD group, 0.6 +0.2 for
the MCI group, and 0.0+0.0 for the OHC group.
Average SUVR (mean + SD) among the three groups
(AD, 1.21+0.13; MCI, 1.03£0.15 OHC, 1.04:+0.14)
was significantly different (Kruskal-Wallis test: y*=15.20,
df=2, p<0.001, Cramer’s V=0.54). Average SUVR
of the AD group was significantly higher than that of
both the MCI and OHC groups in multiple comparisons
with Steel-Dwass test (AD vs MCIL: z= —3.21, p < 0.001,
r=—0.52; AD vs OHC: z=—3.43, p <0.001, r=0.59;
MCI vs OHC: z=0.47, p=0.89, r=0.08). Average z-score
of entorhinal cortex atrophy (mean + SD) among the

A. Tateno et al.

three groups (AD, 2.5+1.1; MCI, 1.4%+0.8; OHC,
1.3+ 1.4) was significantly different (Kruskal-Wallis
test: y?=14.98, df=2, p<0.001, Cramer’s V=0.53).
Average z-score of the AD group was significantly
higher than that of both the MCI and OHC groups in
multiple comparisons with Steel-Dwass test (AD vs MCI:
z=-=2.93, p=0.003, r=-0.50; AD vs OHC: z=—3.44,
Pp<0.001, r=-0.63; MCI vs OHC: z=—1.49, p=0.14,
=—0.26).

Analysis of amyloid PET and MRI

Although the clinical reference standard may be imper-
fect owing to challenges of a differential diagnosis of
AD versus other dementias in the AD group, and by
potential contamination with pre-clinical AD subjects
in the OHC group, the clinical reference standard can
still be used to define cutoff points for abnormality.
Thus, ROC curve analyses, using the clinical reference
standard, were used to confirm the cutoff point for ab-
normality in amyloid and entorhinal cortex atrophy in
this population. The results of ROC curve analyses are
shown in Table 2. ROC curve analysis for amyloid PET
showed the best sensitivity (84.2%) and specificity
(80.0%) with a cutoff value of 1.099 (AUC was 0.849,
95% CI 0.717 to 0.981) for the differential diagnosis
of clinical AD from OHC. When using the cutoff value
of 1.099, 16 of 19 (84.2%) AD, 7 of 19 (36.8%) MCI,
and 3 of 15 (20%) OHC were beta-amyloid positive.
The ROC curve analysis for MRI showed the best
sensitivity (86.7%) and specificity (80.0%) values with

Table 1 Background characteristics and results of florbetapir PET and z-score in entorhinal cortex of AD group, MCI group, and OHC group

Table 2 Results of ROC curve analysis

Differental diagnosis of clinical AD from OHC was calculated by using each cutoff value. The number of MCI patients with positdve z-score or
SUVR was defined by the cutoff value of MRI or [ISF]ﬂorbetapir.

Copyright © 2014 John Wiley & Sons, Ltd.
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a cutoff value of 1.60 (AUC was 0.871, 95% CI 0.745
to 0.998) for the differential diagnosis of clinical AD
from OHC. When using the cutoff value of 1.60, 13 of
15 (86.7%) AD, 6 of 19 (31.6%) MCI, and 3 of 15
(20%) of OHC were entorhinal cortex atrophy positive.

There was no significant correlation between SUVR
and z-score (r=0.06, p=0.71) (Figure 1).

Comparison of abnormalities detected with different im-
aging biomarkers. The presence of abnormal amyloid
defined with SUVR > 1.099 and that of entorhinal cor-
tex atrophy-positive with z-score > 1.60 are compared
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Figure 1 Association between SUVR and z-score in all pardcipants.
There was no significant correlation between SUVR and z-score
(r=0.06, p=0.71). (e, AD; &, MCI; o, OHC); dashed lines indicate the
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Table 3 Results of group comparison between beta-amyloid and z-score

Four patients with AD did not have MRI data.
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in Table 3. Thirteen of 22 beta-amyloid-positive sub-
jects were classified as entorhinal cortex atrophy posi-
tive (59.1% positive-agreement rate), and 18 of 27
beta-amyloid-negative subjects were classified as ento-
rhinal cortex atrophy negative (66.7% negative-agreement
rate). The overall agreement statistic for the presence of
these two abnormalities was low (x=0.258, 95% CI
—0.0152 to 0.530).

