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Abstract
Aim: The Apolipoprotein E (APOE) ε4 allele is a risk factor for developing Alzheimer’s disease
(AD), however its impact on cerebral functional changes in AD remains controversial.
Previous studies reported conflicting results or failed to confirm any association, possibly
because they failed to consider either the effect of patient age at onset or that of clinical
stage. We performed functional neuroimaging studies using current improved techniques
to re-examine the effect of APOE ε4 allele, taking both the age at onset and clinical stage
into account.
Methods: 111 late onset AD (LOAD) subjects were divided into 3 subgroups based on Clinical
Dementia Rating (CDR). We investigated the influence of ε4 allele on functional cerebral
changes in each group of LOAD by using cutting-edge analysis software, 3DSRT.
Results: The APOE ε4 allele was significantly associated with relatively preserved cerebral
blood flow in the cerebral cortices. The influence of APOE ε4 allele is not apparent in the mild
stage, but is significantly demonstrable in the moderate stage.
Conclusion: Dividing AD subjects into subgroups based on the severity as well as the age
at onset is important for precise outcomes. This study may help resolve the uncertainties of
previous studies which reported conflicting results or failed to confirm any association. We
believe this is the first study focused on the effect of APOE ε4 allele on functional cerebral
changes at each stage of AD.
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Introduction
The Apolipoprotein E (APOE) ε4 allele is a risk
factor for developing Alzheimer’s disease (AD)
[1,2].
APOE exists as 3 major alleles (ε2, ε3, and ε4)
that translate into three isoforms of the protein
(APOE2, E3, and E4). Homozygous persons for
the ε4 allele are more likely to develop AD [3].
We previously reported that the allele frequencies
of APOE ε4 allele were significantly higher in
AD than in controls though the research quoted
was mainly about dementia with Lewy bodies
(DLB) as well as AD [4,5]. However the impact
of the ε4 allele on functional cerebral changes in
patients with AD remains controversial. Previous
studies had the opposite outcomes to each other
or failed to confirm any association. Three
studies with Single-Photon Emission Computed
Tomography (SPECT) demonstrated that an
increase in APOE ε4 alleles is associated with
decreased cerebral perfusion in cerebral cortices
in clinical AD patients [6-8]. Conversely, two
Positron Emission Tomography (PET) studies
reported that the APOE ε4 allele was related
to relatively preserve regional cerebral glucose
metabolism in the frontotemporoparietal
association cortices [9,10]. Other PET studies
failed to demonstrate any significant differences
in cerebral glucose metabolism between AD
patients with and without the APOE ε4 allele
[11,12]. One possible reason for this controversy
is that in previous studies the effect of patient
age at symptom onset was ignored. Furthermore,
no correction was made for the clinical stage of
disease which ranged from mild to severe though
the mean group severities were not significantly
different. The important background of
considering age at onset is as follows. Late onset
AD (LOAD) and early onset AD (EOAD)
differ in genetic backgrounds [13], rates of
progression [14], and levels of impaired verbal
and visual cognition [15,16]. The NINCDS/
ADRDA criteria support this notion and state
that researchers should be aware of two subtypes;
‘‘less than 65y’’ and ‘‘65y and higher’’ [17]. And
the importance of considering severity is based
on the great diversity of clinical symptoms of AD
depending on the clinical stage. In our previous
study [18], we investigated the correlation of
regional cerebral blood flow (rCBF) changes and
the clinical severity of AD patients and found that
the brain portions with decreased rCBF differed
depending on the clinical stage. Considering the
effect of age at onset, we did not include EOAD
(<65y) but focused on LOAD (65y and higher).
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Because approximately 90% of the patients
were LOAD and about 10% was EOAD in our
hospital, the sample size of EOAD was small for
the statistical analysis. And considering the effect
of clinical severity, we furthermore divided the
LOAD group into three subgroups by clinical
stages (Clinical Dementia. Rating (CDR) 1:
mild, CDR2: moderate, and CDR3: severe). We
investigated the influence of ε4 allele on rCBF
based on clinical stage. This approach allowed
us to determine by what stage the influence of
ε4 allele obviously appeared. To the best of our
knowledge, there are no existing reports relating
clinical stage with the impact of ε4 allele.
This kind of neuroimaging studies those were
common about 15 years ago have benefited
by technical advances in diagnostic/analytic
methodology, which enable us to re-evaluate
previous findings objectively and reproducibly
with consideration of the onset age and the
clinical stage.
This study may help resolve the differences in
past findings especially conflicting results or
failure to confirm any association by fathoming
the cause of the controversy and improving the
methodology.
Our hypotheses in this study were that the
APOE ε4 is associated with decreased rCBF in
the medial temporal lobe and relatively preserved
rCBF in the cerebral cortices. Although the
presence of the APOE ε4 allele is recognized to
increase the risk of developing AD and lower
the mean age of its onset [1,19], we speculated
that the APOE ε4 allele does not always have
negative effects particularly on the findings of
brain perfusion SPECT. The rationale for this
hypothesis depends on the many studies of the
effect of APOE ε4 on cerebral morphological
changes. These studies reported that the medial
temporal lobe in patients with APOE ε4 had
significantly greater atrophy than patients
without APOE ε4, while the whole brain volume
loss in patients with APOE ε4 was significantly
less than in patients without APOE ε4 [6,20-23].
Our findings may assist judgment of therapeutic
effects like whether the ineffectiveness of
antidementia medicine is contributing to the
progression of decreased rCBF or not while
considering the existence of ε4 allele. For example
we can decide to switch x-antidementia medicine
or add memantine on a cholinesterase inhibitor
when we assess the progression of decreased
rCBF as well as neuropsychological examination.
In this process of assessment, considering the
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influence of the APOE ε4 allele on rCBF is
necessary and helpful, while examining APOE
subtype from a blood sample is simple and noninvasive. The involvement of APOE ε4 allele
in the rCBF may have therapeutic implications
for AD [24], in this regard; our study may have
clinical implications as well.
Methods
 Subjects

