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Abstract

The degree of intactness of human cognitive functioning for a given individual spans a wide
spectrum, ranging from normal to severely demented. The differential diagnosis for the causes of
impairment along that spectrum is also wide, and often difficult to distinguish clinically, which
has led to an increasing role for neuroimaging tools in that evaluation. The most frequent causes of
dementia are neurodegenerative disorders, Alzheimer's disease being the most prevalent among
them, and they produce significant alterations in brain metabolism with devastating
neuropathologic, economic, social and clinical consequences. These alterations are detectable
through positron emission tomography (PET), even in their earliest stages. The most commonly
performed PET studies of the brain are carried out with [18F]fluorodeoxyglucose (FDG) as the
imaged radiopharmaceutical. Such scans have demonstrated diagnostic and prognostic utility in
evaluating patients with cognitive impairment, and in distinguishing among primary
neurodegenerative disorders and other etiologies for cognitive decline. In addition to focusing
upon the effects on cerebral metabolism examined with FDG PET, some other changes occurring
in the brains of cognitively impaired patients assessable with other radiotracers will be considered.
As preventive and disease-modifying treatments are developed, early detection of accurately
diagnosed disease processes facilitated by the use of PET has the potential to substantially impact
upon the enormous human toll exacted by these diseases.

Introduction

Among all applications of positron emission tomography (PET) of the brain in current
clinical practice, evaluating changes in cognitive abilities is the one for which the greatest
demand currently exists. The degree of intactness of human cognitive functioning spans a
wide spectrum. This ranges from normal for a given individual, to a subjective perception of
impairment that is not objectively documented by neuropsychologic tests, but which can
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represent the earliest stages of decline, to minimally impaired states with neuropsychologic
functioning diminished slightly below the mean level of normal young performance
(sometimes categorized as “age-associated” or “age-consistent”), to an intermediate state
often referred to as “mild cognitive impairment” (MCI), to states of dementia of mild,
moderate, or severe degree. While some of the people experiencing milder forms of
impairment are on a path of progressive decline, others will have stable or reversible forms
of impairment, and the differential diagnosis for the associated causes is wide at every level,
with the actual cause often difficult to clinically discern.

Dementia affects approximately 24 million people worldwide, with about 5 million new
cases occurring annually.> The most common cause of decline that eventually leads to
dementia, and the best-studied, is Alzheimer's disease (AD). This condition occurs in
10-15% of people over 65, and 40-50% of all those older than 85. The disease is present in
approximately two-thirds of cases of dementia. It is estimated to currently afflict 5.1 million
people at a cost to society of $148 billion in the United States alone, a number projected to
rise to 11-16 million people by 2050, as the aging of the baby boomers expands our geriatric
population.2 Other causes of cognitive decline include dementia with Lewy bodies,
cerebrovascular disease, frontotemporal dementia, Creutzfeldt-Jakob disease, HIV-
associated dementia, neurosyphilis, Parkinson's dementia, normal pressure hydrocephalus,
and dementias due to exposure to toxic substances (heavy metals, alcohol, other drugs),
metabolic abnormalities, or psychiatric disorders.

Limitations of Conventional Clinical Evaluation

A definite diagnosis of AD can be made only by histopathologic examination of brain
tissue. 3 The identification and differential diagnosis of AD is especially challenging in its
early stages, partly because of the difficulty in distinguishing it from the mild decline in
memory that can occur with normal aging and from mild cognitive manifestations of other
neuropsychiatric conditions, such as depression, as well as other causes of dementia. False
positive and false negative diagnoses with respect to presence of AD are not uncommonly
made, even by physicians experienced with the evaluation of dementia. 4-8 Moreover,
clinical assessment frequently involves multiple examinations and laboratory tests over
months or years.

