
78 J Neuropsychiatry Clin Neurosci 15:1, Winter 2003

Influence of the
Apolipoprotein E Type 4
Allele on Cerebral
Glucose Metabolism in
Alzheimer’s Disease
Patients
Kang U. Lee, M.D., Ph.D.
Jae S. Lee, M.S.
Ki W. Kim, M.D., Ph.D.
Jin H. Jhoo, M.D.
Dong Y. Lee, M.D., Ph.D.
Jong C. Yoon, M.D.
Jung H. Lee, M.D., Ph.D.
Dong S. Lee, M.D., Ph.D.
Myung C. Lee, M.D., Ph.D.
Jong I. Woo, M.D., Ph.D.

Received April 4, 2001; revised November 7, 2001; acceptedNovember
15, 2001. From the Department of Neuropsychiatry, Kangwon Na-
tional University College of Medicine, Chunchon (K.U.L., J.H.L.); De-
partments of Nuclear Medicine (J.S.L., D.S.L., M.C.L.) and Neuropsychi-
atry (J.I.W.), Seoul National University College of Medicine, Seoul; and
Neuroscience Research Institute of Medical Research Center andClini-
cal Research Institute of Seoul National University Hospital, Seoul,
South Korea (K.W.K., J.H.J., D.Y.L., J.C.Y., J.I.W.). Address correspondence
to Dr. Woo, Department of Neuropsychiatry, Seoul National Univer-
sity Hospital, 28 Yongon-dong, Chongno-gu, Seoul, 110-744, SouthKo-
rea. E-mail: jiwoomd@plaza.snu.ac.kr

Copyright � 2003 American Psychiatric Publishing, Inc.

It is still unclear whether apolipoprotein E epsilon
4 (APOE E4) influences the cerebral glucose me-
tabolism abnormalities found in Alzheimer’s dis-
ease (AD), although APOE E4 is a well-known
risk factor for AD. [18F]Fluorodeoxyglucose PET
was conducted in patients with very mild
(n�17), mild (n�27), and moderate-to-severe
(n�19) AD. The presence of APOE E4 was asso-
ciated with greater reduction of glucose metabo-
lism in the left inferior temporal region in very
mild AD but neither in mild nor in moderate-to-
severe AD. These findings favor the hypothesis
that APOE E4 is related mainly to the develop-
ment of AD, not to its progression.
(The Journal of Neuropsychiatry and Clinical

Neurosciences 2003; 15:78–83)

The apolipoprotein E epsilon 4 allele (APOE E4) is a
well-known risk factor for late-onset familial Alz-

heimer’s disease (AD)1 as well as for sporadic AD,2–4

and the inheritance of the APOE E4 allele is believed to
lower the age at onset in a dose-dependent manner.5

Previous studies have strongly suggested that APOE E4
might play an important role in the pathogenesis of AD.
APOE E4 may be associated with a faster deposition of
the amyloid b protein,6 and isoforms-specific interac-
tions of APOE with the tau protein7 and cholinergic
function8 may exist. Furthermore, several lines of clini-
cal studies have reported that more severe cognitive,9,10

gross structural,11,12 and electrophysiological13,14 abnor-
malities were associated with the presence of APOE E4.
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By use of [18F]fluorodeoxyglucose positron emission
tomography (PET), characteristic abnormalities of the
cerebral metabolic rate of glucose metabolism (CMRglc)
in the temporal, parietal, cingulate, and sometimes fron-
tal regions have been observed in patients with AD15,16

as well as in persons who are at risk for AD.17 In studies
concerning the influence of APOE E4 on CMRglc, APOE
E4 carriers showed a more pronounced reduction of
CMRglc in the temporal, parietal, and prefrontal regions
in normal elderly subjects with a higher risk of AD.18,19

However, later PET studies have repeatedly failed to
demonstrate the association of APOE E4 allele with fur-
ther reduction of CMRglc in patients with AD.20,21

Although the pathogenic role of APOE E4 in AD has
been readily recognized, there is still controversy as to
whether APOE E4 affects the progression of AD. Some
prospective studies have reported that there was no dif-
ference in the rate of cognitive decline in relation to the
inheritance of APOE E4.22,23 These results suggest that
APOE E4 might be involved in the development of AD
but does not influence the course of AD once the disease
has developed. Therefore, it is possible to hypothesize
that the effect of APOE E4 on CMRglc in ADmight vary
at different stages and that the change of CMRglc as-
sociated with the inheritance of APOE E4 is prominent
only in the early stage of AD, disappearing with the
progression of the disease. We suspected that the sub-
jects with AD in previous PET studies were heteroge-
neous in clinical severity; however, no clear description
was given.20,21

In this study, therefore, we tried to observe the effect
of APOE E4 on CMRglc in patients with AD after clas-
sifying the subjects into clinically defined different se-
verity groups. The objective of this study was to dem-
onstrate whether the effect of APOE E4 on CMRglc is
present in subjects with early-stage AD and disappears
in those at later stages of the disease.

