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Imaging that can detect pathophysiologic change in the brain
holds great promise for diagnostic assessment of patients with
Alzheimer disease (AD) and dementia. Although a previous
metaanalysis centering on literature from 1990 to 2000 showed
a summary accuracy of 86% for 18F-FDG PET for AD diagnosis,
the clinical value was considered uncertain because of methodologic shortcomings. Review of the recent literature since
2000 demonstrates that the evidence for 18F-FDG PET in assessment of dementia has increased with new studies that
include autopsy confirmation, wide-diagnostic-spectrum recruitment in primary care settings, historical and prospective cohort
studies, and multicenter data analyses. These data support the
role of 18F-FDG PET as an effective and useful adjunct to other
diagnostic information in the assessment of patients with symptoms of dementia. Findings are in line with recently revised diagnostic criteria of AD that for the first time recognize the unique
role of biomarker evidence in disease definition.
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A

lzheimer disease (AD) is the most common form of
dementia in the elderly and, in individuals over age 65 y, is
the fourth leading cause of death, after heart disease, can-
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cer, and stroke (1). AD accounts for 50%–60% of cases
of dementia; dementia with Lewy bodies (DLB) and frontotemporal dementia (FTD) account for approximately
15%–25% of cases (2). AD is a progressive neurodegenerative disorder with an insidious onset and is characterized
by a severe decline in episodic memory. Instrumental signs
include aphasia, apraxia, and agnosia, together with general
cognitive symptoms such as impaired judgment, decision
making, and orientation (3).
CLINICAL GUIDELINES FOR THE DIAGNOSIS OF AD
AND DEMENTIA AND THE ROLE OF IMAGING

The definitive diagnosis of AD is based on the postmortem observation of specific pathologic lesions: intraneuronal deposits consisting of abnormally phosphorylated
t-protein (neurofibrillary tangles), and amyloid-b deposition in the form of extracellular aggregates (senile plaques).
These hallmarks are associated with neuronal and synaptic
losses and with atrophy in specific brain areas (4–6). Both
amyloid deposits and neurofibrillary tangles are necessary
for the postmortem diagnosis of AD (4).
Although there are various clinical criteria used in the
diagnosis of dementia, there is no single reliable test. For
example, the diagnosis of AD is frequently based on the
National Institute of Neurologic and Communicative Disorders and Stroke–Alzheimer Disease and Related Disorders Association (NINCDS-ADRDA) criteria (3). The
diagnosis is classified as definite (clinical diagnosis with
histologic confirmation), probable (typical clinical syndrome without histologic confirmation), or possible (atypical clinical features but no alternative diagnosis apparent;
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no histologic confirmation). Clinical diagnostic schemata
are available from the American Academy of Neurology
(AAN). The AAN reported practice parameter guidelines
for the clinical evaluation of dementia in 2001 (7). There
was a consensus that the DSM-IIIR definition for dementia
(8) was reliable and that the NINCDS-ADRDA criteria for
AD have sufficient reliability and validity and both should
be used routinely in clinical practice (7).
Definite diagnosis of AD and other types of dementia
requires pathologic confirmation. There are many studies,
including 3 diagnostic studies with an AAN class I level
of evidence, that have addressed the diagnostic accuracy of
the clinical diagnosis of AD using neuropathologic confirmation as the gold standard (7). Both the DSM-IIIR
“Dementia of the Alzheimer type” (8) and the NINCDSADRDA “probable” AD definitions (3) achieved either
good sensitivity (average across cited studies, 81%; range,
49%–100%) for AD at the expense of specificity (average
across cited studies, 70%; range, 47%–100%) or vice-versa
in most of the cited studies. A diagnosis of “possible” AD
achieved high sensitivity (average across 4 studies, 93%;
range, 85%–96%) but at the price of specificity (average
across 4 studies, 48%; range, 32%–61%) (9–12), reflecting
the many features that non-AD dementias share with AD.
Physician confidence in a dementia diagnosis can be
challenging in the early stage of disease, in younger
patients, in atypical presentations, in patients with comorbid depressive and cognitive symptoms, and in patients
with a high level of education, who can experience a substantial decline of cognitive function before reaching the
lower normal limits of standardized neuropsychological
tests (13,14). Therefore, imaging that can detect functional
or pathophysiologic changes in the brain holds great promise for diagnostic assessment of patients with AD (15).
More accurate assessment of dementia diagnosis can help
to better select appropriate patients for antidementia therapy and family prognostic planning (16). Furthermore,
there is a strong physician need not only for a disease confirmatory test but also for an exclusionary test, in which
a normal test result can help to provide patient reassurance
(17). In vivo brain 18F-FDG PET is a minimally invasive
diagnostic imaging procedure used to evaluate cerebral glucose metabolism. One of the striking features of AD is the
drastic reduction of glucose metabolic activity in specific
brain regions as determined by 18F-FDG PET (18). Cerebral glucose metabolic activity is an index of synaptic function and density (19,20). Cerebral glucose hypometabolism
is a characteristic feature of neurodegeneration. The clinical
test involves the qualitative visual interpretation of the scan
images, on which metabolically active areas are indicated
by greater degrees of 18F-FDG activity. Patients with AD
have predominant reductions in temporoparietal regions,
including the precuneus, with additional reductions in the
adjacent posterior cingulate cortex and the frontal cortex
(21–25), whereas other dementias may have a range of
different metabolic patterns (16). The posterior cingulate
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cortex and the neighboring precuneus are metabolically
affected in the earliest clinical and preclinical stages of
AD, and the primary visual cortex is relatively spared
(26,27). Moreover, the cerebellum, thalamus, and basal
ganglia nuclei are spared from significant reductions in
glucose metabolism in AD. Therefore, it is the complete
regional pattern of metabolic impairment of the posterior
cingulate and temporoparietal cortices, more accentuated
than frontal cortex deficits, together with the relative preservation of the primary sensorimotor and visual cortices,
basal ganglia, and cerebellum that defines the distinct metabolic phenotype of AD (21,28).
With regard to brain imaging, the 2001 AAN guidelines
suggest at least 1 structural brain scan with either unenhanced CT or MRI in the initial evaluation of dementia to
assess possible structural causes, which might include
normal-pressure hydrocephalus, strokes, silent brain infarcts, neoplasms, and intracranial hemorrhage (7). However, the 2001 AAN recommendations did not endorse
functional neuroimaging in the initial evaluation of dementia. At that time, data were insufficient to argue that
functional imaging techniques such as SPECT perfusion
or 18F-FDG PET were adequately developed to aid in the
accurate or differential diagnosis of dementia or to consistently distinguish among various types of dementia. There
were few large prospective studies of 18F-FDG PET available at the time of review to argue for its routine use in the
initial evaluation of dementia. Subsequent to 2001, more
prospective studies have been reported with both SPECT
and PET in the evaluation of dementia (29). Although
SPECT has been more broadly available, studies show
PET has a higher diagnostic accuracy by approximately
15%–20%, suggesting that PET may be more beneficial in
the early detection of neurodegenerative diseases (30). In fact,
PET is superior to SPECT in its ability to separate healthy
controls from patients with true dementing illnesses (31).
OBJECTIVES OF THIS REVIEW