Interestingly, among amyloid-positive clinically diag-
nosed AD subjects, nearly all (11 of 12) showed entorhi-
nal cortex atrophy (Table 4). The single amyloid-positive
AD subject but without entorhinal cortex atrophy was
also among the clinically mildest of AD subjects in the
study (MMSE =23, ADAS-Jcog = 12). Amyloid-positive
MCI subjects and amyloid-positive OHC subjects
showed low rates of entorhinal cortex atrophy (two of
seven and zero of three), consistent with earlier clinical
stage of the disease.

Correlation among imaging biomarkers and cognitive
function

All participants. There was no significant correlation
between SUVR and z-score. MMSE was significantly
correlated with age (r=-0.301, p=0.03), SUVR
(r=—0.410, p < 0.01), and z-score (r=—0.459, p < 0.01);
and ADAS-Jcog was significantly correlated with SUVR
(r=0.367, p<0.01) and z-score (r=0.525, p <0.01).
Multiple regression analysis among all participants
showed that age, z-score, and SUVR predicted MMSE
(R*=0.39, F(3, 45)=9.41, p<0.01, #*=0.39) and
ADAS-Jeog (R2=0.41, F(3, 45)=10.26, p<0.01,
7*=0.41). z-score and SUVR significantly influenced
both MMSE (F=8.79, p < 0.01 and F=10.25, p < 0.01,
respectively) and ADAS-Jcog (F=14.09, p<0.01 and
F=8.76, p <0.01, respectively). The results did not
change after Bonferroni correction (p < 0.017 = 0.05/3).

Subjects with and without beta-amyloid. We divided
the AD, MCI, and OHC groups into beta-amyloid
positive and beta-amyloid negative by the cutoff value

Table 4 Rates of entorhinal cortex atrophy in amyloid-positive and amyloid-negative subjects (by diagnostic group)

Four padents with AD did not have MRI data.

Copyright © 2014 John Wiley & Sons, Ltd.
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of 1.099. The linear correlation coefficients separately
calculated for subjects with and without beta-amyloid
are shown in Table 5. SUVR was not significantly cor-
related with age, MMSE, ADAS-Jcog, or z-score in
subjects with and without beta-amyloid. Among subjects
with beta-amyloid, both MMSE (r=—0.626, p < 0.01)
and ADAS-Jcog (r=0.691, p < 0.01) were significantly
correlated with z-score (Figure 2). Among subjects with-
out beta-amyloid, MMSE was significantly correlated
with age (r=0.555, p < 0.01), and ADAS-Jcog was sig-
nificantly correlated with age (r=0.522, p <0.01) and
z-score (r=0.406, p=0.04). The correlation between
ADAS-Jcog and z-score among subjects without beta-
amyloid became non-significant after Bonferroni correc-
tion (p < 0.025 = 0.05/2).

Multiple regression analysis in subjects with beta-
amyloid revealed that age, z-score, and SUVR predicted
MMSE (R*>=0.42, F(3, 18)=4.31, p=0.02, #*=0.42)
and ADAS-Jcog (R?=0.51, F(3, 18)=6.35, p< 0.01,
7% =0.52). However, only z-score significantly influenced
both MMSE (F=11.90, p<0.01) and ADAS-Jcog

A. Tateno et al.

(F=17.82, p<0.01) in subjects with beta-amyloid.
Among subjects without beta-amyloid, age, z-score,
and SUVR predicted MMSE (R?=0.36, F(3, 26) =4.39,
p=0.01, #=0.37) and ADAS-Jcog (R*=0.35, F(3,
26) =4.19, p=0.02, *=0.35). Only age significantly
influenced both MMSE (F=10.16, p < 0.01) and ADAS-
Jeog (F=5.62, p=0.03). The association between age
and ADAS-Jcog among subjects without beta-amyloid
became non-significant after Bonferroni correction
(p <0.017=0.05/3).