The subjects were originally 129 patients with
probable AD according to the NINCDS/
ADRDA criteria [17], successively recruited
in Sunagawa City Medical Center. Patients
taking anti-Alzheimer drugs which may affect
rCBF [25] and patients with vascular lesions
were excluded. The subjects for the statistical
analysis were 111 LOAD patients because 18 of
129 LOAD patients were taking anti-Alzheimer
drugs and were excluded. The 111 LOAD
patients were divided into three subgroups by
CDR score (CDR1: mild, CDR2: moderate,
CDR3: severe) [26]. Of the111 LOAD subjects
finally analyzed, 49 patients had one or two
APOE ε4 alleles (Table 1). 13 patients of these
patients were mildly demented, 24 were at the
moderate stage, and 12 were at the severe stage
(Table 2).
The remaining 62 subjects had no APOE
ε4 allele (Table 1). 16 of these patients were
mildly demented, 25 moderately demented,
and 21 severely demented (Table 2). The
background characteristics and results of the
neuropsychological tests are summarized in
(Table 1) and (Table 2). There was no significant
difference in age, sex, and Mini-Mental State
Examination (MMSE) score between APOE
ε4(+) group and APOE ε4(-) group at each
stage. We examined the influence of ε4 allele on
the rCBF in each LOAD subgroup. Informed
written consent was obtained from all subjects
and their relatives. This study was approved by
the institutional ethical committees at Sunagawa
City Medical Center.
 Method

We performed APOE genotyping and brain
perfusion SPECT (bp-SPECT) in LOAD
patients to examine the association between
APOE ε4 allele and the findings of bp-SPECT.
 APOE genotyping