Previous reviews of the diagnostic utility of 18F-FDG
PET in the clinical evaluation of dementia, in particular
AD, were based on older literature, mainly from 1990 to
2000, when PET was an emerging technology and only
a limited number of high-quality studies were available
(32,33). Although a metaanalysis of the literature during
this period found 18F-FDG PET to have a summary sensitivity of 86% and a summary specificity of 86% for AD
diagnosis, several methodologic shortcomings in the early
literature because of limitations in study design and patient
characteristics were identified (33). Consequently, a set of
quality criteria to guide future studies in this field were
suggested (33).
The primary objective of this article is to review new
literature published since 2000 to determine the effectiveness and safety of 18F-FDG PET in the assessment of dementia, in particular suspected AD. Furthermore, the new
literature reports were selected and assessed on the basis of
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agnostic summary of cross-sectional case-control 18F-FDG
PET studies revealed an overall diagnostic accuracy of 93%
for differentiating AD subjects from healthy subjects, with
sensitivity of 96% and specificity of 90% (all 5 studies met
AAN level III diagnostic evidence). The prior metaanalysis
conducted by Patwardhan et al. showed 18F-FDG PET to
have a summary sensitivity of 86% and a summary specificity of 86% for AD diagnosis (33). The current pooled
analysis (references published since 2000) shows comparable or better values, validating the analysis. The better sensitivity in the literature published since 2000 could be
attributable to several factors including differences in subjects studied, the use of improved PET devices, or improved
interpretational skills of observers.

additional quality criteria, including studies using dementia
diagnosis based on postmortem verification, studies using
dementia diagnosis based on longitudinal clinical followup, studies with 18F-FDG classification based on the visual
assessment of scans, and studies with a spectrum of AD
severity and also including common non-AD dementia syndromes. Studies with both traditional visual assessments of
18F-FDG PET images and surface-rendered statistical maps
based on reference data from healthy control subjects were
included for review, as such studies have become part of
current clinical practice. Studies that did not include visual
review of images and were based on only automated quantitative parameters were not included in the review and
were considered investigational.
Details of the review process are listed in the supplemental data (supplemental materials are available online only at
http://jnm.snmjournals.org). Through the selection process,
a total number of 11 eligible studies were identified. These
included 4 studies using postmortem diagnosis as a gold
standard to determine the diagnostic accuracy of 18F-FDG
PET in AD, 2 studies using longitudinal clinical assessment
of at least 1 y as an acceptable gold standard to determine
the diagnostic accuracy of 18F-FDG PET in AD, 2 large
multicenter studies, 2 studies from a predominant primary
care setting, 8 studies using a comparison group that included subjects with other types of dementia or cognitive
complaints, and 3 studies that reported subgroup analyses
based on severity of dementia. A tabulated summary of the
11 studies, including detailed-review quality scores and
assigned AAN level of diagnostic evidence, is available in
Supplemental Table 1. Studies will be discussed below
according to increasing AAN level of diagnostic evidence.

18F-FDG

PET STUDIES USING LONGITUDINAL
CLINICAL FOLLOW-UP ASSESSMENT AS
DIAGNOSTIC REFERENCE STANDARD

Two studies provided 18F-FDG PET information on the diagnosis of AD and dementia using longitudinal clinical followup assessment as the reference standard (Table 2). Although no
formal description of patient recruitment was provided, one
study appeared to consecutively recruit its sample from a primary care center (34). In this study, 24 patients with initial
clinical suspicion of mild dementia, 12 of them with mild
cognitive impairment, underwent 18F-FDG PET at baseline,
and the final diagnosis was based on variable longitudinal
clinical follow-up (average of 16 6 12 mo). The final diagnosis
included 9 patients with pure AD, 7 with mixed AD and vascular-type dementia, 6 without dementia, and the remainder
with FTD or pure vascular dementia. This study reported an
18F-FDG PET diagnostic sensitivity of 44% for the diagnosis
of purely defined AD, with a specificity of 83%, whereas the
sensitivity of 18F-FDG PET for mixed AD and vascular diagnosis dementia was 71%, with a specificity of 78%. However, the sensitivity of 18F-FDG PET in the diagnosis of AD or
mixed AD and vascular dementia versus absence of dementia
was 91.7%, with a specificity of 88.9% (34). Using 18F-FDG
PET, progressive dementia was excluded in all 6 patients who
did not develop dementia during the follow-up period.

