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Amyloid imaging as a biomarker for cerebral �-amyloidosis and risk
prediction for Alzheimer dementia

William E. Klunk*
University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

Abstract

Since the introduction of amyloid imaging nearly 10 years ago, this technique has gained widespread use and acceptance. More recently,
published reports have begun to appear in which amyloid imaging is used to detect the effects of antiamyloid therapies. This review will
consider the issues involved in the use of amyloid imaging in the development and evaluation of drugs for the treatment of Alzheimer’s
disease. Current evidence regarding the postmortem correlates of in vivo amyloid imaging data are considered. The application of amyloid
imaging to screening subjects for trials and use as an outcome measure is discussed in light of longitudinal changes in the in vivo amyloid
signal. While the bulk of this review is directed at symptomatic patients with dementia, consideration is given to the use of amyloid imaging
in nondemented subjects as well. Similarities and differences of cerebral amyloid assessment by amyloid imaging and cerebrospinal fluid
(CSF) measurements are delineated and an agenda for further research to improve the applicability of amyloid positron emission tomography
(PET) to clinical trials is proposed.
© 2011 Published by Elsevier Inc.

Keywords: Amyloid imaging; Drug development; Alzheimer’s disease

www.elsevier.com/locate/neuaging
b
l
c

1. Introduction

This review will focus on the application of amyloid
imaging as a tool in the development and evaluation of
drugs for the treatment of Alzheimer’s disease. To avoid
confusion, we will use the term “pathophysiology of Alz-
heimer’s disease” when referring to the full spectrum of
underlying biological abnormalities that begin before symp-
toms and extend into the clinically evident phases. The main
focus will be on the use of amyloid imaging in symptomatic
Alzheimer’s disease (which we will refer to as Alzheimer’s
disease (AD) dementia), but attention also will be given to
prodromal and preclinical manifestations, including mild
cognitive impairment (MCI)—particularly in the context of
predicting progression to clinically “probable AD demen-
tia” (McKhann et al., 1984). From the outset we must be
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careful to stress that amyloid imaging, as the name implies,
is intended to detect brain pathophysiology, but not to make
a clinical diagnosis. It can be an important adjunct to a
clinical evaluation in making more accurate clinical diag-
noses—much as postmortem pathology can ultimately con-
firm the presence of pathologically proven AD dementia if
coupled to a typical clinical history. Used in isolation,
amyloid imaging cannot diagnose AD, MCI, or detect nor-
mal or abnormal aging.

Amyloid imaging agents typically detect beta-sheet rich
fibrillar deposits of amyloid �-protein (A�) in plaques and
cerebrovascular amyloid (CAA). For example, tracer bind-
ing to plaques and CAA in postmortem brain tissue can be
abolished by destruction of the beta-sheet fibrillar structure
by formic acid treatment (Ikonomovic et al., 2008). Fibrillar
A� is a major component of compact/cored plaques,
whether or not they are neuritic. In addition, fibrillar A� can
e found in varying degrees in plaques that have been
oosely characterized as “diffuse,” and these diffuse plaques
an be detected to some extent by amyloid imaging agents

Burack et al., 2010; Ikonomovic et al., 2008; Lockhart et
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al., 2007). However, diffuse plaques that are sometimes
described as “amorphous” or “fleecy” such as those found in
the cerebellum contain little beta-sheet structure and are not
detectable by typical amyloid imaging agents (Ikonomovic
et al., 2008). The fibrillar A� deposits detected by proto-
typical amyloid imaging agents may be unique to human
brain, as even compact-appearing plaques in squirrel mon-
key and amyloid precursor protein (APP) transgenic mice
do not produce significant binding (Klunk et al., 2005a;
Rosen et al., 2009; Toyama et al., 2005).

With regard to the amyloid imaging agents, the focus of
this review will be on the most widely evaluated positron
emission tomography (PET) tracer, Pittsburgh Compound B
(PiB) (Klunk et al., 2004). At the time of this writing, there
have been single, small published studies using each of the
F-18-labeled tracers, [F-18]florbetaben (18F-BAY94-9172
or AV-1; Rowe et al., 2008), [F-18]florbetapir (AV-45;
Wong et al., 2010) and [F-18]flutemetamol (3=F-PiB or
GE-067; Nelissen et al., 2009) in AD dementia patients.
Another F-18-labeled agent has been used in preclinical
studies, but no human data have been published (Jureus et
al., 2010). There is insufficient published evidence available
to evaluate any of these F-18 tracers for their potential use
in drug trials at present. While the findings discussed below
for PiB PET may ultimately be found to extend to these
F-18-labeled tracers as well, this cannot be assumed until
appropriate studies have been repeated with each individual
tracer or until pharmacological equivalency to PiB has been
established by direct comparison in the same subjects. This
becomes especially true in studies aimed at detecting the
first signs of in vivo amyloid deposition in cognitively
normal subjects, when the lower signal-to-noise ratio of the
F-18-labeled tracers may become important. Another F-18-
labeled tracer, [F-18]FDDNP, has fundamentally different
properties from all of these tracers and will not be discussed
here (Small et al., 2006; Thompson et al., 2009; Tolboom et
al., 2009a, 2009b, 2009d, 2010).

In this review, PiB imaging will be discussed in the
context of how it might be used in therapeutic, clinical
trials. For example, it will be assumed that early trials will
be conducted in highly specialized referral centers, and
although the population of AD dementia subjects in these
centers is not necessarily representative of a general AD
dementia population as might be captured in an epidemio-
logical study, it is likely to be the target population for AD
dementia drug trials in the near future. Essentially all of the
PiB PET studies discussed below have been performed in
such “specialized center” settings.

Although this review focuses on amyloid imaging in
isolation, it is clear that this technique cannot fulfill all of
the biomarker needs of any clinical trial and will need to be
considered as a part of a broader biomarker arsenal. Other
promising biomarkers are discussed separately in this posi-
tion statement. Furthermore, there is significant overlap

between the utility of amyloid imaging and measurement of
cerebrospinal fluid (CSF) A�42 as a screening tool (but not
s a trial outcome measure), and so an attempt will be made
o address the areas where these 2 biomarkers may be
quivalent and areas where 1 technique may hold unique
dvantages.

This review is organized around the most likely applica-
ions of amyloid imaging to clinical trials, i.e., use as a
creening tool or as an outcome measure, and in trials of AD
ementia or predementia syndromes associated with the
athophysiology of Alzheimer’s disease. However, within
his structure, discussion of the typical aspects of biomarker
haracterization/validation will be incorporated, including:
1) cross-sectional association between PiB retention and
linical diagnosis; (2) longitudinal change of PiB retention
s a marker of AD dementia progression; (3) prediction of
rogression of prodromal and preclinical syndromes asso-
iated with the pathophysiology of Alzheimer disease; and
4) postmortem correlation/validation studies. Among these
, the most basic and important characterization/validation
f most biomarkers is correlation with postmortem assess-
ent of pathology, so this will be discussed first.

. Postmortem pathological characterization/validation
f amyloid imaging

Amyloid imaging is foremost a method for the detection
f A� pathology more than it is a surrogate of any other
spect of the pathophysiology of Alzheimer disease or the
linical manifestations of this disorder. However, from the
utset, it is recognized that no in vivo measure of pathology
s likely to be as sensitive as modern postmortem histolog-
cal and biochemical measures of pathology detection. For
omparison with in vivo amyloid imaging, it is important to
hoose the method of postmortem analysis that best reflects
hat in in vivo target(s). In the case of in vivo amyloid
maging, the target is A� deposition—in all of its forms.
his would include all forms of A� plaques (e.g., diffuse,

cored, neuritic, etc.) as well as CAA. Of course, the targets
do not include other common forms of pathology associated
with AD dementia, in particular, tau pathology in the form
of neurofibrillary tangles, dystrophic neurites, and neuropil
threads. Thus any postmortem grading system or quantita-
tive measure that includes tau pathology should not be a
component of a postmortem validation of amyloid imaging.
This would include the Braak and Braak staging system of
neurofibrillary tangles (Braak and Braak, 1991) and the
NIA-Reagan criteria (1997), because the latter incorporates
Braak tangle staging in the determination of the “likeli-
hood” of AD dementia. The optimal postmortem correlate
for in vivo amyloid imaging may be a specific measure of
total A� pathology by the use of sensitive and specific
anti-A� antibodies. These antibodies can be applied in
quantitative biochemical (e.g., enzyme-linked immunosor-
bent assays or ELISA) or immunohistochemical (IHC) anal-

yses of A� load. Other biochemical methods to quantify A�
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could apply as well, but these often require specialized
equipment and expertise that may be less available.

