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Objective.—Cerebral parietal hypometabolism and left-right asymmetry occur
early in the course of Alzheimer disease (AD), and the apolipoprotein E type 4 al-
lele (APOE e4) is a risk factor for familial AD. To determine if APOE €4 is associ-
ated with lowered brain function in nondemented relatives at risk for familial AD, we
studied 12 relatives with APOE €4 and 19 relatives without APOE e4. We also
compared them with seven patients with probable AD.

Design.—After grouping subjects according to diagnosis and genotype, brain
function measures were compared among groups.

Setting.—University medical center.

Patients.—At-risk subjects had mildmemory complaints, normal cognitive perfor-
mance, and at least two relatives with AD. Subjects with APOE €4 did not differ from
those without APOE e4 in mean age at examination (56.4 vs 55.5 years) or in neuro-
psychological performance (mean Mini-Mental State Examination score, 28.8 vs
29.3).

Main Outcome Measures.—Cerebral glucose metabolism was measured us-
ing positron emission tomography and fludeoxyglucose F 18.

Results.—Parietal metabolism was significantly lower and left-right parietal
asymmetry was significantly higher in at-risk subjects with APOE e4 compared with
those without APOE e4. Patients with dementia had significantly lower parietal me-
tabolism than did at-risk subjects with APOE e4.

Conclusions.—These results suggest that the inheritance of APOE €4 is asso-
ciated with reduced cerebral parietal metabolism and increased asymmetry in non-
demented relatives at risk for probable AD. Longitudinal study will determine if glu-
cose metabolic measures provide a means to monitor experimental treatment

responses during the early phases of the disorder.
(JAMA. 1995,273:942-947)
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ALZHEIMER disease (AD) is the most
common form of mental impairment in
old age, with community prevalence rates
between 5% and 10% for those aged 65
years and older and as high as 47% for
those aged 85 years and older.? Alzhei-
mer disease and related dementias cost
society each year an estimated $20 billion
in direct costs (ie, actual dollar expendi-
tures) and $38 billion in indirect costs
(ie, resource losses not involving dollar
expenditures).® The disorder progresses
insidiously, altering memory, higher in-
tellectual function, language, praxis, and
visual-spatial and other cognitive abili-
ties. Patients eventually become bedrid-
den and require total care. Neuropatho-
logical hallmarks include neurofibrillary
tangles and amyloid deposition in senile
plaques. Cerebral tissue disease is wide-
spread, involving the parietal, temporal,
and frontal lobes and sparing subcortical
and primary sensory and motor cortical
regions. Investigators have focused on
both environmental® and genetic factors®
as possible causes.

A mutation in the amyloid precursor
protein gene located on chromosome 21
or, more often, an unidentified gene on
chromosome 14 is linked to the rare form
of familial AD with onset before age 60
years.*® A strong association between the
apolipoprotein E (APOE) locus on chro-
mosome 19 and the more common late-
onset disease form®'? has confirmed pre-
vious evidence for chromosome 19involve-
ment.”® Apolipoprotein E has three allelic
variants (types 2, 3, and 4) and five com-
mon genotypes (2/3, 3/3, 2/4, 3/4, and 4/4).
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The APOE type 4 allele (APOE €4) ap-
pears to confer substantial risk of late-
onset AD in a dose-related fashion, while
the type 2 allele appears to confer sub-
stantial protection.'*! The patterns of risk
and protection are common to both spo-
radic AD and AD in “AD families,” al-
though the high percentage of APOE €4
and the low percentage of the type 2 al-
lele in the “AD families” suggests that
familial aggregation involves, in part,
APOE genotype. No study has yet dem-
onstrated abnormalities in presymptom-
atic carriers of APOE €4, and previous
attempts at presymptomatic diagnosis of
AD, using a variety of biochemical and
neuroimaging approaches, have yielded
conflicting results.’¢1

Positron emission tomography
(PET)®?* with fludeoxyglucose F 18 al-
lows the noninvasive determination of
the local cerebral metabolic rate for glu-
cose in humans through the use of a
tracer kinetic model.2? Positron emis-
sion tomography determinations of glu-
cose metabolism in AD have demon-
strated a consistent pattern of reduced
glucose use typically beginning in the
superior parietal cortex and spreading
inferiorly and anteriorly to involve the
inferior parietal, superior temporal, and
prefrontal cortices. Several groups®#
have found parietal hypometabolism or
hemispheric asymmetry in patients early
in the course of a dementing illness be-
fore confirmation of a clinical diagnosis
of probable AD.%® A previous PET study
of people with mild memory complaints
and familial risk for AD showed normal
patterns of cerebral glucose metabo-
lism,* but at-risk relatives were not de-
fined according to genotype. In the pres-
ent study, glucose metabolism was
measured in 38 subjects and compared
among three groups: 12 at-risk rela-
tives with APOE €4, 19 at-risk rela-
tives without APOE €4, and seven pa-
tients with probable AD.