Discussion

This is the first study of florbetapir PET in older Japanese
subjects. ROC analysis for florbetapir PET revealed that
16 of 19 (84.2%) patients with clinically defined AD,
3 0f 15 (20.0%) OHC, and 7 of 19 (36.8%) MCI subjects
were classified as beta-amyloid positive. Our results
showed that, as expected, AD patients had higher rates
of both amyloid positivity and entorhinal cortex

Table 5 Linear correlation coefficients for pairs of variables were calculated to determine the correlations among brain imaging, age, and cognitive
functons in subjects with or without beta-amyloid

*»<0.05, 1p <0.01.
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Figure 2 Correlatdon between cognitive function and volume reduction in entorhinal cortex. z-score was significantly correlated with MMSE
(r=—0.626, p < 0.01) and ADAS-Jcog (r=0.691, p < 0.01) in patients with beta-amyloid. (e, AD; 4, MCIL; o, OHC).

Copyright © 2014 John Wiley & Sons, Ltd.
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atrophy as compared with OHC. Although both
showed similar group differences by ROC analysis, at
an individual subject level, PET and MRI revealed im-
portant differences. The inconsistency between amyloid
PET and MRI may be attributable to the different time
courses of these two imaging biomarkers, as repeatedly
shown by previous studies (Jack et al, 2008; Jack
et al., 2009).

The cutoff value of 1.099 for SUVR in the present
study was very comparable with that of previous stud-
ies (Fleisher et al., 2011; Camus et al., 2012), and
nearly identical to the 1.10 cutoff point prospectively
tested by Clark ef al. (2012), which was shown to have
97% sensitivity and 100% specificity for the detection
of AD pathology at autopsy, in a US population. The
independent replication of the cutoff point here, using
a Japanese cohort, has important implications for the
use of amyloid PET tracers in Japanese populations.
Furthermore, distribution of beta-amyloid positive
was mostly consistent with that in the previous study
(clinically defined AD: 84.2% vs 85.3% and 85.0%;
MCI: 36.8% vs 46.6% and 50%; OHC: 20.0% vs
28.1% and 60.0%) (Clark et al., 2012), indicating similar
rates of amyloid positivity in US and Japanese research
populations and suggesting that florbetapir PET can be a
useful imaging technique for older Japanese populations.

The most interesting finding in our study was the
association between cognitive decline and entorhinal
cortex atrophy among subjects with beta-amyloid.
Past studies reported that entorhinal cortex atrophy
was associated with AD independent of age (Jack
et al, 2002) and was significantly correlated with
MMSE score (Gosche et al., 2002; Jack et al., 2002),
although amyloid PET was not used. In our study,
SUVR was not correlated with cognitive decline, but
entorhinal cortex atrophy was significantly correlated
with cognitive decline in subjects with beta-amyloid.
Multiple regression analysis also showed that only en-
torhinal cortex atrophy was correlated with cognitive
decline in subjects with beta-amyloid, whereas only
age was correlated with cognitive decline in those
without beta-amyloid. A recent study examined the
association between cognitive function and both
['8F]FDG and ['®F]florbetapir PET, reporting that
MMSE score was correlated only with uptake of
['8F]JFDG PET, not ['®F]florbetapir PET, in AD
(Newberg et al., 2012). Another study reported that
MRI had a closer relationship with cognitive perfor-
mance later in the disease than other biomarkers
(Becker et al., 2011). It has also been reported that the
association between the accumulation of beta-amyloid
and cognitive function was not straightforward, as the
accumulation of beta-amyloid might plateau, leading

Copyright © 2014 John Wiley & Sons, Ltd.
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to a “ceiling effect” relatively early in the disease process
that would confound linear correlations between plaque
number and severity of cognitive change (Ingelsson
et al., 2004). Our result that the frequency of beta-
amyloid positive was increased in the following order:
OHC, MCI, and clinical AD; but cognitive impairment
was not correlated with the accumulation of beta-amyloid,
was consistent with the hypothetical model of the progress
of AD, and might also support the existence of this ceiling
effect. Thus, our result that only volume reduction in the
entorhinal cortex was correlated with cognitive function
among subjects with beta-amyloid indicated that [*F]
florbetapir PET was suitable for the diagnosis of AD
pathology, and MRI morphometry was suitable for
evaluation of the severity of clinical AD.

