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Abstract

One of the main features of Alzheimer’s disease (AD) is the severe reduction of the cerebral metabolic
rate for glucose (CMRglc). In vivo imaging using positron emission tomography with 2-[18F]
fluoro-2-deoxy-D-glucose (FDG-PET) demonstrates consistent and progressive CMRglc reductions
in AD patients, the extent and topography of which correlate with symptom severity. Increasing
evidence suggests that CMRglc reductions occur at the preclinical stages of AD. CMRglc reductions
were observed on FDG-PET before the onset of disease in several groups of at-risk individuals,
including patients with mild cognitive impairment (MCI), often a prodrome to AD; presymptomatic
individuals carrying mutations responsible for early-onset familial AD; cognitively normal elderly
individuals followed for several years until they declined to MCI and eventually to AD; normal,
middle-aged individuals who expressed subjective memory complaints and were carriers of the
apolipoprotein E epsilon-4 allele, a strong genetic risk factor for late-onset AD. However, the causes
of the early metabolic dysfunction forerunning the onset of AD are not known. An increasing body
of evidence indicates a deficient or altered energy metabolism that could change the overall oxidative
microenvironment for neurons during the pathogenesis and progression of AD, leading to alterations
in mitochondrial enzymes and in glucose metabolism in AD brain tissue. The present paper reviews
findings that implicate hypometabolism and oxidative stress as crucial players in the initiation and
progression of synaptic pathology in AD.

Keywords

FDG; PET; Alzheimer’s disease; hypometabolism; oxidative stress; preclinical; early diagnosis

Introduction

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly, accounting for up to
70% of dementia cases, and is the fourth leading cause of death in developed nations after heart
disease, cancer, and stroke. AD is an age-related progressive neurodegenerative disorder with
an insidious onset and deadly outcome. Currently, a diagnostic test for AD is not available,
and the clinical diagnosis of AD remains a diagnosis of exclusion of other causes; only
postmortem examinations can demonstrate whether a patient with a clinical diagnosis of AD-
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type dementia really suffered from AD pathology or a similar neurodegenerative disease. The
definitive diagnosis of AD is based on the postmortem observation of specific pathological
lesions: intracellular neurofibrillary tangles (NFT), amyloid beta (AB) deposition in the form
of extracellular senile plaques and blood vessel deposits, neuronal and synaptic loss, and brain
atrophy in specific brain areas.!»2

Several studies have shown that the pathological lesions associated with AD develop many
years before the clinical manifestations of the disease become evident.3_6 However, the
presence of plaques and tangles alone does not imply that they lead to the clinical aspects of
the disease, or that they cause the other cellular changes. In fact, typical amyloid and NFT
lesions are found in both demented and non-demented individuals.O—8 A series of papers
provided intriguing evidence that, although increased deposition of AP plaques and NFT
correlate with clinical status at autopsy, neuronal loss is the real turning point for developing
clinical symptoms of dementia in life.>» Plaques and tangles may therefore be necessary,
though not sufficient, to develop the clinical signs of AD. In AD, specific brain circuits are
structurally disrupted through synapse loss and neuronal death in keeping with the principle
of selective neuronal vulnerability, according to which specific neuronal populations die and
others are resistant to neurodegeneration (seel0 for review).

The most vulnerable brain areas in AD are the medial temporal lobes (MTL, i.e., the
hippocampus, transentorhinal and entorhinal cortices, and parahippocampal gyrus [PHG]).3’

> In the neocortex, the pyramidal cells anatomically connected to the EC and the CA1 and
subiculum regions of the hippocampus are particularly prone to NFT formation and
degeneration, whereas gri ary sensorimotor and occipital areas and cerebellum exhibit
minimal neuronal loss.3>%0 Disruption of the pyramidal neurons in the perforant path is
thought to disconnect the hippocampus from the rest of the cortex, strongly contributing to the
decline in memory observed in early AD.I1 Despite a predilection for the neocortex, AP
depositions are also found in the MTL at later stages of the disease.12-14

The neocortex and hippocampus are both affected in AD, but the pathology is not uniform, nor
does it affect all cell types. The physical and chemical characteristics, functional properties,
and location of neurons seem to impact their likelihood of being affected. In particular, large-
projection neurons with relatively long axons are most damaged in AD. These neurons: (1)
have high-energy requirements (i.e., high metabolic rates) and, because the brain relies almost
exclusively on glucose as a substrate for energy production, their function is directly dependent
on glucose availability and use; (2) rely on axonal transport (retrograde and anterograde) for
functional support—the axons of cortico-cortical projection neurons travel long distances,
which makes these neurons more prone to receiving multiple insults and more sensitive to
cytoskeletal dysfunction; and (3) have a large cell surface area, which may increase exposure
to toxic environmental conditions.10:15