The literature contains reports of 24 cases that had been
studied with PiB PET prior to autopsy (n � 14) or after
iopsy (n � 10). These studies, described in Table 1, meet
ur aforementioned methodological goals to varying de-
rees but they do provide important insights about the
ensitivity and specificity of in vivo amyloid imaging for
etecting the presence of postmortem A� pathology (Bac-

skai et al., 2007; Burack et al., 2010; Cairns et al., 2009;
Ikonomovic et al., 2008; Sojkova et al., 2011; Villemagne et
al., 2009). First, in all of the 12 cases with positive PiB PET
scans in vivo, postmortem analyses confirmed the presence
of significant A� deposition (Table 1). Thus, the specificity
of PiB PET in this small sample was 100%. This is not
surprising, given the discussion above that the postmortem
measures are expected to be more sensitive than PET mea-
sures. Also consistent with this relative sensitivity is the

Table 1
Pathological correlation of in vivo PiB retention

Clinical diagnosis PiB
status

Scan-PM
intervala

Autopsy

Braak
stage

Diffuse
plaques

Neurit
plaque

LB Pos 3 mo IV Moderate Sparse
AD Pos 10 mo V/VI Frequent Frequ
CJD Neg 2 wk NAd None None
CJD Neg 4 wk NA Sparse, frontal

only
None

Very mild AD Neg 2.5 y III Moderate Sparse
PDD Pos � 15 mo V/VI Frequent Sparse
PDD Pos � 15 mo V/VI Frequent Sparse
PDD Neg � 15 mo III/IV Sparse None
A: CDR � 0 Neg 1.7 y IV NA None
B: CDR � 0 Neg 2.4 y III NA Mode
C: CDR � 0 Pos 2.4 y IV NA Mode
D: CDR � 0.5 Pos 1.1 y III NA Mode
E: CDR � 0 Pos 1.4 y IV Frequent Sparse

: CDR � 2–4.5e Pos 2 mo III NA Mode
1: CDR � 0.5f Neg 36 mo HP�g NA 0
2: CDR � 0f Neg 23 mo HP�g NA 0
3: CDR � 0f Neg 15 mo HP�g NA 0
4: CDR � 1f Neg 2 mo HP�g NA 0
5: CDR � 1f Neg 5 mo HP�g NA 0
6: CDR � 1f Neg 20 mo HP�g NA 1
7: CDR � 1f Pos 12 mo HP�g NA 0
8: CDR � 0.5f Pos 26 mo HP�g NA 2
9: CDR � 2f Pos 27 mo HP�g NA 3
10: CDR � 1f Pos 28 mo HP�g NA 0

Key: A�, amyloid �-protein; AD, Alzheimer’s disease; CAA, cerebrovasc
Registry for Alzheimer’s Disease; CJD, Creutzfeldt-Jakob disease; DLB,

mmunohistochemistry; NA, not assessed; Neg, negative; NPH, normal
ompound B; PM, postmortem; Pos, positive.
a Interval between PiB scan and postmortem analysis.
b Level of A� by enzyme-linked immunosorbent assay or anti-A� IHC
c Possible or definite AD dementia by CERAD criteria (Mirra et al., 19
d Not assessed.
e Subject F had 3 assessments.
f Biopsy study of subjects with suspected NPH.
g Positive or negative for hyperphosphorylated tau (HP).
h A� plaques per �100 field detected with (IHC).
finding that 3/12 cases that were PiB-negative in vivo a
showed evidence of some A� pathology postmortem (Table
). The Sojkova et al. (2011) Case-B is difficult to interpret:
hile there were moderate numbers of neuritic plaques by
onsortium to Establish a Registry for Alzheimer’s Disease

CERAD) criteria (Mirra et al., 1991) in the parietal and
emporal lobes, there were sparse numbers in the frontal
obe, and A� IHC in the precuneus showed no A� deposits

(and there was no CAA). Thus, it is unclear if this case
represents a mismatch between in vivo PiB PET and post-
mortem pathology. Two cases do appear to be clear mis-
matches. Cairns et al. (2009) have reported a negative PiB
scan in the presence of biochemically and immunohistolog-
ically detectable A� at levels expected to be detectable in
ivo. In a biopsy study, Leinonen et al. reported “Case #6”
ith high numbers of plaques by IHC (although sparse
euritic plaques) but a negative PiB scan (Leinonen et al.,
008). These may represent an example of nonfibrillar am-
loid deposition (i.e., a type of diffuse plaques) or other

A� ELISA
or IHCb

Path diagnosis Reference

AA

evere High DLB, possible ADc Bacskai et al., 2007
ild High Definite ADc Ikonomovic et al., 2008
one None CJD Villemagne et al., 2009
one Low-none CJD Villemagne et al., 2009

ild High Possible ADc Cairns et al., 2009
oderate High PDD, possible ADc Burack et al., 2010
ild High PDD, possible ADc Burack et al., 2010
one Few-none PDD Burack et al., 2010
one Low Normal brain Sojkova et al., 2011
one Low Possible ADc Sojkova et al., 2011
one High Possible ADc Sojkova et al., 2011
resent Low Possible ADc Sojkova et al., 2011
resent High Normal brain Sojkova et al., 2011
resent High Possible ADc Sojkova et al., 2011
A 0h NA Leinonen et al., 2008
A 0h NA Leinonen et al., 2008
A 0h NA Leinonen et al., 2008
A 0h NA Leinonen et al., 2008
A 1 (fleecy)h NA Leinonen et al., 2008
A 39h NA Leinonen et al., 2008
A 42h NA Leinonen et al., 2008
A 45h NA Leinonen et al., 2008
A 66h NA Leinonen et al., 2008
A 80h NA Leinonen et al., 2008

yloid; CDR, Clinical Dementia Rating; CERAD, Consortium to Establish
tia with Lewy bodies; ELISA, enzyme-linked immunosorbent assay; IHC,
re hydrocephalus; PDD, Parkinson’s disease dementia; PiB, Pittsburgh
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lterations in the tertiary structure of A�, as has been re-
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ported in transgenic mice (Klunk et al., 2005b; Toyama et
al., 2005). Thus, as expected, the sensitivity of amyloid
imaging for all forms of A� deposits will be somewhat less
han 100%. However, it should be noted that none of the
iB-negative cases with postmortem A� deposits met cri-

eria for definite AD dementia, so the sensitivity of PiB for
� deposition in pathologically proven definite AD demen-

ia is likely to be closer to 100% than its sensitivity for any
orm of A� deposition. A similar finding has recently been

published for the F-18 agent, florbetapir (Clark et al., 2011).

2.1. Conclusion

Because the numbers are relatively small, the 7 primary,
peer-reviewed studies discussed above (6 using standard
neuropathological criteria) in 14 autopsy and 10 biopsy
cases currently provide only “sufficient evidence of an as-
sociation between PiB PET and postmortem assessment of
A� pathology.”

