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Abstract.
Background: The value of fluorine-18-fluorodeoxyglucose positron emission tomography (18F-FDG-PET) and magnetic
resonance imaging (MRI) for predicting conversion of mild cognitive impairment (MCI) to Alzheimer’s disease (AD) in
longer-term is unclear.
Objective: To evaluate longer-term prediction of MCI to AD conversion using 18F-FDG-PET and MRI in a multicenter study.
Methods: One-hundred and fourteen patients with MCI were followed for 5 years. They underwent clinical and neuropsy-
chological examinations, 18F-FDG-PET, and MRI at baseline. PET images were visually classified into predefined dementia
patterns. PET scores were calculated as a semi quantitative index. For structural MRI, z-scores in medial temporal area were
calculated by automated volume-based morphometry (VBM).
Results: Overall, 72% patients with amnestic MCI progressed to AD during the 5-year follow-up. The diagnostic accuracy
of PET scores over 5 years was 60% with 53% sensitivity and 84% specificity. Visual interpretation of PET images predicted
conversion to AD with an overall 82% diagnostic accuracy, 94% sensitivity, and 53% specificity. The accuracy of VBM
analysis presented little fluctuation through 5 years and it was highest (73%) at the 5-year follow-up, with 79% sensitivity
and 63% specificity. The best performance (87.9% diagnostic accuracy, 89.8% sensitivity, and 82.4% specificity) was with
a combination identified using multivariate logistic regression analysis that included PET visual interpretation, educational
level, and neuropsychological tests as predictors.
Conclusion: 18F-FDG-PET visual assessment showed high performance for predicting conversion to AD from MCI, partic-
ularly in combination with neuropsychological tests. PET scores showed high diagnostic specificity. Structural MRI focused
on the medial temporal area showed stable predictive value throughout the 5-year course.
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INTRODUCTION

Mild cognitive impairment (MCI) was proposed by
Petersen et al. as a summary of decline in a patient’s
cognitive function. The definition describes both nor-
mal and dementia statuses, including subtypes for the
latter [1]. Among these, amnestic-type MCI patients
have a high likelihood of progressing to Alzheimer’s
disease (AD) at a rate of about 12% to 15% per year
[1]. If disease-modifying treatment for AD is devel-
oped in the near future, the onset of MCI will be an
appropriate stage to begin treatment. Therefore, early
diagnosis of MCI is especially important.

Fluorine-18-fluorodeoxyglucose positron emis-
sion tomography (18F-FDG-PET) and structural
magnetic resonance imaging (MRI) have been
defined as biomarkers for tau-mediated neural injury
according to the revised criteria proposed by the
National Institute of Aging and Alzheimer’s Associa-
tion (NIA-AA) and the International Working Group
[2]. In particular, early diagnosis at the MCI stage
with 18F-FDG-PET is thought to be able to predict
conversion from MCI to AD by recognizing AD-like
hypometabolism in the parietotemporal cortex, pos-
terior cingulate, and precuneus. In previous reports,
predicting the conversion from MCI to AD has been
highly accurate (80% or greater [3–5]). However, the
follow-up periods used were not uniform and rela-
tively short (1- or 2-years).

The Study on Diagnosis of Early Alzheimer’s
Disease-Japan (SEAD-J) was a prospective multi-
center study targeting amnestic MCI in Japan. This
report contained the results of 3 years of observation
[6]. According to this cohort study, visual assess-
ment of 18F-FDG-PET images had a high sensitivity
for detection of AD converters, but their specificity
was relatively low. The study showed that some non-
converters demonstrated AD-like hypometabolism
on baseline images. These false-positive cases could
not be correctly interpreted until the end of the 3-
year follow-up. Semi quantitative analysis using a
PET score was efficient at identifying rapid con-
verters during the 2-year follow-up, although there
was also uncertainty about longer-term diagnos-
tic power. Volumetric MRI failed to distinguish
AD converters from nonconverters until the 3-year
follow-up. Therefore, to clarify the predictive abil-
ity of 18F-FDG-PET and volumetric MRI, including
the combination with neuropsychological tests, we
extended the follow-up period for those patients with
MCI recruited in the SEAD-J study termed SEAD-J-
Extension.

MATERIALS AND METHODS

SEAD-J participants

The data set of SEAD-J was collated from nine
institutions across Japan [6]. Patients with amnes-
tic MCI were followed up annually for 5 years. A
total of 114 patients (64 women and 50 men, mean
age, 70.8 ± 7.5 years) were enrolled in the study.
This study was approved by the ethics committees
of all participating institutions. Each patient signed
an informed consent form after receiving full expla-
nations of the procedures involved.

