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ositron Emission Tomography Scans
btained for the Evaluation of Cognitive Dysfunction

aniel H.S. Silverman, MD, PhD,* Lisa Mosconi, PhD,† Linda Ercoli, PhD,*
ei Chen, MD, PhD,*,‡ and Gary W. Small, MD*

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, clinical, social, and economic 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 performed with
18F-fluorodeoxyglucose as the imaged radiopharmaceutical. Such scans have demon-
strated diagnostic and prognostic utility for clinicians evaluating patients with cognitive
impairment and in distinguishing among primary neurodegenerative disorders and other
etiologies contributing to cognitive decline. In addition to focusing on the effects on
cerebral metabolism examined with 18F-fluorodeoxyglucose 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 on the enormous human toll exacted by these diseases.
Semin Nucl Med 38:251-261 © 2008 Elsevier Inc. All rights reserved.
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mong all applications of positron emission tomogra-
phy (PET) of the brain in current clinical practice,

valuating changes in cognitive abilities is the one for
hich the greatest demand currently exists. The degree of

ntactness of human cognitive functioning spans a wide spec-
rum, including (1) normal for a given individual; (2) subjec-
ive perception of impairment that is not objectively docu-
ented by neuropsychologic tests but which can represent

he earliest stages of decline; (3) minimally impaired states
ith neuropsychologic functioning diminished slightly be-

ow the mean level of normal young performance (sometimes
ategorized as “age-associated” or “age-consistent”); (4) an
ntermediate state often referred to as “mild cognitive impair-

ent” (MCI); and (5) states of dementia of mild, moderate, or
evere degree. Although some people experiencing milder
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orms of impairment are on a path of progressive decline,
thers will have stable or reversible forms of impairment,
nd the differential diagnosis for the associated causes is
ide at every level, with the actual cause often difficult to

linically discern.
Dementia affects approximately 24 million people world-

ide, with about 5 million new cases occurring annually.1

he most common cause of decline that eventually leads to
ementia, and the best-studied, is Alzheimer’s disease (AD).
his condition occurs in 10% to 15% of people older than 65
ears of age, and 40% to 50% of all those older than 85 years
f age. The disease is present in approximately two-thirds of
ases of dementia. It is estimated to currently afflict 5.2 mil-
ion people at a cost to society of $148 billion in the United
tates alone, a number projected to increase to 11 to 16
illion people by 2050, as the aging of the baby boomers

xpands our geriatric population.2 Other causes of cognitive
ecline include dementia with Lewy bodies, cerebrovascular
isease, frontotemporal dementia, Creutzfeldt–Jakob dis-
ase, HIV-associated dementia, neurosyphilis, Parkinson’s
ementia, normal pressure hydrocephalus, and dementias

aused by exposure to toxic substances (heavy metals, alco-
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252 D.H.S. Silverman et al
ol, other drugs), metabolic abnormalities, or psychiatric dis-
rders.

imitations of
onventional Clinical Evaluation
definite diagnosis of AD can be made only by histopatho-

ogic examination of brain tissue.3 The identification and dif-
erential diagnosis of AD is especially challenging in its early
tages, partly because of the difficulty in distinguishing it
rom the mild decline in memory that can occur with normal
ging and from mild cognitive manifestations of other neu-
opsychiatric conditions, such as depression, as well as other
auses of dementia. False-positive and false-negative diag-
oses with respect to presence of AD are not uncommonly
ade, even by physicians experienced with the evaluation of
ementia.4-8 Moreover, clinical assessment frequently in-
olves multiple examinations and laboratory tests over the
ourse of months or years.

There is greater need for early accurate diagnosis, now that
everal medications for the treatment of mild-to-moderate
D are available. Most are cholinesterase inhibitors, used to
elay cognitive decline. More recently, memantine (Na-
enda; Forest Laboratories, Inc, New York, NY) was ap-
roved by the United States Food and Drug Administration
or treating patients with moderately advanced disease. Pa-
ients with neurodegenerative disease have the most to gain
rom therapy that intervenes as early as possible in the course
f inexorably progressive irreversible damage to brain tissue,
nd controlled clinical trials have demonstrated that cho-
inesterase inhibitors can improve, or delay the decrease in,

emory and other cognitive functions in mild or moderately
ffected AD patients.9-15 Treatments can reduce by more than
alf the proportion of patients requiring nursing home place-
ent over a given period of time.16,17 Cholinergic and other

gents18 also have beneficial effects with respect to reducing
ehavioral problems, improving patients’ functional abilities,
nd decreasing caregiver burden.13,19-22