. The use of amyloid imaging in therapeutic trials in
D dementia

Two broad uses of most biomarkers in clinical trials are
or entry screening and as an outcome measure. Screening
nto a clinical trial is typically based on cross-sectional
1-time) collection of biomarker data. Outcome measures
equire acquisition of pre- and posttreatment (i.e., longitu-
inal) data. The breadth of applicability of amyloid imaging
n clinical trials will be different whether it is used as a
creening tool or as an outcome measurement of drug effi-
acy. For example, the use of amyloid-positivity as an
nclusion criterion may be applicable to almost all clinical
rials directed at AD dementia, MCI that is “prodromal to
D dementia,” as well as primary prevention trials directed

t cognitively normal individuals in whom the process of
erebral �-amyloidosis has begun. The purpose of this

screening is to increase the homogeneity of the clinical trial
population by including only those with A� deposition.
Thus amyloid imaging as a screen could be useful regard-
less of the mechanism of action of the putative therapeutic.
In contrast, amyloid imaging as an outcome measure is
likely to be most applicable to therapeutics designed to
significantly affect fibrillar A� levels over time.

3.1. Screening and cross-sectional association between
clinical diagnosis and amyloid imaging

Although a diagnosis of clinically “probable AD demen-
tia” made using standard criteria (McKhann et al., 1984) in
the setting of a specialized center such as the Alzheimer’s
Disease Centers in the USA has been confirmed by autopsy
in over 95% of cases (Mayeux et al., 1998), this number can
drop to near 70% in less specialized settings (Knopman et
al., 2001). Inclusion of only amyloid-positive AD dementia

subjects in clinical trials is likely to increase the homoge-
neity of the study population due to exclusion of non-
Alzheimer dementias. This would be most important in
trials of antiamyloid therapies, but is likely to be important
for any AD dementia trial. Table 2 shows that across 14
specialty centers plus the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI), and using the National Institute of
Neurological and Communicative Disorders and Stroke
(NINCDS) and the Alzheimer’s Disease and Related Dis-
orders Association (ADRDA) criteria for the diagnosis of
AD, 328 of 341 (96%) clinically diagnosed AD dementia
patients were amyloid-positive. This is consistent with the
clinical diagnostic accuracy of Alzheimer’s Disease Centers
previously found by autopsy (Mayeux et al., 1998). This
finding suggests that the use of amyloid imaging can extend
a very high rate of diagnostic accuracy to even less special-
ized centers when used as a screening tool in conjunction
with a clinical diagnosis of dementia.

Although this sensitivity for clinical AD dementia is
encouraging, the specificity of amyloid imaging for the
clinical diagnosis of AD dementia deserves some attention
in the context of using a biomarker for screening entry into
AD dementia clinical trials. Table 2 suggests that the spec-
ificity of amyloid imaging for the “diagnosis” of AD de-
mentia is approximately 76% when including only AD
dementia and control subjects and would be worse with
MCI subjects included. However, it must be kept in mind
that amyloid imaging will not be used in isolation to make
a diagnosis of AD dementia, MCI, or “normal aging.” Am-
yloid imaging will be used to assess the underlying patholo-
physiology of subjects who have already been clinically
evaluated and given a preliminary diagnosis. In this sense,
the 24% PiB-positive subjects in the cognitively normal
group is not a “false positive”; rather, based on the autopsy
studies discussed above, these are more likely to be true
positives for the presence of A� deposition, and the same
will apply to the MCI subjects discussed below.

It is evident from Table 2 that the absolute value (and
ynamic range) of PiB retention is dependent on the partic-
lar center conducting the study. This partly relates to trivial
ssues like the use of different units to express the outcome
i.e., DVR, SUVR/tissue ratios, BPND, MCBP, etc.), but

also relates to some true differences caused by scanner
differences, use of single regions or global means, use of
atrophy correction, the size and location of the reference
region, and other factors. Even so, the values do tend to fall
into a relatively narrow range. In addition, the cutoff values
used in these studies all seem to identify similar subjects as
amyloid-positive and amyloid-negative. This simplifies the
task of standardization across studies. Over these 15 peer-
reviewed studies of 341 AD dementia and 651 cognitively
normal subjects, the difference in PiB retention observed in
AD dementia subjects and cognitively normal controls was
highly significant (p � 0.001), and the effect sizes were

very large (3.2 � 1.4).
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3.1.1. Conclusion
The primary, peer-reviewed studies discussed above, us-

ing standard clinical diagnostic criteria for AD dementia in
992 cases (combined AD dementia and controls; �2 � 469;
p � 0.0001) provide “sufficient evidence of a direct rela-
ionship between PiB PET signal and the clinical diagnosis
f AD dementia.”

There are other, more “fine-grained” approaches that
ave been employed to provide even stronger support for
he link between a biomarker and a clinical diagnosis. One
f these is demonstration of statistical differences in group
eans between control versus MCI and MCI versus AD

ementia. Although this approach is commonly used, appli-
ation of it to amyloid imaging tends to obscure the major
dvantage of this particular biomarker: distinguishing am-
loid-positive subtypes of controls, MCI, and AD dementia
ubjects. It makes the least sense to compare mean values of
iB retention in a group of MCI subjects, when most MCI
ohorts are composed of similar-sized subgroups of 2 very
ifferent populations: those with detectable amyloid (and

Table 2
PiB PET studies comparing AD dementia patients with cognitively norma

Institution AD dementia Cognitively

PiB(�),
na

PiB(�),
n

Quantitative PiB PiB(�), n

ondonc 13 0 1.98 � 0.30 1
oreac 8 2 1.66 � 0.28 0
uebingenc 6 0 1.80 � 0.19 0
ittsburghd 22 0 2.25 � 0.22 11

uniche 32 0 NAf NA
inlandc 16 1 1.73 � 0.32 0
ostond 35 0 1.69 21
ayoc 13 0 2.3 (median) 6

Amsterdamg 21 0 1.86 � 0.12 1
DNIc 15 2 1.76 � 0.2 9
olumbiag 17 1 1.77 1

Swedenc 32 5 2.17 � 0.51 NA
ustraliac 52 1 2.46 � 0.49 58
erkeley/UCSFd 38 1 1.58 � 0.27 3
t. Louish,i 8 0 NA 44

Totalj 328 13 96% positive 155

Key: �, positive; �, negative; AD, Alzheimer’s disease; ADNI, Alzheim
ementia Rating; DVR, distribution volume ratio; MCBP, mean cortic
ommunicative Disorders and Stroke-Alzheimer’s Disease and Related
ompound B; SUVR, standardized uptake value ratio; UCSF, University
a Determined using cutoffs given in the report or the level giving the b
b AD dementia versus control quantitative data.
c SUVR or tissue ratio (cerebellar reference).
d DVR (cerebellar reference).
e Visual read.
f NA: not assessed or not applicable.
g Expressed as BPND � 1.
h MCBP.
i All studies employed NINDS-ADRDA criteria (McKhann et al., 1984

dementia (Morris, 1993).
j Only the most recent report from each research group was used to avoid

without mean � SD, these values were derived from the graph. If specifi
were discernable in graphic data, visual interpretation of the data using 1
resumably prodromal AD dementia; see below) and those i
ithout. The strength of amyloid imaging is to distinguish
he amyloid-positive subtypes within these diagnostic
roups, not to distinguish between the diagnostic groups.
hat having been recognized, Table 3 shows several studies

n which amyloid imaging has shown statistically significant
ifferences in comparisons of control versus MCI or MCI
ersus AD dementia (Devanand et al., 2010; Forsberg et al.,
008, 2010; Jack et al., 2008; Kemppainen et al., 2007;
oivunen et al., 2008; Li et al., 2008; Lowe et al., 2009;
ormino et al., 2009; Okello et al., 2009b; Pike et al., 2007;
owe et al., 2010; Tolboom et al., 2009d), although when

he control group contains subjects with very high levels of
myloid, the control versus MCI distinction may not be
pparent (Forsberg et al., 2008; Jack et al., 2008; Lowe et
l., 2009).

