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ABSTRACT

Background: At cross-section, cognitively normal individuals (NL) with a maternal history of late-
onset Alzheimer disease (AD) have reduced glucose metabolism (CMRglc) on FDG-PET in the
same brain regions as patients with clinical AD as compared to those with a paternal and a nega-
tive family history (FH) of AD. This longitudinal FDG-PET study examines whether CMRglc reduc-
tions in NL subjects with a maternal history of AD are progressive.

Methods: Seventy-five 50- to 82-year-old NL received 2-year follow-up clinical, neuropsycholog-
ical, and FDG-PET examinations. These included 37 subjects with negative family history of AD
(FH�), 9 with paternal (FHp), and 20 with maternal AD (FHm). Two subjects had parents with
postmortem confirmed AD. Statistical parametric mapping was used to compare CMRglc across
FH groups at baseline, follow-up, and longitudinally.

Results: At both time points, the FH groups were comparable for demographic and neuropsycho-
logical characteristics. At baseline and at follow-up, FHm subjects showed CMRglc reductions in
the parieto-temporal, posterior cingulate, and medial temporal cortices as compared to FH� and
FHp (p � 0.001). Longitudinally, FHm had significant CMRglc declines in these regions, which
were significantly greater than those in FH� and FHp (p � 0.05).

Conclusions: A maternal history of Alzheimer disease (AD) predisposes normal individuals to pro-
gressive CMRglc reductions in AD-vulnerable brain regions, which may be related to a higher risk
for developing AD. Neurology® 2009;72:513–520

GLOSSARY
AD � Alzheimer disease; ApoE-4 � apolipoprotein E-4 genotype; CMRglc � cerebral metabolic rate for glucose; FDG-PET �
2-[18F]fluoro-2-deoxy-D-glucose positron emission tomography; FH � family history; FH� � negative family history of AD;
FHm � maternal history of AD; FHp � paternal history of AD; FWHM � full-width at half maximum; GDS � Global Deteriora-
tion Scale; GLM � General Linear Model; MCI � mild cognitive impairment; MMSE � Mini-Mental State Examination;
MNI � McGill Neurologic Institute; mtDNA � mitochondrial DNA; NL � normal individuals; PCC � posterior cingulate cortex;
PHG � parahippocampal gyrus; SMC � subjective memory complaints.

Alzheimer disease (AD) is an age-dependent neurodegenerative disorder associated with pro-
gressive loss of cognitive function. After advanced age, having a first-degree family history of
late-onset AD, especially when a parent is affected, is the major risk factor for developing AD
among cognitively normal (NL) subjects.1 While the rare familial forms of early onset AD
follow conventional patterns of autosomal dominant Mendelian inheritance, the vast majority
of AD cases appear late in life, without clear nuclear genetic associations. However, first-degree
relatives of affected probands are at 4- to 10-fold higher risk for AD as compared to individuals
with no family history.2-4 The apolipoprotein E (ApoE) epsilon 4 genotype is an established
genetic risk factor for late-onset AD, but it is found in less than 40% of AD cases,1 indicating
that other factors contribute to the etiology and expression of disease. Although there is mixed
evidence for parent of origin effects in late-onset AD families,5,6 epidemiology data indicate
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that having an AD-affected mother confers
greater risk than having an AD-affected fa-
ther,5 is associated with poorer cognitive per-
formance in late life,7 and a more predictable
age at dementia onset in the offspring.8 The
biologic mechanisms through which a paren-
tal history of AD confers increased risk for
developing dementia are unknown.

Our recent 2-[18F]fluoro-2-deoxy-D-glucose
positron emission tomography (FDG-PET)
study showed that NL individuals with a mater-
nal history of AD had marked reductions in the
cerebral metabolic rate for glucose (CMRglc) as
compared to subjects with a paternal history and
without a family history of AD.9 NL subjects
with an AD-affected mother showed reduced
CMRglc in the parieto-temporal, posterior cin-
gulate, and medial temporal cortices, which are
typically hypometabolic in patients with clinical
AD.9 FDG-PET studies in AD have shown that
CMRglc reductions in these regions occur years
prior to symptoms onset10-13 and correlate with
clinical progression.13,14

This 2-year longitudinal FDG-PET study
examines whether CMRglc reductions in NL
individuals with a maternal history of AD are
progressive.