METHODS

Subjects
All of the recruited patients met both National Institute
of Neurological and Communicative Disorders and
Stroke–Alzheimer’s Disease and Related Disorders As-
sociation (NINCDS-ADRDA) criteria for probable AD24

and DSM-IV criteria for dementia of the Alzheimer’s
type.25 Clinical evaluations were made by using the Ko-
rean version of the Consortium to Establish a Registry
for Alzheimer’s Disease Assessment Packet.26 Patients
underwent psychiatric, general physical, and neurolog-
ical examinations; standard neuropsychological tests in-
cluding the Mini-Mental State Examination (MMSE);27

routine laboratory tests; and MRI of the brain to exclude
other causes of dementia. [18F]fluorodeoxyglucose PET
was performed in each subject. Patients who scored
more than 4 on the Modified Ischemic Scale28 were ex-
cluded from the study, as were patients with left or both
handedness. The severity of the AD was assessed by
using the Clinical Dementia Rating Scale (CDRS),29 and
the subjects were divided into three different clinical se-
verity groups of very mild (CDRS�0.5, n�17), mild
(CDRS�1, n�27), and moderate to severe (CDRS�2 or
3, n�19). The APOE E4� group consisted of subjects
with one or more APOE E4 alleles, and the APOE E4–
group included the subjects without anyAPOEE4 allele.
All subjects provided their informed consent for partic-
ipation in the study.

Determination of the Apolipoprotein E Genotype
Genomic DNA was extracted from venous blood, and
APOE genotyping was done according to the method
described by Wenham et al.30 The sequences of the
primer pair were 5�-TCCAAGGAGCTGCAGGCGCG-
CCA-3� as the upstream primer and 5�-ACAGAATTCG-
CCCCGGCCTGGTACACTGCCA-3� as the downstream
primer. An initial denaturation at 94� C for 10 min was
followed by 30 cycles of annealing at 65� C for 0.5 min,
extension at 72� C for 2 min, denaturation at 94� C for 1
min, and final extension at 72� C for 5 min. The APOE
genotypes were identified by the detection of a unique
combination of fragment sizes: 91-bp and 81-bp frag-
ments for E2, 91-bp and 48-bp fragments for E3, and 72-
bp and 48-bp fragments for E4.

[18F]Fluorodeoxyglucose PET
PET studies were performed by using the ECAT
EXACT 47 scanner (Siemens-CTI, Knoxville, TN, USA),
which has an intrinsic resolution of 5.2 mm full width
at half maximum (FWHM) and images 47 contiguous
planes simultaneously with a thickness of 3.4 mm, for
a longitudinal field of view equaling 16.2 cm. Before
[18F]fluorodeoxyglucose administration, transmission
scanning was performed, using three germanium-68
rod sources for attenuation correction. Static emission
scans were begun 30 minutes after the injection of 370
MBq (10 mCi) [18F]fluorodeoxyglucose and were con-
tinued for 30 minutes. Transaxial images were recon-
structed by means of a filtered back-projection algo-
rithm employing a Shepp-Logan filter with a cutoff
frequency of 0.3 cycles/pixel as 128�128�47 matrices
with a size of 2.1�2.1�3.4 mm.

Image Analysis
Image data were analyzed by using SPM96 (Statistical
Parametric Mapping 96; Wellcome Department of Cog-
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nitive Neurology, London, UK) implemented in Matlab
(Mathworks Inc., Sherborn, MA, USA). Before statistical
analysis, all of the imageswere spatially normalized into
the MNI (Montreal Neurological Institute, McGill Uni-
versity, Montreal, Canada) standard template to correct
for intersubject anatomical variability. Affine transfor-
mation was performed to determine the 12 optimal pa-
rameters necessary to register the brain on the template.
Subtle differences between the transformed image and
the template were removed by the nonlinear registration
method, employing the weighted sum of the predefined
smooth basis functions used in discrete cosine transfor-
mation. Spatially normalized images were smoothed by
convolution with an isotropic Gaussian kernel with 16
mm FWHM. The count of each voxel was normalized
to the pontine activity, under the assumption that en-
ergy metabolism in the pons is minimally affected in
Alzheimer’s disease.31 After spatial and count normali-
zation, the significant difference in cerebral glucose me-
tabolism between the APOE E4� andAPOEE4– groups
was estimated at every voxel on the basis of a general
linear model using appropriate contrasts. The effects of
age were accounted for by using analysis of covariance
(ANCOVA) with age as a covariate at each voxel. Using
the means and variances that were adjusted with AN-
COVA for both groups, t-tests were performed at every
voxel and transformed to the standard Gaussian distri-
bution (Z score). The voxels with uncorrected P-values
of less than 0.005 (i.e., Z�2.58) were considered to show
statistically significant differences.

