NeuroRx®: The Journal of the American Society for Experimental NeuroTherapeutics

Molecular Neuroimaging in Alzheimer’s Disease

William Jagust

School of Public Health and Helen Wills Neuroscience Institute, University of California, Berkeley, Berkeley, California 94720

Summary: Considerablelata exist to support the use of positron example, it is unclear how well PET and SPECT perform in
emission tomography (PET) and single photon emission com- comparison to a clinical diagnosis obtained in the same patient
puted tomography (SPECT) scanning as hiomarkers for Alzhei- group, when autopsy is used as a gold standard. It will also be
mer's disease (AD). The techniques are reasonably sensitive andmportant to know what PET and SPECT add to the certainty of
specific in differentiating AD from normal aging, and recent stud- diagnosis in addition to the standard clinical diagnosis. Despite
ies with pathological confirmation show good sensitivity and spec- these unanswered questions, PET and SPECT may have applica-
fficity in differentiating AD from other dementias. These tech- ion as biomarkers for AD in a number of clinical and research
niques also can detect abnormalities in groups of asymptomatic getings, especially in academic centers, where most of the existing
and presymptomatic individuals and may be able to predict decline studies have been doriéey Words: PET, SPECT, functional

to dementia. However, there are a number of existing queSt'onsimaging, molecular imaging, Alzheimer’s, glucose metabolism,
related to the use of these techniques in samples that are fuIIybIOO d flow

representative of the spectrum of patients with dementia. For

INTRODUCTION studies of AD patients recruited from clinical samples,
and have led to two general research themes in the lit-
erature on molecular imaging. One theme is the use of
PET and SPECT to gain insight into fundamental bio-
logical mechanisms, clinical phenomenology, and patho-
physiology. The second theme, and the subject of this
review, is the use of molecular imaging as a diagnostic
tool in dementia. The core of the argument for this ap-
proach is that the temporoparietal metabolic and perfu-
sion reductions in AD may be viewed as a biomarker for
the disease, thus providing clinicians with a tool that can
be used in individual patients to help make a diagnosis.
A corollary to this argument is that these functional
abnormalities may be used to monitor both disease pro-

Functional tomographitechnology, or molecular im-
aging using high resolution, has been applied to the study of
dementia for over two decades. The two main techniques of
interest are positron emission tomography (PET) and single
photon emission computed tomography (SPECT), both
of which are capable of mapping the distribution of radio-
nuclides in three dimensions, producing maps of brain
biochemical and physiological processes. Early observa-
tions by neuroscience pioneers that whole brain blood flow
was disturbed in dementiavere followed by studies of
regional changes in blood flow and oxygen metabdlism
and glucose metabolism (using the metabolic tracer
[18F]fluorodeoxyglucose or FDGY These studies dem _
onstrated that both blood flow and glucose metabolic re- 9"€SSion and response to treatment.
ductions in Alzheimer's disease (AD) were greatest in the ~ OVer the years, as our understanding of AD and other
temporal and the parietal neocortex, as did subsequent stugde€mentias has improved, research on the use of molec-

ies with SPECT perfusion imagiig. Subsequent FDG- ular imaging as a biomarker for dementing disease has
PET studies pointed out an equally severe and early in- been refined. Current research provides considerable ev-
volvement of posterior cingulate cortéx. idence supporting the application of PET and SPECT as

These observations have been repeatedly confirmed inPiomarkers, but there are also a number of remaining
questions. Although there are reasonable questions about
what criteria need to be met to validate a biomarker, here
we will concern ourselves with both the existing evi-
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FIG.1. FDG-PET scans in normal aging, AD, and FTD. Glucose
metabolism is presented on a heat scale, with brighter colors
reflecting greater glucose utilization. Glucose metabolism is re-
duced in posterior cortical regions (temporal and parietal lobes)
in patients with AD, in contrast to frontal and anterior temporal
lobe reductions in FTD.

ers of glucose metabolism and SPECT markers of per-
fusion. Although a host of other tracers that measure
neurochemistry are available and new tracersthat may be
able to detect amyloid deposition have recently been
developed, these have not been widely applied to clinical
series.