METHODS Subjects. We retrospectively examined 75 clin-
ically and cognitively NL individuals who completed a 2-year
follow-up FDG-PET examination and thorough family history
(FH) evaluations. Subjects were recruited at NYU School of
Medicine to participate as volunteers for longitudinal FDG-PET
studies, including individuals interested in research participation
and risk consultation; self-referred individuals with cognitive
complaints; and spouses, family members, and caregivers of pa-
tients participating in other studies. Informed consent was ob-
tained from all subjects. The study was approved by the NYU
and Brookhaven National Laboratory (BNL, Upton, NY) IRB.

At baseline and follow-up, subjects received a standard diag-
nostic evaluation that included medical, psychiatric, neuropsy-
chological, clinical MRI, and FDG-PET examinations within 2
months. Individuals with medical conditions or history of condi-
tions that may affect brain structure or function, i.e., stroke,
diabetes, head trauma, any neurodegenerative diseases, depres-
sion, hydrocephalus, intracranial mass, and infarcts on MRI, and
use of psychoactive medications were excluded. All subjects had
normal fasting blood glucose levels, blood pressure, cholesterol
levels, and Modified Hachinski Ischemia Scale scores �4.15

ApoE genotype was determined using standard PCR procedures.
Subjects were 50–82 years of age at baseline, had education

�12 years, Global Deterioration Scale (GDS) scores �2,16 and
Mini-Mental State Examination �28. All subjects had normal
cognitive test performance relative to normative values on the
immediate and delayed recall of a paragraph and of paired asso-
ciates, the digit-symbol substitution, designs, object naming, and

WAIS-vocabulary tests.13 A FH of dementia that included at
least one first-degree relative with dementia onset between 65
and 80 years was elicited by using the NYU Brain Aging Family
History questionnaire (appendix e-1 on the Neurology® Web site
at www.neurology.org). Participants were asked to fill in infor-
mation of affected family members, which was confirmed by
other family members in the interview with the examining neu-
rologist. Subjects were not included if their parents had not lived
to the age at risk of late-onset AD (i.e., 65 years). Subjects with
maternal (FHm; i.e., only the mother was affected with AD),
paternal (FHp; i.e., only the father was affected with AD), and
negative FH of AD (FH�) were included in the study. The
AD-affected parents of two subjects (one FHm and one FHp)
received an autopsy and the postmortem diagnosis of AD.17

Brain imaging. Subjects received a standardized whole-brain
MRI scan protocol on a 1.5 T Signa imager (General Electric,
Milwaukee, MI), including a contiguous 3 mm axial T2-
weighted and a T1-weighted fast-gradient-echo image (25 cm
field of view [FOV], number of excitations � 1, 256 � 128
matrix, 35 msec relaxation time, 9 msec excitation time, 1.2 mm
sections, and 60º flip angle). These scans were used to rule out
MRI evidence of hydrocephalus, intracranial mass, cortical
strokes, subcortical gray matter lacunes, and moderate to severe
white matter disease.18

All subjects received a PET scan at BNL on an ECAT 931
scanner (Siemens, Knoxville, TN; 6.2 mm full-width at half
maximum [FWHM]; 6.75 mm slice thickness, 10 cm axial
FOV). Subjects received 5–8 mCi of FDG IV while lying supine
in a dimly lit room. PET images were obtained 35 minutes after
injection over 20 minutes. Scans were acquired as two inter-
leaved 15-slice PET volumes that overlapped by a half-slice
thickness (�3.4 mm) over two 10-minute frames.19 Arterial
blood samples were drawn at standard intervals throughout the
study and absolute CMRglc (�mol/100 g/min) was calculated
using Sokoloff model with standard kinetic constants.20 Data
were reconstructed using filtered back-projection (Fourier rebin-
ning/2D back-projection, Hanning filter with a frequency cutoff
of 0.5 cycles/pixel) and corrected for attenuation, scatter, and
radioactive decay, yielding 128 � 128 matrix with a pixel size of
1.56 mm.