18F-FDG

PET CROSS-SECTIONAL CASE-CONTROL
STUDIES USING CLINICAL ASSESSMENT AS
DIAGNOSTIC REFERENCE STANDARD

Five of the eligible 11 papers were case-control studies
using clinical assessment as the reference standard. Table 1
represents the individual and pooled diagnostic performance of 18F-FDG PET in these studies. The pooled di-
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TABLE 1
PET Diagnosis of AD in Cross-Sectional Case-Control Studies

Reference

Cohort A

Cohort B

TP

FN

FP

TN

Sensitivity

Specificity

Accuracy

Mosconi et al., 2007 (88)
Ng et al., 2007 (94)
Chen et al., 2008 (95)
Mosconi et al., 2008 (52)
McMurtray et al., 2008 (90)

AD
AD
AD
AD
AD

Healthy control
Healthy control
Healthy control
Healthy control
Elderly control
with only
subjective
memory
complaints
Total

33
12
47
192
25

0
3
5
2
2

0
10
9
2
4

19
15
51
108
23

100%
80%
90%
99%
93%

100%
60%
85%
98%
85%

100%
68%
88%
99%
89%

309

12

25

216

96%

90%

93%

FN 5 false-negative; FP 5 false-positive; TN 5 true-negative; TP 5 true-positive.
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TABLE 2
Cohort Studies with Clinical Diagnosis of AD Based on Longitudinal Assessment
Reference and AAN level

Diagnostic standard and
study type

Subjects

For diagnosis of more purely
Twenty-four patients with initial
defined AD, 18F-FDG PET
clinical suspicion of beginning
dementia, 12 of whom had mild
had sensitivity of 44% and
cognitive impairment, underwent
specificity of 83%. For
18F-FDG PET at baseline. Final
diagnosis of mixed AD and
vascular dementia,
diagnosis was based on variable
18F-FDG PET had sensitivity
longitudinal clinical follow-up
(average, 16 6 12 mo) and
of 71% and specificity
included 9 patients with pure AD,
of 78%. For diagnosis of
7 with mixed AD and vascular-type AD and mixed vascular/AD
dementia, 6 without dementia, and
dementia vs. absence of
remainder with FTD or pure
dementia, 18F-FDG PET
vascular dementia.
had sensitivity of 91.7%
and specificity of 88.9%.

Dobert et al., 2005
(34), AAN level II

Longitudinal clinical
diagnosis; prospective
cohort study in primary
care–like setting

Panegyres et al., 2009
(35), AAN level I

Community-dwelling subjects
Longitudinal clinical
presented to primary care
diagnosis with average
center for cognitive complaints.
clinical follow-up of 5–6 y;
prospective cohort study of Final clinical diagnosis was
18F-FDG PET diagnostic
early-stage AD (n 5 49), non-AD
dementia (n 5 29), depression
utility in primary care
(n 5 11), or miscellaneous
setting
(n 5 13).

Panegyres et al. reported a prospective study of 102
individuals presenting consecutively to a primary care center
for examination of suspected early-onset dementia (35).
Patients were evaluated using standard clinical criteria for
the diagnosis of dementia. Functional neuroimaging data
were obtained, and nuclear medicine physicians who were
not aware of the clinical diagnosis generated 18F-FDG PET
diagnoses. Final clinical diagnoses based on all available data
were then established and compared against PET diagnoses.
Forty-nine patients received a final clinical diagnosis of
early-stage AD (Mini-Mental State Examination score,
21 6 5). There were 31 non-AD demented patients, 11 depressed patients, and a miscellaneous group of 11 nonprogressive or nondemented patients. Among patients with AD,
the sensitivity and specificity of 18F-FDG PET were 78%
(95% confidence interval [CI], 66%–90%) and 81% (95%
CI, 68%–86%), respectively. The positive likelihood ratio
for a 18F-FDG PET scan positive for the diagnosis of AD
was 4.11 (95% CI, 2.29–7.32), and the negative likelihood
ratio for a negative 18F-FDG PET scan in the absence of AD
was 0.27 (95% CI, 0.16–0.46). The pretest AD probability
was 48%, and the posttest probability was 79%. The specificity of 18F-FDG PET in the differential diagnosis of other
dementias, including FTD, was greater than 95%.
18F-FDG

PET STUDIES OF AD AND DEMENTIA
USING PATHOLOGIC CONFIRMATION AS THE
REFERENCE STANDARD

Most existing studies compared 18F-FDG PET to a clinical diagnosis, which may be inaccurate and therefore is not
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Major findings

For diagnosis of AD, 18F-FDG PET
had sensitivity of 78% and
specificity of 81% in this
heterogeneous population.
For differential diagnosis of
other dementias, including
FTD, 18F-FDG PET had
specificity . 95%.

an ideal diagnostic gold standard (7,36–38). In addition, the
use of clinical diagnosis as a criterion does not permit
a comparison of the relative accuracies of 18F-FDG PET
diagnosis versus clinical diagnosis to the gold standard
neuropathologic diagnosis (39). However, several studies
have compared the accuracy of 18F-FDG PET with the
accuracy of clinical and neuropathologic diagnosis in dementia patients (Table 3) (16,39–43). Some of the smaller
previous in vivo PET–postmortem pathology correlation
studies were not included in the present analysis, as subjects in these earlier studies were included in subsequent
larger-scale studies that are included here (e.g., subjects in
the Hoffman et al. study (40) were again reported in the
Silverman et al. study (42); and subjects of the Albin et al.
study (44) were included subsequently in the larger study of
Minoshima et al. (41)).
In the largest series to date, Silverman et al. reported
evaluation of 18F-FDG PET for diagnosis of AD versus other
causes of dementia (42). This study reported on 2 populations: a prospective cohort with long-term clinical follow-up
and a retrospective cohort with a histopathologic reference
standard. The retrospective cohort study was a multicenter
study from an international consortium of clinical facilities
that had collected both brain 18F-FDG PET and histopathologic data for patients undergoing evaluation for dementia.
Among 97 patients with a histopathologic AD diagnosis, the
sensitivity of 18F-FDG PET for diagnosing AD was 94%
(95% CI, 89%–99%) and the specificity among 41 patients
without AD was 73% (95% CI, 60%–87%). This study included a stratified examination of the subset of patients with
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Foster et al.,
2007 (16),
AAN level II

Autopsy confirmation

Autopsy confirmation and
clinical follow-up

Autopsy confirmation

Jagust et al.,
2007 (39),
AAN level II

Minoshima et al.,
2001 (41),
AAN level II

Autopsy confirmation and
clinical follow-up

Diagnostic standard

Silverman et al.,
2001 (42),
AAN level II

Reference and
AAN level

18F-FDG

AD (n 5 10); autopsy-confirmed DLB
(n 5 11); additional 53 patients
with clinically probable diagnosis of
AD (n 5 40) or DLB (n 5 13) based on
follow-up evaluation
AD (n 5 31); FTD (n 5 14); controls
(n 5 33)

Retrospective 18F-FDG PET
analysis based on postmortem
diagnosis, and retrospective
18F-FDG PET diagnosis based on
clinical follow-up
Retrospective consensus study of 6
dementia experts reviewing clinical
history and 18F-FDG PET studies

PET is significantly more accurate
in distinguishing FTD from AD than clinical
methods. 18F-FDG PET adds important
information that appropriately increases
diagnostic confidence, even among
experienced dementia specialists. Mean
interrater k was 0.31–0.42 for clinical
information and 0.73–0.78 for 18F-FDG PET.
For AD diagnosis compared with FTD,
sensitivity was 96.7% and specificity
was 85.7%.