PET and SPECT in the diagnosis of clinical
samples

As noted, there is ample evidence that the pattern of
temporal and parietal hypometabolism and hypoperfu-
sion are reasonably sensitive and specific for AD. Initial
studies comparing AD patients to controls using both
PET and SPECT showed relatively high sensitivity and
specificity (range, 85-90% for both) in differentiating
AD patients from controls.®2*° Although differentiation
of AD from normal aging may seem clinically irrelevant,
the evidence for the ability of PET and SPECT to detect
functional abnormalities in very mild dementia”** has
considerable importance in early diagnosis, which is dis-
cussed in more detail below. A recent European multi-
center PET study that used quantitative FDG-PET meth-
odology found 93% sensitivity and 93% specificity in
differentiating AD patients from controls, and 83% sen-
sitivity and 93% specificity when only patients with a
Mini-Mental State Examination score of 24 or greater
were included.*® Figure 1 shows an example of the tem-

poroparietal hypometabolism seen in AD in comparison
to normal aging.

Other studies have evaluated the utility of PET and
SPECT in differentiating AD from other dementias.
There are clear limitations to such studies when autopsy
confirmation of the diagnosis is lacking, especialy in
conditions like Dementia with Lewy Bodies (DLB) and
vascular dementia, which are both difficult to diagnose
and frequently coexist with AD. Nevertheless, compel-
ling data show that the pattern of metabolic and perfu-
sion abnormalities in AD is quite different from fronto-
temporal dementia (FTD), which is characterized by
reduced frontal lobe perfusion and metabolism.***° Fig-
ure 1 shows frontal hypometabolism seen in a patient
with FTD.

Other dementias that are clinically different from AD
include DLB, which is characterized by temporoparietal
hypofunction accompanied by abnormalities in both the
primary visual cortex and the visual association cor-
tex.1®728 Clinica studies of patients with vascular de-
mentia have found variable results. In patients with large
cortical infarcts a multifocal pattern of PET or SPECT
hypofunction is frequently seen. However, some studies
of vascular dementia report patterns that are not different
from AD patients.*® A number of studies have suggested
that subcortical vascular disease results in frontal hypo-
function,?>2* athough this has not been suggested to be
diagnostically useful. As noted, conceptual and diagnos-
tic challenges limit the interpretation of these studies.
Finally, a host of other dementias appear to show pat-
terns of metabolism and perfusion distinct from the find-
ings in AD, including corticobasal degeneration, Hun-
tington's disease, multiple system atrophy, and
spinocerebellar degeneration,*? although these disorders
are usually distinctive on other grounds.

An important feature of these studies in AD that has
implications for the use of molecular imaging as a bi-
omarker is the relationship between imaging and clinical
disease features. Many but not all studies have found that
the severity of the functiona lesion is related to the
severity and the nature of cognitive impairment,®22-24
and longitudinal studies demonstrate metabolic reduc-
tions with disease progression.?® These parallels suggest
that PET and SPECT are measuring a physiological pro-
cess of fundamental importance to the pathophysiology
of the disease.

Based on clinical series of patients, it might seem
reasonable to conclude that PET and SPECT imaging
may be useful biomarkers in diagnosing AD and distin-
guishing it from normal aging, DLB, and FTD. These
findings should be supported by evidence that includes
pathological confirmation. Fortunately, a number of
studies have now been reported with pathological-imag-
ing correlations.
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PET and SPECT and autopsy-confirmed samples

Several studies have evaluated subjects with dementia
caused by a range of different diseases using imaging
followed by longitudinal observation and autopsy. Sev-
eral SPECT series have been reported from the Oxford
Project to Investigate Memory and Aging (OPTIMA),
the largest of which included 118 patients and autopsied
controls.?® The sample included a reasonable spectrum
of dementia diagnoses confirmed pathologically, with 80
AD cases, 24 non-AD dementias, and 14 controls. This
study reported 89% sensitivity for an AD diagnosis and
60% specificity. Another SPECT series of 54 subjects,
11 of whom had non-AD pathological diagnoses re-
ported roughly comparable values, with 86% sensitivity
and 73% specificity for AD diagnosis.?” A smaller series
with 27 patients, 13 of whom had AD and seven of
whom had FTD, found 85% sensitivity and 64% speci-
ficity.?®

PET studies with autopsy confirmation include a series
of 22 subjects who were difficult to diagnose clinically
and followed to autopsy. Temporoparietal hypometabo-
lism had 90% sensitivity and 65% specificity for the
diagnosis of AD.?° In a recently published study of a
large series, 138 patients were enrolled in multiple aca-
demic centers and followed to autopsy.° A retrospective
clinical-pathological analysis using visual interpretation
of PET images found 93% sensitivity and 76% specific-
ity for the prediction of pathological AD.