All patients were initially assessed with a series of
neuropsychological tests, including the Mini-Mental
State Examination (MMSE), the Alzheimer’s Disease
Assessment Scale-cognitive component-Japanese
version (ADAS-J cog), the Clinical Dementia Rat-
ing (CDR), the Geriatric Depression Scale (GDS), the
Everyday Memory Check List (EMCL), and the Log-
ical Memory Subset of the Wechsler Memory Scale
Revised (WMS-R LM). In accordance with the inclu-
sion criteria, patients with MCI were between 50 and
80 years of age, with an MMSE score ≥24, a GDS
score ≤10, a WMS-R LM I score ≤13, a WMS-R LM
II part A and part B score ≤8 (maximum = 50), and
a CDR memory box score equal to 0.5. Patients with
less than 6 years of formal education were excluded.

18F-FDG-PET

18F-FDG-PET scans were performed with the
patient in a resting state, 40 to 60 min after venous
injection of 18F-FDG (254 ± 107 MBq). A static
scan was performed for 10 ± 5 min, either in 2D or
3D mode. Attenuation was corrected using either a
transmission scan with segmentation for dedicated
PET, and by a computed tomography (CT) scan for
PET/CT.

The 18F-FDG-PET images were processed to pro-
duce 3-dimensional stereotactic surface projections
(3D-SSP) and generate z-score maps, using iSSP
(version 3.5, Nihon Medi-Physics, Tokyo, Japan).
3D-SSP was created with the Neurological Statistical
Image Analysis Software (NEUROSTAT) developed
by Minoshima et al. [7]. NEUROSTAT anatomically
normalizes the individual PET data to the standard
brain and compares the regional voxel data with
the normal database, calculating the z-score ([nor-
mal mean individual value] / normal SD) for each
voxel of the cerebral surface, and displays the sites at
which voxel value is statistically reduced. The normal
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database was constructed from 50 control subjects
(31 men and 19 women, mean age 57.6 years), with
10 subjects from each of the 5 participating institu-
tions. All control subjects had no memory complaints
and no history of neurologic or psychiatric disor-
ders. The results of their neurologic examinations and
brain imaging examinations (MRI or CT) were nor-
mal, and their cognitive function was judged to be
normal by experienced neurologists (MMSE score,
25 to 30).

Interpretation of PET images

Three experts, blinded to clinical informa-
tion, independently assessed the reconstructed PET
images. They correlated the 3D-SSP z-score maps to
classify the images into the different dementia pat-
terns according to the criteria of Silverman [8]. In
these criteria, the findings of FDG-PET are classified
into seven interpretive patterns as positive (P1–P3,
P1+) or negative (N1–N3) for presence of a pro-
gressive neurodegenerative disease in general and
AD specifically, compared with results of longitu-
dinal or neuropathological analysis. In which P1
indicates progressive PET pattern consistent with
presence of AD showing hypometabolism in pari-
etal/temporal ± frontal cortex, while P1+, P2, and P3
indicate progressive PET pattern but not consistent
with AD (P1+, the presence abnormal findings other
than P1; P2, frontal predominant hypometabolism;
P3, hypometabolism of both caudate and lentiform
nuclei). N1-N3 patterns indicate all negative scans,
in which N1 represents normal metabolism. When
the classification of the 3 raters did not match, the
cases were discussed, and a consensus result was
agreed upon. They referred to patients MRI images
to exclude the partial volume effect due to severe
atrophy and cerebral vascular lesion, and space-
occupying lesions when a local hypometabolic area
was observed with the PET image.

PET score

The AD t-sum was calculated, as described in pre-
vious publications [9, 10], by using the PALZ module
in the PMOD software package (version 3.2, PMOD
Technologies, Zurich, Switzerland). The AD t-sum
indicates the severity of the metabolic decrease in
those brain areas that are typically affected by AD
(multimodal association cortices mostly located in
the temporal and parietal lobes) and includes adjust-
ment for age effects.

In this study, the AD t-sums were converted into a
PET score dividing them by a previously determined
upper normality limit and applying a log transfor-
mation to convert them into normally distributed
values, according to the following formula [11]: PET
score = log2 [(AD t-sum / 11,089) + 1].