Image analysis. FDG-PET scans were processed using Statis-
tical Parametric Mapping (SPM2, Wellcome Department of
Cognitive Neurology, London, UK).21 Scans were realigned, spa-
tially normalized to an elderly brain template22 in the McGill
Neurologic Institute (MNI) space, which approximates the Ta-
lairach and Tournoux space,23 by estimating the least squares
12-parameter affine transformation followed by an iterative esti-
mate of local alignment, and smoothed with a 12 mm FWHM
gaussian filter.21 Only voxels with values greater than 80% of the
whole brain CMRglc were included in the analysis and only
clusters exceeding an extent threshold of 30 voxels were consid-
ered significant. Anatomic location of brain regions showing sig-
nificant effects was described using the Talairach and Tournoux
coordinates using Talairach Daemon 12.0 (http://ric.uthscsa.
edu/projects/talairachdaemon.html), after coordinates conver-
sion to the Talairach space.23 CMRglc measures were extracted
from the clusters of voxels showing significant effects using the
Marsbar tool (http://www.mrc-cbu.cam.ac.uk/Imaging/marsbar.
html) to be examined in further analyses.

Statistical analysis. Analyses were done with SPSS 12.0
(SPSS Inc., Chicago, IL) and SPM2. Differences in demographic
and neuropsychological measures between the study groups were
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examined with �2 tests, Fisher exact test, and the General Linear
Model (GLM) with post hoc LSD tests, as appropriate. For all
analyses, results were considered significant at p � 0.05.

The GLM/univariate analysis with post hoc t tests was used
to test for CMRglc differences across FH groups at baseline and
at the 2-year follow-up. The GLM/repeated measures analysis
with post hoc t tests was used to test for differential effects across
groups over time, and to examine longitudinal CMRglc changes
within each FH group. All analyses were performed using abso-
lute CMRglc values and controlling for the individual’s global
CMRglc, as done in previous FDG-PET study with similar sub-
ject groups to highlight regional differences.9,24 Prior to analysis,
we confirmed that there were no cross-sectional (F[2,63] � 0.6,
p � 0.55) or longitudinal (F[2,63] � 1.26, p � 0.20) differences
in global CMRglc across groups (baseline: FH� � 33.1 � 6.5,
FHp � 34.2 � 6.3, FHm � 33.7 � 6.7 �mol/100 g/min;
follow-up: FH� � 37.7 � 7.4, FHp � 32.0 � 8.5, FHm �

30.8 � 5.2 �mol/100 g/min). Since we previously identified the
brain regions showing CMRglc differences across FH groups,9

results were considered significant at p � 0.001, uncorrected for

multiple comparisons.

Results were re-examined controlling for other potential risk

factors for late-onset AD, such as age, female gender, education,

ApoE-4 genotype, and presence of subjective memory com-

plaints.

In addition, due to the small sample of FHp, we created

three groups of nine subjects each, matched for age, gender, ed-

ucation, and ApoE genotype, and re-examined CMRglc for

group effects using the GLM with post hoc LSD tests, as well as

nonparametric Mann-Whitney rank sum tests (� � 0.05, exact

significance, one-tailed).

Linear regressions were used to estimate the number of years

prior to baseline when statistical differentiation across groups

was possible. This was done for the brain regions showing base-

line and longitudinal group effects by estimating the mean CM-

Rglc for each group every 0.5 years prior to baseline, using the

baseline CMRglc and the annual rate of CMRglc decline in each

group.13 At each time point, CMRglc was compared between

groups using independent-sample t tests at p � 0.05 (one-sided).

The spatially normalized FDG-PET scans of the two sub-

jects with parents with pathology-verified AD were processed

using NEUROSTAT25 to highlight CMRglc abnormalities in

each subject as compared to an FDG-PET database of healthy

controls.26 Results were examined at p � 0.01 (one-sided) and

three-dimensional stereotactic surface projections of the Z scores

generated to visualize CMRglc deviations from controls.25,26

RESULTS Of the 75 baseline subjects, 66 were ex-
amined in this study including 37 FH�, 9 FHp, and
20 FHm subjects. Of the remaining nine subjects,
one had both parents affected, two had only siblings
affected, three had only second-degree relatives af-
fected, and three had a family history of an unspeci-
fied dementia and were conservatively excluded.