We should acknowledge several methodological
limitations in our study. First, the sample size was rel-
atively small, as this study was conducted only in our
institution and was the first clinical research of florbetapir
PET in Japan. Thus, the findings may not pertain to other
populations or groups. A future study with a larger
number of participants would be meaningful. Second,
use of the whole cerebellum as reference region for
SUVR calculations has not been proven to be superior
to other noncortical brain regions, such as the pons or
cerebellar gray matter. A whole cerebellar reference re-
gion was chosen here because it rarely contains fibrillar
amyloid plaques, and cortical regions on PET scans
typically contain a mixture of white and gray matter
tissue, which is matched by the whole cerebellar re-
gion. Therefore, theoretically, the whole cerebellum
should be a suitable measure of neutral nonspecific
florbetapir binding (Joachim et al., 1989; Choi et al,
2009). Third, the process of neurodegeneration of AD
may start from the entorhinal cortex and then
progressing to the whole brain. Voxel-based mor-
phometry with diffeomorphic anatomical registration
through exponentiated Lie algebra might be superior
to visual inspection. However, we cannot rule out
the possibility of atrophic change of the whole brain
influencing our results. Fourth, four subjects did
not undergo MRI because of metals in their body.
Newly developed CT-based morphometry, which
showed usefulness similar to MRI-based morphometry
(Imabayashi et al., 2013), might help such subjects in
the future. Fifth, we did not know the APOE genotype
of the participants, and therefore, we could not know
its effect on the results of our study. APOE genotype
is known to be not only a risk factor for AD but also
that it affects the levels of beta-amyloid plaque deposi-
tion and atrophic brain changes (Drzezga et al., 2009).

In conclusion, this is the first study to compare
['®F]florbetapir PET and MRI voxel-based analysis for
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AD. Both ['*F]florbetapir PET and MRI morphometry
detected changes in AD as compared with OHC. How-
ever, these two different imaging biomarkers did not
correlate with each other, and diagnoses based on the
different imaging biomarkers were inconsistent. This
inconsistency might be attributable to the different roles
of amyloid PET and MRI morphometry, that is, amy-
loid PET detects the accumulation of beta-amyloid
occurring early in AD, and MRI morphometry for
subjects with beta-amyloid detects entorhinal cortex
atrophy that is closely related to cognitive decline and
occurs later in AD. Thus, ['®F]florbetapir PET makes
it possible to detect AD pathology in the early stage of
the disease, whereas MRI morphometry for subjects
with beta-amyloid provides a good biomarker for
assessing the severity of AD in the later stage.
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Background: We examined patients with mild cognitive impairment (MCI) with a history of geriatric
depression (GD) and healthy controls (HC) to evaluate the effect of beta-amyloid (AB) pathology on
the pathology of GD by using ['®F]florbetapir PET.

Methods: Thirty-three elderly patients (76.7 + 4.2 years) and 22 healthy controls (HC; 72.0 = 4.5 years,
average + SD) were examined by ['®Flflorbetapir positron emission tomography (PET) to quantify
the standard uptake value ratio (SUVR) as the degree of amyloid accumulation, by MRI to determine
the degree of atrophy, by Mini-Mental State Examination for cognitive functions, and by Geriatric De-
pression Scale for the severity of depression, and by Clinical Dementia Rating for activity of daily living
(ADL). The cut-off value of 1.08 for SUVR was defined as AB-positive.

Results: Of the patients and HC, 39.4% and 27.3%, respectively, were beta-amyloid-positive. The onset
age of GD was significantly correlated with SUVR (r=0.44, p < 0.01). Compared to patients without AP
(GD-AB), patients with A (GD + AB) did not differ in terms of age, cognitive function, severity of de-
pression and ADL, and brain atrophy. GD + A had significantly older average + SD age at onset of GD
(73.6 = 7.1 versus 58.7 £ 17.8, p < 0.01) and significantly shorter average + SD time between onset of GD
and PET scan day (3.1 £ 5.2 years versus 18.1 = 18.6 years, p < 0.001) than GD-Ap.