MRI

All subjects were scanned with either a 1.5 T or
3T MRI system. T1-weighted 3-dimensional sagittal
scans of the brain were acquired using a T1-weighted
fast field echo sequence. Images were analyzed using
the voxel-based specific regional analysis system for
AD (VSRAD® advance, Eisai, Tokyo, Japan), devel-
oped based on voxel-based morphometry (VBM)
[12–14]. We used the latest version of VSRAD
running VBM analysis on the basis of SPM8 plus
diffeomorphic anatomical registration using expo-
nentiated Lie algebra (DARTEL). This application
automatically analyzed the 3D data as a series
of anatomical standardizations, segmentations, and
smoothings using these algorithms. Then each pro-
cessed segmented image was compared to the mean
and SD values of the gray matter or white mat-
ter images of healthy subjects using voxel-by-voxel
z-score analysis. The database for the healthy con-
trols of this software contained data from 40 men and
40 women aged between 54 and 86 years (mean age,
70.2 ± 7.3). In this study, the average z-score in the
target volume of interest (VOI) for medial temporal
structures, including the entorhinal cortex, head to
tail of the hippocampus, and amygdala, was used for
further analyses.

Follow-up

Patients were assessed at 1-year intervals for
5 years. The CDR, MMSE, EMCL, and WMS-R-
LM tests were re-administered at each visit. Repeat
18F-FDG-PET and MRI scans were optional. Con-
version to dementia was established when CDR
became ≥1.0. No further follow-up of patients reach-
ing CDR ≥1.0 was performed. AD was diagnosed
when a patient fulfilled both CDR ≥1.0 and the
National Institute of Neurological and Commu-
nicative Disorders–Alzheimer’s Disease and Related
Disorders Association’s (NINCDS-ADRDA) “prob-
able AD” criteria. The diagnosis of other diseases
was based on established clinical criteria, including
vascular dementia (VaD) [15], dementia with Lewy
bodies (DLB) [16], and frontotemporal dementia
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(FTD) [17]. Two researchers of the SEAD-J group,
blinded to the PET results, established the final clin-
ical outcome of each patient based on the submitted
case reports.

Logistic regression analyses

Multivariate logistic regression analyses were used
to assess whether baseline 18F-FDG-PET, MRI,
and/or neuropsychological tests were predictive of
longitudinal clinical outcome. We estimated the odds
of AD conversion versus nonconversion as a func-
tion of age, sex, educational level, WMS-R-LM I,
WMS-R-LM II, MMSE, ADAS-J cog, GDS, PET
score, PET visual interpretation, and VSRAD z-score
(average, left, and right). Results were considered
significant at p < 0.05. Statistical analyses were per-
formed with SPSS (version 22.0; SPSS, Chicago, IL,
USA).

RESULTS

Baseline characteristics

Of 114 patients, 42 dropped out from the study
without a complete 5-years follow-up. Of the remain-
ing 72 patients, 53 progressed to dementia, 49
developed AD, and four developed non-AD demen-
tia (two patients with FTD, one with DLB, and one
with VaD) (Fig. 1). Among the 49 AD converters,
41 (83.7%) converted within the first 3 years, and
4 patients (8.2%) converted in the fourth year and
another 4 patients converted in the fifth year. The
cumulative conversion rate over the 5 years was 72%.

Table 1 shows the demographic and neuropsycho-
logical data from the initial visit of patients who
progressed to AD (AD converters) and those who
did not (nonconverters). At baseline, the two groups
differed in WMS-R-LM, MMSE, ADAS-J cog, and

Fig. 1. Schematic summary of clinical outcomes in all patients with mild cognitive impairment (MCI). Originally, 114 patients with MCI
were included. Forty-two patients dropped out during the 5 year. Our final sample size for the analyses was 68 patients (excluding 4 patients
who converted to other types of dementia).
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Table 1
Demographic and neuropsychological data at baseline

AD converter Non-converter
(n = 49) (n = 19)

Mean (SD) Mean (SD)

Age 71.6 (6.2) 71.1 (6.6)
Education (y) 11.9 (3.2) 12.1 (3.3)
WMS-R-LM I∗∗ 6.6 (3.3) 10.5 (2.5)
WMS-R-LM II∗∗ 1.7 (2.2) 5.2 (3.0)
MMSE∗ 25.6 (1.7) 27.3 (2.2)
ADAS∗ 10.5 (5.4) 6.6 (3.3)
GDS∗ 4.6 (2.3) 2.9 (1.8)

WMS-R-LM, Wechsler Memory Scale-Revised Logical Mem-
ory; MMSE, Mini-Mental State Examination; ADAS, Alzheimer’s
Disease Assessment Scale; GDS, Geriatric Depression Scale.
∗p < 0.01, ∗∗p < 0.0001.

GDS scores. There were no differences in age, edu-
cational level, or sex distribution between these two
groups.

Interpretation of PET images

P1 and P1+ patterns were observed in 70.2% and
7.9%, respectively, of all amnestic patients with MCI
at baseline. The remaining 21.9% patients presented
other patterns, including the P2 in 4.4% cases. In
this study, all P1+ patients showed a P1 pattern with
occipital hypometabolism. Therefore, P1 and P1+
patterns were combined as an AD/ DLB pattern for
the purpose of calculating diagnostic performance, as
per a previous report [6].