METHODS
Subjects

To be enrolled in the study, nonde-
mented relatives at risk for dementia and
those with dementia had to have a docu-
mented family history that included at
least two relatives with AD. At-risk rela-
tives had mild memory complaints (eg,
misplacing familiar objects or difficulty
remembering telephone numbers) and
met modified diagnostie criteria for age-
associated memory impairment.®?! These
criteria indicate perceived decrease in
daily memory functioning verified by stan-
dardized self-report memory question-
naires®; memory test performance less
than or equal to 1 SD below the mean
established for young adults; and verbal
and performance IQ scores between 90
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Demographic and Clinical Characteristics of Subject Groups*
L]

At-Risk Group

I 1 Dementia
With APOE e4 Without APOE €4 Group
Characteristics (n=12) (n=19) (n=7)
Female, No. (%) 10 (83) 10 (53) 5(71)
Age, yt 56.4+10.3 55.5+12.0 74.1x16.0
Family age at dementia onset, y 68.2+3.1 67.4+6.4 66.8+15.4
Education, y 13.9+2.7 15.6+1.8 14.6+4.8
HAM-D score 46+3.8 48+3.4 6.1x4.0
MMSEL score 28.8+2.3 29.3+1.1 15.3+8.4
Other neuropsychological test results§
Verbal fluency 41.7+184 46.5+15.2
Complex figure recall 15.8+7.9 19.8+x7.5
Digit symbol 55.0+11.0 55.5+11.5
Selective reminding long-term retrieval 76.3%42.6 81.4+35.7

L. ____________________________________________|]
*All data except female are reported as mean=+SD. APOE e4 indicates apolipoprotein E type 4 allele; HAM-D,
Hamilton Rating Scale for Depression, 17-item version; and MMSE, Mini-Mental State Examination.

1F=6.32; df=2,35; P<.005.
1F=38.12; df=2,35; P<.001.

§Two subjects in the at-risk group with APOE e4 received only the HAM-D and MMSE; neuropsychological test
results for both at-risk groups were within 1 SD of the normative mean for age and education.

and 130.%# Because dementia may begin
before 50 years of age, we modified these
criteria at the beginning of the study to
include subjects between ages 40 and 90
years, rather than 50 and 90 years. Eleven
subjects were between ages 40 and 50
years (one with dementia, four at-risk
subjects with APOE €4, and six at-risk
subjects without APOE e4). Subjects with
any neurological, medical, or psychologi-
cal conditions that could affect memory
or cognitive processing were excluded.
Volunteers using nonpsychotropic drugs
that do not alter mental or cerebral meta-
bolic function (eg, low-dose aspirin) were
included; subjects using psychotropic
drugs were excluded. Subjects classified
as having dementia met criteria for prob-
able AD,® which include the following:
clinical examination, standardized rating
scales, and neuropsychological tests docu-
menting dementia; cognitive deficits in
two or more areas; progressive memory
and other cognitive losses; nodisturbances
of consciousness; and absence of systemic
or other disorders that could cause defi-
cits. Subjects were recruited from adver-
tisements, media coverage, and referrals
from physicians and patients. Of the 912
persons who volunteered to participate
because of memory concerns, 874 were
excluded for a variety of reasons (eg, medi-
cation use, inadequate family history, and
concurrent medical or psychiatricillness).
The 38 subjects who met inclusion crite-
ria and received APOE genotyping and
PET scanning are described in the Table.

Five of the 15 families included in the
study had autopsy confirmation of AD in
one or more relatives. Two of the families
had a mean age at dementia onset of less
than 60 years (34.0 and 57.5 years). In
addition to PET studies, all subjects had
psychiatric and neurological evaluations,
and 29 had magnetic resonance imaging
(MRI) scans (eight subjects were unavail-

able for MRI scans, and one subject de-
veloped claustrophobia that interrupted
the scan). One subject with dementia who
did not receive an MRI scan later had
autopsy confirmation of AD. Subjects also
had routine screening laboratory tests to
rule out treatable causes of mental im-
pairment® and were administered the
Mini-Mental State Examination® and
Hamilton Rating Scale for Depression.”
Additional neuropsychological evaluations
were performed on 29 of the at-risk sub-
jects 10 with APOE e4,19 without APOE
€4). Subjects with dementia did not re-
ceive the more extensive neuropsycho-
logical assessments because of difficul-
ties completing the examinations. Mea-
sures sensitive to age-related cognitive
losses®™* were chosen for comparisons of
the two at-risk subject groups and in-
cluded the following measures: verbal flu-
ency (Controlled Oral Word Association
Test*2); verbal memory (Buschke-Fuld
Selective Reminding Test consistent long-
term retrieval score®); visual-motor co-
ordination, associative memory, and mo-
tor speed (Digit Symbol subtest of the
Wechsler Adult Intelligence Scale®); and
visual spatial memory (Rey-Osterrieth
Complex Figure Test with a 3-minute
delay®).