Studies examining the long-term effects of cholinesterase
nhibitors indicate that drug treatment produces an average
elay in cognitive decline in AD patients of 9-12 months and
delay in the need for institutionalization of 18 months on

verage.19,23-25 Moreover, delaying the implementation of
herapy by as little as 6 months, in addition to carrying the
nherent adverse consequence of depriving the patient of the
hort-term advantages of potentially enhanced cognitive and
unctional abilities during that time, may also have long-term
onsequences.11,13,19,26 Because early treatment interventions
re able to keep patients at greater levels of functioning
onger, and future innovative therapies may be able to further
elay the onset of dementia and slow its progression, or po-
entially reverse it when intercepted at a sufficiently early
tage, it is becoming increasingly important to accurately
iagnose dementia as early as possible.
Few studies have specifically addressed the question of

linical detection of very mild disease, however, particularly

n comparison with the criterion standard of histopathologic “
iagnosis. In the report of the Quality Standards Subcommit-
ee of the American Academy of Neurology,8 3 “Class I” stud-
es were identified in which the diagnostic value of clinical
ssessment could be meaningfully measured (Class I indi-
ates “a well designed prospective study in a broad spectrum
f persons with the suspected condition, using a ‘gold stan-
ard’ for case definition, and enabling the assessment of ap-
ropriate tests of diagnostic accuracy”), and only one6 fo-
used on evaluating dementia at a relatively early stage. To be
ncluded in that investigation, patients were required to have
ad onset of dementia symptoms within 1 year of entry. All
f the 134 patients evaluated underwent a complete stan-
ardized diagnostic workup composed of a comprehensive
edical history and physical, neurological examination, neu-

opsychologic testing, laboratory tests, and structural neuro-
maging, in addition to an average of 3 additional years of
linical follow-up with repeated testing. Sensitivity of this
ssessment for AD was 83-85%, whereas specificity was 50-
5%, yielding an overall accuracy of 69%.
An impediment to accurately identifying presence of dis-

ase is reliance on standardized cut-off scores on mental sta-
us or cognitive screening tests. Highly educated individuals
ho have suffered cognitive decline may show normal per-

ormance on cognitive examinations, whereas people with
ess education may appear to have cognitive impairment or
ementia when they actually have not declined. Test scores
re most useful as a quantitative baseline against which to
ompare future assessments, rather than as diagnostic mark-
rs. A particular problem in the early stages of decline is that
linicians often have difficulty distinguishing complaints of
he “worried well” (ie, normal aging) from those of patients
ho have an underlying brain disorder that will result in
rogressive cognitive decline. Subjective complaints can in-
icate the presence of mood disorders or early dementia, and

n any event, should be taken seriously.27,28

DG-PET Studies of Normal
dult Brain and Healthy Aging

linical PET studies of the brain are performed most com-
only with the use of 18F-fluorodeoxyglucose (FDG). The

esulting scans are typically interpreted qualitatively, by vi-
ual analysis, although quantitative software tools are becom-
ng increasingly used as adjuncts to interpretation. In either
ase, the relative distribution of FDG throughout the patient’s
rain is examined, and compared with the distribution ex-
ected for a normal subject.
When quantification is performed, it may be expressed as

egional concentrations of measured radioactivity normal-
zed to some internal reference standard, for example, a ref-
rence region of the brain, the whole brain activity, or the
verage whole-body concentration before excretion and de-
ay-corrected to the actual time of imaging (ie, standardized
ptake value, or SUV). Those results, often termed “semi-
uantitative,” turn out to be adequate for most clinical appli-
ations, as well as for many research applications. In contrast,

absolute quantitative” values are derived from biologically
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PET assessment of cognitive dysfunction 253
ased mathematical models that reflect the partitioning of
adioactivity into compartments that can reflect both physi-
logical boundaries (eg, the vascular space, the blood–brain
arrier, the plasma membrane of neurons) and biochemical
rocesses (enzymatic anabolism and degradation, transport
olecules). These models necessarily represent substantial