Conclusions: Our results showed that the rate of AP positivity was higher in late-onset GD and that
onset-age was associated with SUVR, suggesting that the later the onset of GD, the more AP pathology
affected its onset. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Abundant evidence has pointed to a strong link be-
tween depression and dementia. Previous studies have
indicated that depression was associated with an in-
creased risk of developing dementia, Alzheimer type
(AD) (Ownby et al., 2006), and depression that may
occur in more than 20% of patients with AD
(Starkstein et al., 2011). Many studies have reported
that both early-onset depression and late-onset

Copyright © 2014 John Wiley & Sons, Ltd.
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depression are risk factors for subsequence dementia
(Geerlings et al., 2008). Vascular disease, increased
levels of glucocorticoids, and chronic inflammation
were thought to be possible common mechanisms
for depression and AD (Byers and Yaffe, 2011). How-
ever, the nature of this association still remains a mat-
ter of debate, that is, whether depression is a risk
factor or prodrome, or a consequence of AD, and
whether depression and AD share the same
mechanism.
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Another factor possibly underlying the association
between AD and depression is amyloid and tau pro-
tein. Recent advances in positron emission tomogra-
phy (PET) and radioligands have allowed us to
visualize the accumulation of AB or tau protein
in vivo. Some previous studies reported that patients
with late-life depression showed significantly higher
[18F]FDDNP binding, which indicated the presence
of beta-amyloid (AB) and tau protein, by PET in the
posterior cingulate and lateral temporal regions com-
pared to controls (Kumar et al., 2011), and elderly pa-
tients with major depression showed significantly
lower cerebrospinal fluid beta-amyloid 42 than con-
trols (Pomara ef al., 2012). A recent study revealed that
33% of cognitively normal young and middle-aged
subjects showed hyperphosphorylated tau pathology
in the transentorhinal cortex and/or the locus
coeruleus (Elobeid et al., 2012). Neuritic plaques and
neurofibrillary tangles are more pronounced in the
hippocampus of AD patients with comorbid depres-
sion as compared with AD patients without depression
(Rapp et al., 2008). These findings, taken together, sup-
port the concept of amyloid-associated depression.
Amyloid-associated depression has been proposed to
explain the subtype of depression representing a pro-
dromal of AD (Sun et al., 2008). Although a previous
study reported that the cortical AP level did not differ
between patients with lifetime history of major depres-
sive episodes (MDE) and healthy controls (Madsen
et al., 2008), a more recent study using [*®F]florbetapir
reported that cognitively normal patients with late-life
major depression showed higher standard uptake value
ratio (SUVR) in the precuneus and parietal region than
healthy controls (Wu et al., 2014). ['®F]florbetapir is a
radioligand that distinctly detects the accumulation of
AP in vivo. We recently reported the usefulness of
[8F]florbetapir as a biomarker of AD (Tateno et al.,
2014). However, the same study by Wu et al. (2014)
did not find any association between global SUVR
and prior depression episodes, age at onset of depres-

sion, or time since onset of first depression. Another |

study also reported that the severity of depression was
not associated with higher phosphorylated tau 181
and total tau or reduced beta-amyloid 1-42 in AD or
non-demented subjects (Kramberger et al, 2012).
Thus, the association between AP and depression is still
a matter of debate.

In this study, we examined patients with mild cog-
nitive impairment (MCI) with a history of geriatric
depression (GD) and healthy controls (HC) to eval-
uate the effect of AR pathology on the pathology of
GD by using ['®F]florbetapir PET. If the AB pathol-
ogy affects the pathology of GD, the characteristics

Copyright © 2014 John Wiley & Sons, Ltd.
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of these patients might differ from those of GD with-
out AP pathology.

