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Advances in Brain Amyloid Imaging
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Amyloid-b (Ab) PET imaging has now been available for over 15 years. The ability to detect
*Florey Department of
Dentistry andHealth

yDepartment of Mole
Australia.

zHealth and Biosecuri
CSIRO, Victoria, A

xThe Australian Demen
kThe University of Mel
Address reprint requ

Molecular Imagin
Heidelberg, VIC 30

https://doi.org/10.105
0001-2998/© 2020 Th
(http://creativecommo
Ab in vivo has greatly improved the clinical and research landscape of Alzheimer’s disease
(AD) and other neurodegenerative conditions. Ab imaging provides very reliable, accurate,
and reproducible measurements of regional and global Ab burden in the brain. It has proved
invaluable in anti-Ab therapy trials, and is now recognized as a powerful diagnostic tool.
The appropriate use of Ab PET, when combined with comprehensive clinical evaluation by a
dementia-trained specialist, can improve the accuracy of a clinical diagnosis of AD and sub-
stantially alter management. It can assist in differentiating AD from other neurodegenera-
tive conditions, often by its ability to rule out the presence of Ab. When combined with tau
imaging, further increase in specificity for the diagnosis of AD can be achieved. The integra-
tion of Ab PET, in conjunction with biomarkers of tau, neurodegeneration and neuroinflam-
mation, into large, longitudinal, observational cohort studies continues to increase our
understanding of the development of AD. Its incorporation into clinical trials has been
pivotal in defining the most effective anti-Ab biological therapies and optimal dosing so that
effective disease modifying therapy now appears imminent. Ab deposition is a gradual and
protracted process, permitting a wide treatment window for anti-Ab therapies and Ab PET
has made trials in this preclinical AD period feasible. Continuing improvement in Ab tracer
target to background ratio is allowing trials in earlier AD that tailor drug dosage to Ab level.
The quest to standardize quantification and define universally applicable thresholds for all
Ab tracers has produced the Centiloid method. Centiloid values that correlate well with
neuropathologic findings and prognosis have been identified. Rapid cloud-based automated
individual scan analysis is now possible and does not require MRI. Challenges remain, par-
ticularly around cross camera standardized uptake value ratio variation that need to be
addressed. This review will compare available Ab radiotracers, discuss approaches to quan-
tification, as well as the clinical and research applications of Ab PET.
Semin Nucl Med 00:1-12 © 2020 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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aging and Alzheimer’s disease (AD) and has advanced the
clinical and research landscape of neurodegenerative condi-
tions. In addition to 11C-PiB, fluorine-18-labeled tracers are
available, with three approved for clinical use. Ab PET bur-
den can be assessed either visually, or by using the standard-
ized uptake value ratio (SUVR), a semiquantitative method.
Standardization of Ab PET, MR-less automated quantifica-
tion approaches and the definition of thresholds are areas of
ongoing investigation. Ab plaques are one of the two patho-
gnomonic neuropathologic features of AD. Consequently,
now that Ab PET has been extensively validated against neu-
ropathologic findings, clinical features and prognosis, recent
clinical and research criteria now incorporate Ab PET as a
biomarker to support the diagnosis of AD. Amyloid PET
1
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Figure 1 Comparison of an FDA approved 18F-Ab tracer to 18F-
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imaging is a recognized biomarker in the AT(N) classification
system, which allows Ab biomarkers (A) to be assessed in con-
junction with biomarkers of tau (T) and neurodegeneration
(N). The pattern of cortical Ab PET retention in sporadic AD
recapitulates the neuropathologic distribution of Ab plaques,
with high antemortem-postmortem correlation. Ab PET has
been incorporated into clinical trials, where it can facilitate
appropriate patient selection and measure the effectiveness of
Ab clearance. Ab PET can rule out the presence of Ab. When
Ab is detected, its presence and burden can be predictive of the
risk of progression from normal cognition to mild cognitive
impairment (MCI) to AD dementia. The appropriate use of Ab
PET has been shown to positively impact clinical management,
providing an improvement in diagnostic confidence, altering
clinical diagnosis and rates of prescription of acetylcholine
esterase inhibitors. In large observational cohorts, Ab deposi-
tion has been shown to be a gradual and protracted process
and it has been confirmed that it is not a benign age-related
process. This review will compare the available Ab radiotracers,
discuss approaches to quantification, as well as the clinical and
research applications of Ab PET.
NAV4694.
Amyloid-b PET Radiotracers
The first published report, in 2002, of an Ab PET radiotracer
was 18F-FDDNP; however, this tracer was reported to detect
both Ab plaques and tau neurofibrillary tangles (NFT).1

While carbon-11-labeled tracers including 11C-BF2272 and
11C-AZD21383 have been used in cohorts of healthy con-
trols, AD and other dementias, 11C-PiB4 has remained one of
the most widely used tracers and has been used as a bench-
mark for imaging Ab in vivo. 11C-PiB has been shown to
have high affinity, selectivity and specificity for fibrillar Ab5-
11 without specific binding to white matter.12