implifications of the actual biological environment but nev-
rtheless have proven capable of yielding quantitative esti-
ates in good agreement with similar measures obtained by
ore invasive methods.
In the case of FDG studies, the biological parameter that is

eing estimated is the rate of regional glucose utilization,
ased on a method described by Sokoloff and his col-

eagues,29 originally developed with 14C-labeled 2-deoxyglu-
ose. Early measures of regional glucose utilization rates in
he human brain30-34 yielded estimates of global cerebral me-
abolism of approximately 5.5 mg glucose/min/100 g, which
anged from 3.6 to 5.2 mg glucose/min/100 g in white matter
o 5.8-10.3 mg glucose/min/100 g in gray matter tissues.
egional values that have been more recently published,35,36

eflecting measurements using instruments and techniques
ith improved imaging capabilities, are in substantial agree-
ent with these initially reported values. A recent study by
amaji and coworkers36 is notable for having obtained re-
ional SUV measurements of cortex in the same group of
ubjects in whom absolute quantitative values were obtained,
ith remarkably close correspondence of the 2 types of mea-

ures observed in healthy brain. Frontal cortex was calcu-
ated to use 7.9 mg of glucose per minute per 100 g of brain
issue and had an SUV of 7.7; sensorimotor cortex demon-
trated values of 8.1 and 7.8 for corresponding absolute and
UV determinations, parietal cortex 7.8 and 7.7, temporal
ortex 7.1 and 7.0, and occipital cortex 7.8 and 7.7, respec-
ively.

Cerebral blood flow can be measured with absolute quan-
ification or semiquantitatively using the tracer H2

15O with
ET. The rate of blood flow is normally tightly coupled with

ocal metabolic needs of healthy brain tissue, through vaso-
onstrictive–vasodilatory autoregulation of blood supply.
hus, within a vascular territory, measures of cerebral blood
ow and glucose metabolic rate co-vary nearly linearly. Be-
ween different vascular territories, however, different con-
tants of proportionality can pertain. For example, because
ost of the lateral neocortex is supplied by the middle cere-

ral artery branch of the carotid circulation, the pattern of
istribution of H2

15O closely parallels that of the metabolic
racer FDG throughout most of the cortical surface. However,
issociations can occur. The cerebellum, despite its lower
etabolic activity relative to neocortex, is more richly per-

used, being supplied by arterial branches of the vertebro-
asilar circulation. Also, in certain pathologic circumstances
eg, cerebrovascular disease), the normal coupling between
etabolism and perfusion can be disturbed, such that a con-

istent relationship may not exist even within a vascular ter-
itory.

With either tracer, an important issue is determining how
ET-based measurements of normal brain function can be

xpected to change during the course of healthy aging. Ef- p
ects of normal aging on adult brain function have been ex-
mined with PET. In a study of 37 healthy adults ranging in
ge from 19 to 50 years,37 the most significant age-related
ecline in cerebral blood flow was found in the mesial frontal
ortex, encompassing the anterior cingulate cortex, and ex-
ending rostrally into the supplementary motor area. In an
ndependent study of 27 healthy adults ranging from 19 to 76
ears of age,38 the most significant age-related decline was
ound in the medial orbitofrontal cortex, and this was the
nly regional effect to remain significant after correction for
artial volume effects of cerebral atrophy. Likewise, mea-
ures of metabolism using FDG have also identified an age-
elated decline in healthy adults,35 most consistently in fron-
al cortex. Nevertheless, as previously reviewed,39 studies of
arefully selected subjects find declines to be minimal in
lucose metabolism throughout most of the brain in normal
ging.

rom Normal to Mild
ecline in Cognition to Dementia

s minimal gradual changes are expected with healthy aging,
ith respect to both cognitive abilities and cerebral metabo-

ism, evaluating patients in the earliest stages of potentially
athologic change requires initiating that process at the time
hat decline first becomes evident. The decline may be noted
y a physician with whom the patient has an ongoing rela-
ionship, by a family member or other close contact of the
atient, or by the history provided by a patient who is
eemed to be reliable. The key concept is that there has been
ild decline in cognition (MDC), that is, a decline relative to

he patient’s own normal level of performance, greater or
aster than would be expected for normal aging.