RESULTS

A total of 63 patients with AD participated in this study.
Twenty-eight of them were APOE E4 carriers and 35
were noncarriers. There were no significant differences
on two-tailed t-tests (means for age, education, MMSE-
K score, duration of illness, and age at onset) or chi-
square tests (sex ratio) between the APOE E4� and
APOE E4– groups in total, or in any of the clinical se-
verity groups (Table 1). Although there was a tendency
to lower age at onset in the APOE E4� groups, the dif-
ferences were not statistically significant.
In comparing CMRglc between the APOE E4� group

and the APOE E4– group among the total number of
AD patients, there was no voxel with a significant dif-
ference in glucose metabolism on SPM analysis. How-
ever, when the analyses were performed in each clinical
severity group, regions where the APOE E4� group
showed greater decline of CMRglc than the APOE E4–
group were observed. In the very mild clinical severity
group, SPM showed a significantly decreased CMRglc

in the left inferior temporal regions (3,247 voxels,
P�0.005, uncorrected for multiple comparison) in the
APOE E4� group compared with the APOE E4– group.
The left inferior temporal regions included three peaks
of maximal decline of CMRglc, and each peak corre-
sponded to Brodmann areas 20, 37, 37 (P�0.0002,
P�0.0008, P�0.0013, respectively). The SPM results
and coordinates of maximal decline are shown in Table
2 and Figure 1. There was no brain region in which the
APOE E4– group showed greater decline of CMRglc
than the APOE E4� group in the patients with very
mild clinical severity. In the mild group as well as the
moderate-to-severe group, there were no regional dif-
ferences in CMRglc between the APOE E4� and APOE
E4– groups.

DISCUSSION

The association of APOE E4 with greater deficits of
CMRglc has been consistently reported in normal el-
derly subjects at high risk for AD.18,19 However, previ-
ous studies attempting to elucidate the effect of APOE
E4 on CMRglc in patients with AD have failed to do
so.20,21 Corder et al.,21 studying the rCMRglc in 31 pa-
tients with AD, reported no association of APOE E4
allele with specific deficits in brain metabolism. The
clinical severity of their study population was hetero-
geneous, in that 12 of the 31 subjects had only mild
memory complaints. In a study of 83 AD patients by
Hirono et al.,20 the clinical severity was not discussed in
great detail. These results, in fact, are consistentwith our
results in that no difference in CMRglc between the
APOE E4� and APOE E4– groups among the total
number of AD patients was observed. In our study, 17
of the 63 subjects had very mild dementia. Therefore,
the breakdown of our subjects was similar to that in the
Corder et al.21 study.
When further comparisons of CMRglc between the

APOE E4� and APOE E4– groups were conducted after
classifying the subjects into different clinical severity
groups, the APOE E4� group showed greater reduction
of CMRglc in the left inferior temporal region, but only
in the subjects with very mild clinical severity. No dif-
ference in CMRglc was observed in the mild and mod-
erate-to-severe groups. The subjects with very mild de-
mentia described in our study clearly met the
NINCDS-ADRDA and DSM-IV criteria for probable
AD. Therefore, they differed from the subjects described
in the Small et al. study,19 who were normal elderly peo-
ple at risk for AD who met the diagnostic criteria for
age-associated memory impairment, but not for AD.
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TABLE 2. Location and magnitude of maximal decline of cerebral metabolic rate of glucose metabolism in the APOE E4� group
compared with APOE E4– group in patients with very mild Alzheimer’s disease (n�17)

Coordinatesa

Region x y z Z Score Pb

Left inferior temporal
Brodmann area 20a �38 �30 �16 3.60 0.0002
Brodmann area 37 �20 �42 �2 3.15 0.0008
Brodmann area 37 �52 �52 �24 3.02 0.0013

aCoordinates and specification of Brodmann follow the atlas of Talairach and Tournoux.38 x is the distance in mm to the right (�) or left (–)
of midline; y is the distance anterior (�) or posterior (–) to the anterior commissure; z is the distance superior (�) or inferior (–) to a
horizontal plane through the anterior and posterior commissures. APOE E4 (�/�)�apolipoprotein E epsilon 4 allele (present/absent).

bAnalysis of covariance with age as a covariate, using statistical parametric mapping; P-values uncorrected for multiple comparisons.