All clinical assessments were per-
formed within 3 weeks of PET scan-
ning. Informed consent was obtained in
accordance with the procedures set by
two institutional review boards: the Hu-
man Subjects Protection Committees of
the University of California, Los Ange-
les, and the Department of Veterans
Affairs Medical Center, West Los An-
geles. The results were not released to
the participants.

MRI Scan Measurements

To determine presence and degree of
cerebral atrophy and white matter hy-
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Figure 1.—Glucose parietal rates for left parietal region divided by the average of the left caudate and thala-
mus for at-risk subjects and subjects with dementia. Figures in parentheses denote apolipoprotein E (APOE)
genotype and age in years at examination. Horizontal bars indicate median ratios. At-risk subjects without
APOE type 4 allele (APOE e4) had genotype 3/3 except for two subjects with genotype 2/3. All at-risk sub-
jects with APOE €4 had genotype 3/4. For comparison, the mean=SD left parietal ratio for a group of 31
normal controls of similar age (mean+SD age of 61.9+10 years) was 0.97+0.06.%

perintensity, MRI scans were performed
on several scanners, each with a 1.5-
Tesla superconducting magnet, and in-
cluded T1- and T2-weighted transaxial
images, with 5-mm slice thickness and
2.5-mm gap. As described elsewhere,®
modified criteria from the Consortium
to Establish a Registry for Alzheimer’s
Disease Neuroimaging Task Force were
used to rate degree of atrophy from &
4-point scale.®® Deep white matter and
periventricular hyperintensities also
were rated using a 4-point scale, as de-
scribed elsewhere. %

PET Scan Measurements

During the PET scanning, the sub-
jects’ eyes and ears were not occluded,
and they were examined in the supine
position with low ambient noise. All in-
travenous lines were placed 10 to 15
minutes before tracer injection. Six to
10 mCi of fludeoxyglucose F 18 was ad-
ministered intravenously, and imaging

began 30 to 40 minutes thereafter. Flu-
deoxyglucose F 18 preparation, blood
sampling, scanning methods, and deter-
minations of plasma glucose and fludeoxy-
glucose F 18 concentrations have been
detailed elsewhere.2#4 The CTU/
Siemens 831-08 tomograph (CT1, Knox-
ville, Tenn; image resolution, 6.5 mm in
the plane of section and 6.5 mm in the
axial direction) was used to study 13 at-
risk subjects (nine with APOFE €4, four
without APOE e4) and four subjects with
dementia. Because this scanner was un-
available throughout the study, we
scanned 18 at-risk subjects (three with
APOE e4,15without APOFE e4) and three
subjects with dementia using a CTI/
Siemens ECAT 953 (image resolution,
6.3 mm in the plane of section and 5.4 mm
in the axial direction). Images contained
2 million to 3 million counts. Other than
the use of the two tomographs, method-
ological approaches were held constant
over the course of the study.
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Right and left parietal, caudate, and
thalamie regions were identified in all
tomographic planes, and the metabolic
rates were determined as previously de-
scribed.Z#44 This process involved com-
paring each scan with template sets ob-
tained from normal anatomical and PET
studies. The size and site of the regions
of interest were then copied from these
templates in a standardized fashion, as
previously described.**% For each sub-
ject, an average metabolic rate value
(MR,,) for these regions of interest was
determined by weighting each struc-
ture’s planar metabolic value by its cross-
sectional area with the use of the fol-
lowing equation:

N
E(MRi)Ai
i1

MR,=
N
A
i1

where N=number of planes that include
the structure, A;=the cross-sectional area
of the structure in the plane i, and
MR;=the mean metabolic rate of the
structure in the plane i. The mean left
and right parietal metabolic values for
each subject were averaged and nor-
malized by dividing each by the average
of the two unaffected ipsilateral regions
of interest, the caudate and thalamus, as
described elsewhere.® Parietal asym-
metry scores were calculated as abso-
lute values, using the following formula,
which provides a measure of percentage

asymmetry:
IL—RI
X200
([L+R])

where L refers to a left parietal ratio,
and R refers to a right parietal ratio.
Because spatial resolution and result-
ant partial volume effects may have dif-
fered between scanners, we compared
parietal ratios from a control subject
and a subject with dementia using both
the CTI/Siemens 831-08 and the CTI/
Siemens ECAT 953 and found that such
differences were less than 1% for the

control subject and less than 2% for the
subject with dementia.