These imaging-pathological studies provide some in-
sight into the utility of PET and SPECT as biomarkers
for AD. They do not clearly define the circumstances in
which PET and SPECT might be most useful (for exam-
ple, they may be most effective in differentiating AD
from FTD), nor do they provide clear guidance for how
they should be used in clinical practice or how accurate
imaging may be in comparison to a clinical diagnosis.
One approach is to compare data from clinical -pathol og-
ical studies with data from these imaging-pathological
studies. In a recent review that established practice pa-
rameters, existing clinical criteria for probable AD had
a sendgitivity of 81% and a specificity of 70% when
averaged over 13 reported studies.

Thus, one may argue that PET is at least as sensitive
and specific asaclinical diagnosis. Although this may be
true, there are problems with this interpretation. First, the
samples in which clinical diagnosis and imaging diag-
noses are compared may not, in fact, be comparable
because some of these clinical series reflect community
samples, whereas imaging studies more often are drawn
from academic centers. Second, an imaging diagnosis is
not likely to supplant aclinical evaluation in any circum-
stances. Another approach is therefore to compare clin-
ical and imaging diagnoses in the same sample, asking
whether imaging provides additional diagnostically use-
ful information in addition to the clinical diagnosis.
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When the OPTIMA datawere analyzed in this manner, it
becomes clear that SPECT imaging can modestly in-
crease diagnostic certainty over the clinical diagnosis.®?
For example, adiagnosis of “probable AD” resulted in an
84% likelihood of pathological AD. If a SPECT scan was
negative for AD, the likelihood fell to 70%, and if a
SPECT scan was positive, the likelihood rose to 92%.

Effect of sample selection on diagnostic accuracy

To evaluate the utility of any biomarker, clear speci-
fication of the context in which the biomarker is effective
is necessary.>® Because a likely application of an imag-
ing biomarker is as an adjunct to clinical diagnosis, we
must assess how well the existing data on the diagnostic
accuracy of molecular imaging might generalize to pa-
tients presenting to a clinician. There are reasonable
guestions as to whether the existing published imaging
datatruly reflect the types of patients that a clinician will
see in practice. Severa factorsin particular bear on this:
the age of the patients reported, the presence of comorbid
medical conditions, and the source of recruitment and
any resulting selection bias. Because most imaging stud-
ies have been done at academic centers involved in de-
mentia research, patients are often highly selected. In
some studies, only AD patients who have met rigorous
diagnostic criteriafor AD are enrolled. Referral bias may
also result in the inclusion of particularly young patients.
In the largest imaging-pathological series to date, the
mean age of dementia subjects was 67,%° whereas the
mean age of patients with dementia seen in community
samples is closer to 80.34%°

These factors are highly relevant to imaging studies.
Age has been repeatedly shown to affect the pattern of
metabolic and perfusion decline in AD, with younger
patients demonstrating more severe temporoparietal hy-
poperfusion and hypometabolism than older pa-
tients. ¥~ The presence of cerebrovascular disease also
appears to reduce the prominence of temporoparietal ab-
normalities.* Finally, education also has an effect on the
severity of functional abnormalities, with more highly
educated patients showing relatively more severe abnor-
malities** Thus, the inclusion of high proportions of
young, highly educated, otherwise healthy, well-diag-
nosed dementia subjects will tend to produce results
favorable toward the use of these techniques, when in
reality results may not be as accurate in elderly and
poorly educated patients with multiple medical problems
including cerebrovascular disease.

This is perhaps demonstrated most clearly in the few
existing studies that have used PET or SPECT in rela-
tively unselected community samples. In one such study
using FDG-PET in a sample of 93 subjects recruited
from the Hispanic community with a high prevalence of
diabetes and cerebrovascular disease, temporoparietal
hypometabolism was not detected in a group of nine AD
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patients.*? Similarly, a SPECT perfusion study of acom-
munity dwelling sample from Amsterdam did not detect
perfusion abnormalitiesin a subset diagnosed with AD.*®
Although there are a variety of reasons for negative
results in these studies, a distinct possibility is that the
nature of the samples differ considerably from those
selected from research clinics and academic practices.

Prediction, progression, and early detection

Biomarkers may be particularly useful and important
in prediction of disease and decline. This may entail
prediction of the rate of progression in clinically diag-
nosed individuals, or the prediction of the development
of disease in those at risk. These are conceptually linked
since presumably the detection and quantitation of a
fundamental pathological process by a biomarker should
be related to both the likelihood of disease and the rate of
change over time.