In patients who are high-functioning from the start, MDC
an occur at a much earlier point in time (often several years
arlier) than the point at which the patient would meet cri-
eria for a specific diagnostic category, such as mild cognitive
mpairment (MCI), as impairment is defined at least in part by
ow the patient performs relative to a normal group (Fig. 1).
limitation with impairment-based categories is that even
hen the comparative normal group is adjusted for age and

ducational level, there is a wide range of baseline abilities
mong say, 65-year-old college graduates, varying with fac-
ors such as premorbid ability, further educational achieve-
ent, differences in decades of professional, and social activ-

ty, etc.
How accurately can FDG-PET be used in the evaluation of

ondemented patients who are in the earliest stages of cog-
itive decline? Certain patterns of regional cerebral metabo-

ism are predictive of future cognitive decline (Fig. 2), and it
s clear that metabolic changes associated with early AD, such
s decreases in posterior cingulate and associative cortical
ctivity, can be detected with PET, even before the symptom-
tic manifestations of the disease become evident.41-43 Over-
ll accuracies achieved with use of FDG-PET have been
early as high in very mildly affected patients as in demented

atients.44 PET may be especially valuable in this clinical
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etting, considering the difficulty of distinguishing these pa-
ients from those with mild memory loss attributed to normal
ging.

FDG-PET may serve explicitly as a prognostic tool, to de-
ermine likelihood of deterioration of mental status in the
eriod following the time of scanning. Relative hypometab-
lism of associative cortex can be accurately used to predict
hether cognitive decline will occur at a rate faster than
ould be expected for normal aging, over the several years

fter a PET evaluation.42,45 Moreover, the magnitude of de-
line during a 2-year period, for some standardized measures

Figure 1 Longitudinal visual and quantitative PET evalua
first 3 columns of images represent transaxial slices
posteriorly) to inferior (temporal cortex posteriorly) le
displayed in an inverse linear gray scale (left color bar u
standardized volumes of interest quantifying FDG activ
derneath brain images; the y-axis denotes number of
difference from mean of asymptomatic controls.) Top ro
noted mild decline in his own cognition, but was consid
neuropsychologic testing. Scan reveals mild metabolic a
lower than right. Left parietotemporal cortex was quant
was also quantified as decreasing 3 SD below normal (no
for incipient dementia process. Middle row, Progressio
planes). Left parietotemporal cortex was quantified as 4
on formal neuropsychologic testing. Bottom row, Furt
middle, and right planes). Left parietotemporal cortex w
criteria for borderline MCI/dementia.
f memory, correlates with the initial degree of hypometab- t
lism of inferior parietal, superior temporal, and posterior
ingulate cortical regions.46 As cognitive impairment caused
y a neurodegenerative disease progresses, associated pro-
ression of regions of hypometabolism also occurs. Physi-
ians examining brain PET scans for dementia prognosis in
ognitively impaired patients with depression and thyroid
isease should interpret positive scans with caution, how-
ver, because of the potentially confounding effects of those
onditions on regional brain metabolism.44 For example,
ench and coworkers reported that the metabolism of certain
erebral regions are negatively correlated with mood symp-

f an initially clinically “normal” subject with MDC. The
h the brain, displayed from superior (parietal cortex
ight side of image is left side of brain. PET data are
ath brain images). In the fourth column, color denotes
parietotemporal cortex (2-dimensional color scale un-
rd deviations (SD), the x-axis denotes magnitude of
G-PET scan of high-functioning 71-year-old man, who
normal” both by general clinical evaluation and formal
try with left temporal cortex (arrow in rightmost plane)
3 SD and 9% below normal. Posterior cingulate cortex
n) at this point, and scan was interpreted as concerning
osterior hypometabolism (arrows in middle and right
d 12% below normal. Patient now met criteria for MCI
gression of posterior hypometabolism (arrows in left,
tified as 5 SD and 16% below normal. Patient now met
tions o
throug
vels. R
nderne
ity in
standa
w, FD
ered “

symme
ified as
t show
n of p
SD an

her pro
as quan
oms and severity of psychomotor slowing in depression47;
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PET assessment of cognitive dysfunction 255
hese regions were found to include the inferior parietal and
uperior temporal cortex, areas also affected in AD.