Materials and methods
Participants

The patient group consisted of men and women aged
70 years or older who met the criteria of MCI as de-
fined by Petersen and Morris (Petersen and Morris,
2005). All of them were amnestic MCI. They also
had a history of MDE based on the Diagnostic and
Statistical Manual of Mental Disorder 4™ edition, text
revision. All of them were patients at our hospital. For
confirmation of the presence of a past history of major
depressive episodes before 2000, we checked the pa-
tients’ medical records to see whether their symptoms
were applied to the diagnosis of major depressive epi-
sode by DSM-IV-TR. All of them had at least 1 MDE
after the age of 65years. The healthy control group
(HC) consisted of men and women aged 65 years or
older who were without subjective cognitive dysfunc-
tion, dysfunction of activity of daily living (ADL),
and past or current history of psychiatric illness. HC
were also interviewed to assess any current and past
history of psychiatric illness. Exclusion criteria were
other current clinically relevant neurologic or ische-
mic illness, history of apparent brain injury, or having
ever undergone anti-amyloid experimental therapy. A
total of 33 patients with MCI and a history of MDE
(76.7 £ 4.2 years old, mean+SD, 29 females and 4
males) and 22 HC (72.0 £4.5years old, mean + SD,
10 females and 12 males) participated in this study.
All of the patients with MCI and a history of MDE
were continuing to take medications at the time of ex-
amination and 16 of 33 (48.5%) met the criteria of
MDE at the time of examination. Twenty-one of the
patients (63.6%) and 10 HC (45.5%) were examined
for APOE phenotype. Current history of hypertension,
hyperlipidemia, and diabetes mellitus was investigated
for the evaluation of cardiovascular risk factors.

Neuropsychiatric assessment

Their cognitive function was evaluated by Mini-
Mental State Examination (MMSE) (Folstein et al.,
1975). ADL was measured by Clinical Dementia Rat-
ing (CDR) (Morris, 1993), and depression severity
was assessed by Geriatric Depression Scale (GDS)
(Sheikh and Yesavage, 1986).
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MRI analysis

We used the same method as in our previous study
(Tateno et al., 2014). MR images of the brain were ac-
quired with 1.5T MR imaging, Intera 1.5T Achieve
Nova (Philips Medical Systems, Best, Netherlands).
T,-weighted MR images were obtained at 1-mm slices
for 30 of the 33 (90.9%) patients and all HC; the other
three patients had metal in their bodies. Voxel-based
specific regional analysis for AD (VSRAD) was used
for assessing the severity of atrophic changes in the en-
torhinal cortex using 3D-T,-weighted images of the
entire brain and SPM8 (Statistical Parametric Map-
ping, 2008 edition) as described in previous studies
(Hirata et al., 2005). The severity of atrophic changes
in the entorhinal cortex was described by z-score
(Hirata et al., 2005).

We used the Fazekas scale for cerebral white matter
lesions (i.e. periventricular hyperintensity (PVH),
deep subcortical and white matter hyperintenstiy
(DSWMH)) to evaluate vascular factors on MRI
(Fazekas et al., 1991). We also evaluated the presence
of lacunar infarction.

PET analysis

A PET scanner system, Eminence SET-3000GCT/X
(Shimadzu Corp., Kyoto, Japan), was used to measure
regional brain radioactivity. Each scan was preceded
by a 4-min transmission scan for attenuation correc-
tion using 137Cs. Static PET scanning, 10-min emis-
sion acquisition (dynamic scan with two 5-min
frames), was performed 50 min after intravenous bo-
lus injection of 370 MBq. Images were reconstructed
with an iterative reconstruction algorithm (4 itera-
tions, 16 subsets) using a Gaussian filter at 5-mm
full-width at half-maximum, and were saved as a series
of 128x128 matrices with a voxel size of
2X2X2mm.