.1.2. Conclusion
Although these 13 primary, peer-reviewed studies using

tandard diagnostic criteria and comprising 960 cases (com-
ined controls, MCI, and AD) show the ability to discrim-

ols

), n Quantitative PiB Effect
sizeb

p valueb Reference

1.08 � 0.04 5.29 � 0.001 Edison et al., 2008
1.11 � 0.06 3.24 � 0.001 Shin et al., 2008
1.18 � 0.07 4.77 � 0.001 Maetzler et al., 2009
1.27 � 0.20 4.67 � 0.001 Aizenstein et al., 2008;

Wolk et al., 2009
NA NA NA Drzezga et al., 2009
1.06 � 0.10 3.19 � 0.001 Kemppainen et al., 2006
1.19 NA NA Hedden et al., 2009
1.3 (median) NA NA Lowe et al., 2009
1.23 � 0.39 2.47 � 0.001 Tolboom et al., 2010
1.47 � 0.3 1.16 � 0.002 Jagust et al., 2010
1.11 NA � 0.001 Devanand et al., 2010
NA NA NA Forsberg et al., 2010
1.49 � 0.44 2.09 � 0.001 Rowe et al., 2010
1.13 � 0.18 2.00 � 0.001 Rabinovici et al., 2010
NA NA NA Roe et al., 2010
24% positive

isease Neuroimaging Initiative; BPND, binding potential; CDR, Clinical
ing potential; NINDS-ADRDA, National Institute of Neurological and
ers Association; PET, positron emission tomography; PiB, Pittsburgh

fornia at San Francisco.
bination of sensitivity and specificity for this study.

t the Washington University study, which used CDR � 1 as criteria for

s being reported multiples times. When only graphical data were published
nment of PiB-positivity was not made in the report, but individual subjects
R in any brain area or an equivalent measure in other units was performed.
l contr

normal

PiB(�

13
10
10
32

NA
11
17
14
19
10
17

NA
119
27

197
496

er’s D
al bind

Disord
of Cali
est com

) excep

subject
c assig
nate between control versus MCI in 8/12 studies and MCI
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versus AD dementia in 9/10 studies, the significant overlap
at the individual subject level between the MCI group and
both the control and the AD dementia groups suggests that
there is only “sufficient evidence of an association between
PiB PET and the distinction between control versus MCI
and MCI versus AD dementia.”

Another fine-grained approach is the correlation of a
continuous measure of the biomarker (e.g., PiB SUVR) with
continuous measures of cognition or clinical function (e.g.,
episodic memory scores or Clinical Dementia Rating [CDR]
sum of boxes [SOB]). This sort of correlation is not a
strength of amyloid imaging, although several studies do
report significant correlations of this type. Five studies have
shown a significant correlation between degrees of PiB
retention and levels of cognitive performance when com-
bining controls, MCI, and AD dementia subjects (Edison et
al., 2007; Forsberg et al., 2010; Pike et al., 2007; Rentz et
al., 2010; Tolboom et al., 2009b), but 1 has not (Jagust et al.,
2009). Several studies (3 in controls, 1 in MCI, and 3 in AD
dementia) have found a significant correlation between PiB
and cognition in single diagnostic groups (Darreh-Shori et
al., 2010; Engler et al., 2006; Grimmer et al., 2009a; Mor-
mino et al., 2009; Pike et al., 2007; Rentz et al., 2010)—
although 1 of these studies suggests the correlation is me-
diated through hippocampal atrophy (Mormino et al., 2009).
At least 5 studies failed to find any correlation between
continuous PiB retention measures and continuous cogni-
tion scores in 1 or more of the diagnostic groups when the
latter were considered in isolation (Aizenstein et al., 2008;
Forsberg et al., 2010; Furst et al., 2010; Pike et al., 2007;
Rowe et al., 2010). Very demanding memory tests may be
required to demonstrate this continuous correlation in cog-
nitively normal controls (Rentz et al., 2010). Most likely,
the usually weak correlations between continuous measures
of amyloid imaging and cognition is due to the fact that A�
deposition is a very early event in the full spectrum of

Table 3
Use of PiB PET to distinguish controls from MCI and MCI from AD dem

Reference HCa MCIa

Pike et al., 2007 32 33
Kemppainen et al., 2007 14 13

orsberg et al., 2008 6 21
ack et al., 2008 20 17
i et al., 2008 7 13

Koivunen et al., 2008 22 15
ormino et al., 2009 37 39

olboom et al., 2009c 13 11
owe et al., 2009 20 23
kello et al., 2009b 38 31
orsberg et al., 2010 0 21
evanand et al., 2010 18 24
owe et al., 2010 177 57

ey: AD, Alzheimer’s disease; HC, healthy control; MCI, mild cognitiv
omography; PiB, Pittsburgh Compound B.

a Number of HC, MCI, or AD dementia subjects in the study.
b p value for comparison of HC with MCI subjects or MCI with AD de
pathophysiological changes in this disorder and does not
necessarily correlate quantitatively with late events like
cognition and clinical function (for a review, see Jack et al.,
2010). When done side-by-side, other later stage biomarkers
(e.g., CSF tau protein levels, hypometabolism, and brain
atrophy) tend to correlate better quantitatively with degree
of cognitive impairment than does PiB (Engler et al., 2006;
Jack et al., 2009; Jagust et al., 2009; Mormino et al., 2009;
Storandt et al., 2009).

3.1.3. Conclusion
Given the fairly weak correlations and the contradictory

finding, these studies can provide only “limited/suggestive
evidence of an association between continuous PiB PET
levels and continuous measures of cognitive/clinical perfor-
mance.”

3.2. Outcome measurement and longitudinal change of
PiB retention as a marker of disease progression

Longitudinal change in a biomarker is often considered a
surrogate for biological progression of disease. In the case
of AD, it is increasingly believed that the noise in biomark-
ers over time may be less than that in cognitive or functional
measures of disease progression. In turn, it is believed that
this decreased variability will facilitate detection of drug-
induced changes in disease progression, i.e., a disease-mod-
ifying effect. Therefore, change in a biomarker over time
(i.e., the natural history of that biomarker) is increasingly
being considered as an outcome measure for clinical trials.
Driven largely by the evaluation of a variety of analytical
approaches to the measurement of magnetic resonance im-
aging (MRI) volumetry and cerebral metabolism measured
by fluorodeoxyglucose (FDG) PET, a metric has evolved
that is the sample size required for a drug-induced 25%
reduction in the rate of change in a biomarker over some
specified period of time. This metric has become a staple of
biomarker comparisons in the ADNI (Cummings, 2010;

ADa HC vs. MCIb MCI vs. ADb

31 p � 0.001 p � 0.001
0 p � 0.01 NA

27 ns p � 0.01
8 ns p � 0.004

17 Trend p � 0.06 p � 0.005
0 p � 0.0001 NA

20 p � 0.046 Trend p � 0.07
14 p � 0.05 p � 0.0001
13 ns p � 0.001

0 p � 0.01 NA
37 NA p � 0.001
18 p � 0.02 p � 0.0001
53 p � 0.05 p � 0.05

irment; NA, not applicable; ns, not significant; PET, positron emission

.

entia

e impa
Weiner et al., 2010).
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However, this 25% rate-reduction metric may not be well
suited for amyloid imaging for 2 reasons. First, PiB reten-
tion increases slowly over time. A� deposition is believed to
begin 10–15 years prior to the diagnosis of AD dementia
and, as will be discussed below, continues to progress
slowly during the clinical course of AD dementia. Obvi-
ously, an amyloid-free individual destined to develop typi-
cal AD dementia must have an increase in PiB retention in
order to progress from the PiB retention typical of controls
(approximately 1.1 SUVR units) to that typically found in
AD dementia (� 2.0 SUVR units). However, this accumu-
lation often occurs over 10–20 years, suggesting a rate of
increase of 0.05–0.10 SUVR units per year. Given that the
test-retest variability is on this same order, detecting a 25%
reduction in this rate will be difficult. Second, and more
importantly, this slow rate of change becomes moot when
considering the fact that achieving a 25% reduction in the
rate of A� accumulation over time may not be clinically

eaningful unless the drug is begun when there is still little
r no A� deposition. Any clinically relevant antiamyloid

drug will likely need to actually decrease the A� fibrillar
oad (i.e., PiB retention) from baseline (although other
orms such as soluble oligomers may be targeted by some
�-lowering treatments). This means a �100% reduction

in the rate of increase of PiB signal over time. This is not an
unreasonable goal, and those contemplating the use of am-
yloid imaging as an outcome biomarker in trials have the
unique advantage of being able to refer to published data
showing that a significant reduction in fibrillar A� load
ould be detected over 78 weeks with only 20 mild-to-
oderate AD dementia patients in the treatment arm and 8

n the placebo arm (Rinne et al., 2010). Using the passive
mmunotherapy, bapineuzumab, in a Phase 2 trial, Rinne et
l. reported a decrease of 0.9 PiB SUVR units in the bap-
neuzumab-treated patients over 78 weeks that was signifi-
ant both when compared with the patients’ own baseline
iB retention or to the increase of 0.15 SUVR units ob-
erved in the placebo group over the same 1.5-year period of
ime. This outcome is thus equivalent to a 160% decrease in
he rate and represents a 25% reduction in the absolute
myloid load (not rate) of the treated group compared with
he placebo group. As will be seen below, the increase
bserved in the bapineuzumab placebo group is typical of
hat observed in AD dementia natural history studies. It is
he characterization of this natural history as a foundation
or drug trials that makes longitudinal studies of amyloid
maging measures important.