18F-FDG

PET can distinguish AD from DLB
with 90% sensitivity and 80% specificity.

For diagnosing AD, accuracy of 18F-FDG PET
(sensitivity, 84%; specificity, 74%) was
better than that of initial clinical evaluation
(sensitivity, 76%; specificity, 58%).
18F-FDG PET (78%) also had better NPV
than did initial clinical evaluation (65%).

AD was identified in 85/89 (sensitivity,
96%) AD-only cases and 6/8 AD-plus
cases (overall sensitivity, 94%).
Absence of AD was confirmed in 30/41
cases (specificity, 73%), including 23
with other neurodegenerative
dementias. Absence of neurodegenerative
disease was confirmed in 14/18 cases
(specificity, 78%). Negative PET scan
indicated that pathologic progression
of cognitive impairment during mean
3-y follow-up was unlikely.

AD (n 5 97); non-AD (n 5 41), such as
progressive supranuclear palsy,
Parkinson disease, cerebrovascular
disease, or mixed

Forty-four subjects with dementia,
cognitive impairment, or normal
cognitive functions; postmortem
diagnosis included AD (n 5 20), FTD,
DLB, mixed, and vascular dementia

Major findings

Subjects

Retrospective study with 4-y
clinical follow-up and 5 y until
death and autopsy

Multicenter retrospective analysis
based on postmortem diagnosis

Study type

TABLE 3
Cohort Studies with Postmortem Diagnosis

mild disease at the time of PET for whom performance of
18F-FDG PET with respect to sensitivity (95%), specificity
(71%), and overall diagnostic accuracy (89%) was nearly the
same as for the entire group (42).
Jagust et al. reported results of a single-center historical
cohort study of a mixed sample of 44 subjects with variable
levels of cognitive impairment who underwent initial
clinical examination and 18F-FDG PET and had approximately 4 y until the final clinical diagnosis and an additional average of 5 y until death and autopsy (39). Results
showed that the sensitivity of the initial clinical evaluation
for the pathologic diagnosis of AD was 76%, and specificity
was 58%; PET had values of 84% and 74%, respectively,
and final clinical evaluation had values of 88% and 63%,
respectively. Positive predictive values for initial clinical
evaluation, PET, and final clinical evaluation were 70%,
81%, and 76%. Negative predictive values were 65%,
78%, and 80%. Results were similar in a subgroup analysis
limited to subjects with less severe cognitive impairment at
entry. The diagnosis of AD was associated with a 70%
probability of detecting AD pathology; with a positive
PET scan this increased to 84%, and with a negative PET
scan this decreased to 31%. A diagnosis of “not AD” at
initial clinical evaluation was associated with a 35% probability of AD pathology, increasing to 70% with a positive
PET scan. The probability of a postmortem diagnosis of
AD for an initial normal cognitive assessment and negative
18F-FDG PET findings was 17%. Overall, these results indicate that diagnostic sensitivity and specificity available
with 18F-FDG PET at an initial clinical evaluation are similar to longitudinal clinical diagnosis over approximately
4 y (39). Furthermore, the addition of 18F-FDG PET to
clinical diagnosis at initial clinical evaluation had a substantial effect on the likelihood of finding AD pathology at
postmortem examination and was particularly important
when PET disagreed with the clinical diagnosis. For example, a positive 18F-FDG PET scan increased the likelihood
of AD pathology by 14% if the clinical diagnosis was AD
but by 35% if the clinical diagnosis was not AD. Conversely, a negative PET scan decreased the diagnosis by
18% if the clinical diagnosis was not AD but by 39% if
the diagnosis was AD. In both situations when 18F-FDG
PET disagreed with the clinical diagnosis, the correct pathologic diagnosis was in fact more likely to be congruent
with 18F-FDG PET than with the initial clinical diagnosis.
The data reported here agree with the 2 largest previously
reported studies in demonstrating that PET sensitivity is
superior to specificity (40,42).
18F-FDG

PET DIFFERENTIAL DIAGNOSIS OF AD
VERSUS OTHER DEMENTIAS

Although most functional neuroimaging research has
focused on identifying AD, the sensitivity and specificity
of PET in diagnosing other dementia conditions has also
been investigated. Specific patterns of 18F-FDG hypometabolism are now identified in association with the most

64

THE JOURNAL

OF

common neurodegenerative dementia (Fig. 1) as discussed
below.
AD Versus DLB

DLB is the second most frequent type of dementia and
appears to represent a clinical phenotypic subtype of
patients who have marked neuropsychiatric disturbances
(such as prominent visual hallucinations or depression),
variability in arousal and attention antedating or shortly
after the onset of spontaneous and more variable extrapyramidal motor symptoms (45). Consistent observation of
a metabolic reduction in the medial occipital cortex in
DLB suggests the use of functional brain imaging as a potential clinical diagnostic aid to differentiate DLB from AD
(41). Minoshima et al. found that the presence of occipital
hypometabolism distinguished DLB from AD with 90%
sensitivity and 80% specificity in a study using a postmortem diagnostic validation (41). Minoshima et al. found that
the sensitivity in discriminating DLB and AD using 18FFDG PET was greater than that with clinical diagnostic
criteria applied retrospectively to the data from medical
charts (41,46). The sensitivity was also greater than a carefully designed prospective clinicopathologic correlation
study (47), but direct comparison is difficult because of
the different populations of patients in these studies.
AD Versus FTD