The short radioactive decay half-life of carbon-11 tracers
(20 minutes) limits availability to centers with on-site cyclo-
trons and radiochemistry expertise, with these costs often
prohibiting broad clinical use. Fluorine-18-labeled tracers,
with a half-life of 110 minutes, can be centrally produced
and subsequently, widely distributed.
Fluorine-18-labeled radiotracers have been able to produce

analogous results to those obtained using 11C-PiB.13-20 These
tracers include 18F-Florbetaben,15 18F-Flutemetamol,21 18F-
Florbetapir,13 and 18F-NAV4694 (aka AZD4694).20,22 Both
the Food and Drug Administration (FDA) and European Med-
icines Agency (EMA) have approved 18F-Florbetaben, 18F-Flu-
temetamol and 18F-Florbetapir for clinical use. 18F-NAV4694
is yet to be submitted to the FDA for approval, but is gaining
in use in preclinical trials due to its high target to background
binding (Fig. 1).
Figure 1 shows Scans from a patient with mild AD per-

formed with an FDA-approved 18F-Ab tracer (top row) and
18F-NAV4694 (bottom row) displayed in the same color
scale. While the scan in the top row would be read as positive
for Ab due to activity in the cortex, the bottom images have
higher target to background contrast and more clearly dem-
onstrate extensive binding in gray matter, including striatum.
Downloaded for Anonymous User (n/a) at Austin Health Library 
For personal use only. No other uses without permission. C
Healthy controls and AD patients can be differentiated,
based on the cortical retention patterns of these
radiotracers.15,18,19,23 However, the SUVR dynamic range of
18F-Flutemetamol, 18F-Florbetapir, and 18F-Florbetaben is
narrower than PiB or 18F-NAV4694, in addition to a rela-
tively higher nonspecific binding in the white matter, result-
ing in a lower signal-to-noise ratio.19,24,25,26

18F-NAV4694 is able to detect lower levels of cortical Ab
in the early stages of AD.27 This tracer has features including
rapid kinetics and relatively low nonspecific white matter
binding.27 In direct comparison, 18F-NAV4694 was shown
to have a slightly better binding profile relative to 11C-
PiB.20,28 Individuals with AD have been shown to have high
tracer retention in gray matter relative to adjacent white mat-
ter using 11C-PiB and 18F-NAV4694.26 The FDA-approved
F-18 tracers, in contrast, use the more subtle loss of normal
gray-white matter demarcation as the main feature to deter-
mine the presence of cortical Ab deposition.26
Visual Reads, Quantification, and
Thresholds
In most clinical settings, PET images may be assessed for Ab
burden either visually, or by using SUVR, a semiquantitative
method. The Centiloid (CL) method that converts the SUVR
acquired in a strictly standardized manner to a unit on a zero
(no Ab) to 100 (typical Ab level in AD) scale by using tracer
specific linear equations is gaining wide acceptance.
Visual Reads
The visual read method is operator-dependent, varying with
the experience of the reader. In order to access the FDA-
from ClinicalKey.com.au by Elsevier on January 27, 2021.
opyright ©2021. Elsevier Inc. All rights reserved.



ARTICLE IN PRESS

Advances in Brain Amyloid 3
approved tracers for clinical use, imaging specialists must
undergo a mandatory online training course. Each course is
tracer-specific and outlines the criteria for a positive scan for
that particular tracer. While in research settings, the pre-
ferred approach is to obtain consensus or majority visual
reads of multiple readers, this is not practical for clinical pur-
poses. Early in the disease, when scans are neither clearly
negative nor strongly positive, a quantitative analysis may be
preferred over visual inspection for consistency of interpreta-
tion. Figure 2 shows clearly negative and strongly positive
18F-florbetapir scans and their meaning.
SUVR
SUVR is the tissue ratio between a target region and a region
devoid of that target, better known as a reference region. The
cerebellar cortex or the whole cerebellum, are commonly
used as reference regions to obtain semiquantitative results
for Ab PET scans. However, the pons is recommended as the
reference region for 18F-Flutemetamol. Numerous factors
can influence the semiquantitative results. There are technical
factors like scan timing post-injection, imaging reconstruc-
tion and processing methods, the method of delineating the
region of interest, whether partial volume correction is
applied, the specific reference region used, and the “standard
of truth” used to define thresholds for abnormality,29 as well
as physio-pathologic factors such altered regional cerebral
blood flow that might affect tracer delivery and/or clearance,
BBB integrity, altered peripheral tracer metabolism, etc.
CL Method
With the advent of multiple Ab radiotracers and the use of
Ab PET across numerous sites, the issue of the use of differ-
ent semiquantitative approaches was amplified, making com-
parison of results between tracers and between sites
extremely challenging. The “Centiloid” method is one
method of standardizing Ab quantification.29 This
Figure 2 (A) Normal: sparse to no amyloid neuritic plaques
Abnormal: moderate to frequent amyloid neuritic plaques, inc
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semiquantitative scale is tailored for the assessment of a large
cortical area that represents the “typical” region of high amy-
loid load in AD and uses the whole cerebellum as the refer-
ence region. The method was developed by an international
working party of Ab imaging researchers.29 The working
group highlighted the key aims of this approach are to facili-
tate:- direct comparison of Ab PET results across sites, define
the earliest thresholds for amyloid positivity, define the posi-
tive range in AD, robustly represent longitudinal change, and
enable between-tracer comparisons.29