Because dementia severity and longitudinal progres-
sion are associated with metabolic and perfusion abnor-
malities, it is not surprising that these abnormalities may
have predictive ability. In two separate studies, both
SPECT** and PET* at baseline were related to the rate
of subseguent decline on the Mini-Mental State Exami-
nation score in patients with AD. SPECT perfusion im-
aging also predicts survival in AD.*®

A number of studies have convincingly demonstrated
that metabolic abnormalities can be detected with FDG-
PET in groups of individuals who have genetic risks for
AD but who do not have symptoms of disease. These
studies have evaluated asymptomatic people homozy-
gous for the apolipoprotein ¢4 alele,*” aswell as asymp-
tomatic individuals who carry autosomal dominant ge-
netic mutations of the presenilin 1 and amyloid precursor
protein genes.*® In both of these groups of subjects,
reductionsin posterior cortical glucose metabolism in the
typical regions seen in symptomatic AD have been de-
tected. Similar studies have been performed in those at
risk for AD by virtue of having mild cognitive impair-
ment (MC1)*® or similar syndromes. Early observations
noted that groups of patients with mild memory com-
plaints, afamily history of AD, and the ¢4 allele showed
lower parietal glucose metabolism than individuals with-
out the 4 genotype. There is some evidence that abnor-
malitiesin glucose metabolism can be found even earlier.
Metabolic rates in the entorhinal cortex may be effective
at discriminating MCI patients from controls,* and nor-
mal subjects with lower entorhinal cortical metabolism
are at increased risk of developing MCI.**

Finally, the ability of molecular imaging to predict the
trajectory of individuals with MCI has received increas-
ing recent attention. Parietal cortical metabolic rates at
baseline predicted the rate of memory decline in a group
of &4 carriers with memory complaints.>? In a group of
20 MCI patients, baseline left temporoparietal FDG-PET

was useful in discriminating between those who declined
to AD and those who remained stable, using a retrospec-
tive analysis.>®> A similar approach in a different subject
group found that the right temporoparietal cortex was
abnormal in MCI patients who converted to AD, com-
pared with those who did not convert.>* A SPECT per-
fusion study found that individuals who subsequently
converted to AD from MCI differed from normal con-
trols in posterior and anterior cingulate, hippocampal-
amygdaloid complex, and anterior thalamus.** Although
these studies in general used retrospective approachesin
small samples, they suggest that molecular imaging has
value in defining the likelihood of progression to demen-
tiain those at risk.

Surrogate markers

Another potential use of a biomarker is as a surrogate
measure of disease in monitoring the response to a drug
or other treatment. Based on the evidence presented,
molecular imaging has a number of features that make it
a good candidate for a surrogate marker. Both PET and
SPECT are reasonably sensitive and specific, at least in
some patient populations, for the pathological diagnosis
of AD. Thus, these techniques appear to reflect the
pathological substrate of the disease. In addition to show-
ing reasonable sensitivity and specificity for the presence
of plagues and tangles, PET and SPECT reflect synaptic
activity, a key pathological processin AD. Furthermore,
PET and SPECT are correlated with cognitive function,
and provide predictive information about the rate of sub-
sequent deterioration, death, and conversion from MCI
to dementia. However, simply predicting disease-course
and correlating with pathology are not sufficient for es-
tablishing a technique as a surrogate marker. To do that,
the laboratory measurement must be shown to be a good
substitute for a clinically meaningful endpoint in a clin-
ical trial, such that a treatment-induced change in this
surrogate is reasonably likely to reflect changes in this
clinically meaningful endpoint. With respect to Alzhei-
mer’s disease, this use of a surrogate marker has partic-
ular relevance to the application to a disease-modifying
treatment. Indeed, a potential advantage of a surrogate
technique in AD is that a surrogate that reflects neuro-
pathology may be able to disentangle symptomatic ef-
fects from disease-modification effects.