The causes of neuronal dysfunction in neurodegenerative disorders have been the subject of
extensive investigations. Normal synapse function requires a multitude of coordinated
mechanisms, including the generation of gene products responsible for formation and
maintenance of membrane complexes; the synthesis and delivery of mRNAs, proteins, and
transmitters; the regulation of vesicle trafficking, release, and reuptake; and many more.16 For
all of these actions to be performed efficiently, sufficient energetic substrates must be supplied.
In the brain, the free energy necessary to drive most cellular reactions is derived from
phosphorylation of adenosine 5'-triphosphate, which is mostly produced in the mitochondria
from the oxidation of glucose under aerobic conditions. Therefore, a disruption in glucose
metabolism may be a very direct determinant of synaptic dysfunction.
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In keeping with this observation, recent evidence suggests that altered glucose metabolism is
a very earlzy change in AD17-21 and is an excellent correlate of the clinical disabilities in
dementia.22 Clinical AD symptoms essentially never occur without metabolic decreases, the
extent of which is related to the severity of cognitive impairment both in vi v023-25 and in
vitro.26 At the molecular level, metabolic changes are intimately linked to glucose
consumption and oxidative phosphorylation. Dysregulation of brain metabolism results in the
overproduction of reactive oxggen species (ROS) and changes in cellular calcium regulation,
as was recently reviewed in.27 Production of ROS is a normal part of the electron transport
chain in the mitochondria, and impairment of electron transport promotes ROS production.
Increased cytosolic free calcium influx upon interruption of metabolism alters intracellular
calcium dynamics, leading to excitotoxicity. Thus, brain metabolism, production of ROS, and
calcium homeostasis are directly related and are all altered in AD brains, which are generally
under severe oxidative stress.2” An increasing body of evidence has implicated oxidative
damage as a critical mechanism in synapse disruption in AD, including evidence for increased
lipid peroxidation, protein oxidation, oxidative damage to both nuclear and mitochondrial
DNA, and decreased brain glucose metabolism, strongly associated with the known
topographical and neuronal distribution of pathology observed in AD (seeZS_31 for areview).
Oxidative stress is associated with plaques and tangles and can plausibly be connected to the
clinical aspects of the disease, mainly via disruption of synaptic activity.”<

Functional neuroimaging offers the unique capability to both visualize the direct effects of
neuronal activity and quantitate the rates of specific biological processes at the tissue level in
vivo. Positron emission tomography (PET) imaging with 2-[!8F]fluoro-2-deoxy-D-glucose
(FDGQ) as the tracer has long been used to track AD-related brain changes by providing
qualitative and quantitative estimates of the cerebral metabolic rate of glucose (CMRglc).
CMR‘%IC, as measured with FDG-PET, is a direct index of synaptic functioning and density.
34-37 The present review will provide an overview of FDG-PET results at the preclinical
stages of AD and discuss possible relationships between the hypometabolism observed with
neuroimaging and current theories of oxidative stress as a driving force in AD.

Brain Hypometabolism as a Preclinical Event in Alzheimer’s Disease

Alterations of Brain Glucose Metabolism in Alzheimer’s Disease

One of the striking features of AD is the drastic reduction of CMRglc in specific brain areas.
FDG-PET studies in AD demonstrate consistent and progressive CMRglc reductions, the
extent and topography of which correlate with symptom severity (see38 for areview). Virtually
all FDG-PET studies report that, compared with age-matched healthy normal controls, AD
patients show regional metabolic reductions involving the parieto-temporal39 and posterior
cingulate cortices (PCCS)4O and the frontal areas in advanced disease;41 these reductions are
present upon a background of widespread global metabolic impairment42 and are prominent
with respect to primary motor and visual areas, cerebellum, thalamus, and basal ganglia nuclei,
which are relatively spared.43 These findings have been largely replicated since the early
1980s, and this pattern of hypometabolism is now largely accepted as a reliable invivohallmark
of AD because of its high sensitivity in distinguishing AD from normal aging as well as from
other diseases that affect the brain regionally and globally.44 Interestingly, although
innumerable pathological, histological, in vitro, animal model-based, and in vivo magnetic
resonance imaging (MRI) studies provided converging evidence for significant MTL damage
in patients with AD, for several years FDG-PET studies failed to report MTL abnormalities.
This led to the paradoxical conclusion that the MTL either was not hypometabolic or that it
maintained high metabolic rates as a compensatory mechanism against advancing disease
(see38 for discussion). Only recently, owing to technical achievements leading to higher spatial
resolution and improved detector sensitivity of PET instrumentation as well as the use of
anatomically precise brain sampling with MRI guidance, reports increasingly appeared
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indicating MTL CMRglc abnormalities in AD17.18:45-51 along with the characteristic
cortical hypometabolism; this put an end to the uncertainty.