There is greater need for early accurate diagnosis, now that several medications for the
treatment of mild to moderate AD are available. Most are cholinesterase inhibitors, used to
delay cognitive decline associated with mild to moderate disease. More recently, memantine
was approved by the United States Food and Drug Administration for treating patients with
moderately advanced disease. Patients with neurodegenerative disease have the most to gain
from therapy that intervenes as early as possible in the course of inexorably progressive
irreversible damage to brain tissue, and controlled clinical trials have demonstrated that
cholinesterase inhibitors can improve, or delay decline in, memory and other cognitive
functions in mild or moderately affected AD patients. 9-1° Treatment can cut by more than
half the proportion of patients requiring nursing home placement over a given period of
time. 1617 Cholinergic and other!® agents also have beneficial effects with respect to
reducing behavioral problems, improving patients' functional abilities, and decreasing
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caregiver burden. 13.19-22 Studies examining long-term effects of cholinesterase inhibitors
indicate that drug treatment produces an average delay in cognitive decline in AD patients of
nine to twelve months and a delay in the need for institutionalization of eighteen months on
average. 192325 Moreover, delaying the implementation of therapy by as little as six months
— in addition to carrying the inherent adverse consequence of depriving the patient of the
short-term advantages of potentially enhanced cognitive and functional abilities during that
time — may have long-term consequences as well. 11.13.19.26 Because early treatment
interventions are able to keep patients at higher levels of functioning longer, and future
innovative therapies may be able to further delay the onset of dementia and slow its
progression, or potentially reverse it when intercepted at a sufficiently early stage, it is
becoming increasingly important to accurately diagnose dementia as early as possible.

Few studies have specifically addressed the question of clinical detection of very mild
disease, particularly with comparison to the criterion standard of histopathologic diagnosis.
In the report of the Quality Standards Subcommittee of the American Academy of
Neurology,® three “Class 1” studies were identified in which the diagnostic value of clinical
assessment could be meaningfully measured (Class I indicates “a well designed prospective
study in a broad spectrum of persons with the suspected condition, using a ‘gold standard’
for case definition, and enabling the assessment of appropriate tests of diagnostic
accuracy”), and only one of them® focused upon evaluating dementia at a relatively early
stage. To be included in that investigation, patients were required to have had onset of
dementia symptoms within one year of entry. All of the 134 patients evaluated underwent a
complete standardized diagnostic work-up comprised of a comprehensive medical history
and physical, neurological examination, neuropsychologic testing, laboratory tests, and
structural neuroimaging, and an average of three additional years of clinical follow-up with
repeated testing. Sensitivity of this assessment for AD was 83-85%, while specificity was
50-55%, yielding an overall accuracy of 69%.

One impediment to accurately identifying presence of disease is reliance on standardized
cut-off scores on mental status or cognitive screening tests. Highly educated individuals who
have suffered cognitive decline may show normal performance on cognitive examinations,
while people with less education may appear to have cognitive impairment or dementia
when they actually have not declined. Test scores are most useful as a quantitative baseline
against which to compare future assessments, rather than as diagnostic markers. A particular
problem in the early stages of decline is that clinicians often have difficulty distinguishing
complaints of the “worried well” (i.e., normal aging) from those of patients who have an
underlying brain disorder that will result in progressive cognitive decline. Subjective
complaints can indicate the presence of mood disorders or early dementia, and in any event,
should be taken seriously.27:28

FDG PET Studies of Normal Brain and Healthy Aging

Clinical PET studies of the brain are carried out most commonly using
[18F]fluorodeoxyglucose (FDG). The resulting scans are typically interpreted qualitatively,
by visual analysis, although quantitative software tools are becoming increasingly used as
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adjuncts to interpretation. In either case, the relative distribution of FDG throughout the
patient's brain is examined, and compared to the distribution expected for a normal subject.