Although the lack of a disease-modifying drug makes
this hypothesis presently untestable, there are some ad-
ditional data that bear on the potential of molecular im-
aging as a surrogate marker. First is the issue of the
effects of existing drugs on measurements of perfusion
and metabolism in AD. Although relatively little data
exist, a number of published studies show that PET and
SPECT reflect clinical improvement. Cerebral glucose
metabolism measured with PET remained stable in a
group of subjects treated with donepezil for 24 weeks,
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but it declined in the placebo group.®® In another study,
patients who improved clinically treated with the cho-
linesterase inhibitor metrifonate showed increasesin glu-
cose metabolism measured with PET.*® In a somewhat
different study design, a group of subjects received
SPECT perfusion imaging before and after donepezil
trestment. Those who were stable over 15 months
showed no perfusion decline, whereas those who deteri-
orated showed perfusion reductions.>” Similar SPECT
findings were seen in comparing treated groups with
placebo groups.>®

A potential advantage of a surrogate marker is that it
may be more sensitive than a clinical endpoint, allowing
studies to be done with greater power or fewer subjects.
Existing data support the use of FDG-PET as a surrogate
from this perspective. For example, even atria studying
cognitively normal subjects with the apolipoprotein 4
alele would be feasible with a PET surrogate marker,
since sample sizes of 50-115 subjects could detect a
25% treatment effect in glucose utilization with 80%
power.>® These optimistic results have been reported by
more than one research group.>> When a similar ap-
proach was used with AD patients, the larger size of
metabolic reductions over time resulted in still smaller
estimates of necessary sample size—as low as 36 sub-
jects per group to detect a 33% treatment effect with 80%
power.?

Thus, molecular imaging reflects the biologically im-
portant and clinically meaningful effects of plaque and
tangle pathology, synaptic loss, and clinical disease se-
verity. It predicts decline, and is correlated with symp-
tomatic improvement. It appears to be very sensitive for
detecting longitudinal change in both symptomatic and
at-risk subject groups. The remaining questions relate to
whether PET and SPECT measurements can disentangle
changes resulting from symptomatic improvement from
those consequential to disease modification. This will
remain an open question until disease modifying thera-
pies are available for evaluation.

SUMMARY

Remaining questions

The information reviewed here provides a supportive
perspective for the use of PET and SPECT as biomarkers
in the diagnosis of dementia, particularly in relation to
their ability to detect AD. Nevertheless, a number of
questions remain, and future studies need to be per-
formed to address several key issues.

The evidence favoring use of PET and SPECT as
biomarkers is, as follows:

1) PET and SPECT are sensitive and specific (in the
range of 85-90%) in differentiating patients with AD
from normal older individuals.

2) A large imaging-autopsy series showed that PET
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has a sensitivity of 93% and a specificity of 76% for the
prediction of pathological AD. Other PET and SPECT
series of dementia patients with pathological validation
of diagnosis show sensitivities on the order of 85-90%,
and specificities in the range of 60—73%.

3) FDG-PET shows abnormalitiesin groups of asymp-
tomatic individuals at risk for AD and both PET and
SPECT have detected functional abnormalities in groups
of individuals with mild cognitive impairment who are
presymptomatic for AD.

4) Retrospectively analyzed data suggest that PET and
SPECT can predict conversion from MCI to dementia.

5) PET and SPECT measures of perfusion and metab-
olism change in paralel with clinical findings in re-
sponse to symptomatic therapy with cholinesterase in-
hibitors.

Despite these important findings, the following ques-
tions remain:

1) How do PET or SPECT perform in comparison to
autopsy when compared with a clinical diagnosis ob-
tained in the same patient cohort?

2) What do PET or SPECT imaging add to a clinical
diagnosis? In other words, is diagnostic accuracy in-
creased substantially by the addition of these techniques
to the diagnostic armamentarium?

3) How helpful are PET and SPECT in the diagnosis of
dementia when applied to unselected samples of subjects
who are older, less educated, and with significant med-
ical comorbidities, including cerebrovascular disease?

4) Are changesin a PET or SPECT scan consequent to
therapy reasonably likely to reflect changes in the under-
lying disease?

5) Can PET or SPECT differentiate symptomatic ef-
fects from disease-modifying effects of therapy?

These questions are difficult to answer, and will re-
quire large-scale clinical trials. Nevertheless, it is worth
noting that these techniques are not useless pending the
resolution of these questions. For example, we know that
PET is reasonably accurate in the diagnosis of AD in a
specific type of patient cohort—that recruited from an
academic medical center. Most subjects who participate
in clinical trials are recruited from academic centers and
are no more representative of the general population of
AD patients than those who have been studied with
PET.%° Therefore, studies that may wish to use PET to
monitor therapy or assess diagnosis in these individuals
are well justified. In essence, the utility of both PET and
SPECT need to be evaluated with regard to the specific
situation. Current data suggests that these techniques
may serve as useful biomarkers for some aspects of AD
in many situations, although their utility in other situa-
tions still needs to be validated.
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