Importantly, these CMRglc reductions have been observed on FDG-PET before the onset of
the disease in several groups of at-risk individuals, including presymptomatic individuals
carrying autosomal dominant mutations responsible for early-onset familial AD; patients with
mild cognitive impairment (MCI), which is in many cases a prodrome to AD;>2 normal elderly
subjects who declined to MCI and AD several years after PET;!7-18 normal individuals who
were carriers of the apolipoprotein E (APOE) E4 allele, the strongest genetic risk factor for
late-onset AD;”~ and in subjects with subjective memory complaints. 4 A common feature of
these studies is the detection of pre-clinical CMRglc abnormalities in the same regions as
clinical AD patients; this suggests a metabolic continuum between aging and dementia. The
main FDG-PET findings from these studies are reviewed in what follows.

Presymptomatic Early-Onset Familial AD

Autosomal dominant mutations have been identified in three genes—amyloid precursor protein
(APP, on chromosome 21), pre-senilin 1 (PS1, on chromosome 14), and pre-senilin 2 (PS2, on
chromosome 1)—that are associated with early-onset familial AD (FAD). FAD accounts for
a minority of AD cases in the general population and is characterized by autosomal dominant
inheritance with 100% penetrance and a specific age at symptom onset for a given pedigree

(see55 for review). Therefore, study of presymptomatic mutation carriers close to the expected
age of dementia onset provides unique information about preclinical AD-related brain changes.

A few FDG-PET studies have been performed with FAD patients, and unfortunately only in
cross-section. These studies showed parieto-temporal, posterior cingulate, and frontal cortex
hypometabolism in most FAD cases compared with age-matched controls.56-57 A study by
Kennedy et al. (1997)57 showed that presymptomatic FAD individuals have whole-brain
CMRglc levels intermediate between controls and symptomatic FAD patients, which suggests
a progression of global CMRglc impairment along with the course of the disease. However,
these early studies examined only the neocortex, which precludes examination of the MTL,
and did not perform partial volume correction of the FDG-PET values. Because their subjects
also showed significant volume losses (atrophy) in the same regions on MRI, it remained to
be established whether the CMRglc reductions were an effect of increasing the cerebrospinal
fluid (CSF) pool. The presence of brain atrophy artificially lowers the FDG—PET measures
because of the partial volume effects of CSF, which are not resolved by the PET camera, and
the resulting CMRglc measures reflect the combined effects of hypometabolism and atrophy.

We recently addressed these questions in an FDG-PET and MRI study of presymptomatic PS1
carriers from families with earlg-onset FAD, examined an average of 13 years prior to the
estimated age at disease onset. 1 Our data showed that the MTL is also hypometabolic in
presymptomatic FAD, and that CMRglc reductions exceed tissue loss in these individuals.
Specifically, we compared CMRglc and volumes in several brain regions, including the
hippocampus, EC, PCC, parietal and temporal cortices, and the whole brain, between patients
with FAD and age-matched noncarriers from the same families. Volume reductions in patients
with FAD compared with controls were restricted to the parietal cortex. Conversely, CMRglc
reductions on FDG-PET were observed in all regions examined, and remained significant after
partial volume correction from MRI. Partial volume—corrected CMRglc reductions ranged
from 13% (whole brain) to 21% (PCC), reflecting true reductions of brain glucose use per unit
brain volume. With respect to the MTL, CMRglc was reduced 12% in the hippocampus and
20% in the EC. Overall, presymptomatic FAD patients showed generalized and widespread
CMRglc reductions in the brain regions typically hfrpometabolic in clinical dementia patients
in the relative absence of structural brain atrophy2 (Fig. 1). These results provide definitive
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evidence that MTL and cortical CMRglc reductions are implicated in the preclinical stages of
AD.