When quantification is performed, it may be expressed as regional concentrations of
measured radioactivity normalized to some internal reference standard — for example, a
reference region of the brain, the whole brain activity, or the average whole-body
concentration prior to excretion and decay-corrected to the actual time of imaging (i.e.,
standardized uptake value, or SUV). Those results, often termed ‘semi-quantitative,” turn out
to be adequate for most clinical applications, as well as for many research applications. In
contrast, “absolute quantitative’ values are derived from biologically based mathematical
models that reflect the partitioning of radioactivity into compartments that can reflect both
physiological boundaries (e.g., the vascular space, the blood-brain barrier, the plasma
membrane of neurons) and biochemical processes (enzymatic anabolism and degradation,
transport molecules). These models necessarily represent substantial simplifications of the
actual biological environment, but nevertheless have proven capable of yielding quantitative
estimates in good agreement with similar measures obtained by more invasive methods. In
the case of FDG studies, the biological parameter that is being estimated is the rate of
regional glucose utilization, based on a method described by Sokoloff and his colleagues,2?
originally developed with 14C-labeled 2-deoxyglucose. Early measures of regional glucose
utilization rates in the human brain39-34 yielded estimates of global cerebral metabolism of
approximately 5.5 mg glucose/min/100g, which ranged from 3.6-5.2 mg glucose/min/100g
in white matter to 5.8-10.3 mg glucose/min/100g in gray matter tissues. Regional values
which have been more recently published,32-37 reflecting measurements using instruments
and techniques with improved imaging capabilities, are in substantial agreement with these
initially reported values. A recent study by Yamaji et al. 37 is notable for having obtained
regional SUV measurements of cortex in the same group of subjects in whom absolute
quantitative values were obtained, with remarkably close correspondence of the two types of
measures seen in healthy brain. Frontal cortex was calculated to utilize 7.9 mg of glucose
per minute per 100g brain tissue and had an SUV of 7.7; sensorimotor cortex demonstrated
values of 8.1 and 7.8 for corresponding absolute and SUV determinations, parietal cortex 7.8
and 7.7, temporal cortex 7.1 and 7.0, and occipital cortex 7.8 and 7.7, respectively.

Cerebral blood flow can be measured with absolute quantification or semi-quantitatively
using the tracer H,150 with PET. Rate of blood flow is normally tightly coupled with local
metabolic needs of healthy brain tissue, through vasoconstrictive-vasodilatory
autoregulation of blood supply. Thus, within a vascular territory, measures of cerebral blood
flow and glucose metabolic rate co-vary nearly linearly. Between different vascular
territories, however, different constants of proportionality can pertain. For example, since
most of the lateral neocortex is supplied by the middle cerebral artery branch of the carotid
circulation, the pattern of distribution of H,1°0 closely parallels that of the metabolic tracer
FDG throughout most of the cortical surface. However, dissociations can occur. The
cerebellum, despite its lower metabolic activity relative to neocortex, is more richly
perfused, being supplied by arterial branches of the vertebrobasilar circulation. Also, in
certain pathologic circumstances (e.g., cardiovascular disease), the normal coupling between
metabolism and perfusion can be disturbed, such that a consistent relationship may not exist
even within a vascular territory.
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With either tracer, an important issue is determining how PET-based measurements of
normal brain function can be expected to change during the course of healthy aging. Effects
of normal aging on adult brain function have been examined with PET. In a study of 37
healthy adults ranging in age from 19 to 50 years,3” the most significant age-related decline
in cerebral blood flow was found in the mesial frontal cortex, encompassing the anterior
cingulate cortex, and extending rostrally into the supplementary motor area. In an
independent study of 27 healthy adults ranging from 19-76 years old,38 the most significant
age-related decline was found in the medial orbito-frontal cortex, and this was the only
regional effect to remain significant after correction for partial volume effects of cerebral
atrophy. Likewise, measures of metabolism using FDG have also identified an age-related
decline in healthy adults,3> most consistently in frontal cortex. nevertheless, as previously
reviewed,39 studies of carefully selected subjects find declines to be minimal in glucose
metabolism throughout most of the brain in normal aging.

From Normal to Mild Decline in Cognition to Dementia

As described above, minimal gradual changes are expected with healthy aging, with respect
to both cognitive abilities and cerebral metabolism. Evaluating patients in the earliest stages
of potentially pathologic change requires initiating that process at the time that decline first
becomes evident. The decline may be noted by a physician with whom the patient has an
ongoing relationship, by a family member or other close contact of the patient, or by the
history provided by a patient which is deemed to be reliable. The key concept is that there
has been mild decline in cognition (MDC) - i.e., a decline relative to the patient's own
normal level of performance, greater or faster than would be expected for normal aging.