The visual interpretation of PET images predicted
conversion to AD during the 5-year follow-up with
an overall diagnostic accuracy of 82%, a sensitivity
of 94%, and a specificity of 53% for the 68 patients in
this study. The diagnostic parameters for each follow-
up interval are summarized in Table 2.

PET score

The mean PET score of the AD converters
(1.16 ± 0.67) was significantly higher than that of
nonconverters (0.73 ± 0.60) at baseline (p = 0.02).
When mean PET scores were calculated according
to conversion time, those who converted during the
first and second years of the study had significantly
higher PET scores than nonconverters. In contrast,
those who converted in the third, fourth, and fifth
years had no significant differences in mean PET
score when compared with nonconverters (Fig. 2).

The area under the curve of the receiver operating
characteristic (ROC) analysis for the PET score was
highest for the 2-year follow-up. The ROC-derived

PET score thresholds obtained with the use of the
Youden index [18] yielded an adjusted accuracy of
83%, with 70% sensitivity and 90% specificity at a
threshold value of PET score = 1.03 at the second-
year follow-up point. At the fifth-year observation,
the accuracy was 60% with 53% sensitivity and
84% specificity. The diagnostic parameters for each
follow-up interval are summarized in Table 2.

MRI

Within the MRI cohort, 6 patients were excluded
from further analysis. Four patients at one particular
institution were examined with a 3T MRI system, and
2 patients who converted did not undergo an initial
MRI examination at their first visit.

For the AD converters and nonconverters, the bilat-
eral mean z-scores in the target VOI for the medial
temporal structures at baseline were 1.80 ± 0.71 and
1.27 ± 0.72, respectively (p = 0.01); the right side
mean z-scores were 1.75 ± 0.86 and 1.37 ± 0.78,
respectively (p = 0.10); and the left side mean z-
scores were 1.80 ± 0.86 and 1.03 ± 0.75, respectively
(p = 0.001). Therefore, the mean z-score in the tar-
get VOI of AD converters was significantly higher
than that of nonconverters for the left medial temporal
structures.

When the mean VSRAD z-scores were calculated
according to conversion time, patients who converted
in the first and second years had significantly higher
z-scores than nonconverters (p = 0.004 and 0.016,
respectively). In contrast, those who converted in the
third, fourth, and fifth years had no differences in
mean z-scores compared with nonconverters (Fig. 3).

The area under the curve of the ROC analysis for
the mean VSRAD z-scores was highest for the 5-year
follow-up (Table 2). The ROC-derived thresholds
using the Youden index for mean z-score yielded an
adjusted accuracy of 73%, with 79% sensitivity and
63% specificity at a threshold value of z-score = 1.21
during the 5-year follow-up. The accuracy of VBM
analysis presented little fluctuation through 5 years.
When examining the left medial temporal structures
only, the following results were obtained: accuracy;
76%, sensitivity; 77%, specificity; 68% (cut off;
1.14).

Neuropsychological tests

The diagnostic performance for neuropsychologi-
cal batteries in each interval period are summarized in
Table 2. Diagnosis sensitivity of WMS-R LM II and
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Table 2
Diagnostic performance at each annual visit for five years

Variable Follow-up AUC (95% CI) Cutoff SEN SPE ACC PPV NPV
intervals (y)

PET visual interpretation 1 – – 1 0.22 0.35 0.21 1
2 – – 0.97 0.32 0.56 0.45 0.95
3 – – 0.98 0.41 0.68 0.6 0.95
4 – – 0.96 0.44 0.78 0.77 0.83
5 – – 0.94 0.53 0.82 0.84 0.77

PET score 1 0.708 (0.569–0.846) 1.03 0.69 0.75 0.74 0.34 0.93
2 0.809 (0.714–0.905) 1.03 0.7 0.9 0.83 0.79 0.84
3 0.747 (0.641–0.852) 1.03 0.61 0.91 0.77 0.86 0.73
4 0.795 (0.689–0.901) 1.02 0.58 0.96 0.69 0.96 0.52
5 0.712 (0.570–0.854) 1.03 0.53 0.84 0.6 0.89 0.4

VSRAD z-score 1 0.679 (0.533–0.825) 1.47 0.75 0.57 0.6 0.26 0.92
2 0.684 (0.570–0.799) 1.44 0.69 0.64 0.66 0.51 0.79
3 0.658 (0.543–0.774) 1.44 0.64 0.64 0.64 0.6 0.68
4 0.714 (0.575–0.852) 1.44 0.65 0.74 0.67 0.82 0.52
5 0.735 (0.593–0.877) 1.21 0.79 0.63 0.73 0.84 0.52