Mild Cognitive Impairment

The preferred strategy by which to examine the preclinical stages of sporadic AD has been the
investigation of MCI patients. MCI is recognized by many as a transitional state between
healthy aging and dementia, during which individuals are able to perform the usual activities
of daily living but suffer isolated memory and or other difficulties exceeding those expected
on the basis of normal aging; this puts these individuals at higher risk for developing future
AD.58391n particular, patients with severe isolated memory deficits, such as amnestic MCI,
decline to AD with an estimated conversion rate of 10%—-30% per year,5 8,59 at least in
controlled research settings.

Although parieto-temporal and PCC hypometabolism is consensually recognized as the
metabolic feature of AD, and reports of MTL deficits are increasing, currently no specific
pattern of hypometabolism is considered to be a hallmark for MCI (86638’60 for recent
reviews). In keeping with the concept of MCI as an intermediate stage along the hypothesized
continuum from normal aging to AD, MCI patients present with mild global and regional
hypometabolism within the same brain regions typically affected in clinical AD, compared
with controls.17-40,47-50,61-66 However, regional patterns of CMRglc reductions in patients
with MCI are more variable and correspond to patterns of cognitive and behavioral
abnormalities in individual patients.24’66 FDG-PET studies showed that hippocampal
h§p0metabolism is evident in MCI patients regardless of the neuropsychological profile,17’
18,47.50 whereas the cortical involvement is more diversified. Studies in nonamnestic MCI
patients (i.e., patients with selective deficits in attention and languag.ge5 8) showed that they had
either an absence of cortical hypometabolism or hygometabolism in brain regions including,
but not restricted to, the parieto-temporal cortices,1 47,50,67,68 whereas amnestic MCI
patients more consistently showed pronounced abnormalities in the PCC and parieto-temporal
cortices.#0-48,63,64.69 Given the higher rate of decline to AD in patients with amnestic than
nonamnestic MCL,>? these data suggest that the more severe and spatially extended CMRglc
reductions in AD-specific regions may predispose these patients to develop AD in the near
future.

Once it was established that FDG-PET measures are useful in the differentiation of MCI from
normal aging, a growing body of longitudinal FDG—PET examinations have been carried out
to examine the predictive value of these measures in the decline from MCI to AD. The major
findings are summarized in Table 1. These studies were restricted to amnestic MCI patients,
and showed that CMRglc reductions are retrospectively more pronounced in those patients
with MCI who eventually developed AD than in those who remained stable (Fig. 2), with
prediction accuracies ranging from 75% to 1009.40,61-63,65,66 Moreover, evidence suggests
that the metabolic changes in the declining MCI patients are progressive, indicating that
CMRglc measures both predict and correlate with the decline to AD.% The main limitation
to the above studies was the short time to follow-up, which ranged from 1 to 3 years.
Longitudinal studies with longer follow-ups are needed to ascertain whether some of the stable
MCI patients also go on to develop AD, and whether FDG-PET is predictive of decline over
longer time periods.

The above studies were able to imply CMR-glc reductions in the transition to AD; however,
to validate CMRglc measures as predictors of decline for routine diagnostic evaluations, the
risk for future AD must be examined prospectively and on an individual basis. A few studies
have undertaken this approach—first in mild AD patients44770 and more recently in patients
with MCI®>—and showed that the CMRglc reductions have high predictive value in

forecasting patients’ subsequent clinical course. In these studies, the FDG-PET diagnosis at
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the time of the first evaluation correctly predicted cognitive deterioration in mild AD and MCI
patients 3 to 5 years later, with accuracies higher than 80%.44,65,70

Normal and “Abnormal” Aging

Age itself is the single most important risk factor for sporadic AD, which is the most common
form of age-related dementia in the general population, affecting approximately 2% of
individuals 65 years of age, with the incidence doubling every 5 years up to age 90, at which
point the incidence is over 5 0%.”! FDG-PET studies in normal aging showed mild age-related
CMRglc declines, mainly involving the frontal regions.7 17,1

Very little work has been done with FDG—PET to monitor the progression from normal aging
to sporadic AD because of the intrinsic difficulty in carrying out such studies for the low
incidence and slow progression of normal elderly to AD (1-3% per year).s2 Such studies call
for very large subject samples, long follow-up, and great expenses to follow cognitively normal
persons over time until they develop dementia.