In patients who are high-functioning to begin with, MDC can occur at a much earlier point
in time (often several years earlier) than the point at which the patient would meet criteria
for a specific diagnostic category such as even mild cognitive impairment (MCI), as
impairment is defined at least in part by how the patient performs relative to a normal group
(see Figure 1). A limitation with impairment-based categories is that even when the
comparative normal group is adjusted for age and educational level, there is a wide range of
baseline abilities among say, 65 year old college graduates, varying with factors such as
premorbid ability, further educational achievement, differences in decades of professional
and social activity, etc.

How accurately can FDG PET be used in the evaluation of non-demented patients, who are
in the earliest stages of cognitive decline? Certain patterns of regional cerebral metabolism
are predictive of future cognitive decline (Figure 2), and it is clear that metabolic changes
associated with early AD, such as decreases in posterior cingulate and associative cortical
activity, can be detected with PET even before the symptomatic manifestations of the
disease become evident.#1-43 As recently reviewed,** overall accuracies achieved with use
of FDG PET have been nearly as high in very mildly affected patients as in demented
patients. PET may be especially valuable in this clinical setting, considering the difficulty of
distinguishing these patients from those with mild memory loss attributed to normal aging.

Semin Nucl Med. Author manuscript; available in PMC 2015 April 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Silverman et al.

Page 6

FDG-PET may serve explicitly as a prognostic tool, to determine likelihood of deterioration
of mental status in the period following the time of scanning. Relative hypometabolism of
associative cortex can be accurately used to predict whether cognitive decline will occur at a
rate faster than would be expected for normal aging, over the several years following a PET
evaluation.#245 Moreover, the magnitude of decline over a two-year period, for some
standardized measures of memory, correlates with the initial degree of hypometabolism of
inferior parietal, superior temporal and posterior cingulate cortical regions.® As cognitive
impairment caused by a neurodegenerative disease progresses, associated progression of
regions of hypometabolism also occurs. Physicians examining brain PET scans for dementia
prognosis in cognitively impaired patients with depression and thyroid disease should
interpret positive scans with caution, however, due to the potentially confounding effects of
those conditions on regional brain metabolism.#* For example, Bench et al reported that
metabolism of certain cerebral regions are negatively correlated with mood symptoms and
severity of psychomotor slowing in depression;*’ these regions were found to include the
inferior parietal and superior temporal cortex, areas also affected in AD.

With respect to incremental prognostic value of PET beyond conventional clinical
assessment, it has been found that among patients having clinical working diagnoses
presuming non-progressive etiologies for their cognitive complaints, those whose PET
patterns were nevertheless indicative of progressive dementia were more than 18 times
likelier to experience progressive decline than those with non-progressive PET patterns.*°
When neurologists and other dementia experts diagnosed their patients as having
progressive dementia, they were correct in 84 percent of those cases. Adding a positive
diagnosis from a PET scan boosted the accuracy of that prediction to 94 percent, and a
negative PET scan made it 12 times more likely that the patient would remain cognitively
stable.

MCI is seen as a transitional stage between normal aging and dementia including but not
exclusive to the AD-type.*8 The outcome of MCI varies, indicating that it is a heterogeneous
disorder. While eventually many will develop AD, some will develop other types of
dementia, some remain stable and others revert to normal cognition. Several imaging studies
have investigated this condition, particularly in MCI patients with marked memory
impairment (i.e., ‘amnestic’ MCI), who are at especially high risk for declining to AD with
an estimated conversion rate of over 10% per year.