DNA genotyping of APOE was performed
according to the protocol described by Hixson
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Table 1: APOE4 carrier status and the frequency of the ε4 allele in Mild, Moderate, and
Severe LOAD.
ε2/2 ε2/3
ε3/3
ε2/4
ε3/4
ε4/4
E4 carrier ε4 allele
Mild
N=29
0(0) 1(3.4) 15(51.7) 0(0)
13(44.8) 0(0)
44.8%
22.4%
78.7 ± 5.7 y
M 9 : F 20
Moderate
N=49
0(0) 2(4.1) 23(46.9) 1(2.0) 18(36.7) 5(10.2) 49.0%
29.6%
79.4 ± 7.8 y
M 14 : F 35
Severe
N=33
0(0) 2(6.1) 19(57.6) 0(0)
10(30.3) 2(6.1)
36.4%
21.2%
79.8 ± 1.4 y
M 14 : F 19
Total n (%) 62(55.9)
49(44.1)
44.1%
25.2%
Table 2: Subjects background in each clinical stage of AD.
total 111
49 APOE ε4(+)
62 APOE ε4(-)
(129-18)
mild
moderate severe
mild
moderate
n
13
24
12
16
25
sex
6:7
6:18
4:8
3:13
8:17
Age
77.9 ± 4.0 78.0 ± 4.6 79.9 ± 5.8 79.4 ± 4.6 80.1 ± 4.6
MMSE score 21.7 ± 1.7 15.8 ± 1.8 8.0 ± 3.4
22.1 ± 2.1 16.3 ± 2.0

severe
21
10:11
79.7 ± 5.0
8.8 ± 2.9

and Vernier et al [27]. For details, refer to our
previous study [4].
 Brain perfusion SPECT imaging, 3DSRT

All subjects were positioned supine with their
eyes closed. After injecting 600 MBq of 99mTcEthyl Cysteinate Dimer (ECD) (Fujifilm RI
Pharma Co.,Ltd., Tokyo, Japan), the transit
from the heart to the brain was monitored
with a rectangular large-field gamma camera
(E. Cam Signature, Toshiba Medical, Japan).
Ten minutes after the angiography, SPECT
images were obtained using a rotating, dualhead
gamma camera for 20 min. All images were
reconstructed using rampfiltered back-projection
and then three-dimensionally smoothed with
a Butterworth filter. The reconstructed images
were corrected for gamma ray attenuation
using the Chang method. Cerebral blood flow
(CBF) was quantified by the Patlak plot method
[28]. Quantitative flow-mapping images were
obtained from the qualitative perfusion images by
using Patlak plot graphical analysis and Lassen’s
correction [29]. rCBF was quantified using an
automated brain perfusion SPECT analyzing
program, 3DSRT [18,30,31] (Figure 1). This
program includes anatomic standardization
of images employing statistical parametric
mapping (SPM) [32] only for that purpose,
rCBF quantification using a three-dimensional
stereotactic ROI template, calculation of CBF,
57
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Figure 1: a) The result of brain perfusion SPECT of a representative case.
3DSRT images with ROI delineation are shown on the 99mTc-ECD template.
b) The delineation of each segment on 3DSRT template.
A Callosomarginal, B precentral, C central, D parietal, E angular, F temporal, G posterior cerebral, H pericallosal, I lenticular nucleus, J thalamus, K
hippocampus, L cerebellum segment.

and display of the results. The 636 region of
interests (ROIs) in total are categorized into 12
segments in the template (the callosomarginal,
precentral, central, parietal, angular, temporal,
posterior cerebral, pericallosal, lenticular nucleus,
thalamus, hippocampus, and cerebellum segment)
(Figure 1). We evaluated absolute value of rCBF in
the 12 segments listed above in each group: APOE
ε4 (+) vs APOE ε4 (-).
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 Statistical analysis

Statistical analyses were performed using JMP
version 12 and SAS version 9.4 (SAS Institute
Inc., Cary, NC). Data obtained by 3DSRT
were divided into 6 groups by the stage of AD
and the existence of APOE ε4 allele: [mild
and ε4 (+)], [mild and ε4 (-)], [moderate and
ε4 (+)], [moderate and ε4 (-)], [severe and ε4
(+)], and [severe and ε4 (-)]. After performing
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Figure 2: rCBF in each stage of AD.
Call Marg: callosomarginal, Pre Cent: precentral, Cen: central, Par: parietal, Ang: angular, Tem: temporal, Post: posterior cerebral, Peri Call: pericallosal,
Len: lenticular nucleus, Tha: thalamus, Hip: hippocampus.
*p<0.05, **p<0.01: APOEε4(+) vs APOEε4(-).