Only three FDG-PET studies have been published that monitored decline from normal to
MCI!7 or from normal to MCI and dementia.!8:73 The first study of this kind showed that
reduced baseline CMRglc in the EC predicts an MCI diagnosis 3 years later with 83%
sensitivity and 85% specificity.17 Moreover, longitudinal CMRglc reductions were found in
the EC, hippocampus, and lateral temporal cortex during the progression to MCI. Importantly,
these effects remained significant after correcting the CMRglc values for partial volume effects
from MRI, suggesting that these early CMRglc reductions in MCI are independent of tissue
loss and represent a real reduction of glucose consumption per gram of brain tissue. However,
as not all MClI patients go on to develop AD, it remained to be established whether the observed
CMRglc reductions were in fact related to future AD.

We addressed this question in a recent longitudinal FDG-PET study in normal elderly subjects
that were followed over 6—14 years (mean 7 years). This study expanded on our prior

work 7 by increasing the sample size from 23 to 77 longitudinally followed subjects and by
increasing the study duration and the number of follow-ups. This allowed us to follow subjects
long enough that 11 baseline normal subjects developed dementia, 6 of whom were diagnosed
with AD, and 19 declined to MCI. Decline occurred, on average, 8 years after the baseline
exam. CMRglc in the hippocampus and cortical regions was examined as predictors and
correlates of change in clinical status. The baseline hippocampal CMRglc was the only regional
predictor of future cognitive decline; this measure predicted decline from normal to AD with
81% accuracy, including two postmortem confirmed AD cases, from normal to another
dementia with 77% accuracy, and from normal to MCI with 71% accuracy. Hippocampal
hypometabolism was also a significant predictor of the time to decline. For every unit decrease
in baseline hippocampal CMRglc, the time to decline to AD was decreased by 8.7% (95%
confidence interval [CI]: 3.0%—14.1%), which corresponded to a time ratio (TR) of 1.1 (95%
CI: 1.0-1.4) years; the time to decline to another dementia was decreased by 4.7% (95% CI:
0.3%-8.9%), for a TR of 1.0 (95% CI: 0.8—1.2) years; and the time to decline to MCI was
decreased by 7.2% (95% CI: 2.8%—11.5%), for a TR of 1.08 years (95% CI: 1.03-1.11) (Fig.
3).

Greater rates of hippocampal, PCC, and temporal cortex CMRglc reductions were found in the
declining compared with the non-declining normal subjects. In addition, these FDG-PET data
provided direct evidence for a topographical progression of CMRglc abnormalities, which
appear to originate in the MTL during the normal stages of cognition, extend to the PCC at the
MCI stage of AD, and finally spread to the parieto-temporal cortices in full-blown dementia,
18 in keeping with NFT pathology findings.6 Overall, our results showed an association
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between reduced hippocampal CMRglc during normal aging, shorter times until onset of
dementia, and increased risk for cognitive decline years in advance of the clinical diagnosis.

Apolipoprotein E E4 Genotype

The APOE is encoded by three alleles—APOE E2, APOE E3, and APOE E4—of a gene on
chromosome 19(]713.2. The APOE E4 genotype is a major genetic risk factor for late-onset
sporadic AD.53.74 The APOE E4 genotype is considered a risk factor because 40% of AD
patients have at least one APOE E4 allele, and there is a negative association between the dose
of APOE E4 allele and the mean age of onset of AD, which is approximately 70 years for
isrgdividuals carrying two APOE E4 alleles, 76 for one allele, and over 85 for the noncarriers.

The mechanisms by which the E4 allele is implicated in AD onset are not clear. Apolipoproteins
constitute the protein portion of the lipoproteins that transport cholesterol, an essential
constituent of all cell membranes that provides membrane fluidity. APOE is the major
lipoprotein for lipid transport in the CSF and between cells in the brain tissue by acting as a
binding site for low-density lipoproteins receptors, allowing for lipids or cholesterol to be
assimilated into cells. APOE transport of cholesterol in the CNS is of great importance for
synapse plasticity and repair of damaged neurons.’> The APOE E4 allele is thou ght to increase
the risk for AD possibly because of less effective neural protection and repair mechanisms
compared with the other allelic variants.’?

