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Fluorodeoxyglucose positron emission tomography (PET) studies
have found that patients with Alzheimer’s dementia (AD) have
abnormally low rates of cerebral glucose metabolism in posterior
cingulate, parietal, temporal, and prefrontal cortex. We previously
found that cognitively normal, late-middle-aged carriers of the apo-
lipoprotein E �4 allele, a common susceptibility gene for late-onset
Alzheimer’s dementia, have abnormally low rates of glucose metab-
olism in the same brain regions as patients with probable AD. We now
consider whether �4 carriers have these regional brain abnormalities
as relatively young adults. Apolipoprotein E genotypes were estab-
lished in normal volunteers 20–39 years of age. Clinical ratings,
neuropsychological tests, magnetic resonance imaging, and PET were
performed in 12 �4 heterozygotes, all with the �3��4 genotype, and
15 noncarriers of the �4 allele, 12 of whom were individually matched
for sex, age, and educational level. An automated algorithm was used
to generate an aggregate surface-projection map that compared
regional PET measurements in the two groups. The young adult �4
carriers and noncarriers did not differ significantly in their sex, age,
educational level, clinical ratings, or neuropsychological test scores.
Like previously studied patients with probable AD and late-middle-
aged �4 carriers, the young �4 carriers had abnormally low rates of
glucose metabolism bilaterally in the posterior cingulate, parietal,
temporal, and prefrontal cortex. Carriers of a common Alzheimer’s
susceptibility gene have functional brain abnormalities in young
adulthood, several decades before the possible onset of dementia.

apolipoprotein E � positron emission tomography � glucose metabolism �
brain mapping � surrogate markers

A lzheimer’s dementia (AD) afflicts �10% of those over the
age of 65 and almost half of those over the age of 85 (1). To

develop and test effective primary prevention therapies, it would
be helpful to characterize brain changes associated with the
susceptibility to AD as early as possible before the onset of
cognitive impairment (2).

Fluorodeoxyglucose positron emission tomography (PET) stud-
ies have found that patients with AD have abnormally low cerebral
metabolic rates for glucose (CMRgl) in posterior cingulate, pari-
etal, temporal, and prefrontal cortex and a progressive decline in
these rates over time (3–8). We (2, 9, 10) and others (11, 12) have
been using PET to detect and track these functional brain abnor-
malities before the onset of dementia in carriers of the apolipopro-
tein E (APOE) �4 allele, a common Alzheimer’s susceptibility gene
associated with up to half of cases of late-onset AD (13–15).
Previously, we found that cognitively normal 50- to 65-year-old �4
carriers have abnormally low CMRgl in each of the same regions as
patients with probable AD and abnormal rates of regional CMRgl
decline over time (2, 9, 10). We now consider whether �4 carriers
have these regional brain abnormalities as relatively young adults,
several decades before the possible onset of dementia. Our analysis
of �4 carriers was restricted to those with the �3��4 genotype, found

in �20–23% of Caucasian populations (16) and �11–36% of
different ethnic groups (17).

Methods
Subjects. We used newspaper advertisements to recruit 135 20- to
39-year-old normal volunteers, who agreed that they would not be
given information about their APOE genotype, provided their
informed consent, and were studied under guidelines approved by
human subjects committees at Banner Good Samaritan Medical
Center and the Mayo Clinic (Rochester, MN). Venous blood
samples were drawn, and APOE genotypes were characterized with
analysis involving restriction fragment length polymorphisms (18).

Twelve �4 heterozygotes and 15 control subjects without the �4
allele satisfied our eligibility criteria and participated in our brain
imaging studies. Thirteen of the control subjects had the �3��3
genotype, and 2 had the �2��3 genotype; 12 were individually
matched to the �4 carriers for sex, age (within 3 years), and
educational level (within 2 years), and 3 were matched to the �4
carriers for their mean age and educational level. Subjects denied
an impairment in memory or other cognitive skills, did not satisfy
criteria for a current psychiatric disorder, did not use centrally
acting medications for at least 2 weeks before their PET session, and
had a normal neurological examination. One subject in each group
reported a history of hypertension. Investigators who were unaware
of the subjects’ APOE genotypes obtained data from medical and
family histories, a neurologic examination, and a structured psy-
chiatric interview (19). The subjects completed the Folstein mod-
ified Mini-Mental State Examination (20) and the Hamilton De-
pression Rating Scale (21), and all but one control subject
completed a battery of neuropsychological tests (22).