WMS-R LM I 1 0.799 (0.656–0.941) 6 0.81 0.81 0.81 0.57 0.93
2 0.782 (0.671–0.893) 7 0.7 0.8 0.75 0.77 0.74
3 0.800 (0.693–0.908) 8 0.73 0.82 0.77 0.86 0.67
4 0.809 (0.703–0.915) 8 0.71 0.87 0.77 0.91 0.61
5 0.839 (0.733–0.946) 8 0.67 0.9 0.74 0.94 0.52

WMS-R LM II 1 0.763 (0.643–0.882) 1 0.81 0.62 0.66 0.39 0.91
2 0.722 (0.601–0.843) 4 0.91 0.46 0.68 0.61 0.84
3 0.732 (0.605–0.858) 4 0.88 0.52 0.74 0.74 0.74
4 0.746 (0.615–0.878) 4 0.87 0.57 0.77 0.8 0.68
5 0.806 (0.671–0.940) 4 0.88 0.68 0.82 0.88 0.68

MMSE 1 0.671 (0.536–0.805) 27 0.94 0.35 0.52 0.31 0.95
2 0.663 (0.532–0.793) 27 0.91 0.46 0.68 0.61 0.84
3 0.674 (0.538–0.810) 27 0.85 0.48 0.71 0.71 0.68
4 0.677 (0.528–0.825) 27 0.84 0.52 0.74 0.78 0.63
5 0.722 (0.570–0.875) 27 0.84 0.58 0.77 0.84 0.58

ADAS-J Cog 1 0.770 (0.637–0.903) 9.6 0.75 0.75 0.75 0.48 0.91
2 0.665 (0.535–0.794) 8.8 0.58 0.71 0.65 0.66 0.64
3 0.7 (0.572–0.827) 8.8 0.56 0.78 0.65 0.79 0.54
4 0.721 (0.596–0.846) 7.1 0.71 0.61 0.68 0.78 0.52
5 0.715 (0.580–0.851) 7.1 0.69 0.63 0.68 0.83 0.44

GDS 1 0.668 (0.535–0.801) 3 0.81 0.48 0.56 0.33 0.89
2 0.729 (0.606–0.852) 3 0.79 0.6 0.69 0.65 0.75
3 0.748 (0.630–0.866) 4 0.54 0.85 0.66 0.85 0.55
4 0.684 (0.553–0.814) 4 0.49 0.83 0.6 0.85 0.45
5 0.715 (0.586–0.845) 2 0.82 0.53 0.74 0.82 0.53

AUC, area under the curve; SEN, sensitivity; SPE, specificity; ACC, accuracy; PPV, positive predictive value; NPV, negative predictive
value.

MMSE showed a high tendency, whereas the speci-
ficity of WMS-R LM I indicated a high tendency.

Logistic regression analysis

Multivariate logistic regression analysis identi-
fied educational level, WMS-R-LM II, ADAS-J cog,
GDS, and PET visual interpretation as predictors dis-
tinguishing AD converters from nonconverters over
5 years (Table 3). When age, sex, educational level,
WMS-R-LM I, WMS-R-LM II, MMSE, ADAS-J
cog, GDS, PET score, PET visual interpretation,
and VSRAD z-score were included in the stepwise

procedure, AD conversion was significantly associ-
ated with educational level (p = 0.065; odds ratio,
1.34; 95% CI, 0.98–1.83), WMS-R-LM II (p = 0.003;
odds ratio, 0.61; 95% CI, 0.44–0.85), ADAS-J cog
(p = 0.104; odds ratio, 1.21; 95% CI, 0.96–1.52),
GDS (p = 0.037; odds ratio, 1.65; 95% CI, 1.03–2.65),
and PET visual interpretation (p = 0.026; odds ratio,
13.64; 95% CI, 1.36–136.52). The combination of
PET visual interpretation, educational level, and these
neuropsychological tests (WMS-R-LM II, ADAS-J
cog, GDS) distinguished AD converters from non-
converters with 87.9% accuracy, 89.8% sensitivity,
and 82.4% specificity.
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Fig. 2. Box plot of baseline positron emission tomography (PET)
scores according to conversion time. Patients with mild cogni-
tive impairment progressing to Alzheimer’s disease in the first and
second years had significantly higher scores than nonconverters
(p < 0.05 and <0.01, respectively). 1st y, first year converter; 2nd
y, second year converter; 3rd y, third year converter; 4th y, fourth
year converter; 5th y, fifth year converter; Non, nonconverter.