FDG-PET studies examining the effects of the APOE E4 allele on CMRglc in nondemented
individuals have reported that, compared with noncarriers, cognitively normal individuals who
are APOE E4 carriers have mild but definite CMRglc reductions in the same regions as
clinically affected AD pattients.19’20’54’76_79 Evidence suggests that, in middle-aged E4
carriers, the metabolic reductions are progressive and correlate with reductions in cognitive
performance.19’77 A study of cognitively normal persons aged 50-63 having two APOE E4
alleles showed a 25% decline in CMRglc over an interval of 2 years.77 Moreover, the same
pattern of hypometabolism was observed in 20- to 40-year-old subjects, and these CMRglc
reductions are considered the earliest brain abnormalities yet found in living persons at risk
for AD.78

These studies also suggest a link between A and CMRglc impairment because APOE E4 is
associated with increased deposition of AP but has little or no effect on the rate of NFT
accumulation.80 Moreover, compared with the other alleles, APOE E4 has the lowest
antioxidant metal-binding capacity75 and gives the least %)rotection against AB-generated
covalent modification of proteins by 4—hyd1r0xyn0nenal;8 this leads to lipid peroxidation and
hydrogen peroxide production.82 APOE E2 and APOE E3 bind and remove AP, whereas
APOE E4 apparently does not bind AB,75 except to promote Af sheet formation.83

Subjective Memory Complaints

Subjective memory complaints (SMC) are fairly widespread in the elderly community with a
prevalence of 25%—-50% and may represent a preclinical sign of incipient dementia,84 although
their predictive value remains to be validated. We recently published the first FDG—PET study
to examine CMRglc in cognitively normal individuals with and without SMC. The results
showed that normal persons with SMC have significant CMRglc reductions in several brain
regions, including the PHG, parieto-temporal and inferior frontal cortex, fusiform gyrus, and
thalamus, compared with demographically matched individuals with no such complaints.
Hypometabolism in the PHG region, which mainly included the entorhinal cortex, was the
most significant predictor of SMC status; this measure distinguished subjects with and without
SMC with 75% accuracy with an odds ratio of 2.4 (95% CI = 1.3-4.8; P < 0.001), which
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indicates that normal individuals with SMC have more than a two times greater chance of PHG
deficits compared with those with no complaints.54 Moreover, we also explored the effects of
the APOE genotype on CMRglc and showed a significant interaction between SMC and APOE
status. Among subjects with SMC, carriers of the APOE E4 genotype had significantly lower
CMRglc measures in the PHG, temporal and frontal cortices, and thalamus compared with all
other possible subgroups. Again, the CMRglc reductions were most prominent in the PHG
(18%).

Although hypometabolism reflects synapse dysfunction and is considered a sensitive indicator
of neuronal damage, this measure does not provide information on the pathological hallmarks
specific to AD. We therefore examined the relationship between hypometabolism and markers
of AD pathology in these subjects by combining FDG—-PET with CSF biomarkers of AD
pathology. We measured some of the most widely used CSF analytes in AD, including markers
for tau (i.e., total [T-Tau], a marker of neuronal degeneration, and hyperphosphorylated tau
[P-Tauysz;], a marker for NFTs), and Af pathology (i.e., peptide fragments of AB4y and APy4p
amino acid residues, the CSF levels of which are reflective of A} sequestration into neuritic
plaques) and lipid membrane oxidative damage (F,-isoprostane, IsoP). These CSF markers
have value in discriminating AD and MCI from controls and other dementias$d-80 and in
predicting the transition from MCI to AD,%7 although more replication studies are needed.

Across all subjects, CMRglc in the MTL, parieto-temporal, and frontal cortices were
significantly correlated with IsoP, T-Tau, and P-Tauy3; levels (Ps < 0.02), whereas no
significant relationships were found between A4 or AB4p and CMRglc in any regions.
Interestingly, the APOE E4 carriers with SMC showed the highest IsoP levels compared with
all other subgroups, and these IsoP levels were strongly related to the PHG CMRglc reductions
in these subjects (Ps < 0.01). The combination of PHG hypometabolism and increased IsoP
levels significantly discriminated APOE E4 carriers with SMC from the other groups with 79%
accuracy and an odds ratio of 3.1 (95% CI = 1.4-9.1; P = 0.001). These data indicate that a
relationship exists between PHG CMRglc reductions and lipid membrane peroxidation in
normal individuals at risk for late-onset AD; the relationship between these biomarkers
becomes tighter when subjects start to show memory deficits.

PHG hypometabolism in normal subjects with memory complaints, particularly those carrying
an unfavorable APOE genotype, may have an impact on subjects’ awareness of memory
decline. Similar to findings of MTL hypometabolism in normal individuals who progress to
MCI and AD,17’18 these data suggest that CMRglc reductions related to the presence of SMC
may confer increased risk for developing AD in these subjects. Although the evidence for
CMRglc reductions in SMC individuals is compelling, this group classification is susceptible
to error. SMC status is based on individual judgment of the subject’s memory deficits, which
can vary with recent experiences and changes in mood. Longitudinal follow-up examinations
of subjects with and without SMC are needed to determine whether the observed CMRglc
reductions foreshadow clinical decline.