With respect to examining the added prognostic value of
ET beyond that achieved with conventional clinical assess-
ent, it has been found that among patients having clinical
orking diagnoses presuming progressive etiologies for their

ognitive problems, those whose PET scans were neverthe-
ess negative were 12 times more likely to remain cognitively
table than those with progressive patterns of regional me-
abolism, while a corroborating positive PET scan boosted
he accuracy of a clinically based prognosis of progression
rom 84% to 94%. Even more importantly from a clinical
tandpoint, among patients having clinical working diag-
oses presuming nonprogressive etiologies, those whose PET
atterns were nevertheless indicative of progressive dementia
ere more than 18 times more likely to experience progres-

ive decline than those with nonprogressive PET patterns,

igure 2 Baseline metabolic comparison of clinically normal subjects
ho showed declining cognition versus cognitive stability over the

ubsequent 2 years. A 3-dimensional MR-based mapping technique
f coregistered PET data applied to 19 clinically normal subjects to
ompare baseline metabolism among those whose neuropsycho-
ogic testing demonstrated significant decline (n � 4) over the sub-
equent 2 years versus those who remained stable (n � 15). Larger
ifferences are represented as higher on the rainbow scale. Decliners
ad relative hypometabolism in entorhinal, parahippocampal, pa-
ietal, temporal, and posterior cingulate cortical areas at baseline.40
hile a corroborating negative PET scan boosted the accu- s
acy of a clinically based prognosis of cognitive stability from
6% to 96%.45

MCI is considered a transitional stage between normal ag-
ng and dementia including but not exclusive to the AD-
ype.48 The outcome of MCI varies, indicating that it is a
eterogeneous disorder. Although eventually many patients
ill develop AD, some will develop other types of dementia,

ome will remain stable, and others will revert to normal
ognition. Several imaging studies have investigated this con-
ition, particularly in MCI patients with memory impairment
ie, “amnestic” MCI) who are at especially high risk for de-
lining to AD, with an estimated conversion rate of �10%
er year.
In longitudinally following patients from a state of explic-

tly normal cognition to explicitly MCI, it has been found that
egional metabolism can be predictive of this transition. It
as found by de Leon and colleagues49 that reduced baseline
etabolic levels in part of the hippocampal formation, the

ntorhinal cortex, predicted an MCI diagnosis 3 years later.
t baseline, entorhinal cortical metabolism was reduced 18%

n those subjects who declined to MCI relative to those who
id not decline at the follow-up. This baseline metabolic
eduction predicted decline to MCI with 83% sensitivity and
5% specificity. Although reductions in medial temporal

obe volumes do correlate with the decline from NL to
CI,50-52 and can be predictive of future dementia,53 this
etabolic decline occurred in excess of atrophic changes.
fter correcting for atrophy, the decliners still showed 11%
ecreased entorhinal cortical metabolism as compared with
he nondecliners, and the predictive accuracy was almost the
ame, at 80%,49 analogously to significant metabolic reduc-
ions which have been demonstrated to persist in MCI and
D after atrophy correction.54-56

In addition to alterations in brain metabolism generally
dentifiable in MCI patients,49,54,55,57,58 particularly in medial
emporal areas, specific regions of hypometabolism have
een shown to be predictive of MCI conversion to probable
lzheimer’s disease,43,59-63 most consistently in parietal, tem-
oral and posterior cingulate cortex. Predictive accuracies of
hese patterns have been high, typically ranging from 80% to
00%.
Genetic background concomitantly affects risk for declin-

ng from a state of normal cognitive function to developing
D, and patterns of brain glucose metabolism. In particular,

he epsilon 4 allele of the apolipoprotein E gene is associated
ith a significantly increased risk of developing AD of senile
nset; overall, elderly individuals with the 4/3 or 4/4 geno-
ype are more than twice as likely to develop AD at any given
ge compared with individuals with the 3/3 genotype.64