We used the same method as in our previous study
(Tateno et al., 2014). For quantitative analysis of the
florbetapir-PET images, we used the method of a pre-
vious study (Fleisher et al., 2011). Region-of-interest
(ROI) analysis was performed on individual PET im-
ages, which were spatially normalized to the Montreal
Neurological Institute (MNI) atlas space using SPM.
Mean cortical ROI templates contained six regions
(medial orbital frontal, temporal, anterior, and poste-
rior cingulate, parietal lobe, and precuneus) as defined
by the Automated Anatomic Labeling Atlas (Tzourio-
Mazoyer et al., 2002). Mean cortical and whole-
cerebellar ROI templates were applied to all PET scans
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to calculate mean regional cerebral-to-cerebellar
SUVRs (Fleisher et al., 2011). The average of these
six regions was evaluated as a measure of global mean
cortical florbetapir F18 binding. A threshold of SUVR
greater than 1.08 was used to signify positive AP
(Fleisher et al., 2011).

Statistical analysis

Wilcoxon test with Steel-Dwass test and chi-square
test were used for group comparisons (Fisher’s exact
test if sample size was prohibitively small). The linear
correlation coefficients for pairs of variables were cal-
culated for the correlations between onset age of
MDE and SUVR. Receiver operating characteristics
(ROC) curve analysis allowed us to examine the diag-
nostic power of the onset age of MDE or time since
the onset of MDE against AP, and the area under the
curve (AUC) was calculated. In all tests, a probability
value <0.05 was considered statistically significant.
Bonferroni correction was used for multiple compari-
sons. Statistical analysis of data was carried out using
JMP 8.0.2 (SAS Inc., Cary, NC) on Windows 7.

Ethics statement

This study was approved by the review board of Nip-
pon Medical School Hospital, Tokyo, Japan
(#221038). The study was conducted in accordance
with the Declaration of Helsinki. Study procedures
were performed after written informed consent was
obtained from the study participants.

Results

Comparison of patients with history of MDE and healthy
subjects

The results were summarized in Table 1. Mean *+ SD
age at onset of MDE was 64.6 + 16.2 years, average +
SD duration after onset of first MDE was
12.2+ 16.4 years, and average = SD number of MDE
was 2.2+ 1.2. The onset age of MDE was correlated
with SUVR (r=0.44, p=0.01) (Figure 1), but was
not correlated with z-score in the entorhinal cortex
(r=0.12, p=0.53). The results did not change after
Bonferroni correction (p < 0.025=0.05/2).

Compared to the patients, HC had significantly
higher mean+SD MMSE score (28.3+1.9 versus
23.7+3.5, z=4.81, p<0.01, r=0.65), CDR score
(0.5+£0.2 wversus 0.0£0.0, z=-6.28, p<0.001,
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Table 1 Comparison of patients with GD and healthy controls

A. Tateno et al.

GD, patients with geriatric depression; HC, healthy controls; MDE, major depressive episode; SUVR, standard uptake value ratio; PVH,
Periventricular hyperintensity; DSWMH, Deep and subcortical white matter hyperintensity; MMSE, Mini-Mental State Examination; CDR, Clin-

ical Dementia Rating; GDS, Geriatric Depression Scale

r=—0.85), and GDS score (7.0 £ 3.9 versus 1.9+ 1.8,
z=—4.65, p < 0.001, r=—0.63). There was no signifi-
cant difference between HC and patients in mean + SD
z-score of the entorhinal cortex (1.2%1.2 versus
1.3+0.7, z=—1.74, p=0.08, r= —0.24) and average =
SD SUVR (1.08+0.15 versus 1.07+0.16, z=0.13,
p=0.90, r=0.02). The rate of AB-positivity was higher
among patients than HC, but the difference did not
reach statistical significance (39.4% (13 of 33) versus
27.3% (6 of 22), Fisher’s exact test, p = 0.40, Cramer’s
V'=0.13). The frequency of APOE E4 was not signifi-
cantly different between patients and HC (6 of 21
(28.6%) versus 1 of 10 (10.0%), Fisher’s exact test
p=0.38, Cramer’s V=0.21).