In longitudinally following patients from a state of explicitly normal cognition to explicitly
MCI, it has been found that regional metabolism can be predictive of this transition. It was
found by de Leon and colleagues that reduced baseline metabolic levels in part of the
hippocampal formation, the entorhinal cortex, predicted an MCI diagnosis 3 years later.9 At
baseline, entorhinal cortical metabolism was reduced 18% in those subjects who declined to
MCI relative to those who did not decline at the follow-up. This baseline metabolic
reduction predicted decline to MCI with 83% sensitivity and 85% specificity. While
reductions in medial temporal lobe volumes do correlate with the decline from NL to
MCI,50-52 and can be predictive of future dementia,® this metabolic decline occurred in
excess of atrophic changes. After correcting for atrophy, the decliners still showed 11%
decreased entorhinal cortex metabolism as compared to the non-decliners, and the predictive
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accuracy was almost the same, at 80%,4° analogously to significant metabolic reductions
which have been demonstrated to persist in MCI and AD after atrophy correction.>4-56

In addition to alterations in brain metabolism generally identifiable in MCI
patients,9:54:55.57.58 particularly in medial temporal areas, specific regions of
hypometabolism have been shown to be predictive of MCI conversion to probable
Alzheimer's disease,*3:59-63 most consistently in parietal, temporal and posterior cingulate
cortex. Predictive accuracies of these patterns have been high, typically ranging from 80 to
100%.

Genetic background concomitantly affects risk for declining from a state of normal
cognitive function to developing AD, as well as patterns of brain glucose metabolism. The
epsilon 4 allele of the apolipoprotein E gene is associated with a significantly increased risk
of developing AD of senile onset; overall, those with the 4/3 or 4/4 genotype are more than
twice as likely to have AD compared to individuals with the 3/3 genotype.®4 FDG-PET
studies have linked the epsilon 4 allele to hypometabolism in posterior cingulate, parietal,
and temporal cortex, and have identified greater metabolic asymmetry in nondemented
relatives of individuals with probable AD.46:65-67 Fyrthermore, significant metabolic decline
in these regions has been longitudinally observed in those who have inherited the epsilon 4
allele as measured by repeating PET in the same subjects over a two-year interval,*® and
decreased posterior cingulate metabolism is observable in subjects as young as in their
twenties who have inherited the allele.57:68

of Dementing Ilinesses

A wide variety of neurodegenerative diseases have been demonstrated to produce significant
alterations in brain function detectable with PET. Distinguishing these alterations with PET
has served as a subject of considerable investigation for three decades,®%-72 and continues to
be actively studied and extensively reviewed.*473-7> Many thousands of patients with
clinically diagnosed -- and, in some cases, histopathologically confirmed — causes of
dementia from many independent laboratories have been studied using PET measures of
cerebral blood flow, glucose metabolism, oxygen utilization, amyloid and other
microstructural imaging agents, as well as of neurotransmitter receptors, transporters, and
enzyme systems. The best studied application of this type is the use of FDG-PET to evaluate
for presence of AD. Sensitivity of FDG-PET in this context has been consistently high,
indicating that by the time a patient presents with a neurodegenerative dementia, substantial
alteration of cortical metabolic function has occurred (Figure 3). The associated decreases in
glucose metabolism in certain brain areas are readily detectable on FDG images, and
identification of the particular brain areas of involvement can be valuable in the differential
diagnosis of dementia. For example, in contrast to the relatively preserved occipital
metabolism seen even in late stages of AD (Figure 3 bottom row), occipital cortex is not
preferentially spared by the dementia of Parkinson's disease, or Dementia with Lewy Bodies
(Figure 4); similarly, subcortical structures preserved in AD are not preferentially spared in
vascular dementia. Other neurodegenerative dementias with well-established characteristic
patterns of hypometabolism, particularly in the less advanced stages, when assistance with
accurate diagnosis is most needed, include frontotemporal dementia (prefrontal and/or
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anterior temporal cortex affected out of proportion to other cortical areas), and Huntington's
disease (caudate and then putamen markedly affected at a time that cortical metabolism is
relatively intact).4