DG-PET studies have linked the epsilon 4 allele to hypome-
abolism in posterior cingulate, parietal, and temporal cortex,
nd have identified greater metabolic asymmetry in nonde-
ented relatives of individuals with probable AD.46,65-67 Fur-

hermore, significant metabolic decline in these regions has
een longitudinally observed in those who have inherited the
psilon 4 allele as measured by repeating PET in the same

ubjects over a two-year interval,46 and decreased posterior
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256 D.H.S. Silverman et al
ingulate metabolism is observable in subjects as young as in
heir twenties who have inherited the allele.67,68

iagnosis of
ementing Illnesses

wide variety of neurodegenerative diseases has been dem-
nstrated to produce significant alterations in brain function
etectable with PET. Distinguishing these alterations with
ET has served as a subject of considerable investigation for
hree decades,69-72 and continues to be actively studied and
xtensively reviewed.44,73-75 Many thousands of patients with
linically diagnosed—and, in some cases, histopathologically
onfirmed—causes of dementia from many independent
aboratories have been studied using PET measures of cere-
ral blood flow, glucose metabolism, oxygen utilization,
myloid and other microstructural imaging agents, as well as
f neurotransmitter receptors, transporters, and enzyme sys-
ems. The best-studied application of this type is the use of
DG-PET to evaluate for the presence of AD. Sensitivity of
DG-PET in this context has been consistently high, indicat-

ng that by the time a patient presents with a neurodegenera-
ive dementia, substantial alteration of cortical metabolic
unction has occurred (Fig. 3). The associated decreases in
lucose metabolism in certain brain areas are readily detect-
ble on FDG images, and identification of the particular brain
reas of involvement can assist with the differential diagnosis
f dementia.44 For example, in contrast to the relatively pre-
erved occipital metabolism seen even in late stages of AD
Fig. 3, bottom row), occipital cortex is not preferentially
pared by the dementia of Parkinson’s disease, or Dementia
ith Lewy Bodies (Fig. 4); similarly, subcortical structures
reserved in AD are not preferentially spared in vascular
ementia. Other neurodegenerative diseases with well-estab-

ished characteristic patterns of hypometabolism (particu-
arly in the less advanced stages of dementia, when assistance
ith accurate diagnosis is most needed) include frontotem-
oral dementia (prefrontal and/or anterior temporal cortex
ffected out of proportion to other cortical areas), and Hun-
ington’s disease (caudate and then putamen markedly af-
ected at a time that cortical metabolism is relatively intact).

Most studies of the diagnostic accuracy of brain imaging in
ementia have been based upon comparison of PET findings
ith clinical assessments performed near the time of PET.
he ability of that approach to determine diagnostic accuracy

s limited by the fact that clinical diagnosis can be inaccurate,
articularly for patients presenting in the earlier stages of
isease – a time when the opportunity for effective therapy,
nd for meaningful planning, is greatest. Studies comparing
europathologic examinations with imaging are thus most

nformative in assessing the diagnostic value of PET. In a
ooled analysis76 of 3 previously published studies,77-79 his-
opathologically confirmed sensitivity and specificity of PET
or detecting the presence of AD were 92% and 71%, respec-
ively. In the largest single-institution series published up to

hat point, Hoffman and coworkers80 found sensitivity and e
pecificity of PET for Alzheimer’s disease to occur in the
ange of 88% to 93% and 63% to 67%, respectively.

In a subsequent multicenter study by an international con-
ortium of clinical facilities that had collected both brain
DG-PET and histopathologic data for patients undergoing
valuation for dementia,41 AD was identified using PET with
ensitivity and specificity of 94% and 73%, respectively. This
atter study, which included more than 3 times as many
atients as the 4 previous series combined, included a strat-

fied examination of the subset of patients with documented

igure 3 Changes in cortical metabolism typical for various degrees
f impairment, from normal to late AD. FDG-PET images of trans-
xial planes from 5 patients, shown at comparable axial levels. First
ow, Normal pattern, provided for reference. Note how posterior
ingulate cortex (arrow) normally has activity that is visibly higher
han in average cortex. Second row, Patient with age-associated
emory impairment not meeting the criteria for MCI. Arrow de-
otes patchiness in the inferior parietal cortex that is beginning to
merge, and activity in posterior cingulate cortex is also seen to be
ess robust than in normal subject. Third row, MCI, with clear
ypometabolism of parietal, parietotemporal and posterior cingu-

ate cortex. Fourth row, Early AD, demonstrating posterior-pre-
ominant cortical hypometabolism. Fifth row, Late AD, with bilat-
ral prefrontal, parietal, temporal, and posterior cingulate cortical
egions markedly hypometabolic, but with continued relative pres-
rvation of sensorimotor and visual cortex. At lower planes than
hown here, basal ganglia, thalamus, cerebellum and brainstem
ould also be seen to be relatively preserved at all stages. (Color
ersion of figure is available online.)
arly or mild disease for whom performance of PET with
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PET assessment of cognitive dysfunction 257
espect to sensitivity (95%), specificity (71%), and overall
ccuracy (89%) was nearly the same. The aforementioned
alues are in accordance with the ranges found in a broader
eview of the PET literature, which additionally included
tudies lacking neuropathologic confirmation of diagnoses,81