Brain Imaging. Volumetric T1-weighted magnetic resonance imag-
ing and fluorodeoxyglucose PET were performed as described (2,
9, 23). PET was performed with the 951�31 ECAT scanner
(Siemens, Knoxville, TN), a transmission scan, the i.v. injection of
10 mCi of 18F-fluorodeoxyglucose, and a 60-min dynamic sequence
of emission scans as the subjects, who had fasted for at least 4 h, lay
quietly in a darkened room with their eyes closed and directed
forward. For whole brain measurements, CMRgl (mg�min per
100 g) was calculated by using the PET images, an image-derived
radiotracer input function, plasma glucose levels, and a graphic
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method (24). Regional analyses were performed by using the PET
images (in counts) acquired during the last 30 min.

To test the hypothesis that young adult �4 carriers have
abnormally low CMRgl in the same regions as patients with AD,
a fully automated algorithm, previously used in the study of
patients with probable AD (6) and late-middle-aged �4 carriers
(9), was used to compare PET images in the two subject groups.
Each subject’s PET image was deformed according to the
coordinates of a standard atlas of the brain (25). Measurements
in each voxel were normalized to that in the pons, which has been
reported to be the region least affected in patients with probable
AD (26). Data on the outer and medial surface of each hemi-
sphere were extracted. A 3D stereotactic surface projection
t-score map of metabolic differences between groups was cal-
culated and superimposed on a map of metabolic reductions in
previously studied patients with probable AD (mean age 64) and
a spatially standardized, volume-rendered MRI (Fig. 1) (6, 9).
Significance levels of P � 0.001, uncorrected for multiple
comparisons, were initially used to test the hypothesis that the �4
carriers had abnormally low rates of glucose metabolism in
posterior cingulate, parietal, temporal, and prefrontal cortex; a
Monte Carlo procedure, implemented and tested in the Positron
Emission Tomography Center (27), was then used to correct
maximal significance levels for multiple comparisons in each of

the regions of interest previously associated with metabolic
reductions in the patients with probable AD. Data were ex-
tracted from the locations associated with the most significant
differences between the �4 carriers and controls (see Table 3) to
graphically compare the distribution of regional�pontine CMRgl
in the two subject groups (Fig. 2). (Data from some of the most
superior and inferior regions of the brain were not sampled in
every subject because of limitations in the PET system’s field of
view.)

Results
Demographic characteristics and clinical ratings of the �4 car-
riers and control subjects are shown in Table 1. Their neuro-
psychological scores are shown in Table 2. There were no
significant differences in demographic characteristics or scores
on the Hamilton Depression Rating Scale, modified Mini-
Mental State Examination, or neuropsychological tests. There
were no significant differences between the �4 carriers and
control subjects in their whole brain CMRgl (mean � SD, 6.4 �
0.8 vs. 6.5 � 0.8 mg�min per 100 g; P � 0.82 by two-tailed,
unpaired t test) or pons (5.9 � 0.7 vs. 5.8 � 0.6 mg�min per 100 g;
P � 0.64).

Like previously studied patients with probable AD (6, 8) and
our previously studied 50- to 65-year-old cognitively normal �4