FTD, especially the behaviorally variant, is characterized
clinically by prominent initial changes in personality and
behavior, such as apathy or disinhibition, whereas memory
impairment may be less conspicuous (48). Some patients
may present with more prominent language changes, such
as a progressive fluent aphasia (which can be seen with
semantic dementia and more prominent temporal lobe atrophy) (49). FTD is readily identified on 18F-FDG PET
scans by distinct frontal or frontotemporal metabolic
impairments that typically are quite asymmetrically centered in the frontolateral cortex and the anterior pole of
the temporal lobe, from where they may extend to other
association areas (50,51). Results of a historical cohort
study with postmortem validation showed that 18F-FDG
PET was more accurate than clinical judgment in predicting
histopathologic diagnosis in patients with AD and FTD
(16).
Panegyres et al. reported a specificity of greater than
95% for 18F-FDG PET in the differential diagnosis of other
dementias, including FTD, DLB, and primary progressive
aphasia, in a prospective cohort study of 102 individuals
presenting consecutively to a primary care center for examination of suspected early-onset dementing diseases (35).
The high specificity of 18F-FDG PET in AD, FTD, and
DLB implies that negative or normal scan findings, in the
presence of the suspicion of dementia, make a dementia
diagnosis unlikely.
Table 4 summarizes the differential diagnostic performance for classification of AD versus other types of neurodegenerative dementia. Although dementia subjects and
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control subjects included in individual studies were somewhat heterogeneous, pooled diagnostic performance provides values that can be compared with other studies.
LARGE MULTICENTER STUDIES

Mosconi et al., in a large multicenter study, examined
PET measures in the differentiation of AD, FTD,
and DLB from normal aging and from each other (total
subjects, n 5 548) (52). Patients were classified according
to established clinical criteria, and quantitative and computer-aided visual assessment was used. Overall, diseasespecific PET patterns yielded 96% accuracy in discriminating
among healthy, AD, DLB, and FTD subjects in the testing
cohort, with 94% healthy, 95% AD, 92% DLB, and 94%
FTD subjects correctly classified in an independent group
of patients (52). There was no difference in the proportion
of mild versus moderate-to-severe dementia patients correctly classified by clinical group. This study demonstrated
the feasibility of using 18F-FDG PET in the differential
diagnosis of the major neurodegenerative disorders, including mild dementia, across multiple sites. Across centers, as
compared with cognitively normal subjects, most AD
patients showed a characteristic profile of hypometabolism in the parietotemporal and posterior cingulate cortices and, more variably, frontal regions, and in the
hippocampus. In comparison with AD, DLB patients
showed more prominent hypometabolism in the occipital
cortices, and FTD patients showed more prominent hypometabolism in the frontal or temporal cortices, consistent
with previous reports (41,44,53–55). However, 29% of
DLB patients and 35% of FTD patients showed a pattern
of cortical deficits similar to that of AD patients. Therefore, the presence of cortical abnormalities discriminated
AD from DLB and FTD with a high sensitivity (.90%)
though a lower specificity (71% and 65%, respectively).
The large multicenter study by Silverman et al. (42) has
been discussed above.
18F-FDG

PHYSICIAN CONFIDENCE LEVEL AND PREDICTIVE
VALUE OF 18F-FDG PET

The treating physician’s confidence in a dementia diagnosis can be challenging, especially when symptoms are
subtle or arise at a younger age (13,14). A recent historical
cohort study examined the role of 18F-FDG PET in the
diagnosis of atypical or unclear dementias in a memory
clinic setting (56). A total of 94 patients with a diagnosis
of mild cognitive impairment or dementia who had a PET
study within 2 mo of their diagnosis were reevaluated at
5 and 18 mo. The results showed that PET was associated
with a change in diagnosis in 29% of patients. Specifically,
PET significantly lowered the number of unclear diagnoses
from 39% to 16%, and nearly 30% of these were found to
have a typical AD pattern of hypometabolism (56). This
study also addressed the clinicians’ impression of the contribution of 18F-FDG PET in the diagnostic process. The
results showed that, overall, 18F-FDG PET helped, clarified,
and oriented the diagnosis in 56% of cases; confirmed clinical impression in 16% of cases; and had no impact in 28%
of cases. This study provides guiding evidence about the
true value of 18F-FDG PET in the day-to-day challenge of
dementia diagnosis.
Treating physicians have a strong need not only for
a disease-confirmatory test but also for an exclusionary test,
especially in the clinical setting of atypical presentations
and only subjective memory complaints. In this respect,
a normal 18F-FDG PET result helps to provide assurance
that cognitive abilities are likely to remain stable for several
years after the study (17).
The accuracy of PET diagnosis is frequently discussed
only in terms of sensitivity and specificity. Sensitivity refers
to the probability of a positive test among patients with
disease, whereas specificity refers to the probability of a
negative test among patients without disease. Ideally, one
would like to know what the probability of disease is, given
a positive or negative test. For this purpose, likelihood

FIGURE 1. Typical regional cerebral 18FFDG hypometabolism patterns in AD, DLB,
and frontal and temporal FTD. Patterns are
presented as z score maps based on significantly hypometabolic voxels relative to
nondemented comparison population. AD
pattern of glucose hypometabolism involves
predominantly temporoparietal association
cortices and posterior cingulate and precuneus cortices. In advanced disease, prefrontal association cortices show additional
hypometabolism. Primary sensorimotor and
visual neocortices are relatively spared. DLB
has cortical hypometabolism similar to that
of AD but with additional involvement of occipital cortex. FTD demonstrates frontal lobar or frontal and temporal polar cortical
hypometabolism with relative sparing of parietal association cortex and preservation of primary somatomotor and visual cortices. ANT 5
anterior; INF 5 inferior; LAT 5 lateral; MED 5 medial; POST 5 posterior; SUP 5 superior.
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TABLE 4
Differential Diagnosis of AD vs. Other Dementias
Reference and AAN level

Cohort A

Cohort B

TP

FN FP

TN

Silverman et al., 2001 (42), AAN level II
Minoshima et al., 2001 (41), AAN level II
Foster et al., 2007 (16), AAN level II
Jagust et al., 2007 (39), AAN level II