Fig. 3. Box plot of baseline voxel-based specific regional analy-
sis system for Alzheimer’s disease (VSRAD) z-scores according
to conversion time. Patients with mild cognitive impairment pro-
gressing to Alzheimer’s disease in the first and second years
had significantly higher scores than nonconverters (p < 0.005 and
<0.05, respectively). 1st y, first year converter; 2nd y, second year
converter; 3rd y, third year converter; 4th y, fourth year converter;
5th y, fifth year converter; Non, nonconverter.

DISCUSSION

This multicenter study assessed the predictive
value of 18F-FDG-PET and volumetric MRI for MCI
to AD conversion during a 5-year follow up period.
Forty-nine of 68 patients (72%) with MCI proceeded
to AD, with an annual conversion rate of 14.4%
(within previously reported ranges [1]).

In the PET visual assessment, 94% of AD con-
verters had a P1 or P1+ pattern and only one
converter (2.0%) showed a P2 pattern at baseline.
This result indicates that the possibility of conver-
sion to AD from MCI might be low in patients
with no hypometabolism suggesting AD/DLB pat-
tern. The specificity of visual assessment was low
during the 5 years, due to high false positive rates.
About half of nonconverters showed AD/DLB-like
hypometabolism at baseline. However, the specificity
and accuracy increased gradually during the 5 years,
since 32.7% of patients converted after the third year.

These results suggest it may be possible to predict
AD conversion at the MCI stage by visual inter-
pretation of AD/DLB-like hypometabolism, even if
the patient is a slow converter. Although the speci-
ficity prediction of the conversion from MCI to AD
using 18F-FDG-PET in previous reports is varied, our
results are in agreement with studies that reported
relatively low specificity [19, 20]. This trend is also
similar to that seen in a previous multicenter study
using brain single-photon emission computed tomog-
raphy targeting amnestic patients with MCI [21].
However, several previous reports presented high
specificity of 18F-FDG-PET [3–5, 22]. We hypoth-
esize that these studies may have included a high
proportion of rapid converters or patients with MCI
who were close to progressing to AD, since aver-
age ages were lower than those in our study. The
conversion rates were also higher than in our study
despite using shorter observation periods. Therefore,
these discrepancies in specificity may be dependent
on differences in the characteristics of the registered
MCI groups, follow-up periods, and/or PET image
analysis methodology.

Eight false-positive cases in the third year were ver-
ified as AD converters. However, nine MCI patients
who showed AD-like hypometabolism at baseline did
not progress to AD, even after 5 years of follow-
up. Although the interpretation of these false-positive
cases is still unclear, we assume that these patients
might be very slow converters who would convert in
the next few years, since MCI patients may possibly
take more than 5 years before converting to dementia
[23]. Another possibility is that they had some abnor-
malities in neurodegenerative biomarkers similar to
those in a group termed SNAP (suspected non-AD
pathology) in individuals who are clinically normal
for their age or MCI with normal levels of amyloid-
� biomarkers [24]. It would be necessary to follow
these patients for longer to determine the reason for
these outliers.
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Table 3
Results of multivariate logistic regression analyses for predictors of AD conversion

Variable Coefficient (B) SE Walt df p value Odds ratios 95%CI

Education level 0.294 0.159 3.41 1 0.065 1.342 0.982 1.833
WMS-R-LM II –0.493 0.166 8.83 1 0.003 0.611 0.441 0.846
ADAS-J cog 0.191 0.118 2.647 1 0.104 1.211 0.962 1.524
GDS 0.502 0.24 4.359 1 0.037 1.652 1.031 2.646
PET visual interpretation 2.613 1.175 4.945 1 0.026 13.643 1.363 136.518
Constant –6.473 2.765 5.48 1 0.019 0.002

df, degree of freedom; CI, confidence Interval; WMS-R-LM, Wechsler Memory Scale-Revised Logical Memory; ADAS-J cog, Alzheimer’s
Disease Assessment Scale-cognitive component-Japanese version; GDS, Geriatric Depression Scale.