Brain CMRglc Reductions and AD Pathology

Very little work has been done to directly relate CMRglc measures to the pathological markers
of AD, and the causes of the early CMRglc dysfunction in AD are largely unknown.
Nonetheless, evidence suggests that CMRglc reductions correlate with regional densities of
NFT, although only moderately, and not with senile plaque distribution.88 The MTL was
metabolically affected the earliest and most severely, and contained the highest densities of
NFT.838 A 99MTc_HMPAO single-photon emission computed tomography (SPECT) study also
showed that changes in cerebral perfusion correlate with Braak’s stages of NFT distribution
in AD, and the changes in both cerebral perfusion and NFT distribution originate in the MTL.
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89 Less direct evidence for a relationship between CMRglc reductions and AD pathology
comes from studies that showed agreement between postmortem diagnosis of AD and the
parieto-temporal hypometabolism detected in life with PET. In the largest series of cases
available to date, the presence of cortical CMRglc abnormalities on antemortem FDG-PET
correctly predicted postmortem AD diagnosis with 88% accuracy.44 However, postmortem
studies do not clarify whether CMRglc reductions forerunning AD onset are a consequence of
NFTs, AB, or other pathological lesions. Unfortunately, no studies have directly examined the
relationship between CMRglc FDG-PET measures and synapse or neuronal loss, let alone the
relationship with markers of oxidative stress.

Indirect evidence implicating impaired glucose regulation in AD, possibly related to synapse
dysfunction, comes from kinetic FDG-PET studies showing downregulation of glucose
transport and phosphorylation rates in hypometabolic regions in AD patients.90_ Kinetic
FDG-PET studies with dynamic imaging and arterial plasma sampling allow determination of
the kinetic rates of forward and backward glucose transgort (K| and k») and phosphorylation
(k3), which are then used to derive absolute CMRglC.gS’ 4 The few FDG-PET kinetic studies
that have been performed showed reduced kinetic rates of glucose transport and
phosphorylation in the neocortex of moderate-to-severe AD patients compared with normal
controls (NL).90_92 We recently showed that the typical CMRglc reductions in the
hippocampus and PCC in mild AD patients are also accompanied by reductions in kinetic rates
of glucose transport (25%) and phosphorylation (23%—36%).5 1 We also found a trend toward
reduced kinetic rates and CMRglc in the parieto-temporal areas and no effects in other regions,
such as frontal and occipital cortices, thalamus, and cerebellum. Altogether, these data suggest
that abnormalities in kinetic glucose rate constants may follow the topographical progression
of AD, such that they are more pronounced in the hippocampus and PCC in mild dementia and
extend to the parieto-temporal regions in moderate-to-severe AD.>1,90-92

However, resting-state CMRglc reductions on FDG-PET do not indicate whether this
dysfunction is attributable to reduced availability of glucose or to intrinsic brain changes
resulting in reduced energy demand. Activation HyO5— and FDG-PET studies provided
evidence that, during cognitive stimulation, cerebral blood flow (CBF) and CMRglc can
increase to the same extent in mildly demented AD patients as in normal controls, even in the
brain areas that show reduced CBF and CMRglc in the resting state.95-90 These results suggest
that increasing synapse dysfunction may result in reduced energy demand and downregulation
of the enzymes responsible for glucose delivery and consumption in mild AD, although low
energy availability because of reduced CBF or CMRglc is not rate-limiting at the early stage
of disease.”~»”" Responses to stimulation declined with dementia severity and were markedly
reduced in severely demented patients.95’96 As proposed by Rapoport and colleagues,30 the
in vivo stages of brain responsiveness to stimulation probably reflect stages in synaptic loss
and dysfunction in the brain.