There were no significant differences between FH
groups for age, education, and prevalence of subjec-
tive memory complaints (SMC) (table 1). The prev-
alence of females was lower in FHp (44%) as
compared to FH� and FHm (78% and 75%;
�2

(2) � 8.3, p � 0.01). The prevalence of ApoE-4
carriers was slightly lower in FH� (24%) as com-
pared to FHp and FHm (55% and 50%; �2

(2) � 5.3,
p � 0.07). There were no differences in neuropsy-
chological scores across groups at baseline, follow-up,
or longitudinally (table 1).

At baseline, FHm subjects showed CMRglc re-
ductions as compared to FH� and FHp (figure 1).
As compared to FH�, FHm subjects showed CMR-
glc reductions in the parietal, temporal, posterior
cingulate (PCC), and frontal cortices, and parahip-
pocampal gyrus (PHG), bilaterally (p � 0.001, table
2). As compared to FHp, FHm showed reduced
CMRglc in the PCC and frontal cortices, bilaterally,
in the right temporal cortex, PHG, and hippocam-
pus, and in the left parietal cortex (p � 0.001, table
2). These results remained significant after account-
ing for age, gender, education, ApoE genotype, and

Table 1 Subject characteristics by family history groups

FH� FHp FHm

No. 37 9 20

Age at baseline, y 64 (7) 60 (6) 64 (6)

Gender , F/M (% F) 29/8 (78) 4/5 (44) 15/4 (75)

Education, y 16 (2) 16 (1) 16 (2)

ApoE-4, �/� (% ApoE-4) 28/9 (24) 4/5 (55) 10/10 (50)

SMC, yes/no (% SMC) 29/8 (78) 4/5 (55) 13/7 (65)

Neuropsychological measures

MMSE

Baseline 29.2 (1.1) 29.6 (0.8) 29.6 (0.6)

Follow-up 29.2 (0.8) 29.6 (0.5) 29.7 (0.8)

Designs

Baseline 6.3 (2.4) 7.4 (2.0) 6.4 (2.3)

Follow-up 6.2 (2.6) 7.5 (2.6) 6.5 (2.4)

Digit symbol substitution

Baseline 55.8 (9.3) 62.1 (8.5) 56.5 (10.8)

Follow-up 55.7 (10.7) 56.7 (14.2) 55.5 (11.0)

Object naming

Baseline 55.8 (4.8) 56.9 (4.7) 54.6 (5.3)

Follow-up 55.0 (5.8) 57.5 (2.3) 54.3 (6.6)

Paired associates recall

Baseline 9.3 (3.4) 10.2 (2.4) 8.9 (2.3)

Follow-up 9.2 (3.3) 11.5 (3.3) 8.5 (2.5)

Paragraph delayed recall

Baseline 6.4 (2.4) 6.6 (2.7) 6.3 (2.7)

Follow-up 6.3 (2.8) 6.8 (3.5) 6.3 (3.2)

WAIS vocabulary

Baseline 66.5 (8.1) 72.5 (5.1) 68.0 (9.7)

Follow-up 67.6 (10.4) 70.3 (7.5) 67.6 (9.2)

Values are means (SD).
FH � parental family history of AD; FH� � negative FH; FHp � paternal FH; FHm � maternal
FH; ApoE-4 � apolipoprotein E-4 genotype; SMC � subjective memory complaints;
MMSE � Mini-Mental State Examination.
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SMC. There were no differences between FH� and
FHp groups.

At the 2-year follow-up, as compared to FH�
and FHp groups, FHm subjects showed CMRglc re-
ductions in the same brain regions as at baseline (p �
0.001). The clusters of hypometabolism were slightly
more extended with respect to the baseline results,
but the topography of CMRglc reductions remained
unchanged (data not shown). As with the baseline,
there were no differences between FH� and FHp
groups.

At both time points, there were no regions show-
ing higher CMRglc in FHm as compared to FH�
and FHp.