Fig. 1. Regions of the brain with abnormally low CMRgl in young adult carriers of the APOE �4 allele and their relation to brain regions with abnormally low
CMRgl in patients with probable AD. In this analysis, a 3D surface-projection map of abnormally low CMRgl in the young adult �4 carriers was superimposed on
a map of abnormally low CMRgl in previously studied patients with the probable AD and a spatially standardized and volume-rendered MRI of the brain
(P � 0.005, uncorrected for multiple comparisons) (6, 9). The purple areas are regions in which CMRgl was abnormally low only in the patients with AD, the bright
blue areas are regions in which CMRgl was abnormally low in both the young adult �4 carriers and patients with probable AD, and the muted blue areas are
regions in which CMRgl was abnormally low only in the �4 carriers. (Lines point to the locations of the �4 carriers’ most significant CMRgl reductions and
correspond to the brain atlas coordinates in Table 3.) Like patients with AD, the young adult �4 carriers had abnormally low CMRgl bilaterally in the posterior
cingulate, parietal, temporal, and prefrontal cortex.
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homozygotes (9) and heterozygotes (10), the group of young
adult �4 carriers had abnormally low CMRgl in the posterior
cingulate, parietal, temporal, and prefrontal cortex (Fig. 1 and
Table 3). With the exception of the right temporal cortex, these
abnormalities remained significant after correction for multiple
comparisons (Table 3). Whereas �4 carriers may have lower
CMRgl in other cortical regions (P � 0.001, uncorrected for
multiple comparisons, Fig. 1), these additional metabolic reduc-
tions need to be confirmed in an independent comparison. For
each of the locations specified in Table 3, the mean CMRgl was
8.0–10.5% lower in the �4 carriers than in the controls. These
reductions were smaller than those previously reported in pa-
tients with probable AD (6), and there was considerable overlap
between the �4 carrier and noncarrier groups’ individual mea-
surements (Fig. 2). The �4 carriers did not have abnormally high
CMRgl, even at the more liberal significance level of P � 0.05,
uncorrected for multiple comparisons.

In a post hoc analysis, the subjects’ coregistered MRI and
PET images, an automated brain mapping algorithm that
permitted us to investigate the effects of partial volume
averaging on PET measurements in each voxel (SPM99,
Wellcome Department of Cognitive Neurology, University
College, London) (28) and an algorithm intended to account
for these effects (29) were used to generate and compare
statistical brain maps of metabolic differences between the two
subject groups with and without correction for individual
differences in brain tissue volume. Because the pattern of
metabolic differences between the two groups remained
present after correction for partial volume averaging, and was
not significantly different from the pattern identified without
this correction, the functional brain abnormalities observed in

the young adult �4 carriers could not be solely attributed to
alterations in the regional volume of brain tissue.

In another post hoc analysis, PET images from the 20- to
39-year-old subjects and previously studied 50- to 65-year-old
subjects (10) were used to characterize and compare the effects
of age on regional CMRgl in cognitively normal �4 heterozygotes
and controls. Overall, the �4 carriers had significantly lower
CMRgl than the controls in the posterior cingulate, parietal,
temporal, and prefrontal cortex, and older age was significantly
correlated with lower CMRgl in extensive areas of cerebral
cortex, most prominently in the prefrontal and anterior cingulate
cortex (P � 0.001, uncorrected for multiple comparisons). With
possible exceptions in localized areas of the left prefrontal and
posterior cingulate cortex (P � 0.005, uncorrected for multiple
comparisons), the �4 carriers did not have significantly steeper
age-related CMRgl declines than those in the �4 noncarriers.
Thus, whereas 2-year follow-up studies have demonstrated ab-
normally high rates of regional CMRgl decline in older �4
carriers before the onset of cognitive impairment (2, 12), this
cross-sectional comparison did not demonstrate abnormally
steep posterior cingulate, parietal, or temporal CMRgl declines
in �4 carriers between young adulthood (when the abnormalities
are already present) and late middle age.

Discussion
We previously found that cognitively normal late-middle-aged
carriers of the APOE �4 allele, a common AD susceptibility
gene, have functional brain abnormalities in the same brain
regions as patients with probable AD. We now find that
cognitively normal �4 carriers have functional brain abnor-
malities as relatively young adults, several decades before the

Fig. 2. Regional�pontine CMRgl in young adult APOE �4 carriers and controls. Measurements were normalized to that in the pons, which appears to be the
region least affected in patients with the probable AD (25), and extracted from the locations specified in Table 3, which were associated with the most significant
differences between the �4 carriers (�4) and controls who do not carry the �4 allele (NC) (P � 0.001, uncorrected for multiple comparisons).