.2.1. Conclusion
This single study, performed using standard methodol-

gy and showing detection of a drug-induced change in the
bsolute level of amyloid load constitutes “limited/sugges-
ive evidence of an association between PiB PET and drug-
nduced changes in disease biology.”

Given the newness of amyloid imaging as a biomarker,

here are still relatively few longitudinal data in the pub-
ished literature. The few small studies that have been pub-
ished suggest that, in individuals who are amyloid-positive
t baseline, a relatively slow increase in amyloid deposition
ccurs across the full spectrum of the illness from preclin-
cal stages to symptomatic AD dementia. Individuals who
re amyloid-negative at baseline tend to show little change
ver time—although some become amyloid-positive and
hen progress. Amyloid-positive individuals rarely, if ever,
evert to amyloid-negative status. While this is apparent at
he individual level, group increases are not always ob-
erved at the AD dementia stage. The first longitudinal
ollow-up study of the 16 AD dementia subjects included in
he original report of PiB PET imaging (Klunk et al., 2004),
howed no significant group change over 2 years of fol-
ow-up in any brain area examined (Engler et al., 2006).
imilar findings were reported for group-level determina-

ions in 14 AD dementia patients studied at the Turku PET
enter over 2 years (Scheinin et al., 2009). However, closer

nspection of these data showed that a majority of the AD
ementia patients in the Engler et al. study tended to show
combination of increased PiB retention and decreased

erebral metabolism (Klunk et al., 2006). Similarly, while
nly the medial frontal cortex showed a statistically signif-
cant (4.3%) group increase in the Turku study (Scheinin et
l., 2009), 10 of the 14 subjects tended to show an increase
n PiB retention. Similar results can be seen in the ADNI
atural history data, where group changes were not signif-
cant but 3 of the 12 AD dementia patients showed a
ignificant increase in PiB retention over 1 year (Jagust et
l., 2010). In a group of 21 cognitively normal, 32 amnestic
CI, and 8 AD dementia subjects, Jack et al. (2009) found

hat the annual rate of change in global PiB retention ratio
as significantly greater than zero over all subjects (p �
.001), and individually among cognitively normal (p �
.002), and amnestic MCI subjects (p � 0.008), with a trend
n Alzheimer’s disease (p � 0.11). Overall, the rate of
hange was small (0.03–0.06 SUVR units per year) across
hese 3 groups but tended to be higher in the subjects who
ere amyloid (PiB) positive at baseline (Jack et al., 2009).
his rate matches the expected rate of change mentioned
bove. Grimmer et al. followed 24 AD dementia patients
nd found a significant increase in PiB retention of approx-
mately 0.14 SUVR units over 24 months (8.7 � 14.3%;

annual rate � 3.92%) (Grimmer et al., 2010). Grimmer et al.
ound that the increase was dependent on apolipoprotein-E
ApoE) �4 gene dose, with the 5 homozygotes showing a
.31 � 0.27 SUVR increase over the 2 years. These latter 2

studies suggest that the rate of amyloid accumulation is
relatively constant over the course of the disease—at least
through the phase of mild AD dementia. This result suggests
that the course of PiB-detectable A� deposition over time is
best described by either a linear model or a sigmoid with a
very gradual incline that does not level-off until the late

stages of AD dementia.
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Two studies have examined the relationship between the
rate of change in PiB retention and the rate of cognitive
decline on CDR and Mini Mental State Examination
(MMSE) and differ on their results, so that insufficient
evidence exists to comment on this specific relationship
(Grimmer et al., 2010; Jack et al., 2009).

3.2.2. Conclusion
Given some contradictory evidence about the ability to

detect change in PiB retention over time, the reports dis-
cussed above constitute only “limited/suggestive evidence
of an association between PiB PET signal and disease pro-
gression.”

4. The use of amyloid imaging in trials of
nondemented subjects

There is growing consensus that it will be necessary to
study drugs earlier than the stage of clinical dementia in
order to find robust treatment effects for the pathophysiol-
ogy of Alzheimer’s disease. The first difficulty in conduct-
ing these early-intervention trials is that clinical diagnosis
becomes less and less accurate as we move into these
prodromal stages and clinical evaluation as currently con-
ducted becomes useless in presymptomatic phases. The
second difficulty is that it may take prohibitively long pe-
riods of time to determine a drug-effect on clinical measures
alone when subjects are enrolled at very early stages. Thus,
biomarkers are likely to play their most valuable role in
clinical trials of “not-yet-demented” subjects. In the context
of such trials, biomarkers can play 3 important roles. The
first 2 roles are for screening and as an outcome measure, as
discussed above for trials in AD dementia. The third role is
staging nondemented subjects to select those that are likely

Table 4
PiB PET studies in MCI: prevalence and conversion

Reference Number of MCI subjects

Total PiB(�) PiB

Cross-sectional
Rowe et al., 2010 57 39 18
Devanand et al., 2010 24 7 17
Tolboom et al., 2009d 13 5 8
Lowe et al., 2009 23 9 14

Longitudinal
Forsberg et al., 2008 21 11 10
Koivunen et al., 2008 15 13 2
Wolk et al., 2009 23 13 10
Okello et al., 2009b 31 17 14
Jagust et al., 2010a 65 47 18

otal longitudinal 155 101 54
Total all studiesb 272 161 111

ey: �, positive; �, negative; ADNI, Alzheimer’s Disease Neuroimaging
PiB, Pittsburgh Compound B; SUVR, standardized uptake value ratio.

a ADNI data.
b Only the most recent report from each research group was used to avoid

without mean � SD, these values were derived from the graph. If spec

of graphic data using 1.5 SUVR or an equivalent measure in other units was
to show a significant clinical change over a relatively short
period of time (e.g., conversion from a diagnosis of MCI to
AD dementia). A question that must be asked about a
biomarker in this context is can the biomarker accurately
identify subjects who are destined to progress to the next
clinical stage? Therefore, the next 2 sections will review
cross-sectional studies that have measured PiB retention at
baseline in MCI or cognitively normal subjects (i.e., rele-
vant for screening purposes) and longitudinal studies that
have assessed whether baseline PiB retention can predict
future cognitive course (relevant for predicting impending
clinical progression). The issues of using amyloid imaging
as an outcome measure in predementia subjects are essen-
tially identical to those discussed above for AD dementia
and will not be discussed again here.

4.1. Screening and cross sectional association between
clinical diagnosis and amyloid imaging

Many studies have reported the results of PiB PET im-
aging in MCI subjects (Bourgeat et al., 2010; Butters et al.,
2008; Cohen et al., 2009; Devanand et al., 2010; Forsberg et
l., 2008, 2010; Fripp et al., 2008; Jack et al., 2008, 2009;
agust et al., 2009, 2010; Kemppainen et al., 2007; Koi-
unen et al., 2008; Li et al., 2008; Lopresti et al., 2005;
owe et al., 2009; Okello et al., 2009a, 2009b; Pike et al.,

2007; Price et al., 2005; Raji et al., 2008; Rowe et al., 2007,
2010; Tolboom et al., 2009b, 2009d; Wolk et al., 2009;
Zhou et al., 2007). However, as some of these studies
represent progressive accumulations of subjects and varia-
tions in the analysis method, Table 4 describes only the
most recent relevant report from each group, in order to
avoid counting single subjects more than once in this anal-
ysis.