hat found sensitivities ranging from 90% to 96% and spec-
ficities ranging from 67% to 97%, as well as in an assessment
f the PET literature reported by the American Academy of
eurology,82 based on their review of published studies
hich demonstrated diagnostic accuracies of 86-100% for
ET.

ther Tracers
lthough clinical applications of PET in the evaluation of
atients with conditions leading to cognitive impairment and
ementia have largely focused on FDG, many other tracers
ave been used in this context. Although a detailed consid-
ration of those tracers is beyond the scope of the present
eview, a few such examples will be mentioned here. To
egin, the use of PET to study cerebrovascular disease, as
ith AD, also enjoys a long history, extending back to the

ime of the earliest dementia studies.83,84 These conditions
verlap, in that uncontrolled chronic cerebrovascular disease
an eventually lead to vascular dementia (Fig. 5). PET has

Figure 4 Dementia with Lewy bodies. FDG-PET patter
preferential sparing of occipital cortex.

Figure 5 Vascular dementia. Patient was diagnosed both
Arrows on this scan indicate hypometabolism of the righ
thalamus (middle), and right temporal cortex (right). The

of cross-cerebellar diaschisis, caused by diminished afferent in
een used to directly quantify several parameters pertinent to
he status of the cerebrovascular system, including cerebral
lood flow, cerebral blood volume, and cerebral rate of oxy-
en metabolism, using 15O-labeled water, carbon monoxide,
nd oxygen gas. This has allowed estimation of further rele-
ant parameters through calculations based on the values
erived from those measurements, including cerebrovascular
ean transit time, cerebral perfusion pressure, oxygen ex-

raction fraction, and stoichiometry of oxygen and glucose
tilization. Each of these has been reported to change, in
ifferent ways, under circumstances stemming from the
athophysiological events that occur during cerebrovascular
ompromise, and the evolution of stroke as well as its after-
ath.
For example, oxygen extraction fraction data, calculated

rom PET measures of regional oxygen metabolism and blood
ow using [15O]oxygen gas and [H2

15O]water, respectively,
ere demonstrated to predict stroke risk in patients having a
istory of stroke or transient ischemic attack in the distribu-
ion of an occluded carotid artery.85,86 Patients with increased
xygen extraction fractions (operationally defined by asym-
etry, through reference to a control group, approximately

orresponding to exceeding the contralateral region by more
han 8%), after adjusting for age, had a 6-fold greater risk of
uffering a stroke (all but one occurring ipsilateral to the side

pically posterior-predominant, as in AD, but without

ally and by structural imaging with vascular dementia.
al cortex (left), right prefrontal cortex, basal ganglia and

etabolism of the left cerebellum (right) is characteristic
n is ty
clinic
t pariet
hypom
put from contralateral cortex.
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ith higher oxygen extraction fraction) than controls.85 It
as independently found that increased hemispheric oxygen

xtraction (defined by a reference value derived from the
ean and variance of the extraction fraction of a control

roup, corresponding to exceeding 53.3%) was associated
ith a 7-fold greater risk of suffering a stroke.86 (A less sig-
ificant difference was found between groups categorized
ccording to asymmetry of oxygen extraction fraction.)

In the setting of acute stroke, restoration of cerebral blood
ow demonstrated with [15O]water, in patients scanned be-

ore and after thrombolytic therapy with tissue plasminogen
ctivator (tPA), predicted clinical improvement assessed 3
eeks later.87 In PET studies performed within 5 to 18 hours
f onset of middle cerebral artery stroke, the extent of abnor-
ally low cerebral blood flow or oxygen metabolism (but not

lood volume, perfusion pressure, or oxygen extraction frac-
ion) correlated with final infarct size and long-term clinical
utcome.88 Beyond investigation of these relatively well-
tudied hemodynamic parameters measurable with PET,
tudies with newer tracers (eg, those recognizing activated
icroglial cells or benzodiazepine receptors) are also show-