Table 1. Characteristics of the young adult �4 carriers and control subjects

Characteristic Carriers, n � 12 Controls, n � 15 P value

Age, yr 30.7 � 5.4 31.2 � 5.0 0.77*
Sex, female�male 9�3 12�3 0.28†

Handedness right, yes�no 12�0 14�1 �0.99†

Years of education 16.0 � 1.7 16.1 � 1.5 0.95*
Reported family history

Any first-degree relative, yes�no 5�7 1�14 0.09†

Any first- or second-degree relative, yes�no 6�6 5�10 0.63†

Score on Hamilton Depression Scale 1.0 � 1.9 1.1 � 1.8 0.92*
Score on Mini-Mental State Examination 29.9 � 0.3 29.9 � 0.3 0.88*

Plus-minus values are means � SD.
*The P value was calculated with an unpaired two-tailed t test.
†The P value was calculated with Pearson �2 two-tailed test, with continuity correction for n � 5.
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possible onset of dementia. These abnormalities were detected
even though the young adult �4 carriers were restricted to
persons with one copy of this allele, who tend to have a lower
risk of AD and a later age of onset of dementia than those with
two copies of this allele �4, even though at least half of �4
heterozygotes are unlikely to develop AD, and even though the
average age of onset of dementia in those �4 heterozygotes
who develop the disorder appears to be in the seventh decade
of life, about four decades older than the average age of
subjects in this study (13–15).

In separate studies, we have found abnormally low CMRgl
bilaterally in the posterior cingulate, parietal, temporal, and
prefrontal cortex in patients with AD (8), cognitively normal
�4 homozygotes and heterozygotes at 50–65 years of age (9,
10), and cognitively normal �4 heterozygotes at 20–39 years of
age at the time of their baseline scans. As noted (9, 10), the
CMRgl abnormalities could ref lect reductions in the activity
or density of terminal neuronal fields that innervate the
implicated regions (30), the activity of synaptic glial cells (31),
an impairment in glucose metabolism unrelated to local
neuronal activity (32, 33), or a combination of these factors. As
in patients with probable AD (29), the CMRgl abnormalities

in the young �4 carriers could not be solely attributed to
alterations in brain volume.

The CMRgl reductions in our young adult �4 carriers may be
the earliest brain abnormalities yet found in living persons at
risk for late-onset AD. In postmortem studies, the character-
istic histopathological features of AD include neuritic plaques,
neurofibrillary tangles, and a loss of synapses. Whereas the
type, density, and topographic distribution of this histopathol-
ogy is likely to be extremely limited in normal young adults,
postmortem studies have raised the possibility that the initial
stage of AD histopathology [the selective involvement of
neurofibrillary tangles in transentorhinal cortex (34, 35)] may
be present several decades before the onset of dementia. In a
study of young adults (mean age 38, range 22–46 years), this
initial histopathological stage was observed in a higher fre-
quency of persons with the �3��4 genotype than in controls
with no copies of the �4 allele (36). Estimating the longitudinal
progression of AD histopathology from cross-sectional data, a
related study of persons 40–90 years of age suggested that this
initial histopathological stage may precede AD by �50 years
(37). MRI studies have found significantly smaller hippocam-
pal volumes in patients with AD and mild cognitive impair-

Table 2. Neuropsychological scores in young �4 heterozygotes and control subjects

Test

�4 Carriers, n � 12 Controls, n � 14

P valueMean (�SD) score

AVLT
Total learning 51.9 � 6.7 52.6 � 8.5 0.83
Short-term recall 11.2 � 2.6 11.8 � 2.5 0.54
Long-term recall 10.6 � 3.1 11.7 � 2.2 0.29

Complex figure test
Copy 35.6 � 1.0 35.4 � 0.9 0.67
Recall 20.3 � 5.6 21.0 � 7.6 0.77

Boston naming test 54.4 � 3.2 56.1 � 2.7 0.15
WAIS-R

Information 11.6 � 1.5 11.0 � 2.4 0.48
Digit span 10.8 � 1.5 10.9 � 3.3 0.93
Block design 11.3 � 3.0 12.1 � 2.5 0.46
Mental arithmetic 11.6 � 2.2 11.2 � 2.5 0.69
Similarities 11.6 � 2.1 11.5 � 2.1 0.92

Controlled oral word association test 43.3 � 8.7 44.4 � 10.0 0.79
WMS-R Orientation Subtest 13.9 � 0.3 13.9 � 0.3 0.91

AVLT, Auditory Verbal Learning Test; WAIS-R, Wechsler Adult Intelligence Scale-Revised; WMS-R, Wechsler
Memory Scale-Revised. The P value was calculated with unpaired two-tailed t tests, uncorrected for multiple
comparisons.