Number of converters Duration (y)

Total PiB(�) PiB(�)

NA NA NA NA
NA NA NA NA
NA NA NA NA
NA NA NA NA

7 7 0 0.7 � 0.5
6 6 0 2
5 5 0 1.8 � 1.3

15 14 1 1–3
24 21 3 1–2
57 53 4

e; MCI, mild cognitive impairment; PET, positron emission tomography;

s being reported multiples times. When only graphical data were published
ignment of PiB-positivity was not made in the report, visual interpretation
(�)

Initiativ

subject
ific ass
performed.
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One thing that is quickly apparent when working with
amyloid imaging is the bimodal nature of the scans. Visu-
ally, they tend to be clearly positive or clearly negative,
suggesting that people fall into 1 or the other of 2 distinct
populations (amyloid-positive and amyloid-negative) (Ng et
al., 2007; Rabinovici et al., 2007; Suotunen et al., 2010;
Tolboom et al., 2010). The use of visual reads as a screening
tool could be very useful for clinical trials, as this is rela-
tively easy to standardize. This bimodal character also is
apparent in quantitative data. Fig. 1A shows a histogram of
global cortical PiB retention across more than 300 subjects
of all diagnoses (control, MCI, AD, other dementias, etc.)
studied at a single site (Pittsburgh) using identical methods
of acquisition and analysis across all subjects. The bimodal
distribution of global cortical PiB retention is readily ap-
parent and is described well by a relatively tight, amyloid-
negative population with a mean SUVR of approximately
1.4 � 0.15 and a much more broadly distributed, amyloid-
ositive population with a mean SUVR of 2.5 � 0.40. Note
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Fig. 1. Histograms showing the frequency distribution (number of subjects)
atrophy correction) in a total population of 306 subjects of all diagnoses c
(C); and in 41 AD dementia patients (D). The same 2 normal curves are su
with a dashed, vertical line. Abbreviations: AD, Alzheimer’s disease; MC
uptake value ratio.
hat the absolute value of these numbers will vary depend- t
ng on the analysis method, the use of atrophy correction,
he size and location of the reference region and other
actors. They are given here simply for comparison with
ach other, but the exact value should not be taken as
niversally applicable.

The standard PiB-positive cutoff is drawn with a dashed,
ertical line, but it is clear that there will be some overlap of
he 2 populations wherever a cutoff is drawn. Fig. 1C is a
imilar representation of 90 cognitively normal control sub-
ects and Fig. 1D shows 41 mild-to-moderate AD dementia
atients. Approximately 80% of the controls reside within
he amyloid-negative population and only 1 of 90 has
eached even the mean of the amyloid-positive population.
n contrast � 95% of the AD dementia patients reside
ithin the amyloid-positive population and 80% are above

he mean of that population. Fig. 1B shows a histogram of
0 MCI subjects. The MCI subjects do not represent a third,
eparate, intermediate population (as they would on cogni-
ive measures) but they are comprised of subjects that tend
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our total cohort. This is a graphical representation of the fact
that somewhere near half (this proportion varies with the
age and ApoE �4 frequency of a particular population) of
MCI subjects are AD dementia-like as regards PiB signal
and the rest are control-like. Of the 272 MCI subjects from
the 9 studies included in the analysis in Table 4, 59% are
PiB-positive. If broken down into amnestic and nonamnes-
tic subtypes, 63% of 242 amnestic MCI subjects were am-
yloid-positive and 27% of the 30 nonamnestic subjects were
amyloid-positive. These data show that PiB imaging is very
well-suited to dichotomize MCI patients based on the un-
derlying pathophysiology. This could be extremely useful
for screening into a clinical trial. However, amyloid imag-
ing in isolation from clinical and cognitive data are poorly
suited for the identification of a subject who is likely to
receive a clinical diagnosis of MCI, because a roughly equal
portion of MCI cases are PiB-positive and PiB-negative.
But this is not how this biomarker would be used in a
clinical trial. The reasons trial designers would want to
know the amyloid-status of an MCI subject would be if
knowledge of that status could help them: (1) decrease the
heterogeneity of their trial population (applies to most tri-
als); (2) identify a cohort that is likely to respond to a drug
with a certain mechanism (applies mainly to antiamyloid
trials); and (3) assemble a cohort that is likely to convert to
an endpoint of AD dementia in a relatively short period of
time (applies to most secondary prevention trials). The first
2 points relate to the discussion above. The third point
(prediction of progression) will be discussed in the follow-
ing section.

4.1.1. Conclusion
The primary, peer-reviewed studies discussed above, us-

ing standard diagnostic criteria for MCI and AD dementia in
272 cases provide “sufficient evidence for the lack of a
quantitative association between PiB PET and the clinical
diagnosis of MCI.” Nevertheless, PiB PET could be useful
for screening MCI subjects into amyloid-positive versus
amyloid-negative subtypes for inclusion in clinical trials.

Very similar issues apply to screening presymptomatic
subjects into clinical trials. Table 2 shows that 24% of 651
cognitively normal control subjects studied with PiB PET
are amyloid-positive. Thus, when comparing only AD de-
mentia and control subjects, a PiB-negative scan was 76%
sensitive and 96% specific for identifying controls subjects.
Fig. 1C shows that most of these are likely to be on the low
end of the amyloid-positive spectrum (� 2.2 SUVR) and
can be distinguished from the vast majority of AD dementia
patients (� 2.2 SUVR). This suggests that a cutoff higher
than that typically used to detect any amyloid deposition
(i.e., the “PiB-negative” cutoff) could better differentiate
between cognitively normal controls and clinically diag-
nosed AD dementia patients. Using the typical “PiB-nega-
tive” cutoff of SUVR � 1.6 for the Pittsburgh data gives
very similar sensitivity (80%) and specificity (98%) for a

PiB-negative scan to identify controls. However, if we use
an SUVR of 2.2 as the “PiB-AD” cutoff for the Pittsburgh
data, a PiB-negative scan becomes 96% sensitive and 90%
specific for identifying controls. Thus, it may be best to use
a “PiB-negative” cutoff when the goal is to identify subjects
with any evidence of A� deposition and a “PiB-AD” cutoff
when the goal is to identify subjects who are AD-like. The
point to be made here is simply that, although PiB PET can
identify fibrillar A� deposition in approximately 25% of
ognitively normal controls, this deposition is typically low
nd very distinguishable from that seen in AD dementia.

It also is important to recognize that the percentage of
myloid-positive subjects in a cognitively normal popula-
ion is highly dependent on both age and the presence of an
poE �4 allele. In a study of 241 cognitively normal sub-

ects, Morris et al. showed that the frequency of individuals
ith elevated PiB retention rose in an age-dependent man-
er from 0% at ages 45–49 years to 19% at 60–69 years to
0.3% at 80–88 years (Morris et al., 2010). Rowe et al.
tudied 177 cognitively normal controls and also found an
ge effect such that elevated PiB retention was seen in 18%
t age 60–69 years and 65% older than age 80 (Rowe et al.,
010). Morris et al. also showed that there was a gene dose
ffect for the ApoE �4 genotype, with greater PiB retention
ith increased numbers of �4 alleles such that 8.2% of age
0–69 �4 noncarriers were PiB-positive while 75% of age
0–89 �4 carriers were PiB-positive (Morris et al., 2010).
n addition to the 177 cognitively normal controls, Rowe et
l. also studied 57 MCI and 53 AD dementia subjects and
eported that �4 carriers had higher PiB retention in the
ontrol and MCI groups, but not in the AD dementia group
Rowe et al., 2010).