Genetic Analysis

Blood samples were sent by overnight
mail to Duke University Medical Cen-
ter, Durham, NC, for APOE genotyp-
ing. DNA was amplified by polymerase
chain reaction. After amplification, 5 U
of Hha 1 (Gibeo) was directly added to
each well, and the plates were incubated
at least 3 hours at 37°C. Fifteen micro-
liters of 2X type I1I stop dye® was added
to each well, and 3 pL of each reaction
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Figure 2.—Gilucose parietal asymmetry scores for at-risk subjects and subjects with dementia. Figures in
parentheses denote apolipoprotein E (APOE) genotype and age at examination in years. Horizontal bars
indicate median scores. At-risk subjects without APOE type 4 allele (APOE e4) had genotype 3/3 except for
two subjects with genotype 2/3. All at-risk subjects with APOE e4 had genotype 3/4. For comparison, the
mean parietal asymmetry score for a group of 31 normal controls of similar age (mean+SD age of 61.9+10

years) was 0.7+4.%

was loaded on a 6% nondenaturing poly-
acrylamide gel (0.4 mm thick X 43 em
long) and electrophoresed for 1 hour un-
der constant current (45 mA). After elec-
trophoresis, the gel was transferred to
Whatman 3M chromatography paper,
dried, and autoradiographed for 1 hour
using Kodak XAR-5 film. Each autora-
diograph was read independently by two
different observers. The full protocol for
amplification and restriction isotyping
of APOE is described elsewhere.52%
Clinical diagnoses were made with in-
vestigators blind to genetic data; image
data were analyzed and regions of in-
terest determined with investigators
blind to clinical and genetic findings.

Statistical Analysis

Analysis of variance was used for
group comparisons of demographic and
neuropsychological data, unless nonpara-
metric tests were indicated. Because
metabolic and MRI measures were not

JAMA, March 22/29, 1995—Vol 273, No. 12

normally distributed, we used a non-
parametric test, the Van der Waerden
Test, for group comparisons. For com-
parisons involving small cell sizes, we
used Fisher's Exact Test. The signifi-
cance level was predetermined as P<.05
(two-tailed). Although the direction of
metabolic differences was predicted a
priori, warranting one-tailed tests, we
used the more conservative two-tailed
tests throughout. Spearman’s correla-
tion coefficient was used to detect a sig-
nificant correlation between metabolism
and age at examination.

RESULTS

Subjects were right-handed and
ranged in age from 40 to 85 years. The
31 at-risk relatives were divided into
two groups: 12 at-risk subjects with
APOE €4 (all with genotype 3/4), and 19
at-risk relatives without APOE €4 (17
with genotype 3/3 and two with geno-
type 2/3). At-risk subjects with APOE

APQE and PET in Alzheimer Disease—Small et al

€4 did not differ from those without
APOE €4 in mean age at examination,
family age at dementia onset, years of
education, or neuropsychological test
performance, although the group with
APOE €4 had a nonsignificantly higher
proportion of women (Table). The neu-
ropsychological test results indicated
that at-risk subjects did not have de-
mentia and performed similarly to nor-
mal persons of the same age and edu-
cational level. As expected, subjects with
dementia had significantly lower scores
on the Mini-Mental State Examination
compared with the at-risk groups. The
group with dementia was also older
(Table).

Comparisons among the three sub-
ject groups showed significant differ-
ences in parietal ratios for both the left
(P<.001) and right (P<.001) hemi-
spheres and asymmetry scores (P=.002)
(Figures 1 and 2). Comparisons between
the two at-risk groups showed the sub-
jects with APOE €4 had significantly
lower left (P=.009) and right (P=.02)
parietal metabolism and significantly
higher parietal asymmetry (P=.019) than
those without APOE e4. These differ-
ences in parietal metabolic measures re-
mained significant even when corrected
for multiple statistical comparisons. The
seven patients with probable AD had
significantly lower left (P=.009) and right
(P=.003) parietal metabolism than the
at-risk group with APOE e4, but asym-
metry scores were not significantly
different between these two groups
(P=.16). Four of the seven patients with
dementia had APOE e4 (genotype 4/4
[n=1] or 3/4 [n=3]). The one subject with
dementia with genotype 4/4 had the low-
est left (Figure 1) and right parietal me-
tabolism. The two at-risk subjects with
genotype 2/3 had relatively low asym-
metry scores (Figure 2). One of the two
subjects from early onset families had
APOF €4 (Figures 1 and 2). We found
no significant correlations between
metabolic measures and age at exami-
nation (right parietal, r=—0.24, P=.15;
left parietal, r=—0.23, P=.15; asymme-
try, r=0.25, P=.13).