Longitudinal group by time interaction effects
were detected in the PCC/precuneus, inferior pari-
etal, and superior temporal cortex, bilaterally (p �
0.001). Post hoc comparisons showed that the longi-
tudinal effects in the PCC and parieto-temporal cor-
tices were driven by FHm subjects, who showed
CMRglc reductions at follow-up as compared to
baseline, whereas FH� and FHp groups did not
show CMRglc reductions in these regions over time
(p � 0.001, table 3 ). In FHm subjects, CMRglc
within AD-related regions (i.e., the average of the
parieto-temporal and PCC CMRglc) was reduced
13% at baseline and 23% at follow-up (p � 0.001),
and the CMRglc reductions over time were more se-
vere (F[2,63] � 17.9; p � 0.001) as compared to
FH� and FHp (figure 2). The mean annual CMR-
glc decline in AD regions in FHm (�3.14 � 1.3
�mol/100 g/min) was greater than that observed in
FH� (�0.75 � 1.5 �mol/100 g/min) and in FHp
(�0.56 � 0.91 �mol/100 g/min) (p � 0.001). This
corresponded to higher annual rates of CMRglc re-
ductions in AD regions in FHm (�5.8%) than in
FHp and FH� (�0.9% and �1.4%, p � 0.05).

Additionally, all FH groups showed modest lon-

gitudinal CMRglc reductions in the frontal cortex (p
� 0.001, table 3), but there were no interaction ef-
fects in this region. There were no regions showing
CMRglc increases over time in any FH group.

Analysis of three demographically and size
matched FH groups confirmed the above CMRglc
effects in AD brain regions. As compared to FH�,
the FHm group showed CMRglc reduced 17% at
baseline CMRglc and 25% at follow-up (Mann
Whitney p � 0.001 and p � 0.002, respectively), as
well as greater CMRglc decreases over time (FHm:
�2.8 � 1.1 �mol/100 g/min per year vs FH�:
�0.54 � 2.2 �mol/100 g/min per year, Mann
Whitney p � 0.005). This corresponded to higher
annual rates of CMRglc reductions in AD regions in
FHm (�5.0% per year) than in FH� (�1.1% per
year, p � 0.05).

Assuming a linear progression of CMRglc reduc-
tions and constant SEM, CMRglc reductions in
FHm were estimated to reach significance 2 � 0.5
years before baseline as compared to FH�, and 1.5
� 0.5 years before baseline as compared to FHp (fig-
ure e-1).

Examination of the FDG-PET scans of the off-
spring of patients with postmortem verified AD
showed that, as compared to controls, a 68-year-old
NL son of an AD-affected father did not show hypo-
metabolism, whereas a 58-year-old NL daughter of
an AD-affected mother showed significant CMRglc
reductions in the PCC and medial temporal cortex,
bilaterally (Z scores range: 2.3–4), and to a lesser
extent in the parieto-temporal cortex (p � 0.01, fig-
ure e-2).

DISCUSSION We previously reported that, in
cross-section, NL FHm individuals show CMRglc
reductions in the same brain regions as patients with
clinical AD as compared to FHp and FH�. The

Figure 1 Maternal history of Alzheimer disease (FHm) subjects as compared to negative family history (FH�) (in blue) and paternal history
(FHp) (in red) groups, and to both FH� and FHp (in purple)

Anatomic location and description of brain regions are found in table 2. Areas of hypometabolism are displayed onto the superior, anterior, and inferior
views of a volume-rendered spatially normalized MRI.
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present longitudinal FDG-PET study replicates pre-
vious findings in a larger cohort, and shows that re-
gional CMRglc continued to decline in FHm
individuals during the 2-year follow-up. The decline
in CMRglc preceded any evidence of cognitive dete-
rioration and was significantly greater than in FH�
and FHp subjects. These effects remained significant
after accounting for potential risk factors for late-
onset AD such as age, female gender, education,
ApoE-4 genotype, and SMC.

Longitudinally, all FH groups showed CMRglc
declines in the frontal regions, in agreement with
previous age-related FDG-PET findings in NL eld-
erly.12,13,27 However, the FHm subjects uniquely

showed CMRglc declines also in the same AD-
vulnerable brain regions that were hypometabolic at
baseline, the parieto-temporal and PCC cortices, in
which the rates of CMRglc decline were significantly
higher in FHm as compared to the other groups.
Regression analyses showed that CMRglc reductions
in AD regions in FHm originated a few years prior to
the baseline PET, suggesting that hypometabolism in
FHm subjects may be a late-life phenomenon. Other
studies with longer follow-ups and younger individu-
als are needed to replicate these findings.