.1.2. Conclusion
The primary, peer-reviewed studies shown in Table 2,

sing standard diagnostic criteria for normal cognition and
D, in 992 cases (651 controls and 341 AD; �2 � 469; p �

0.0001) provide “sufficient evidence of a direct relationship
between PiB PET and the clinical diagnosis of cognitively
normal.” However, this diagnosis remains a neuropsycho-
logical/clinical one and PiB PET is best suited for screening
cognitively normal subjects into amyloid-positive and am-
yloid-negative subtypes for inclusion in clinical trials.

In addition to the clinical categories of control, MCI, and
AD, one also must consider the issue of differential diag-
nosis among different dementias when considering the use-
fulness of a biomarker in clinical trial design. Amyloid
imaging will not distinguish mixed dementias when only 1
component of the pathology is A� deposition. That is,
myloid imaging is likely to be good at ruling-in A� pa-
hology, but cannot rule out non-A� pathology. Thus, a
ajority of cases of dementia with Lewy bodies (DLB) will

how AD dementia-like levels and patterns of A� deposi-
tion (Edison et al., 2008; Gomperts et al., 2008; Maetzler et
al., 2009; Rowe et al., 2007) and the clinical symptoms or
additional imaging with dopamine transporter tracers may

help distinguish these cases if necessary (McKeith et al.,
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2007). However, it is very unlikely that all DLB pathology
can be excluded from any AD dementia trial because it is so
common even in the absence of DLB symptoms (McKeith
et al., 1999). Parkinson’s disease and Parkinson’s dementia
are typically well-distinguished from AD dementia with PiB
PET (Edison et al., 2008; Gomperts et al., 2008; Johansson
et al., 2008; Maetzler et al., 2008), although mixed cases can
occur (Gomperts et al., 2008; Maetzler et al., 2008). Pure
cases of CAA may be distinguishable from AD dementia by
an occipital-predominant pattern of PiB retention (Green-
berg et al., 2008). Semantic dementias rarely show A�
deposition, so these could be identified as amyloid-negative
(Drzezga et al., 2008; Rabinovici et al., 2008). Many cases
of logopenic aphasia and posterior cortical atrophy may be
atypical presentations of AD dementia (Kambe et al., 2010;
Migliaccio et al., 2009; Rabinovici et al., 2008; Tenovuo et
al., 2008), so it may not be advisable to exclude such cases
from trials of AD dementia therapeutics. Pure vascular de-
mentia should be distinguishable by amyloid imaging, but
AD dementia pathology is commonly mixed with vascular
pathology. Clinical history and magnetic resonance imaging
findings should be able to exclude these cases if necessary
(Mok et al., 2010). Also, it must be kept in mind, that just
as approximately one-quarter of normal elderly show low
levels of fibrillar A� deposition without cognitive impair-
ment, a similar proportion of elderly subjects with dementia
from other causes could show these same low amounts of
amyloid, even if the amyloid is not contributing to the
clinical dementia. The use of a higher “PiB-AD” cutoff as
discussed above may help screen out amyloid-positive sub-
jects with dementia due to causes other than AD dementia
who might have incidental/low amyloid deposition.

4.2. Prediction of future cognitive/clinical course

Only a portion of patients with MCI progress to clinical
AD dementia over 5–10 years (Petersen et al., 1999; Ritchie
et al., 2001; Visser et al., 2006) and a recent meta-analysis
concluded that most people with MCI will not progress to
dementia even after 10 years of follow-up (Mitchell and
Shiri-Feshki, 2009). In a longitudinal study of 134 MCI
cases followed for 4 or more years, Hansson et al. (2006)
reported that 43% developed clinical AD, 42% remained
cognitively stable (but could, of course, develop AD de-
mentia in the future), and 15% developed other dementias
(mostly vascular). Two community-based studies have
shown over one-third of patients diagnosed with MCI at
baseline may eventually return to normal cognition (Gan-
guli et al., 2004; Larrieu et al., 2002). Obviously, it would
be of great value to be able to predict which MCI subjects
were destined to progress to a clinical diagnosis of AD
dementia. The 5 studies listed at the bottom of Table 4
describe longitudinal follow-up of 155 MCI subjects (141
amnestic) who were followed between 1 and 3 years after
their baseline PiB PET scan (Forsberg et al., 2008; Jagust et

al., 2010; Koivunen et al., 2008; Okello et al., 2009b; Wolk s
et al., 2009). Of these 155 MCI subjects, 57 (37%) pro-
gressed to a clinical diagnosis of AD dementia over 1 to 3
years. The distribution of converters was far from random
across these amyloid-positive and amyloid-negative groups.
Of the 57 converters, 53 came from the 101 amyloid-
positive subjects (representing a 53% conversion rate) and
only 4 came from the 54 amyloid-negative subjects (7%
conversion rate) (�2 � 30.7; p � 0.0001). It remains to be
een whether these latter 4 amyloid-negative converters
ere misdiagnosed with AD dementia or represent false
egatives for PiB PET. Conversion rates from amyloid-
ositive subjects in the amnestic and nonamnestic catego-
ies could not be determined from the data published, but
onamnestic, amyloid-positive MCI subjects did show con-
ersion to AD dementia in at least 2 studies (Wolk et al.,
009).

Other studies also have reported conversions from MCI
o AD dementia. Jack et al. reported 9 amnestic MCI sub-
ects studied at Mayo Clinic who had PiB PET scans (Jack
t al., 2009). Three of these subjects converted to AD
ementia within 1 year and 1 “reverted” to normal cogni-
ion, but it was not reported if these subjects were PiB-
ositive or PiB-negative in that report. Interestingly, Wolk
t al. report 3 reversions to normal cognition and all 3 were
iB-negative.

.2.1. Conclusion
The primary, peer-reviewed studies discussed above (us-

ng standard diagnostic criteria for MCI and AD) included
55 subjects and the data were so overwhelmingly signifi-
ant that they constitute “sufficient evidence for a direct
elationship between PiB PET and the likelihood of conver-
ion from a clinical diagnosis of MCI to a clinical diagnosis
f AD dementia over 3 years.”

There are very few similar prospective data on clinical
onversions from cognitively normal controls to either MCI
r AD dementia. This is not surprising given that the pre-
ymptomatic lag phase between initiation of A� deposition
nd emergence of clinical symptoms may be 10–15 years
nd most subjects have been followed for no more than 5
ears. Several studies have looked retrospectively at data
athered in cohorts of subjects who were cognitively normal
t baseline and then followed to the time of a PiB PET scan.
illemagne et al. reported a retrospective study of the cog-
itive course of 34 subjects who started with normal cog-
ition in 1996 and were followed with 7–9 yearly visits
rior to agreeing to a PiB PET scan (Villemagne et al.,
008). Ten of these 34 were classified as cognitive “declin-
rs” by raters blinded to the PiB status. Three of these 10
ere further diagnosed with MCI and 1 additional subject
ith AD; the other 6 decliners remained in the cognitively
ormal range. Seven of these 10 decliners (including all 3
CI cases and the AD dementia case) were PiB-positive

70%) compared with 4/24 (17%) stable subjects. Although
linical conversion was not addressed, 2 other studies have

imilarly shown that the rate of cognitive decline in subjects
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who were cognitively normal at baseline is related to PiB
retention. Storandt et al. followed the cognitive status of 135
individuals from 1985 to the time of PiB PET in 2004
(Storandt et al., 2009). They found that PiB retention was
unrelated to the current cognitive performance in 2004, but
was related to decline in working and visuospatial memory
over the previous 19 years in the 29 subjects who were
amyloid-positive (but not in the amyloid-negative group, as
expected). Resnick et al. studied 57 participants for an
average of 10.8 years who received a PiB PET scan near the
end of that period (Resnick et al., 2010). They found greater
declines over time in mental status and verbal learning and
memory, but not visual memory, that were significantly
associated with higher PiB retention. One of the subjects in
this study progressed from normal cognition to MCI who
was PiB-positive (Resnick et al., 2010). Similarly, Reiman
et al. reported a single case of an ApoE �4 homozygote who
converted from normal cognition to MCI 7 months before a
PiB PET scan and was found to be PiB-positive (Reiman et
al., 2009).