Conclusions

The cellular and molecular changes naturally occurring during normal aging may render
specific neurons vulnerable to degeneration. During the normal aging process, brain cells
undergo changes in oxido-reduction (redox) reactions and experience increasing levels of
oxidative stress, perturbed energy homeostasis, and accumulation of damaged proteins and
lipid membranes as well as oxidative modified nucleid acid bases (for a review about age-
related cellular changes and AD seels). Aging is associated with decreases in mitochondrial
function and increased vulnerability of mitochondria to toxins.32 In addition to alterations in
mitochondria, neurons also show impaired glucose uptake during normal aging,97 further
compromising their ability to maintain ion homeostasis and other energy-dependent cellular
processes. Many of the age-related deficits in energy metabolism might be a consequence of
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oxidative stress, and excessive oxidative stress may in turn provide an unfavorable cellular
environment that puts individuals at increased risk for developing pathological lesions. The
free radical theory of aging suggests that oxidative stress is the major player in the degeneration
of cells,98 and cell cycle disruption is one of the earliest events in AD.% As age is the primary
risk factor for the maj oritg of AD cases, oxidative stress has been implicated in the pathogenesis
and progression of AD. 100,101 o growing body of evidence indicates that a deficient or altered
energy metabolism could change the overall oxidative microenvironment for neurons during
the pathogenesis and progression of AD, leading to alterations in mitochondrial enzymes and
in glucose metabolism in AD brain tissue.

In recent years, several FDG-PET studies have shown that brain glucose hypometabolism
within key brain regions accurately distinguishes AD from normal aging, precedes cognitive
decline and the onset of dementia among normal elderly and presymptomatic FAD individuals,
and can be found in cognitively normal subjects with subjective memory complaints and in
carriers of the APOE E4 genotype. FDG-PET studies in dizygotic twins discordant for AD are
also of great interest as a new strategy to tap preclinical CMRglc abnormalities in AD and
examine the influence of genetics and the environment in the onset of dementia. 102,103 ppg-
PET neuroimaging is therefore considered a candidate modality for the detection of early AD
brain changes prior to the onset of clinical symptoms of the disease. Additional work is required
to better understand the relationships between hypometabolism at the tissue level, as measured
with FDG-PET, and the molecular mechanisms implicated in glucose dysregulation and
oxidative stress in AD. Although a relationship appears to exist between oxidative stress,
neuronal dysfunction, and reduced glucose metabolism on FDG-PET in AD, several other and
possibly co-occurring factors may also be involved. With improved understanding of the
molecular basis for the clinical symptoms of dementia, it is hoped that the elucidation of the
etiologic causes, particularly the positive feedback loops involving radical damage and a
reduced glucose metabolism, will help to develop novel neuroprotective treatment strategies
able to interrupt this vicious cycle of oxidative stress and energy shortage in AD.
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Figure 1.

CMRglc reductions (red arrows) on FDG-PET in the parietal regions (left) and MTL (right)
in the absence of atrophy on MRI in a 35-year-old woman, a PS1 carrier examined 35 years
prior to the expected AD onset age.21
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Figure 2.

Regional CMRglc reductions in AD patients (top row), individuals with MCI who declined to
AD after 2 years (MCI-AD, middle row), and stable MCI patients (MCI-MCI, bottom row)
compared with age-matched controls.®d Statistical parametric maps of reduced CMRglc are
shown on a red-to-yellow color-coded scale reflecting Z scores between 2 and 6, and are
displayed (from left to right) on the left lateral, left medial and posterior views of spatially
standardized, volume-rendered MRI.
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Figure 3.

Weibull survival prediction models showing the association between hippocampal (HIP)
CMRglc during normal aging and the time to decline to AD.181n cognitively normal 70-year-
old subjects, for HIP CMRglc <24 pmol/g/min, the predicted median time to decline is 7 years;
for CMRglc = 25-28 pmol/g/min, the predicted time to decline is 9.5 years; and for CMRglc
>29 pmol/g/min, the predicted time to decline is 12 years. In comparison, in cognitively normal
60-year-old subjects, HIP CMR-glc < 24 pmol/g/min predicts a median time to decline of 11
years; for CMRglc = 25-28 pmol/g/min, the predicted time to decline is 13 years; and for
CMRglc > 29 pmol/g/min, the predicted time to decline is 18 years.
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Reference Decliners/Nondecliners Follow-up (years) Regional CMRglc reductions Prediction accuracy
40 8/23 2 Parieto-temporal and PCC Not reported
61 19/52 2 Global association cortex 78%
62 9/20 3 Parieto-temporal cortex 75%
63 717 1.5 Parieto-temporal and PCC 94-100%
64 8/22 1 Parieto-temporal and PCC and Not reported
frontal cortex
69 8/37 1 Parietal cortex 89%
65 12/18 1.5 Parieto-temporal and PCC and/ 90%
or frontal cortex
66 14/67 1 Parieto-temporal and PCC 92%
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