TABLE 1. Demographic characteristics of subjects according to presence of the APOE E4 allele in the total group and in each clinical
severity group

Very Mild
(CDR�0.5, n�17)

Mild
(CDR�1, n�27)

Moderate to Severe
(CDR�2 or 3, n�19)

Total
(N�63)

Variables E4� (n�11) E4– (n�6) E4� (n�11) E4– (n�16) E4� (n�6) E4– (n�13) E4� (n�28) E4– (n�35)

Age, years 67.3
(6.71)

70.3
(7.03)

66.3
(7.86)

65.6
(8.16)

69.0
(8.46)

67.2
(9.54)

67.2
(7.51)

68.9
(8.46)

Sex, M/F (% male) 2/9
(18.2)

3/3
(50.0)

3/8
(27.3)

3/13
(18.8)

1/5
(20.0)

7/6
(53.8)

6/22
(21.4)

13/22
(37.1)

Education, years 9.36
(5.14)

10.0
(4.15)

6.09
(4.66)

7.38
(5.97)

4.50
(4.55)

9.54
(5.61)

7.04
(5.07)

8.63
(5.54)

MMSE 21.8
(3.76)

23.2
(3.65)

16.9
(4.66)

17.5
(4.37)

11.0
(3.32)

8.42
(4.14)

17.8
(5.62)

15.3
(6.87)

Duration of illness, years 2.72
(1.14)

3.21
(1.84)

2.39
(1.03)

3.22
(2.40)

4.03
(1.73)

4.04
(2.33)

2.89
(1.36)

3.51
(2.26)

Age at onset, years 65.0
(6.66)

67.1
(7.75)

62.3
(8.25)

66.6
(9.00)

62.7
(10.9)

65.0
(8.92)

64.0
(7.59)

65.3
(9.45)

Note: Values are expressed as mean (SD) except where otherwise noted. APOE E4�apolipoprotein E, epsilon 4; CDR�Clinical Dementia
Rating; M/F�male/female; MMSE�Mini-Mental State Examination.

Our results provided direct evidence that the APOE E4
allele influences the dysfunction of the brain in AD.
Although it is readily recognized that APOE E4 low-

ers the age at onset and increases the risk of AD, there
is still controversy as to whether APOE E4 influences
the rate of progression of AD. Several studies have re-
ported that the APOE genotype did not influence the
rate of cognitive decline in AD.22,23 However, another
study reported accelerated cognitive decline in APOE
E4 homozygotes with AD.32 Still other studies have re-
ported even better prognoses in APOE E4 carriers.33,34

The results of our study favor the hypothesis that APOE
E4 is not associated with the progression of AD, but is
related only to the developmental stage of the disease.
The finding of APOE E4–related hypometabolism in

the left temporal region corresponds with clinical, mag-
netic resonance–based imaging, and neuropathologic
studies. Several studies have shown that the presence of
APOE E4 in AD was related to more severe impairment
of the types of memory that are the function of the hip-
pocampus and temporal lobe structures, such as de-

layed recall.9,10 There have been at least twoMRI studies
in which a larger volume loss of the medial temporal
lobe structures was seen in patients with AD homozy-
gous for APOE E4.11,12 In a neuropathologic study, an
increased deposition of the amyloid b peptide35 and de-
creased choline acetyltransferase activity36 of the tem-
poral lobe were reported to be associated with the pres-
ence of the APOE E4 allele.
The methodological considerations in this study in-

clude the statistical issues in analyzing the PET data by
using SPM96. Although a successful clinical validation
study using SPM was reported recently,37 the danger of
increased alpha error due to multiple comparisons still
exists. Because a standard guideline for proper acqui-
sition of statistical inference has not yet been estab-
lished, we applied a commonly used setting (P�0.005,
SPM [Z]�2.58) for explorative purposes. However, the
SPM (Z) score of the observed cluster (left inferior tem-
poral region) was actually more than 3.09 (P�0.001).
Therefore, it is less likely that significant clusters were
observed by chance.
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FIGURE 1. Three-dimensional surface projection maps of reduced cerebral glucose metabolism (indicated in yellow) in 11 patients with
very mild AD with the APOE E4 allele compared with that in 6 similar patients without the APOE E4 allele, superimposed
on spatially standardized and volume-rendered MRIs of the brain. Analysis of covariance was performed using SPM96 with
age as a covariate (P�0.005, uncorrected for multiple comparisons).

In this study, we showed that the presence of the
APOE E4 allele was associated with greater reduction of
cerebral glucose metabolism in patients with AD. Fur-
thermore, reduction of glucose metabolism was promi-
nent only in the very early stage of AD; the effect of
APOE E4 on CMRglc disappeared in themore advanced
stages of the disease. These results confirm that the def-
icit of CMRglc in AD is influenced by APOE E4 and
favor the hypothesis that APOE E4 is mainly related to

the development of AD, but not to its progression. Fur-
ther longitudinal studies are necessary to determine the
effects of APOE E4 on disease progression of AD.
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