Examination of two persons with parents with
pathologically confirmed AD revealed that while the
FHp subject did not show CMRglc abnormalities,
the FHm subject showed a pattern of hypometabo-
lism involving the PCC and medial temporal corti-
ces, and to a lesser extent, the parieto-temporal
regions as compared to controls. A similar pattern is
consistently found in patients with mild cognitive
impairment (MCI), a condition that places patients
at very high risk for developing AD.14,22,28

Hypometabolism in these brain regions is known
to precede the onset of cognitive symptoms in AD by
many years,10,12,13 and to correlate with disease pro-
gression in NL elderly12,13 and patients with MCI14

declining to AD. Our FHm subjects showed a simi-
lar regional pattern of longitudinal CMRglc deficits,
suggesting that progressive hypometabolism may be
one of the biologic mechanisms that confer increased
vulnerability to AD. Continued follow-up examina-
tion of our subjects and replication studies are neces-
sary to determine whether the observed CMRglc
reductions are predictive of AD.

The causes of the early CMRglc abnormalities in
FHm subjects are not known. Although Mendelian
inheritance is not evident in late-onset AD, the fact
that children of affected individuals have an in-
creased risk of developing the disease suggests a ge-
netic component.1 Moreover, the fact that only
children of affected mothers show CMRglc reduc-
tions consistent with AD suggests maternally inher-
ited predisposition to brain “energetic” failure.

FDG-PET studies of NL ApoE-4 carriers have
shown longitudinal CMRglc reductions similar to
those observed in our FHm subjects.24 However, our
results remained significant after controlling for
ApoE genotype, which indicates that other factors
contribute to the CMRglc abnormalities observed in
FHm. With all that is known about the molecular
processes involved in glucose metabolism, hypome-
tabolism in FHm may be due to a combination of
defective mitochondrial function, increased oxidative
stress, and possible mitochondrial DNA (mtDNA)
mutations, leading to CMRglc alterations in brain
tissue.29 The fact that mtDNA is entirely maternally

Table 2 Brain regions showing significant CMRglc differences across family
history groups at baseline

Cluster extent Coordinates* Z† Functional area Brodmann area

CMRglc reductions in FHm as compared to FH�

1474 34 61 4 4.05 Superior frontal gyrus 10

37 62 �1 3.11 Superior frontal gyrus 10

1031 �58 �44 40 3.81 Inferior parietal gyrus 40

�59 �43 35 2.56 Inferior parietal gyrus 40

�53 �49 43 2.48 Inferior parietal gyrus 40

924 �38 58 4 2.80 Superior frontal gyrus 10

�42 58 8 2.60 Superior frontal gyrus 10

481 4 �37 40 3.42 Posterior cingulate gyrus 31

�3 �44 42 3.24 Posterior cingulate gyrus 31

286 21 �16 �20 2.51 Parahippocampal gyrus 28

243 �61 �53 1 2.23 Middle temporal gyrus 21

213 63 �9 �12 2.22 Middle temporal gyrus 21

151 �26 �16 �24 2.36 Parahippocampal gyrus 28/36

133 41 �59 20 2.14 Angular gyrus 39/40

CMRglc reductions in FHm as compared to FHp

1192 63 �6 �8 3.04 Middle temporal gyrus 21

58 4 �16 2.54 Middle temporal gyrus 21

63 �8 �4 2.13 Superior temporal gyrus 21/22

352 3 �41 28 2.43 Posterior cingulate gyrus 31

�4 �43 32 2.70 Posterior cingulate gyrus 31

226 30 63 1 2.48 Superior frontal gyrus 10

38 60 8 2.44 Superior frontal gyrus 10

203 27 �12 �20 2.45 Hippocampus

25 �15 �24 2.44 Parahippocampal gyrus 36

28 �15 �16 2.34 Hippocampus

110 �51 �49 45 2.29 Inferior parietal gyrus 40

88 �36 61 �1 2.45 Superior frontal gyrus 10

*Coordinates (x, y, z) from the atlas of Talairach and Tournoux23: x is the distance in mm to
the right (�) or left (�) of 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.
†Z values at the peak of maximum statistical significance at p � 0.001.
FH � parental family history of AD; FHm � maternal FH; FH� � negative FH; FHp � paternal FH.
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inherited in humans, and diseases associated with
mtDNA mutations often present as sporadic disor-
ders,29 lends support to this hypothesis. mtDNA ab-
normalities in AD correlate with increased reactive
oxygen species production, mitochondrial respira-
tory enzymes defects, decreased ATP production,
and enhanced amyloid-beta toxicity.30,31 A deficient
energy metabolism could change the oxidative mi-
croenvironment for neurons during the pathogenesis
of AD, rendering synapses more vulnerable to degen-
eration.29 Oxidative stress is strongly associated with
neuronal loss in AD, which mainly affects the medial
temporal, PCC, and parieto-temporal cortices.32,33

These regions were progressively hypometabolic in
our FHm subjects.