In most earlier studies of the diagnostic accuracy of PET, the assessment was based upon
comparison of PET findings to clinical assessments performed near the time of PET. The
ability of that approach to determine diagnostic accuracy is limited by the fact that clinical
diagnosis can be inaccurate, particularly for patients presenting in the earliest stages of
disease -- a time when the opportunity for effective therapy, and for meaningful planning, is
greatest. Studies comparing neuropathologic examination with imaging are thus most
informative in assessing the diagnostic value of PET. In a pooled analysis’® of three
previously published studies,’”-79 histopathologically confirmed sensitivity and specificity
of PET for detecting the presence of AD were 92% and 71%, respectively. In the largest
single-institution series published up to that point, Hoffman and co-workers8 found
sensitivity and specificity of PET for Alzheimer's disease to fall in the range of 88-93% and
63-67%, respectively. A subsequent multi-center study collected data from an international
consortium of clinical facilities which had acquired both brain FDG-PET and
histopathologic data for patients undergoing evaluation for dementia.*! The PET results
identified patients with AD with sensitivity and specificity of 94% and 73%, respectively.
This latter study, which included over three times as many patients as the four previous
series combined, included a stratified examination of the subset of patients with documented
early or mild disease. Performance of PET with respect to sensitivity (95%), specificity
(71%) and overall accuracy (89%) was nearly the same. The above values are in accordance
with the ranges found in a broader review of the PET literature which also included studies
lacking neuropathologic confirmation of diagnoses,! that reported sensitivities ranging
from 90% to 96% and specificities ranging from 67% to 97%, as well as in an assessment of
the PET literature reported by the American Academy of Neurology,82 based on their review
of published studies which demonstrated diagnostic accuracies of 86%-100% for PET.

Other Tracers

While clinical application of PET in the evaluation of patients with conditions leading to
cognitive impairment and dementia has largely focused upon FDG, many other tracers have
been employed in this context. Though a detailed consideration of those tracers is beyond
the scope of the present review, a few such examples will be mentioned here.

To begin, use of PET to study cerebrovascular disease, as with AD, also enjoys a long
history, extending back to the time of the earliest dementia studies.83:84 These conditions
overlap, in that uncontrolled chronic cerebrovascular disease can eventually lead to vascular
dementia (Figure 5). PET has been used to directly quantify several parameters pertinent to
the status of the cerebrovascular system, including cerebral blood flow, cerebral blood
volume, and cerebral rate of oxygen metabolism, using 150-labeled water, carbon
monoxide, and oxygen gas. This has allowed estimation of further relevant parameters
through calculations based on the values derived from those measurements, including
cerebrovascular mean transit time, cerebral perfusion pressure, oxygen extraction fraction,
and stoichiometry of oxygen and glucose utilization. Each of these has been reported to
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change, in different ways, under circumstances stemming from the pathophysiological
events that occur during cerebrovascular compromise, and the evolution of stroke as well as
its aftermath. For example, oxygen extraction fraction data, calculated from PET measures
of regional oxygen metabolism and blood flow using [1°0]oxygen gas and [H,1°O]water,
respectively, were demonstrated to predict stroke risk in patients having a history of stroke
or transient ischemic attack in the distribution of an occluded carotid artery.85:86 Patients
with elevated oxygen extraction fractions (operationally defined by asymmetry, through
reference to a control group, approximately corresponding to exceeding the contralateral
region by more than 8%), after adjusting for age, had a 6-fold higher risk of suffering a
stroke (all but one occurring ipsilateral to the side with higher oxygen extraction fraction)
than controls. 8 It was independently found that increased hemispheric oxygen extraction
(defined by a reference value derived from the mean and variance of the extraction fraction
of a control group, corresponding to exceeding 53.3%) was associated with a 7-fold higher
risk of suffering a stroke.8 (A less significant difference was found between groups
categorized according to asymmetry of oxygen extraction fraction.) In the setting of acute
stroke, restoration of cerebral blood flow demonstrated with [2°O]water, in patients scanned
before and after thrombolytic therapy with tissue plasminogen activator (tPA), predicted
clinical improvement assessed three weeks later.87 In PET studies performed within 5-18
hours of onset of middle cerebral artery stroke, the extent of abnormally low cerebral blood
flow or oxygen metabolism (but not blood volume, perfusion pressure, or oxygen extraction
fraction) correlated with final infarct size and long-term clinical outcome.88 Beyond
investigation of these relatively well-studied hemodynamic parameters measurable with
PET, studies with newer tracers (e.g., those recognizing activated microglial cells or
benzodiazepine receptors) are also showing promise of contributing clinically meaningful
information to the assessment of patients with cerebrovascular disease. Recent studies have
also turned to comparing the above hemodynamic parameters measured with PET alone to
parameters obtained with use of acetazolamide,8 or obtained with perfusion-weighted
MRI.99-91 1t remains to be seen what impact any of these methods to assess various aspects
of cerebral status will have on routine clinical management of patients with cerebrovascular
disease.