Table 3. Location and magnitude of most significant reductions CMRgl

Brain region

Atlas coordinates,* mm
Percent

reduction T value†

Corrected
P value‡X Y Z

Posterior cingulate 2 �32 25 10.5 3.77 0.0080
Right parietal 52 �53 47 9.8 3.41 0.048
Left parietal �45 �50 52 10.0 3.63 0.049
Right temporal 65 �14 �7 8.6 3.48 0.033
Left temporal �63 �37 7 8.0 3.05 0.13
Right prefrontal 45 42 29 8.9 3.12 0.010
Left prefrontal �34 11 59 9.8 3.30 0.015

The reductions were identified by an automated search of posterior cingulate, parietal, temporal, and
prefrontal cortex, regions previously found to be affected in patients with AD.
*The coordinates were obtained from Talairach and Tournoux (25). x is the distance in mm to the right (�) or left
(�) of the midline, y is the distance anterior (�) or posterior (�) to the anterior commissure, and z is the distance
superior (�) or inferior (�) to a horizontal plane through the anterior and posterior commissures.

†P � 0.001 before correction for multiple comparisons.
‡Significance levels were corrected for multiple comparisons in each of the regions of interest previously
associated with CMRgl reductions in the patients with probable AD. Details of the correction procedure, which
included 20,000 Monte Carlo simulations, are available on request.
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ment, correlations between reduced hippocampal volume and
the severity of cognitive impairment, and progressive declines
in hippocampal volume during the course of the illness (10,
23). Based on our study of late-middle-aged �4 homozygotes
and controls and a review of the MRI literature, we suggested
that the reduction in posterior cingulate CMRgl is apparent
before the onset of memory decline in persons at risk for AD
and that hippocampal volumes begin to decline some time
later, in conjunction with the onset of memory decline and
shortly before the onset of dementia (23).

The causal connections, if any, between the CMRgl abnor-
malities and the histopathological features of AD remain to be
clarified. For instance, it is possible that the CMRgl abnormal-
ities are attributable to AD histopathology. In a PET study of
baboons, neurotoxic lesions of entorhinal and perirhinal cortex
were associated with reduced rates of glucose metabolism in
posterior cingulate, parietal, and temporal cortex (38), raising
the possibility that the PET abnormalities in these regions reflect
a reduction in the activity or density of projections arising in the
vicinity of entorhinal cortex, the location of earliest and most
extensive AD-related histopathology (34, 39). Still, it remains to
be shown that the CMRgl abnormalities could be attributed to
the very limited histopathology that may or may not be present
in the cognitively normal young adult �4 carriers. Alternatively,
it is possible that the CMRgl abnormalities found in young adult
�4 carriers increase vulnerability to AD histopathology. Because
there may be some correspondence between the cortical asso-
ciation areas preferentially affected metabolically and his-
topathologically in AD (40, 41), our findings raise the possibility
that functional alterations provide a foothold for the subsequent
onset of neuropathology in brain regions that are preferentially
vulnerable to this disorder. If so, it may be possible to identify
neurobiological processes that are involved in the predisposition
to AD and precede the onset of previously known neuropathol-
ogy, providing particularly early targets for a prevention therapy.

The functional brain abnormalities observed in the young
adult �4 carriers could ref lect a very early age-related decline
in CMRgl or an abnormality in prenatal or early postnatal
neurological development. In comparison with the other iso-
forms, the E4 isoform of APOE has been associated with
higher cholesterol levels, increased aggregation of amyloid,
less protection against amyloid-induced oxidative neurotoxic-
ity, less efficient repair of neurons and synapses, less protec-
tion against the hyperphosphorylation of the microtubule-
associated protein tau, the formation of neurofibrillary
tangles, and a reduction in the outgrowth of neurons (13, 16,
42–45). Although any of these processes could have a role in
the development of AD, some could have an additional role in
neurological development.