Only 1 study has reported prospective, longitudinal cog-
nitive outcomes in normal subjects imaged with PiB (Morris
et al., 2009). In that study, 159 participants, with CDR � 0
at the time of their baseline PiB PET scan, were followed
for 0.8–5.5 years. Nine of these subjects converted to a
diagnosis of “dementia of the Alzheimer’s type (DAT) at
the CDR 0.5 stage.” PiB retention was a stronger predictor
of time to DAT (hazard ratio � 4.82; 95% confidence
nterval, 1.22–19.01; p � 0.02) than age (hazard ratio �
.14; 95% confidence interval, 1.02–1.28; p � 0.03). Edu-

cation, ApoE �4 allele status and gender were not significant
predictors. Unfortunately, the individual PiB-status of the 9
DAT-converters was not reported in this study. Jack et al.
reported that 1 of 10 control subjects from a prospective
Mayo study converted to MCI over 1 year, but did not report
the PiB status (Jack et al., 2009).

4.2.2. Conclusion
Although there is 1 study with a relatively large number

of subjects (n � 159), there were only 9 conversions to
DAT CDR 0.5 in this study. The other studies are retro-
spective or report on conversions of single subjects that
were not the focus of the main study. Therefore, these data
constitute only “limited/suggestive evidence of an associa-
tion between PiB PET positivity and the likelihood of con-
version from normal cognition to a clinical diagnosis of
MCI.”

5. Considerations of CSF and PET methods for
determination of brain A�

As mentioned in the Introduction, there is overlap in the
utility of CSF and PET measures of amyloid deposition for
clinical trials. Both are primarily measures of brain A�
pathology. This overlap is mainly in the area of selecting

amyloid-positive subjects for trials, i.e., screening. Most
available data seem to indicate that CSF A�42 decreases
relatively quickly to its final level very early in the course of
the pathophysiological spectrum of AD dementia—proba-
bly presymptomatically (Blennow and Hampel, 2003; Fa-
gan et al., 2007, 2009; Hansson et al., 2006). That is, the
change in CSF appears to be almost a step-function, and
longitudinal studies have not shown a progressive decrease
in CSF A�42 over time (Buchhave et al., 2009). This is not
surprising given the fact that typical concentrations of A�
found in insoluble deposits in AD dementia cortex are
approximately 5000 �g/L (approximately 1 �M) (Klunk et
al., 2005b; Näslund et al., 2000), while typical soluble A�
concentrations in the cortex are on the order of 50 �g/L
Klunk et al., 2005b) and CSF A� concentrations are ap-
roximately 0.5 �g/L (Fagan et al., 2006)—or 0.01% of
nsoluble cortical A�. Thus, it is not surprising that rela-

tively little cortical A� would need to deposit before a new
quilibrium would be established with CSF. This conclu-
ion has 2 implications in clinical trials: (1) for screening
urposes, CSF A�42 may drop before fibrillar A� is de-

tectable by PET; and (2) as an outcome measure, CSF A�42
is not likely to normalize until the vast majority of cortical
A� deposits are removed. This implies that CSF A�42 and

iB PET would be roughly equivalent as screening tools for
D dementia and MCI trials and that CSF A�42 may have

advantages in detecting amyloid-positive controls—al-
though this has yet to be demonstrated. The more dynamic
nature of amyloid signal by PET and the fact that PiB
retention correlates directly with fibrillar A� load (Ikono-
movic et al., 2008) makes this a more suitable outcome
measure. Indeed, the ability of PiB PET to show an amy-
loid-lowering effect of passive immunotherapy in humans
has now been reported (Rinne et al., 2010). While we often
reduce imaging data to a single number (e.g., mean cortical
PiB retention), we must remember that a major advantage of
any imaging technique is the wealth of regional information
that is provides. Whereas amyloid PET can quantify amy-
loid load throughout the brain, it is not clear what pool of
brain A�42 is represented by changes in CSF A�42. One
tudy has suggested that CSF A�42 is most tightly corre-

lated with PiB retention in brain regions immediately adja-
cent to CSF spaces (Grimmer et al., 2009b). The rich re-
gional information in an amyloid PET scan also allows
differentiation not only by quantitation but also regional
specificity. This is especially important because it allows
visual reads of amyloid PET scans to be highly accurate in
distinguishing normal from abnormal scans (Ng et al., 2007;
Rabinovici et al., 2007; Suotunen et al., 2010; Tolboom et
al., 2010). Visual reads are relatively easy to standardize
because the technical variables in quantifying the amyloid
PET signal are not a factor. Of course, visual reads would
apply almost exclusively to use in screening and do not lend
themselves to detection of small changes. Therefore, CSF
A�42 and PiB PET may be equivalent screening measures

for entry into clinical trials in AD dementia and MCI.
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Differences in the costs, practicalities and risks of the 2
procedures for the application at hand would determine
which is better suited to a particular trial. CSF A�42 could
have an advantage in identifying more amyloid-positive
controls than PiB PET. Amyloid PET has the advantage of
the easily standardizable visual read, but the greatest advan-
tage of amyloid imaging for clinical trials is as a quantita-
tive outcome measure for drugs expected to decrease fibril-
lar A� load. If amyloid PET is to be used as an outcome
biomarker, it is necessary to obtain a pretreatment scan for
comparison, so it seems logical to use this as the screening
tool as well if amyloid PET will be used as the outcome
measure. However, it is sometimes inappropriate to use the
same measure for screening as is used for an outcome
measure. In these cases, it may be appropriate to use CSF
A�42 as the screening tool and amyloid PET as the outcome
measure.

6. A research agenda to improve the applicability of
amyloid PET to clinical trials

As for any biomarker, standardization of its application
across many centers around the world, and across varying
degrees of expertise, is critical for utility in clinical trials.
As stated above, visual reads for a screening into amyloid-
positive and amyloid-negative subtypes is relatively easy to
standardize (Ng et al., 2007; Rabinovici et al., 2007; Suo-
tunen et al., 2010; Tolboom et al., 2010). However, im-
proved software to analyze and display amyloid PET scans
in a standardized manner could aid in widespread applica-
bility. With respect to quantitative assessment of amyloid
PET signal, simplified dynamic methods of analysis such as
Logan DVR (Lopresti et al., 2005) and simplified reference
tissue model (SRTM)/SRTM2 (Tolboom et al., 2009c; Zhou
et al., 2007) may produce the most accurate and reproduc-
ible results, but practical considerations have frequently led
to the application of tissue ratios and SUVR of short/late
scans (Lopresti et al., 2005; McNamee et al., 2009), and
these have proven to be good substitutes for the dynamic
methods. Standardization of these quantitative ratio meth-
ods depend first on proper choice of the reference region
(e.g., cerebellum or pons). This decision should be made
carefully at the beginning of the trial, and it is important to
not only choose the reference region carefully, but also
carefully choose the exact method for delineating the re-
gion. This involves choices of normalization and automa-
tion. Decisions regarding atrophy correction or tissue seg-
mentation (which often produces an equivalent outcome)
must be made for each trial. The electronic nature of all PET
data allows one to easily send the data to a central process-
ing site, so that any variability in the application of the
“analysis pipeline” can be minimized.

Another way to minimize variability is to use the same
amyloid PET tracer throughout the trial. While the current

discussion has centered on [C-11]PiB because of the lack of
sufficient literature on the F-18 tracers, it is clear that wide-
spread applicability of amyloid PET to the 90% of PET
scanners that do not have access to a cyclotron could be
enhanced by the use of an F-18 amyloid tracer. These F-18
tracers appear to come with somewhat inferior signal-to-
noise qualities, and this could add to variability, so the
desirability of application to many PET sites must be
weighed against the trade-offs. Clearly, we need to see
many more published studies with these new tracers, in-
cluding direct comparisons with PiB PET in the same sub-
jects, before we can fully judge the capabilities of such
promising F-18-labeled amyloid imaging agents.
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