Much of the attention of the past few years in dementia imaging has been focused upon
imaging of amyloid plagues and neurofibrillary tangles with PET. Just as changes in glucose
metabolism occur early in the development of AD pathology, evidence from postmortem
studies indicates that the accumulation of senile plaques and neurofibrillary tangles, the
neuropathological hallmarks of AD, occurs over the decades prior to clinical AD
diagnosis.92 In an effort to visualize these neuropathological lesions in vivo, several groups
have independently developed PET tracers with which to label these pathologies. Best
studied in humans are the thioflavin T derivative [11C]PIB, which recognizes beta-amyloid
plaques, and [18F]FDDNP, which labels plaques and tangles. Both have been used in
patients with AD93:94 and with MCI1.959 These types of compounds may prove particularly
useful in drug development, in particular for those drugs that are aimed at diminishing the
burden of insoluble plaques or neurofibrillary tangles in the brain.

Many other tracers have been aimed at neurotransmitter systems affected by Alzheimer's
and other neurodegenerative diseases, including probes for cholinergic receptors and
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cholinesterase enzymes, dopaminergic transporters, and serotonin receptors. For example,
reduced density of medial temporal serotonin receptors can serve as an index of
hippocampal pyramidal neuronal loss, and [18F]MPPF is a selective imaging probe for 5-
HT1A receptors in hippocampus and other brain areas. This permits quantification of 5-
HT1A receptors in the human brain with PET, in a manner that distinguishes patients with
AD from normal controls.®” While many of these tracers have been useful in uniquely
enabling examination of molecular processes associated with dementia in living brain tissue,
it remains to be seen what role they may play clinically.

Future Directions

It is evident that the biologic changes that occur with AD take place decades before the
onset of clinical symptoms. Utilizing more powerful diagnostic approaches allows the
earlier detection of initial changes in a target population before a diagnosis of AD can be
made. Currently, the tools for identifying the early changes of AD are outpacing the
available therapeutic options. With advances in potential disease-modifying treatments, the
benefits of early detection will become of greater importance allowing therapy to be initiated
as early as possible.

Much attention is currently focused upon methods intended to prevent Alzheimer's disease
or to modify its course. Given the low incidence and slow progression of normal elderly to
AD (1-3%lyear),% using traditional clinical endpoints to test the efficacy of such treatments
would require very large samples, long follow-up, and great expense to follow cognitively
normal persons treated with a candidate primary prevention therapy to assess impact on
development of AD. FDG-PET imaging may be used to expedite the process by detecting
brain abnormalities in individuals who might be at heightened risk for AD but who have not
yet developed symptoms. Some studies used statistical power analyses to test the feasibility
of using brain glucose metabolism as outcome measure in long-term treatment studies of AD
in comparison to cognitive test scores.9100 For example, it was estimated that to detect a
33% treatment response with 80% power in a typical 1-year, double-blind, placebo-
controlled treatment study, a cognitive study using the Mini Mental State Examination
would require 224 AD patients per group, compared with 36 patients per group would be
needed for an FDG-PET study,?® due to the relatively small variance in regional brain
metabolism measures from session to session, compared with the variance in
neuropsychologic test performance.