AD
AD
AD
AD and
mixed
AD

Non-AD/nondementia
DLB
FTD
Non-AD

91
9
30
21

11
1
1
4

30
9
12
14

89%
90%
97%
84%

83%
82%
86%
74%

88%
86%
93%
80%

Non-AD
Total

38 11
189 28

10 43
25 108

78%
87%

81%
81%

79%
85%

Panegyres et al., 2009 (35), AAN level I

6
2
2
5

Sensitivity Specificity Accuracy

FN 5 false-negative; FP 5 false-positive; TN 5 true-negative; TP 5 true-positive.

ratios can be calculated to assess the a posteriori likelihood
of disease. The positive likelihood ratio indicates the
increase in probability of disease after a positive test result,
whereas the negative likelihood ratio represents the reduction in probability of disease after a negative test result.
Likelihood ratio is the probability that a given test result
would be expected in a patient with the target disorder
divided by the probability that the same result would be
expected in a patient without the disorder. A positive
likelihood ratio greater than 1 produces a posttest probability that is higher than the pretest probability. A very low
negative likelihood ratio (e.g., ,0.1) virtually rules out the
chance that the patient has the disease.
Table 5 lists studies that reported likelihood ratios for
18F-FDG PET and AD diagnosis. These data indicate that
a negative (i.e., normal) 18F-FDG PET result strongly
favors a normal (nonprogressive) outcome at follow-up
over several years.
Foster et al. studied the effect of adding 18F-FDG PET to
clinical diagnostic information on diagnostic accuracy and
physician’s confidence in the diagnosis of AD versus FTD
(16). Diagnostic confidence appears to be a meaningful
measure, because it appropriately reflects raters’ true diagnostic accuracy. Using a dedicated assessment scale ranging from unsure to somewhat confident to very confident,
these investigators found that clinical raters often had limited confidence in their clinical diagnosis. However, adding
18F-FDG PET increased not only the diagnostic accuracy
but also the treating physician’s level of confidence in making the diagnosis of AD or FTD.
COMPUTER-ASSISTED QUANTITATIVE
INTERPRETATION OF BRAIN 18F-FDG PET

Similar to other imaging modalities, accurate diagnostic
interpretation of brain 18F-FDG PET scans depends on the
interpreting observer’s experience and skill. However,
given the presently limited clinical use of brain 18F-FDG
PET scans, not all radiologists and nuclear medicine specialists are familiar with brain 18F-FDG PET interpretation.
The reliance on qualitative interpretation by visual reading
is admittedly one issue in the clinical application of brain
18F-FDG PET (51). Visual ratings depend heavily on the

66

THE JOURNAL

OF

observer’s prior experience and training, and 18F-FDG PET
measurements often lack clearly defined cutoffs to distinguish between normal and pathologic findings. Several automated tools are used in neuroimaging studies to examine
and sample brain regions (57). Foremost, voxel-based analysis techniques with statistical parametric mapping procedures can provide unbiased statistically defined measures of
abnormality throughout the whole brain on a voxel-byvoxel basis. This technique was initially developed for
functional brain mapping research applications (58,59)
but subsequently was applied to clinical interpretations of
individual cases of dementia and other neurologic disorders
(58,59). The basic procedure in voxel-based analysis involves the spatial normalization and smoothing of each
individual’s PET scan to an anatomically defined standard
brain reference volume (the template or atlas volume) in the
stereotactic space. This enables voxel-by-voxel statistical
comparison of the 18F-FDG pattern in the individual brain
against the mean and SD of a control population (58,59).
Objective image analysis procedures can be easily applied
and shared across different imaging centers (51). These
procedures result in an observer-independent, quantitative
mapping of regional glucose metabolic abnormalities (58,60).
Currently, some of the computer-assisted methods for brain
18F-FDG PET interpretations are Food and Drug Administration 510(k)–approved and are commercially distributed. This
type of secondary analysis provides a tool for physicians to
achieve an objective and accurate diagnosis of dementia and
an accurate interpretation of potential scan abnormalities, as
well as an educational opportunity to improve their scan interpretation skills.
PATHOPHYSIOLOGY OF 18F-FDG METABOLISM AND
INVESTIGATIONAL STUDIES

Mosconi et al. presented results of longitudinal clinical
and 18F-FDG PET assessments in a case series of 7 subjects
who has postmortem diagnostic validation and whose 18FFDG PET profiles in life were consistent with the postmortem diagnosis (43). Four subjects from a university aging
study were initially classified as cognitively normal, but 2
had subsequent development of mild cognitive impairment
and 2 of AD. Three subjects diagnosed as AD initially were
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Reference and
study type

Diagnostic
standard

Panegyres et al.
2009 (35),
prospective
cohort study
of diagnostic
utility of
18F-FDG PET

TABLE 5
PET and AD Diagnostic Studies Reporting Likelihood Ratios
Subjects

Likelihood ratios

Clinical diagnosis
based on
longitudinal
long-term
assessment

Community-dwelling subjects presented
to primary care center for cognitive
complaints. Final clinical diagnosis
was early-stage AD (n 5 49), non-AD
dementia (n 5 29), depression
(n 5 11), or miscellaneous (n 5 13).

Positive likelihood ratio for 18F-FDG PET scan
considered consistent with AD was 4.11
(95% CI, 2.29–7.32), suggesting increase in
likelihood of final diagnosis of AD when
diagnosed on 18F-FDG PET with AD.
Negative likelihood ratio for AD was 0.27
(95% CI, 0.16–0.46), suggesting more
significant decrease in likelihood of final
diagnosis of AD when 18F-FDG PET findings
are negative for AD. Probability before
18F-FDG PET that patient had AD was 48%.
After 18F-FDG PET, probability increased to
79%, indicating that 18F-FDG PET increases
diagnosis probability of early-onset AD from
48% to 79%.

Jagust et al.,
2007 (39),
historical
cohort study

Postmortem
diagnosis

Positive likelihood ratio of 18F-FDG PET for AD
diagnosis was 3.2, and negative likelihood
ratio was 0.21.