ng promise of contributing clinically meaningful informa-
ion to the assessment of patients with cerebrovascular dis-
ase. Recent studies have also turned to comparing the
foremetioned hemodynamic parameters measured with PET
lone to parameters obtained with use of acetazolamide,89 or
btained with perfusion-weighted MRI.90,91 It remains to be
een what impact any of these methods to assess various aspects
f cerebral status will have on routine clinical management of
atients with cerebrovascular disease.
Much of the attention of the past few years in dementia

maging has been focused on imaging of amyloid plaques and
eurofibrillary tangles with PET. Just as changes in glucose
etabolism occur early in the development of AD pathology,

vidence from postmortem studies indicates that the accu-
ulation of senile plaques and neurofibrillary tangles, the
europathological hallmarks of AD, occurs over the decades
efore clinical AD diagnosis.92 In an effort to visualize these
europathological lesions in vivo, several groups have inde-
endently developed PET tracers with which to label these
athologies. Best studied in humans are the thioflavin T de-
ivative 11C-PIB, which recognizes beta-amyloid plaques, and
8F-FDDNP, which labels plaques and tangles. Both have
een used in patients with AD93,94 and with MCI.95,96 These
ypes of compounds may prove particularly useful in drug
evelopment, in particular for those drugs that are aimed at
iminishing the burden of insoluble plaques or neurofibril-

ary tangles in the brain.
Many other tracers have been aimed at neurotransmitter

ystems affected by Alzheimer’s and other neurodegenerative
iseases, including probes for cholinergic receptors and cho-

inesterase enzymes, dopaminergic transporters, and seroto-
in receptors.97 For example, reduced density of medial tem-
oral serotonin receptors can serve as an index of
ippocampal pyramidal neuronal loss, and 18F-MPPF is a
elective imaging probe for 5-HT1A receptors in hippocam-
us and other brain areas. This permits quantification of

-HT1A receptors in the human brain with PET, in a manner w
hat distinguishes patients with AD from normal controls.98

lthough many of these tracers have been useful in uniquely
nabling examination of molecular processes associated with
ementia in living brain tissue, it again remains to be seen
hat role they may play clinically.

uture Directions
t is evident that the biologic changes that occur with AD take
lace decades before the onset of clinical symptoms. The use
f more powerful diagnostic approaches allows the earlier
etection of initial changes in a target population long before
diagnosis of AD can be made. Currently, the availability of

ools for identifying the early changes of AD is outpacing the
vailable therapeutic options. With advances in potential dis-
ase-modifying treatments, the benefits of early detection will
ecome of greater importance, allowing therapy to be initi-
ted as early as possible.

Much attention is currently focused upon methods in-
ended to prevent AD or to modify its course. Given the low
ncidence and slow progression of normal elderly to AD (1-
%/yr),99 using traditional clinical endpoints to test the effi-
acy of such treatments would require very large samples,
ong follow-up, and great expense to follow cognitively nor-

al persons treated with a candidate primary prevention
herapy to assess impact on development of AD. FDG-PET
maging may be used to expedite the process by detecting
rain abnormalities in individuals who might be at height-
ned risk for AD but who have not yet developed symptoms.
ome studies used statistical power analyses to test the feasi-
ility of using brain glucose metabolism as outcome measure

n long-term treatment studies of AD in comparison with
ognitive test scores.100,101 For example, it was estimated that
o detect a 33% treatment response with 80% power in a
ypical 1-year, double-blind, placebo-controlled treatment
tudy, a cognitive study using the Mini Mental State Exami-
ation would require 224 AD patients per group, compared
ith 36 patients per group would be needed for an FDG-PET

tudy,100 due to the relatively small variance in regional brain
etabolism measures from session to session, compared with

he variance in neuropsychologic test performance.
Finally, PET may be used to examine cerebral responses to

onpharmacological preventative strategies. As an example
f this approach, effects of a lifestyle intervention, consisting
f healthy diet, exercise, and cognitive stimulation, on brain
unction and other physiological indices related to cardiac
nd brain health were measured.102 Healthy volunteers were
andomized to the active intervention or a control activity.
he intervention group showed significant changes in frontal

obe activity on PET compared with the control group that
uggested increased efficiency in regional brain function.
arger clinical trials are underway to further assess the effects
f such interventions.
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