PET scores in patients who converted within
2 years were significantly higher than those of non-
converters and had the highest diagnostic accuracy
for identifying converters. This trend has not changed
at the 3-year follow-up. PET scores in converters
which only progressed to AD after the third year
were almost equal to those of nonconverters. These
results indicate that the PET score makes it possi-
ble to discriminate rapid converters among patients
with MCI. Actually, patients that converted within
2 years exhibited higher PET scores and clearer
AD-like hypometabolic findings on baseline images,
while slow converters showed mild AD-like pattern,
but the PET score rarely exceeded the threshold. In
other words, even if the PET score indicated nega-
tive without exceeding threshold, the case could be
judged with positive on visual assessment when it
presents slight AD pattern. On the other hand, high
PET score with exceeding threshold reflects the sever-
ity of the metabolic decrease in the brain areas that
are typically affected by AD. That was a reason why
the visual interpretation showed high sensitivity and
the PET score showed high specificity (representa-
tive images of both a rapid and a slow converter are
shown in Fig. 4). This trend is in accordance to the
results of a recent multicenter study in Europe, in
which the subjects were followed up for an average
of 2.8 years [22]. Therefore, while it is insufficient to
use only the PET score for the long-term prediction of
AD conversion, its combination with the visual inter-
pretation of PET images would improve diagnostic
accuracy.

In ROC analysis, each diagnosis sensitivity of
WMS-R LM II and MMSE was high tendency but
was inferior to PET visual interpretation throughout
the 5-year course, while the specificity of WMS-R
LM I indicated was high but was inferior to PET
score. The multivariate logistic regression analy-
sis identified PET visual interpretation, educational
level, WMS-R-LM II, ADAS-J cog, and GDS as
significant predictors of conversion over 5 years.

This combination distinguished AD converters from
nonconverters with higher accuracy than using PET
visual interpretation only. This result is different to
the 3-year study in which the PET score was shown
to be the most significant predictor [6]. Therefore,
when considering longer observation periods, the
combination of PET visual assessment and neuropsy-
chological tests could be a valuable biomarker for
detection of AD converters.

Although the VBM analysis focusing on the medial
temporal region did not result in significant prediction
by logistic regression analysis, the VSRAD z-score
in patients who converted within 2 years was sig-
nificantly higher than in nonconverters. This result
is consistent with previous reports using VBM [25,
26]. In the present study, we found that the left medial
temporal structures showed higher accuracy for con-
version than the right side, an asymmetry also in
accordance with a past meta-analysis [27].

Comparing 18F-FDG-PET and structural MRI, the
ROC analysis revealed that 18F-FDG-PET had a
higher predictive power than MRI over 4 years, and
this result is in agreement with recent studies using
data from The Alzheimer’s Disease Neuroimaging
Initiative (ADNI) [20, 28]. However, this may not
be true for a longer-term period of observation,
since structural MRI showed a higher performance
for prediction than semi quantitative analysis with
18F-FDG-PET in the 5-year period, especially when
focusing on the left medial temporal lobe. Although
the reason for this change over a longer observation
period is uncertain, structural MRI showed a sus-
tained accuracy through the 5-year course with little
variation in its mean z-score compared to the PET
score shown in Table 2. This suggests that structural
MRI might have stable predictive value independent
of whether the patient is a rapid or a slow converter.

The present study had the following limitations.
Firstly, although the diagnosis of AD was carefully
determined on the basis of clinical findings, it was
not confirmed by amyloid-� biomarkers. Therefore,
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Fig. 4. Fluorine-18-fluorodeoxyglucose positron emission tomography (18F-FDG-PET) transaxial images, 3-dimensional stereotactic surface
projections (3D-SSP), and voxel-based specific regional analysis system for Alzheimer’s disease (VSRAD) images of patients with mild
cognitive impairment (MCI) converted to Alzheimer’s disease (AD). Top: Baseline images of a male patient with MCI who converted during
the second year. The 3D-SSP images show hypometabolism in the parietotemporal association cortex, posterior cingulate, and precuneus,
mainly on the left side (visual assessment; P1 pattern, PET score = 2.22). The VSRAD images show atrophy in the bilateral temporal lobe
including the volume of interest (VOI) placed on the medial temporal structures (VSRAD z-score = 1.65). Bottom: Baseline images of a
patient with MCI who converted in the fifth year. The 3D-SSP images show slight hypometabolism in the parietotemporal association cortex,
posterior cingulate, and precuneus (visual assessment; P1 pattern, PET score = 0.53). The VSRAD images show mild atrophy in the target
VOI (VSRAD z-score = 1.39). The earlier converter exhibited clearer AD-like changes at baseline than slower converter did.

AD converters in this study might possibly include
patients with normal levels of amyloid-�. Secondly,
the mean age of the control subjects for the 3D-
SSP analysis was lower than that of the patient
group. Age-matched controls would be more appro-
priate for further analysis. Thirdly, although the visual
interpretation was assessed using the reconstructed
PET images and the 3D-SSP maps basically, we
also referred to patients MRI images to exclude the
partial volume effect. However, we expect that this
method does not influence a pattern classification
of PET images. Finally, although we analyzed the
PET images and MRI data using the PET score and
VSRAD z-score as a semi quantitative index to eval-
uate metabolic or structural changes, there are other
analysis methods that could be applied.