Finally, PET may be used to examine cerebral responses to nonpharmacological
preventative strategies. As an example of this approach, effects of a lifestyle intervention,
consisting of healthy diet, exercise, and cognitive stimulation, on brain function and other
physiological indices related to cardiac and brain health were measured.101 Healthy
volunteers were randomized to the active intervention or a control activity. The intervention
group showed significant changes in frontal lobe activity on PET compared to the control
group that suggested increased efficiency in regional brain function. Larger clinical trials are
underway to further assess the effects of such interventions.
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Figure 1. Longitudinal visual and quantitative PET evaluations of an initially clinically “normal”
subject with Mild Decline in Cognition (MDC)

First three columns of images represent transaxial slices through the brain, displayed from
superior (parietal cortex posteriorly) to inferior (temporal cortex posteriorly) levels. Right
side of image is left side of brain. PET data are displayed in an inverse linear gray scale (left
color bar underneath brain images). In the fourth column, color denotes standardized
volumes of interest quantifying FDG activity in parietotemporal cortex (2-dimensional color
scale underneath brain images; y-axis denotes number of standard deviations (SD), x-axis
denotes magnitude of difference from asymptomatic controls.) (Top) FDG PET scan of
high-functioning 71 year old male, who noted mild decline in his own cognition, but was
considered “normal” both by general clinical evaluation and formal neuropsychologic
testing. Scan reveals mild metabolic asymmetry with left temporal cortex (arrow in
rightmost plane) lower than right. Left parietotemporal cortex was quantified as 3 SD and
9% below normal. Posterior cingulate cortex was also quantified as falling 3 SD below
normal (not shown) at this point, and scan was interpreted as concerning for incipient
dementia process. (Middle) Progression of posterior hypometabolism (arrows in middle and
right planes). Left parietotemporal cortex was quantified as 4 SD and 12% below normal.
Patient now met criteria for “mild cognitive impairment” (MCI) on formal neuropsychologic
testing (Bottom) Further progression of posterior hypometabolism (arrows in left, middle,
and right planes). Left parietotemporal cortex was quantified as 5 SD and 16% below
normal. Patient now met criteria for borderline MCl/dementia.
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Figure 2. Baseline metabolic comparison of clinically normal subjects who showed declining
cognition versus cognitive stability over the subsequent two years

A 3-dimensional MR-based mapping technique of coregistered PET data applied to 19
clinically normal subjects to compare baseline metabolism among those whose
neuropsychologic testing demonstrated significant decline (n=4) over the subsequent two
years, versus those who remained stable (n=15). Larger differences are represented as higher
on the rainbow scale. Decliners had relative hypometabolism in entorhinal,
parahippocampal, parietal, temporal, and posterior cingulate cortical areas at baseline.40
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Figure 3. Changes in cortical metabolism typical for various degrees of impairment, from
normal to late AD

FDG PET images of transaxial planes from five patients, shown at comparable axial levels.
(First row) Normal pattern, provided for reference. Note how posterior cingulate cortex
(arrow) normally has activity that is visibly higher than in average cortex. (Second row)
Patient with Age Associated Memory Impairment, not meeting criteria for MCI. Arrow
denotes a patchiness in the inferior parietal cortex that is beginning to emerge, and activity
in posterior cingulate cortex is also seen to be less robust than in normal subject. (Third row)
Mild Cognitive Impairment, nearing conversion to Alzheimer's disease, with clear
hypometabolism of parietal, parietotemporal and posterior cingulate cortex. (Fourth row)
Early Alzheimer's disease, demonstrating posterior-predominant cortical hypometabolism.
(Fifth row) Late Alzheimer's disease, with both prefrontal, parietal, temporal, and posterior
cingulate cortical regions markedly hypometabolic, but with continued relative preservation
of sensorimotor and visual cortex. At lower planes than shown here, basal ganglia, thalamus,
cerebellum and brainstem would also be seen to be relatively preserved at all stages.
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Figure 4. Dementia with Lewy bodies
FDG PET pattern is typically posterior-predominant, as in AD, but without preferential

sparing of occipital cortex.
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Figure 5. Vascular dementia
Patient was diagnosed both clinically and by structural imaging with vascular dementia.

Arrows on this scan indicate hypometabolism of the right parietal cortex (left), right basal
ganglia and thalamus (middle) and right temporal cortex (right). The hypometabolism of the
left cerebellum (right) is characteristic of cross-cerebellar diaschisis, caused by diminished
afferent input from contralateral cortex.
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