MRI scans were available on 29 sub-
jects (10 in patients with APOE €4, 15
in patients without APOE €4, and four
in patients with dementia). The at-risk
groups did not differ significantly in at-
rophy ratings: four of 10 subjects in the
group with APOE €4 had mild atrophy,
compared with five of 15 subjects in the
group without APOE ed4. Atrophy rat-
ings were significantly greater in the
group with dementia (three of four sub-
jects had moderate atrophy and one had
mild atrophy) compared with the at-risk
group without APOE €4 (P=.03, Fish-
er's Exact Test). MRI scans showed no
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evidence of deep white matter disease,
hydrocephalus, or other lesions except
for mild periventricular white matter
hyperintensities in seven subjects (two
at-risk subjects with APOE €4, two at-
risk subjects without APOE e4, and
three with dementia). The at-risk groups
with and without APOE €4 showed no
significant differences in white matter
disease ratings.

COMMENT

This is the first study comparing ce-
rebral metabolism according to APOFE
allelic variant in nondemented relatives
at risk for familial AD. Our results sug-
gest that APOE €4 is associated with
lower cerebral parietal metabolism in
people with only mild memory com-
plaints and normal neuropsychological
profiles. The small sample size and mod-
est group differences, however, indicate
the preliminary nature of these results.
Longitudinal follow-up will determine if
such hypometabolic patterns in pre-
symptomatic persons indicate that the
pathophysiological process begins well
before even mild or questionable demen-
tia is recognized clinically. PET mea-
sures of hypometabolism reflect de-
creased synaptic activity caused by loss
or dysfunction of synapses.® Our find-
ing of lowered cerebral metabolism in
subjects with normal neuropsychologi-
cal function is consistent with other re-
search® suggesting that the brain com-
pensates for regional neuronal dysfunc-
tion so that clinical neuropsychological
measures remain normal. However, ad-
ditional study of younger and older
asymptomatic subjects with APOE €4
is needed to establish the specificity of
these findings.

Some methodological issues deserve
comment. PET studies comparing meta-
bolic rates between sexes show higher
global rates for women, especially pre-
menopausal women.®%” In the present
study, the at-risk subjects with APOE
€4 had a higher percentage of women
compared with the at-risk subjects with-
out APOE e4. However, because sex
differences in metabolic rates are rela-
tively consistent across brain regions,
such differences would be minimized by
using metabolic ratios rather than rates.
Moreover, if the higher proportion of
women in the at-risk group with APOE
€4 influenced the metabolic differences
between at-risk groups, they would tend
to minimize rather than enhance such
differences. Another potential limitation
is that MRI scans were not available on
all subjects. Thus, partial volume effects
exaggerated by atrophy could explain
the metabolic differences. If we include
in the analysis only those subjects with
MRI scan results in comparisons be-
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tween the at-risk groups with and with-
out APOE €4, the parietal metabolic dif-
ferences approached significant levels
for left (P=.053) and right (P=.087) hemi-
spheres and remained significant for
asymmetry scores (P=.033) if we use
conservative two-tailed tests.

Other considerations warrant caution
about current clinical applications of
these results. Because of the relatively
small sample size, we cannot as yet iden-
tify a specific “cutoff” defining an ab-
normal parietal metabolic ratio. In fact,
most individual data points between at-
risk groups overlap (Figures 1 and 2).
Moreover, tomographie resolution that
differs among laboratories using differ-
ent instruments will affect actual meta-
bolic rates obtained from PET studies,
although a recent study using metabolic
ratios of affected over unaffected re-
gions showed closely eomparable flude-
oxyglucose F 18 PET data from differ-
ent instruments of several laboratories.*®
Development of clinically useful meta-
bolic rates or ratios also will require
additional studies of the effect of atro-
phy, which increases with age and ex-
aggerates partial volume effects on
metabolic rate. Such age-associated at-
rophy could partially explain the lower
parietal ratios we found in the patients
with dementia. Studying relatively large
regions such as parietal rather than small
regions such as hippocampus and the
use of high resolution scanners will mini-
mize partial volume effects. Registra-
tion of PET and MRI data (ie, super-
imposing the same subject’s functional
and structural data) will improve small
region definition, and further studies us-
ing PET-MRI registration® and atro-
phy correction for PET data® will ad-
dress such issues.

Serial PET studies of subjects at risk
will determine the rate of glucose meta-
bolic change in the parietal lobe as well
as other brain structures. This informa-
tion will indicate the change rate of meta-
bolic activity for specific individuals with
different genotypes. It will also allow
the correlation of the actual metabolic
values of brain structures and the time
of onset of clinical symptoms. Currently,
the course of parietal metabolism ac-
cording to genotype for at-risk subjects
remains hypothetical. Evenif PET does
not become a widely available modality,
the data derived from these methods
could lead to other phenotypic screen-
ing tests once epidemiological risk es-
timates are available. In conjunction with
APOE and other genotypic data, PET
may assist in determining the time
course for cerebral metabolic progres-
sion of the disease, provide homogeneous
subject groups for potential study in ex-
perimental therapy protocols, and offer

an objective and noninvasive approach
to metabolic monitoring during experi-
mental therapeutic trials.