Silverman et al.,
2001 (42),
multicenter
retrospective
analysis

Postmortem
diagnosis

Forty-four individuals with dementia,
cognitive impairment, or normal
cognitive function underwent
clinical initial evaluation and PET
and were followed up for
approximately 4 y until final evaluation
and 5 y until death and autopsy.
Clinical, pathologic, and imaging
diagnoses were categorized as AD
or not AD.
Multicenter retrospective
analysis was performed
on heterogeneous
patient population.

also followed longitudinally till autopsy verification. Longitudinal 18F-FDG PET examinations in this cohort demonstrated that glucose metabolic reductions precede the onset
of clinical symptoms by years and correlate with dementia
severity in life and pathologic diagnosis of AD. Furthermore,
the present results offer temporal and topographic in vivo
information on the progressive involvement of different brain
regions in the development of AD. Although 18F-FDG PET
profiles somewhat varied across subjects, glucose metabolic
reductions were consistently detected in the hippocampus,
followed by the parietotemporal and posterior cingulate cortices at the mild cognitive impairment or mild dementia
stages. Hippocampal glucose metabolic reductions appeared
to precede those in the cortical regions in cognitively normal
individuals declining to AD, whereas the cortical hypometabolism became evident by the time that symptoms were
expressed. These 18F-FDG PET findings substantiate prior
longitudinal observations without postmortem examinations
by showing a progression of glucose metabolic deficits from
the hippocampus to the association cortices in pathologically
confirmed cognitively normal individuals who developed

Positive likelihood ratio of 18F-FDG PET for
AD diagnosis was 3.5, and negative
likelihood ratio was 0.08. Positive likelihood
ratio of 18F-FDG PET for presence of
neurodegenerative disease of any kind was
4.2, and negative likelihood ratio was 0.075.

mild cognitive impairment and AD and in patients with mild
AD who further deteriorated over time. These in vivo imaging findings are consistent with the idea of progressive pathologic spreading in AD from the hippocampal formation to
the association cortex (61) and with the Braak and Braak
staging model of neurofibrillary tangle pathology in AD (62).
Studies have shown that the progression of neurofibrillary
tangles in the brain can be staged and that the pathologic
changes develop many years before clinical manifestations
of the disease become apparent using standard approaches to
assessment (62,63). The pattern of hypometabolism seen in
the progression of individuals from normal aging to AD is
consistent with Braak stages of neurofibrillary tangle pathology determined at autopsy. Moreover, glucose metabolic
changes in AD-related regions correlated with Braak stages
of neurofibrillary tangles and with dementia severity in life
(43). These data indicate also that cerebral glucose metabolic
changes consistent with AD can be detected before the onset
of dementia and progress with dementia severity. This perspective is also supported by recent findings based on longitudinal analysis of data acquired by the Alzheimer Disease
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Neuroimaging Initiative (64,65). 18F-FDG PET is therefore
also being considered as an imaging biomarker for AD before onset of dementia (66) and in clinical trials (67). Some
authors emphasize early hippocampal involvement on
18F-FDG PET in AD (43). However, this finding remains
controversial, because assessment of the magnitude of hippocampal hypometabolism on 18F-FDG PET is less reliable
and as such is less recognized on visual inspection. Furthermore, hippocampal and medial temporal glucose hypometabolism can be prominent in some subtypes of FTD (68,69).
Cerebral glucose metabolic activity is an index of synaptic
function and density (19,20), but hypometabolism is not
specific for AD and is observed in other neurodegenerative
disorders. AD-related glucose metabolic reductions could
reflect reductions in the density or activity of terminal neuronal fields or perisynaptic glial cells (70–72), a metabolic
dysfunction in neurons or glial cells not related to neuronal
activity (73,74), or a combination of these factors. Diaschisis
may represent another mechanism of regional glucose hypometabolism in neurodegeneration because of dysfunction of
hippocampal output pathways resulting in hypometabolism
of remotely connected brain regions, such as the posterior
cingulate cortex (75). Remote deafferentation effects, including reduced posterior cingulate blood flow activity, have also
been observed after temporal lobectomy in epilepsy patients
(76). Therefore, metabolic reductions in the posterior cingulate in early AD may be explained in part by the loss of
entorhinal efferents due to AD pathology (76).
Cerebral metabolic rate for glucose abnormalities in
18F-FDG PET studies of AD may be associated also with
reduced neuronal expression of nuclear genes encoding
subunits of the mitochondrial electron transport chain. For
example, results from a genomewide transcriptomic study
using neurons from autopsy brains of AD patients and cognitively normal controls found evidence of significantly reduced expression of energy metabolism genes that was
most prominent in posterior cingulate neurons in AD brains
(77). Reduction of genes encoding subunits of the mitochondrial electron transport chain in the posterior cingulate
cortex was 70% lower in AD subjects than in cognitively
normal subjects. Reductions in other AD brain areas were
as follows: 65% reduction in the middle temporal gyrus,
61% in the hippocampal CA1 regions, 16% in the visual
cortex, and 5% in the superior frontal gyrus (77). The topography of regional cerebral reduction of these energy
metabolism genes parallels the typical 18F-FDG hypometabolism in AD.
SAFETY

No safety issues have been raised in the multitude of
papers that have studied the application of 18F-FDG PET in
AD, AD-related dementia, or other neurodegenerative disorders, including posterior cortical atrophy, primary progressive aphasia, and Creutzfeldt-Jakob disease. A recent
reference specifically mentioned the absence of any adverse
effects related to the administration of the radiopharmaceu-
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tical (15). The average dose of administered
tivity was 185–370 MBq (5–10 mCi).