Although it remains possible that the CMRgl abnormalities
reflect aspects of the �4 allele unrelated to AD, PET studies
suggest that these abnormalities are related to the development
of this disorder. Although there may be some differences (46,
47), patients with probable AD had a similar pattern of reduc-
tions in regional CMRgl whether or not they had the �4 allele
(48, 49). In patients with probable AD, the CMRgl abnormalities
predicted the subsequent progression of dementia and the
histopathological diagnosis of AD (7), were progressive (3–5, 8),
and were correlated with dementia severity (6). In older �4
carriers who did not have dementia, CMRgl continued to decline
in these and other brain regions and did so at higher rates than
in control subjects who did not have this allele (2, 12). In those
�4 carriers who had memory concerns, some of the metabolic
abnormalities predicted a subsequent decline in memory (12).
Our ongoing longitudinal PET study of late-middle-aged, cog-
nitively normal �4 carriers, and studies in patients with mild
cognitive impairment who have an increased annual risk of AD

(50), promise to clarify the extent to which the PET abnormal-
ities are related to the risk of AD.

Although some studies do not detect a significant effect of
early life factors (51, 52), it has been suggested that early life
factors may contribute to the risk of late-onset AD (53–56). In
a sample of nuns, those with lower measures of linguistic ability
at a mean age of 22 years had lower cognitive function, a higher
frequency of neuropathologically confirmed AD, and a higher
density of neurofibrillary tangles in the hippocampus and
cortex when they were assessed about six decades later (53). In
a sample of Scottish residents, those with lower scores on a test
of mental ability at the age of 11 had a higher frequency of
late-onset dementia by the age of 75 (54). In several studies,
lower educational levels were associated with an increased risk
of AD (55, 56). The relationship between lower levels of
intelligence and education and an increased risk of AD could
be attributable to very early neurological alterations that lead
to each of these conditions, differential cognitive reserve
capacities in neuropathologically affected or unaffected brain
regions (57), possible neuroprotective effects of cognitive
stimulation (58), or a combination of these and other contrib-
utory factors.

In a post hoc cross-sectional analysis, PET images from our
young adults and previously studied late-middle-aged subjects
(10) were used to characterize and compare the effects of age on
regional CMRgl in cognitively normal �4 heterozygotes and
controls. Consistent with previous studies (9, 59–63), the late-
middle-aged adults had lower CMRgl than young adults in
extensive areas of the cerebral cortex, most prominently in the
medial frontal lobe. In contrast to 2-year follow-up findings that
regional CMRgl continues to decline at an abnormally high rate
in older �4 carriers with and without memory concerns (2, 12),
the CMRgl differences between young adulthood and late
middle age were not significantly greater in the �4 carriers than
in the controls. Although there may be other explanations to
reconcile these findings, we have previously postulated that the
rates of age-related CMRgl decline in different regions vary
depending on a person’s age, AD risk and stage, and their
interactions (10). Longitudinal studies are needed to further
characterize the course of CMRgl declines across the adult
lifespan, the extent to which they are accelerated in �4 carriers
and other persons at risk for AD, and the extent to which baseline
and longitudinal CMRgl declines predict the subsequent onset of
cognitive impairment and dementia.

This study has several limitations. For instance, because
subjects in this study were selected by using newspaper adver-
tisements, were mostly Caucasian and female, and had relatively
high educational levels, additional studies are needed to deter-
mine whether our findings can be confirmed in young adult �4
carriers with other demographic features. Although CMRgl
abnormalities have been reported in some of the same brain
regions in relatives of patients with an early-onset, autosomal
dominant form of AD (64) and a patient with mild cognitive
impairment who subsequently developed AD (65), additional
studies are needed to determine whether the same pattern of
functional brain abnormalities is related to the risk of AD in
persons with no copies of the �4 allele. Finally, whereas the �4
carriers and control subjects had significant differences in their
regional PET measurements, there was considerable overlap
between groups in their individual measurements. Neither ge-
netic testing for APOE alleles nor PET are clinically indicated
to predict a cognitively normal person’s risk of AD. This
information does not yet determine with sufficient accuracy
whether or when a person might develop AD; this information
may be associated with psychological and social risks; and
established prevention therapies are not yet available (66).

If, as we believe, the functional brain abnormalities observed in
young adult �4 carriers are associated with the risk of late-onset AD,
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it may be possible to discover primary prevention therapies that
target the contributing processes at an unusually early age, decades
before the onset of cognitive decline, and perhaps at a more
tractable stage of disease or level of susceptibility.
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