This study was supported by the National Insti-
tute of Mental Health (grant 1R29 MH46424 to Dr
Small); the Alzheimer’s Association (grant IIRG-94-
101 to Dr Small); the Mathers Charitable Foundation
(Dr Mandelkern); the Charles A. Dana Foundation
(Dr Phelps); the University of California, Los Ange-
les, Alzheimer’s Disease Center (grant AG10123);
the Brain Mapping Medical Research Organization
(Dr Mazziotta); the Pierson-Lovelace Foundation
(Dr Mazziotta); the Ahmanson Foundation (Dr Maz-
ziotta); the Joseph and Kathleen Bryan Alzheimer’s
Disease Research Center at Duke University (grant
AGO5128); the Alzheimer’s Association Zenith
Award (to Dr Haines); the National Institute of
Neurological Disorders and Stroke (grant NS26630
to Dr Pericak-Vance and grant NS531153 to Drs
Pericak-Vance and Haines); the Pepper Center
(grant AG11268 to Drs Pericak-Vance and Roses);
and the National Institute on Aging LEAD Award
(grant 5R35 AGO7922 to Dr Roses).

The authors thank William H. Blahd, MD, Ali
Khonsary, MD, Charles Brown, MD, James R.
Ropchan, PhD, Ron Sumida, Larry Pang, and
Nayda Quinones for their help in performing PET
scans; Bruce L. Miller, MD, for his assistance in ac-
quisition and analysis of MRI scans; Scott Komo,
MA, for statistical consultation; and Monique
VonDeylen for her help in subject recruitment and
study coordination.

References

1. Evans DA, Funkenstein H, Albert MS, et al.
Prevalence of Alzheimer’s disease in a community
population of older persons. JAMA. 1989;262:2551-
2556.

2. Bachman DL, Wolf PA, Linn R, et al. Prevalence
of dementia and probable senile dementia of the
Alzheimer type in the Framingham Study. Neu-
rology. 1992;42:115-119.

3. Max W. The economic impact of Alzheimer’s
disease. Neurology. 1993;43(suppl 4):S6-S10.

4. Van Duijn CM, Stijnen T, Hofman A, for the
EURODEM Risk Factors Research Group. Risk
factors for Alzheimer’s disease: overview of the
EURODEM collaborative re-analysis of case-con-
trol studies. Int J Epidemiol. 1991;20(suppl 2):S48-
S57.

5. St George-Hyslop PH, Tanzi RE, Polinsky RJ,
et al. The genetic defect causing familial Alzhei-
mer’s disease maps on chromosome 21. Science.
1987:235:885-890.

6. St George-Hyslop PH, HainesJ, Rogaev E, et al.
Genetic evidence for a novel familial Alzheimer’s
disease locus on chromosome 14. Nat Genet. 1992;
2:330-334.

7. Goate A, Chartier-Harlin M-C, Mullan M, et al.
Segregation of a missense mutation in the amyloid
precursor protein gene with familial Alzheimer’s
disease. Nature. 1991;349:704-706.

8. Schellenberg GD, Bird TD, Wijsman EM, et al.
Genetic linkage evidence for a familial Alzheimer’s
disease locus on chromosome-14. Science. 1992;258:
668-671.

9. Alzheimer’s Disease Collaborative Group. Apo-
lipoprotein E genotype and Alzheimer’s disease.
Lancet. 1993;342:737-738.

10. Mayeux R, Stern Y, Ottman R, et al. The apo-
lipoprotein epsilon 4 allele in patients with Alzhei-
mer’s disease. Ann Neurol. 1993;34:752-754.

11. Saunders AM, Strittmatter WJ, Schmechel D,
et al. Association of apolipoprotein E allele E4 with
late onset familial and sporadic Alzheimer’s dis-
ease. Neurology. 1993;43:1467-1472.

12. Strittmatter WJ, Saunders AM, Schmechel D,
et al. Apolipoprotein E: high-avidity binding to B-
amyloid and increased frequency of type 4 allele in
late onset familial Alzheimer disease. Proc Natl
Acad Sci U S A. 1993;90:1977-1981.

13. Pericak-Vance MA, Bebout JL, Gaskell PC, et
al. Linkage studies in familial Alzheimer disease:

APQE and PET in Alzheimer Disease—Small et al

Downloaded from www.jama.com at Indiana University School of Medicine on June 1, 2010


http://jama.ama-assn.org

evidence for chromosome 19 linkage. Am J Hum
Genet. 1991;48:1034-1050.

14. Corder EH, Saunders AM, Strittmatter WJ, et
al. Gene dose of apolipoprotein E type 4 allele and
the risk of Alzheimer’s disease in late onset fami-
lies. Science. 1993;261:921-923.

15. Corder EH, Saunders AM, Risch NJ, et al.
Apolipoprotein E type 2 allele and the risk of late
onset Alzheimer’s disease. Nat Genet. 1994;7:180-
183.