Conclusions

18F-FDG-PET visual assessment was shown to be
highly effective in predicting conversion to AD from
MCI. In particular, the combination of PET visual

interpretation and neuropsychological tests could be
a valuable biomarker for conversion detection in
patients under longer-term observation. The semi
quantitative PET score estimation method could be
suitable for detection of rapid converters, but not
for slow converters among MCI patients. In addi-
tion, structural MRI focusing on the medial temporal
area showed a stable predictive value throughout the
5-year study interval.

ACKNOWLEDGMENTS

This work was supported by a Health Labour Sci-
ences Research Grant from the Ministry of Health,
Labour, and Welfare of Japan (H17-Tyojyu-023)
and the Research Funding for Longevity Sciences
from National Center for Geriatrics and Gerontology,
Japan (20-1). The authors thank those people who
contributed to the patients’ care and to the collection
of PET images and clinical reports.

Authors’ disclosures available online (http://j-alz.
com/manuscript-disclosures/17-0395r1).

http://j-alz.com/manuscript-disclosures/17-0395r1
http://j-alz.com/manuscript-disclosures/17-0395r1


886 Y. Inui et al. / Alzheimer’s Disease Prediction by 18 F-FDG-PET

REFERENCES

[1] Petersen RC (2004) Mild cognitive impairment as a diag-
nostic entity. J Intern Med 256, 183-194.

[2] Dubois B, Feldman HH, Jacova C, Dekosky ST, Barberger-
Gateau P, Cummings J, Delacourte A, Galasko D, Gauthier
S, Jicha G, Meguro K, O’Brien J, Pasquier F, Robert P,
Rossor M, Salloway S, Stern Y, Visser PJ, Scheltens P
(2007) Research criteria for the diagnosis of Alzheimer’s
disease: Revising the NINCDS-ADRDA criteria. Lancet
Neurol 6, 734-746.

[3] Mosconi L, Perani D, Sorbi S, Herholz K, Nacmias B,
Holthoff V, Salmon E, Baron JC, De Cristofaro MT,
Padovani A, Borroni B, Franceschi M, Bracco L, Pupi A
(2004) MCI conversion to dementia and the APOE geno-
type: A prediction study with FDG-PET. Neurology 63,
2332-2340.

[4] Drzezga A, Grimmer T, Riemenschneider M, Lauten-
schlager N, Siebner H, Alexopoulus P, Minoshima S,
Schwaiger M, Kurz A (2005) Prediction of individual clin-
ical outcome in MCI by means of genetic assessment and
(18)F-FDG PET. J Nucl Med 46, 1625-1632.

[5] Anchisi D, Borroni B, Franceschi M, Kerrouche N, Kalbe E,
Beuthien-Beumann B, Cappa S, Lenz O, Ludecke S, Mar-
cone A, Mielke R, Ortelli P, Padovani A, Pelati O, Pupi A,
Scarpini E, Weisenbach S, Herholz K, Salmon E, Holthoff V,
Sorbi S, Fazio F, Perani D (2005) Heterogeneity of brain glu-
cose metabolism in mild cognitive impairment and clinical
progression to Alzheimer disease. Arch Neurol 62, 1728-
1733.

[6] Ito K, Fukuyama H, Senda M, Ishii K, Maeda K, Yamamoto
Y, Ouchi Y, Ishii K, Okumura A, Fujiwara K, Kato T, Ara-
hata Y, Washimi Y, Mitsuyama Y, Meguro K, Ikeda M;
SEAD-J Study Group (2015) Prediction of outcomes in mild
cognitive impairment by using 18F-FDG-PET: A multicen-
ter study. J Alzheimers Dis 45, 543-552.

[7] Minoshima S, Frey KA, Koeppe RA, Foster NL, Kuhl
DE (1995) A diagnostic approach in Alzheimer’s disease
using three-dimensional stereotractic surface projections of
fluorine-18-FDG PET. J Nucl Med 36, 1238-1248.

[8] Silverman DH, Small GW, Chang CY, Lu CS, Kung De
Aburto MA, Chen W, Czernin J, Rapoport SI, Pietrini P,
Alexander GE, Schapiro MB, Jagust WJ, Hoffman JM,
Welsh-Bohmer KA, Alavi A, Clark CM, Salmon E, de Leon
MJ, Mielke R, Cummings JL, Kowell AP, Gambhir SS,
Hoh CK, Phelps ME (2001) Positron emission tomogra-
phy in evaluation of dementia: Regional brain metabolism
and long-term outcome. JAMA 286, 2120-2127.

[9] Herholz K, Salmon E, Perani D, Baron JC, Holthoff V,
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