Despite showing CMRglc reductions, FHm sub-
jects did not show cognitive deficits, indicating that
they may be compensating for advancing brain dam-
age. Although no CMRglc increases were observed in

FHm, resting-state FDG-PET is not the ideal tool to
probe functional compensatory mechanisms, which
may be better detected by techniques such as fMRI,
using specific challenges. Hypometabolism on FDG-
PET is known to precede cognitive deficits in NL
elderly,12,13 suggesting that the metabolic declines in
FHm may be related to a pathologic process. Our
results are consistent with epidemiologic observa-
tions that a maternal history of AD negatively influ-

Figure 2 Longitudinal CMRglc changes in
Alzheimer disease (AD)-vulnerable
brain regions (parieto-temporal
and posterior cingulate cortex) in
negative family history (FH�) (top,
white circles), paternal history
(FHp) (middle, white triangles), and
maternal history (FHm) subjects
(bottom, black squares)

CMRglc are �mol/100 g/min.

Table 3 Brain regions showing significant longitudinal CMRglc effects within
FH groups

Cluster extent Coordinates* Z† Functional area Brodmann area

CMRglc reductions at follow-up as compared to baseline in FH�

102 �29 28 �9 4.69 Inferior frontal gyrus 11/47

�54 23 �4 4.45 Inferior frontal gyrus 47

76 41 56 �4 4.48 Superior frontal gyrus 10

45 48 47 16 4.44 Superior frontal gyrus 10/46

CMRglc reductions at follow-up as compared to baseline in FHp

50 �5 57 �20 4.01 Inferior frontal gyrus 11

40 55 37 4 4.85 Inferior frontal gyrus 45

36 61 �15 �16 4.81 Middle temporal gyrus 21

CMRglc reductions at follow-up as compared to baseline in FHm

5961 61 �37 32 7.99 Inferior parietal gyrus 40

�57 �47 40 7.71 Inferior parietal gyrus 40

�3 �67 40 5.94 Precuneus 7

�29 �72 44 5.18 Precuneus 7

4 �48 32 5.42 Posterior cingulate gyrus 31

�49 �56 45 3.44 Inferior parietal gyrus 40

2534 �61 �56 4 4.44 Middle temporal gyrus 21/37

�60 �54 �1 4.05 Middle temporal gyrus 21/37

734 59 7 �3 4.22 Superior temporal gyrus 22

63 �11 �4 5.25 Superior temporal gyrus 21/22

43 4 1 3.58 Insula

236 64 �29 �1 3.88 Middle temporal gyrus 21

60 �42 4 3.84 Middle temporal gyrus 21

150 40 58 2 3.15 Superior frontal gyrus 10

*Coordinates (x, y, z) from the atlas of Talairach and Tournoux23: x is the distance in mm to
the right (�) or left (�) of 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.
†Z values at the peak of maximum statistical significance at p � 0.001.
FH � parental family history of AD; FH� � negative FH; FHp � paternal FH; FHm � maternal FH.
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ences AD risk5,7,8 and offer a biologic substrate that
may account for the clinical findings. Confirmation
of this hypothesis awaits further longitudinal studies
examining clinical decline in these subjects.

Our determination of parental AD in the absence
of neuropathologic confirmation is vulnerable to er-
ror. We relied on a consensus diagnostic conference
to review FH medical records, diagnoses were based
on established clinical diagnostic criteria for AD,34,35

and FH questionnaires are known to have good
agreement with neuropathologic findings.36 None-
theless, our affected FH cohort may have included
subjects whose parents did not have AD but another
dementia. This would lead to erroneous inclusion of
subjects in FH groups, with the potential effect of
conservatively reducing the power to detect group
differences.

Received April 30, 2008. Accepted in final form July 24, 2008.
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