The frequencies of current histories of hypertension
and hyperlipidemia were significantly higher among
the depression group than the healthy control group
(51.5% versus 13.6%, Fisher’s exact test, p=0.005,
Cramer’s V=10.39 and 36.4% versus 4.6%, Fisher’s ex-
act test, p=0.009, Cramer’s V=0.37). The frequency
of current history of diabetes mellitus was higher
among the depression group than the healthy control
group (15.2% versus 0.0%, Fisher’s exact test,
p=0.06, Cramer’s V=0.26).
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The frequency of the presence of lacunar infarction
was 27 (90.0%) for GD and 20 (90.9%) for HC. For
the severity of PVH, GD (grade 0 was 5 (16.7%), grade
I was 18 (60.0%), grade II was 7 (23.3%)) was not sig-
nificantly different from HV (grade 0 was 2 (9.1%),
grade 1 was 15 (68.2%), grade II was 5 (22.7%))
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Figure 1 Correlation between standard uptake value (SUVR) of ['*F)
florgetapir PET and onset age of major depressive episode (MDE).
(r=0.44, p < 0.01) (*: late-onset geriatric depression, O: early-onset ge-
riatric depression).
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(p=0.71). For the severity of DSWMH, GD (grade 0
was 2 (6.7%), grade 1 was 21 (70.0%), grade 2 was 7
(23.3%)) was not significantly different from HV
(grade 0 was 6 (27.3%), grade 1 was 14 (63.6%), and
grade 2 was 5 (9.1%)) (p=0.08).

Comparison of patients with and without beta-amyloid

We then divided the patients into groups with GD and
AB (GD + AB) and without AP (GD-A) by the results
of amyloid-PET to examine the effect of Ap pathology
on the pathology of GD. The results of group compar-
isons of GD + AB and GD-Ap are shown in Table 2.
There were no significant differences between GD +
AB and GD-AB in the frequency of gender (1 male
and 12 females versus 3 males and 17 females, Fisher’s
exact test p=1.00, Cramer’s V=0.11), average +SD
age (76.6%+3.9 versus 76.8+4.5, z=0.00; p=1.00,
r=0.00), frequency of current MDE (6 of 13
(46.2%) versus 10 of 20 (50.0%), Fisher’s exact test
p=1.00, Cramer’s V=0.04), average+SD score of
MMSE (23.5+3.8 versus 23.8%34, z=-0.09
p=0.91, r=-0.02), CDR (0.6+0.3 versus 0.5+0.2,
z=0.86; p=0.37, r=0.15), GDS (6.3+4.6 versus

Table 2 Clinical characteristics of patients with and without beta-amyloid

7.4+34, z=-0.93; p=0.35, r=—0.16), the severity
of atrophic changes in the entorhinal cortex
(1.5£0.9 versus 1.1 £0.6, z=0.93; p=0.34, r=0.17),
and the frequency of APOE E4 (3 of 8 versus 3 of
13, Fisher’s exact test p=0.63, Cramer’s V=0.16).
Two patients with GD +AB and 1 patient with GD-
AP, who were not examined by MRI, were excluded
only from the analysis using MRI data. Three patients
with GD + AP and 2 patients with GD-AP showed a
CDR score of 1.0 because of the negative effect of de-
pression on their function. A list of the medications is
shown in Table 3.

The average+SD onset age of MDE was signifi-
cantly higher in GD + Af than in GD-AB (73.6+7.1
versus 58.7+17.8, z=2.60; p=0.009, r=0.45), and
the average +SD time since the onset of first MDE
and the PET scan day was significantly shorter in GD +
AP than in GD- AR (3.1%£5.2years versus
18.1+18.6 years, z=-3.39; p<0.001, r=-0.59).
The average £ SD number of MDE was significantly
greater in GD-AP than in GD + AP (2.6 + 1.4 versus
1.5£0.5, z=-2.15 p=0.03, r=-—0.38); however,
the number of MDE became non-significant after
Bonferroni correction (p < 0.025=0.05/2). There was
no significant difference between GD +AB and GD-

GD +AB, MCI patients with geriatric depression and beta-amyloid; GD-AB, MCI patients with geriatric depression without beta-amyloid; MDE,
major depressive episode; AB, beta-amyloid; PVH, Periventricular hyperintensity; DSWMH, Deep and subcortical white matter hyperintensity;
MMSE, Mini-Mental State Examination; CDR, Clinical Dementa Rating; GDS, Geriatric Depression Scale
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