16. Small GW, Greenberg DA. Biologic markers,
genetics, and Alzheimer’s disease. Arch Gen Psy-
chiatry. 1988;46:945-947.

17. Blass JP, Gibson GE. Nonneural markers in
Alzheimer disease. Alzheimer Dis Assoc Disord.
1993;6:205-224.

18. de Leon MJ, Golomb J, George AD, et al. The
radiologic prediction of Alzheimer disease: the atro-
phic hippocampal formation. AJNR Am J Neuro-
radiol. 1993;14:897-906.

19. Killiany RJ, Moss MB, Albert MS, Sandor T,
Tieman J, Jolesz F. Temporal lobe regions on mag-
netic resonance imaging identify patients with early
Alzheimer’s disease. Arch Newurol. 1993;50:949-954,
20. Phelps ME, Mazziotta JC, Huang S-C. Study of
cerebral function with positron emission tomogra-
phy. J Cereb Blood Flow Metab. 1981;2:113-162.
21. Phelps ME, Mazziotta JC. Positron emission
tomography: human brain funetion and biochemis-
try. Science. 1985;228:799-809.

22. Phelps ME, Huang SC, Hoffman EJ, Selin C,
Sokoloff L, Kuhl DE. Tomographic measurement of
local cerebral glucose metabolic rate in humans
with (F-18) 2-fluoro-2-deoxyglucose: validation of
method. Ann Newrol. 1979;6:371-388.

23. Reivich M, Kuhl D, Wolf A, et al. The 18F-
fluorodeoxyglucose method for the measurement
of local cerebral glucose utilization in man. Circ
Res. 1979;44:127-137.

24. Huang S-C, Phelps ME, Hoffman EJ, Sideris K,
Selin CE, Kuhl DE. Noninvasive determination of
local cerebral metabolic rate of glucose in man. Am
J Physiol. 1980,238:E69-E82.

25. Kuhl DE, Small GW, Riege WH, et al. Cerebral
metabolic patterns before the diagnosis of probable
Alzheimer’s disease. J Cereb Blood Flow Metab.
1987;7(suppl 1):S406.

26. Grady CL, Haxby JV, Horwitz B, et al. Lon-
gitudinal study of the early neuropsychological and
cerebral metabolic changes in dementia of the Al-
zheimer type. J Clin Exp Neuropsychol. 1988;10:
576-596.

27. Haxby JV, Grady CL, Koss E, et al. Longitu-
dinal study of cerebral metabolic asymmetries and
associated neuropsychological patterns in early de-
mentia of the Alzheimer type. Arch Neurol. 1990;
47:753-760.

28, Azari NP, Pettigrew KD, Schapiro MB, et al.
Early detection of Alzheimer’s disease: a statistical
approach using positron emission tomographic data.
J Cereb Blood Flow Metab. 1993;13:438-447.

JAMA, March 22/29, 1995—Vol 273, No. 12

29. McKhann G, Drachman D, Folstein M, Katz-
man R, Price D, Stadlan EM. Clinical diagnosis of
Alzheimer’s Disease: report of the NINCDS-
ADRDA Work Group under the auspices of De-
partment of Health and Human Services Task Force
on Alzheimer’s disease. Neurology. 1984;34:939-944.
30. Small GW, Okonek A, Mandelkern MA, et al.
Age-associated memory loss: initial neuropsycho-
logical and cerebral metabolic findings of a longi-
tudinal study. Intl Psychogeriatr. 1994;6:21-43.
31. Crook T, Bartus RT, Ferris SH, Whitehouse P,
Cohen GD, Gershon S. Age-associated memory im-
pairment: proposed diagnostic criteria and mea-
sures of clinical change—report of a National In-
stitute of Mental Health Work Group. Dev Neuro-
psychol. 1986;2:261-276.

32. Gilewski MJ, Zelinski EM, Schaie KW. The
Memory Functioning Questionnaire for assessment
of memory complaints in adulthood and old age.
Psychol Aging. 1990;5:482-490.

33. Wechsler D. Wechsler Adult Intelligence Scale.
New York, NY: The Psychological Corp; 1955.
34. Wechsler D. Wechsler Adult Intelligence
Scale—Revised. New York, NY: The Psychological
Corp; 1981.

35. National Institutes of Health Consensus De-
velopment Conference Statement. Alzheimer Dis
Assoc Disord. 1988;2:4-15.

36. Folstein M, Folstein S, McHugh P. ‘Mini-men-
tal state’: a practical method for grading the cog-
nitive state of patients for the clinician. J Psychiatr
Res. 1975;12:189-198.

37. Hamilton M. A rating scale for depression.
J Neurol Neurosurg Psychiatry. 1960;23:56-62.
38. Storandt S, Botwinick J, Danziger WL, Berg L,
Hughes CP. Psychometric differentiation of mild
senile dementia of the Alzheimer type. Arch Neu-
rol. 1984;41:497-499.