an analysis of variance (ANOVA) among
the 6 groups, p-values were adjusted for
multiple comparisons by the False Discovery
Rate (FDR) method. The brain areas which
had significances (p<0.05) were focused on.
Subsequently in the areas, the ROIs which
had significant differences in rCBF between
the APOE ε4 (+) group and APOE ε4 (-)
group were detected using chi-squared tests

with contrast statistics in each stage: mild,
moderate, and severe, respectively. Statistical
significance was set at p<0.05 (significant) or
p<0.01 (highly significant).
Results
Results of quantification of rCBF in all groups
are shown in (Figure 2).
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In the mild stage, there were no significant
differences between APOE ε4 (+) group and
APOE ε4 (-) group in any region.
In the moderate stage, all segments had higher
rCBF in APOE ε4 (+) group than in APOE
ε4 (-) group. rCBF in the bilateral parietal
and angular, left posterior cerebral, and left
pericallosal segments was significantly higher
in the APOE ε4 (+) group than in the APOE
ε4 (-) group. The rCBF (ml/100g/min) of the
bilateral parietal in APOE ε4 (+) group was 40.9
± 4.5 (Right) and 38.7 ± 3.5 (Left), whereas that
in APOE ε4 (-) group was 36.4 ± 4.2 (Right)
and 35.4 ± 4.6 (Left). The rCBF of the bilateral
angular in APOE ε4 (+) group was 43.0 ± 5.8
(Right) and 41.4 ± 4.5 (Left), whereas that in
APOE ε4 (-) group was 38.8 ± 4.1 (Right) and
37.0 ± 4.4 (Left). The rCBF of left posterior
cerebral in APOE ε4 (+) group was 45.6 ± 3.2,
whereas that in APOE ε4 (-) group was 42.6 ±
4.8.
The rCBF of left pericallosal in APOE ε4 (+)
group was 42.4 ± 3.8, whereas that in APOE ε4
(-) group was 38.7 ± 5.3.
In the severe stage, the same tendency as the
moderate stage was shown in all segments.
However no significant differences in rCBF were
identified between the APOE ε4 (+) and APOE
ε4 (-) groups.
Discussion
The aim of this paper was to investigate the
association between the APOE genotype and
functional cerebral changes. Although the
presence of the APOE ε4 allele is recognized to
increase the risk of developing AD and lower the
mean age of its onset [1,19], the impact of the ε4
allele on clinical manifestations in patients with
AD remains controversial. Though the effect
of APOE ε4 allele on cerebral morphological
changes had also been controversial, we have
possibly recently reached a consensus with a
majority of recent studies reporting that APOE
ε4 is significantly associated with pronounced
atrophy in the medial temporal lobe and
relatively preserved atrophy in the whole brain.
However the debate continues about the impact
of the ε4 allele on cerebral blood flow in AD.
Three studies with SPECT demonstrated that
increased APOE ε4 alleles are associated with
decreased cerebral perfusion in the left occipital
cortex [6], the bilateral parietal and occipital
cortices [7], and the right frontal and left occipital
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lobes [8] in clinical AD patients. Conversely,
two PET studies reported that the APOE ε4
allele was related to relatively preserve regional
cerebral glucose metabolism in the frontal [9]
and frontotemporoparietal association cortices
[10]. Other PET studies failed to demonstrate
any significant differences in cerebral glucose
metabolism between AD patients with and
without the APOE ε4 allele [11,12]. Although
FDG PET is reported to be superior to blood flow
SPECT, bp-SPECT has enough high sensitivity
and specificity for dementia/no-dementia: over
70% [33]. The clinical usage of SPECT is much
more common than that of PET and since there
are disagreements even among PET studies as
well, they are unlikely to be due to equipment
differences (SPECT or PET). One possible
explanation for this reported difference is that
previous studies failed to consider the effect
of patient age at symptom onset. LOAD and
EOAD differ in genetic backgrounds [13], rates
of progression [14], and levels of impaired verbal
and visual cognition [15,16]. The NINCDS/
ADRDA criteria support this notion and states
that researchers should be aware of two subtypes;
‘‘less than 65y’’ and ‘‘65y and higher’’ [17]. We
did not include EOAD but focused on LOAD.
Another possible explanation for the conflicting
findings is that previous studies did not correct
for the impact of the clinical disease stage. Even
though APOE ε4 (+) group and APOE ε4 (-)
group were matched for the mean MMSE, each
group includes a spectrum of patients varying
from mild to severe. The clinical symptoms
of AD vary greatly depending on the clinical
stage. Consequently, we divided our subjects
into three subgroups based on the CDR score:
mild, moderate, and severe stages. To the best
of our knowledge, there are no neuroimaging
studies regarding APOE ε4 allele in which AD
subjects are divided into 3 groups on the basis
of severity. Of previous studies, the one by
Hirono et al. [34] strictly separated the subjects
into two groups based on the age at onset. The
mean MMSE scores in APOE ε4 (+) and APOE
ε4 (-) groups were 19.5 ± 5.1 and 20.1 ± 4.0,
respectively. Although the subjects were mainly
mild AD patients, background factors including
MMSE were also well controlled. They found
no significant differences in the regional cerebral
glucose metabolism pattern between APOE ε4
(+) and APOE ε4 (-) groups. We support their
result because our results showed the same
outcomes in the mild stage. However we also
found that the differences appeared from the
moderate stage. At what stages APOE ε4 (+) are
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significantly influential to rCBF is a novel and
valuable point. Crucially, our report in which
the outcomes differ depending on the stages
stresses the importance of including the stage
classification as well as the age at onset. Our results
suggest that though the difference doesn’t appear
in the mild stage, it becomes most significant in
the moderate stage and indistinguishable in the
severe stage. We speculated the reason why there
were no significant differences between APOE ε4
(+) group and APOE ε4 (-) group in the severe
stage though the same trend as the moderate
stage was shown in all segments. Because severe
AD patients usually reveal a diffuse decrease of
rCBF throughout the cerebral cortices [18], the
influence of the severity strengthen and that of
APOE ε4 may be relatively weakened and be
indistinguishable. This may be due to a maximal
effect on decreasing rCBF in the severe stage of
AD. Additionally the adjustment of p-values
by FDR method for multiple comparisons
might make it more difficult to have significant
differences in some regions compared to focusing
exclusively on the severe stage of AD.
One of our hypotheses, which is that APOE ε4
is associated with relatively preserved rCBF in
the whole brain, was proven. However another
hypothesis that the APOE ε4 was associated
with decreased rCBF in the medial temporal
lobe wasn’t found. It may be because the medial
temporal lobe such as hippocampus may have
functional compensatory mechanism [35]
though entorhinal and hippocampal atrophy
are the earliest and most specific Magnetic
Resonance Imaging (MRI) predictors of future
dementia.
Before concluding this discussion, we briefly
review the technical advances in neuroimaging
methodology, 3DSRT. Objectivity when
observing the region of interest (ROI) is critical.
As long as we employ manual settings for the
ROI, the reproducibility and objectivity of
the results will be jeopardized, because the
ROIs must be consistently placed on SPECT
referential slices for every subject. Takeuchi
et al. developed fully automated rCBF
quantification software, 3DSRT, which allows
objective assessment of rCBF by setting the
ROIs identically on anatomically standardized
SPECT images by SPM [31,36]. Most published
neuroimaging studies employed conventional
manual ROI settings. In the present study, we
used the fully automated ROI analysis software
3DSRT, which compensates for the weaknesses
of former quantitative analyses and allows us to
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obtain universal ROI free of subjective errors.
The usefulness and validity of 3DSRT have been
already reported in many papers [18,37-40].
This novel technique also seemed to contribute
to more precise outcomes.
Limitations
We acknowledge some limitations to our study.
The number of subjects was small, because we
had to divide the 111 LOAD patients into
three subgroups based on severity and also
compared rCBF in APOE ε4 (+) vs APOE ε4
(-) group, respectively. However we think this
division is essential for accurate outcomes as
we have repeated. Also we have not confirmed
the diagnosis through neuropathological means.
However, we strongly believe that a detailed
history combined with a careful physical,
neuro-psychological cognitive test, and
neuroimaging tools (MRI and bp-SPECT) can
significantly increase the precision of clinical
diagnosis. Since the members of our memory
clinic include psychiatrists, a neurologist,
a neurosurgeon, a clinical psychologist and
radiological technicians, this team conference
also contributes to providing accurate
diagnoses. A greater number of large and wellcontrolled studies are required to further assess
this approach.
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