18F-FDG

ac-

LIMITATIONS

Although postmortem diagnosis of AD is considered the
gold standard, even pathologic diagnosis is not beyond
reproach. There is no universally accepted set of pathologic
diagnostic criteria, and the various diagnostic algorithms
place discordant degrees of reliance on varying diagnostic
factors. Depending on the criteria used, a patient may not
always receive the same autopsy diagnosis (78). Furthermore, mixed pathologies can be detected in patients diagnosed with AD at the time of autopsy (79), thus potentially
limiting the specificity of any studies correlating 18F-FDG
PET in vivo with postmortem diagnosis. For example, analysis of a multicenter brain bank study from 3,303 individuals found that 53.3% of brains had evidence of mixed
pathologies, such as AD, vascular, and Lewy body pathologies (80). In these instances, it can be difficult, if not
impossible, to determine the relative pathologic contributions to the patient’s cognitive abnormalities.
The specificity of 18F-FDG PET diagnosis when clinically diagnosed AD patients are compared with cognitively
normal subjects may also be limited because of emerging
evidence of presymptomatic AD in otherwise healthy elderly persons (81).
The scope of this review does not include applications of
18F-FDG PET to mild cognitive impairment, as this concept
has been evolving recently and thus may be inconsistently
defined across studies. Furthermore, those studies that use
a more consistent diagnosis of mild cognitive impairment
are often limited to the amnestic subtype and may not reflect the entire spectrum of mild cognitive changes.
TEMPORAL PROFILE OF 18F-FDG PET IN
RELATIONSHIP TO OTHER BIOMARKERS OF AD

Previous studies have shown that cerebrospinal fluid
markers of amyloid b42 and t-protein levels and imaging
markers of 18F-FDG, fibrillary b-amyloid PET, and hippocampal volume using MRI are biomarkers associated with
AD (43,82–84). Longitudinal analysis of Alzheimer Disease Neuroimaging Initiative data have allowed delineation
of the temporal profiles of the different fluid and imaging
biomarkers of AD. The results have shown that amyloid
changes precede glucose hypometabolism or hippocampal
atrophy (64,65,85). Elevated cerebrospinal fluid levels of
phosphorylated t-protein have been associated with reduced
glucose metabolism in the posterior cingulate, precuneus,
and parahippocampal regions (86). More importantly, changes
in glucose metabolism and hippocampal volume accelerate at
the time of critical cognitive deterioration (85).
LITERATURE REVIEW AND COMMENTS

Review of the scientific literature published since 2000
indicates several high-quality studies that have overcome
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previously noted methodologic shortcomings in the 18F-FDG
PETand AD literature (32,33,87). Although a previous metaanalysis showed a summary sensitivity of 86% for 18F-FDG
PET for AD diagnosis and a summary specificity of 86%, the
clinical utility of 18F-FDG PET was challenged and considered uncertain because of a lack of studies that included
verification of AD diagnosis, a lack of studies using representative samples of patients (such as studies performed in
a primary care setting), and a lack of studies that evaluated
possible effects of the severity of dementia (33).
The present review identified a total of 11 subsequent
papers that met the stringent review eligibility criteria. These
papers included 4 studies using postmortem diagnosis as
a gold standard to determine the diagnostic accuracy of 18FFDG PET for AD (16,39,41,42), 2 studies using longitudinal
clinical assessment of at least 1 y as an acceptable gold
standard to determine the diagnostic accuracy of 18F-FDG
PET for AD (34,35), 2 large multicenter studies (42,51), 2
studies from a predominantly primary care setting (34,35), 8
studies using comparison groups that included subjects with
other types of dementia or cognitive complaints
(16,34,35,39,41,42,51,94), and 3 studies that performed subgroup analyses of the severity of dementia (39,42,88).
These studies address the previously noted methodologic
shortcomings in the literature before 2001. This review of the
recent 18F-FDG PET AD literature demonstrates that the previously noted robust diagnostic accuracy of 18F-FDG PET in
the diagnosis of AD prevails when studied under circumstances of a strict gold standard diagnostic reference, more heterogeneous comparison groups, application in primary care
settings or across multiple centers, and subgroup analyses
including mild symptomatic severity of disease. Therefore,
the available evidence, including recent cohort studies based
on postmortem and longitudinal clinical diagnosis, support
the role of 18F-FDG PETas an effective and useful adjunct for
the early diagnosis and differential diagnosis of AD. The
diagnostic accuracy of 18F-FDG PET is high in patients with
mild disease, for whom the clinical diagnosis and differential
diagnosis are especially challenging. 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 than can occur with
normal aging and from cognitive manifestations of other
neuropsychiatric conditions, such as depression, as well as
other causes of dementia (89).
Currently available data indicate that 18F-FDG PET brings
added value to diagnostic evaluation of dementia over and
above a routine, high-quality clinical assessment. For example, findings from a cohort study have shown that the sensitivity and specificity available with 18F-FDG PET near the
time of initial diagnosis of AD is similar to longitudinal
clinical diagnosis over 3–4 y (39). Thus, the use of 18FFDG PET in the evaluation of patients with dementia can
improve diagnostic accuracy and lead to earlier treatment,
better planning for future care, and less suffering and uncertainty for patients and their families (34,56,90).

A significant further advancement in the use of 18F-FDG
PET for suspected AD is the capacity to distinguish other
neurodegeneration, such as DLB and FTD, in initial clinical
evaluation (16,41). Moreover, 18F-FDG PET scans have received approval in the United States for Medicare reimbursement to aid in the distinction of AD from FTD (91).
The addition of 18F-FDG PET to clinical information
alone increases not only diagnostic accuracy but also physician confidence in AD and FTD diagnoses (16). Furthermore, the value of 18F-FDG PET extends beyond diagnosis
in dementia by also offering information on cortical metabolic status. The increase in diagnostic accuracy obtained
by 18F-FDG PET is also recognized by the recently proposed diagnostic changes to the 1984 criteria of McKhann
et al. (3), an initiative of the National Institute on Aging and
the Alzheimer Association, in which the presence of biomarker evidence, including 18F-FDG PET temporoparietal
hypometabolism, may increase the certainty that the clinical dementia syndrome is AD (92). As such, 18F-FDG PET
has fulfilled the main criteria set forward for molecular and
biochemical markers of AD by the Ronald and Nancy Reagan Research Institute of the Alzheimer Association and
the National Institute on Aging Working Group (93).
CONCLUSION

During the last decade, the evidence for 18F-FDG PET in
AD and dementia has increased significantly with new papers
that include autopsy confirmation, wide-diagnostic-spectrum
recruitment, and multicenter data analysis. On the basis of
these data, 18F-FDG PET is an effective and safe modality to
identify diagnostic patterns of glucose hypometabolism in
neurodegenerative dementias and is an effective and useful
adjunct to other diagnostic information in the assessment of
patients with progressive cognitive impairment.
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