39. Hart RP, Kwentus JA, Hamer RM, Taylor JR.
Selective reminding procedure in depression and
dementia. Psychol Aging. 1987,2:111-115.

40. Masur DM, Fuld PA, Blau AD, Levin HS, Aron-
son MK. Distinguishing normal and demented el-
derly with the selective reminding test. J Clin Exp
Neuropsychol. 1989;11:615-630.

41. van Gorp WG, Satz P, Mitrushina M. Neuro-
psychological processes associated with normal ag-
ing. Dev Neuropsychol. 1990;6:279-290.

42. Benton AL, Hamsher K. Multilingual Aphasia
Examination. lowa City: University of lowa Press;
1976(revised 1978).

43. Buschke H, Fuld PA. Evaluating storage, re-
tention and retrieval in disordered memory and
learning. Neurology. 1974;24:1019-1025.

44. Osterrieth P, Rey A. Le test de copie d’une
figure complexe. Arch Psychologie. 1944;30:206-356.
45. Davis PC, Gray L, Albert M, et al. The Con-
sortium to Establish a Registry for Alzheimer’s
Disease (CERAD), p III: reliability of a standard-
ized MRI evaluation of Alzheimer’s disease. Neu-
rology. 1992;42:1676-1680.

46. Liu CK, Miller BL, Cummings JL, et al. A
quantitative MRI study of vascular dementia. Neu-
rology. 1992;42:138-143.

47. Barrio JR, MacDonald NS, Robinson GD, Na-
jafia A, Cook JS, Kuhi DE. Remote, semiautomated
production of 18F-labeled 2-deoxy-2-fluoro-D-glu-
cose. J Nucl Med. 1981;22:372-375.

48. Reivieh M, Kuhl D, Wolf A, et al. The 18F-
fluorodeoxyglucose method for the measurement
of local cerebral glucose utilization in man. Cire
Res. 1979;44:127-137.

49. Small GW, Stern CE, Mandelkern MA, Fair-
banks LA, Min CA, Guze BH. Reliability of draw-
ing regions of interest for positron emission tomo-
graphic data. Psychiatry Res Neuroimaging. 1992;
45:177-185.

50. Henry TR, Mazziotta JC, Engel J, et al. Quan-
tifying interictal metabolic activity in human tem-
poral lobe epilepsy. J Cereb Blood Flow Metab.
1990;10:748-757.

51. Sambrook J, Fritsch EF, Maniatas T. Molecu-
lar Cloning: A Laboratory Manual. 2nd ed. Cold
Spring Harbor, NY: Cold Spring Harbor Labora-
tory Press; 1989:B24.

52. Wenham PR, Price WH, Blundell G. Apolipo-
protein E genotyping by one-stage PCR. Lancet.
1991;337:1158-1159.

53. Hixson JE, Vernier DR. Restriction isotyping
of human apolipoprotein E by gene amplification
and cleavage with Hha 1. J Lipid Res. 1990;31:545-
548

54. Mazziotta JC, Phelps ME. Positron emission
tomography studies of the brain. In: Phelps M,
Mazziotta J, Schelbert H, eds. Positron Emission
Tomography and Autoradiography: Principles and
Applications for the Brain and Heart. New York,
NY: Raven Press; 1986:493-579.

55. Grady CL, Haxby JV, Horwitz B, et al. Acti-
vation of cerebral blood flow during a visuopercep-
tual task in patients with Alzheimer-type demen-
tia. Neurobiol Aging. 1993;14:35-44.

56. Baxter LR, Mazziotta JC, Phelps ME, Selin
CE, Guze BY, Fairbanks L. Cerebral glucose meta-
bolic rates in normal human females vs normal males.
Psychiatry Res. 1987;21:237-245.

57. Small GW, Kuhl DE, Riege WH, et al. Cerebral
glucose metabolic patterns in Alzheimer’s disease:
effect of gender and age at dementia onset. Arch
Gen Psychiatry. 1989;46:527-532.

58. Herholz K, Perani D, Salmon E, et al. Compa-
rability of FDG PET studies in probable Alzhei-
mer’s disease. J Nucl Med. 1993;34:1460-1466.

59. Woods RP, Mazziotta JC, Cherry SR. MRI-
PET registration with automated algorithm. J Com-
put Assist Tomogr. 1993;17:536-546.

60. Muller-Gartner HW, Links JM, Prince JL, et al.
Measurement of radiotracer concentration in brain
gray matter using positron emissino tomography:
MRI-based correction for partial volume effects.
J Cereb Blood Flow Metab. 1992;12:571-583.

APOE and PET in Alzheimer Disease—Small et al 947

Downloaded from www.jama.com at Indiana University School of Medicine on June 1, 2010


http://jama.ama-assn.org