The CL scale ranges from 0 to 100. On this scale, zero rep-
resents the mean of Ab PET scan results obtained from young
adults (<45 years), who were presumed free of cortical Ab
deposition. On the other end, 100 reflects the mean result
from scans of patients with mild-to-moderate AD. As these
anchor points are defined by mean results, CL values below
0 and above 100 are not uncommon.

The CL method is a multistep process. The first step was
completed by the working group, and does not need to be
repeated by individual groups. The Global Alzheimer Associ-
ation Interactive Network website (https://www.gaain.org) is
a repository of data that enables independent groups world-
wide to convert their local Ab PET into CLs using the stan-
dard method. The data available include a cortical volume of
interest that encompasses frontal, temporal, parietal (with
precuneus), cingulate, anterior striatal, and insular gray mat-
ter regions that show high 11C-PiB retention in AD. It also
provides a volume of interest for a whole cerebellum refer-
ence region. For 11C-PiB scans acquired between 50 and 70
minutes post-injection, the website provides a linear equa-
tion to convert the SUVR to CLs. Details regarding the con-
version of other tracers to CLs are also provided. 11C-PiB,
18F-florbetaben, 18F-florbetapir, 18F-flutemetamol, and 18F-
NAV4694 scans with MRI are provided to the local user for
validation. Further specific details regarding the CL method
are available elsewhere.29 Utilizing a strict standard method
and head-to-head comparison of the 18F-Ab tracers to 11C-
PiB enables each tracer’s performance to be assessed relative
, high negative predictive value for AD pathology. (B)
reases the likelihood of AD.
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Table 1 Centiloid Conversion Equations for Commonly used 18F Ab Tracers

Tracer

Variance
(CL SD)
Young
Controls

Variance
Ratio (Tracer
SD/PiB SD)

Slope (Tracer
SUVR to
PiB SUVR) Intercept R2 CL equation CL = . . .

18F-Florbetapir30 12 4.6 0.54 0.5 0.89 175.4*SUVRfbp � 182.3
18F-Flutemetamol31 5.4 1.54 0.78 0.2 0.95 121.4*SUVRflute � 121.2
18F-Florbetaben32 6.8 1.96 0.61 0.4 0.96 153.4*SUVRfbb � 154.9
18F-NAV469428 3.7 1.00 1.09 0.1 0.99 85.3*SUVRnav � 88
11C-PiB 3.5 n/a n/a n/a n/a 93.7*SUVRpib � 94.6
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to 11C-PiB. Table 1 shows key findings and the CL conver-
sion equations for the commonly used 18F-Ab tracers.
However, differences between PET scanners and reconstruc-

tion methods may have an influence on SUVR and therefore
the derived CL value. Further investigation of this issue will
likely lead to future refinement of the standard method and
determine whether equipment-specific equations are needed.
CL thresholds have been validated against neuropathology and
shown to provide powerful prognostic information.
Table 2 Centiloid Values Corresponding to Alzheimer’s
Disease Neuropathologic Changes (ADNC)

Centiloid unit (CL) Neuropathology

<15 No Ab plaques
Automated and MRI-Free Image Analysis
Approaches
Methods for automated assessment of Ab PET scans have
mostly required a structural MRI from the subject, limiting
easy application to clinical practice. CapAIBL (Computa-
tional Analysis for PET by AIBL) is a novel automated semi-
quantitative method that circumvents the need for an MR
image.33 Users upload an Ab PET image via a cloud-based
platform (https://milxcloud.csiro.au/capaibl). The process
involves spatial normalization to a standard template, prior
to semiquantification. The results are emailed to the user,
including global and regional SUVR/CL results, as well as a
surface projection of Ab deposition.33

The CapAIBL approach has been shown to have good
agreement with the standard CL approach34 and has been
validated against an MR-based approach for 11C-PiB,
18F-Florbetaben, 18F-Florbetapir, 18F-Flutemetamol, and
18F-NAV4694.33 This approach has been shown to have
high sensitivity, specificity and accuracy (96%, 96%, and
95%, respectively) for the detection of Ab against histopa-
thology.35 CapAIBL has been used in a number of studies,
including the PET processing for the validation dataset used
in the evaluation of plasma Ab biomarkers.36 While provid-
ing a robust image analysis method in the absence of an avail-
able structural MR image, its ease of use and comparable
results with MR-based approaches may also allow for its
broader use for Ab PET processing.
15-24 Sparse Ab plaques
>25 Moderate or frequent Ab neuritic

plaques “positive scan”
>40 Tau PET abnormal
>50 Likely to meet ADNC criteria
100 Typical mild or moderate AD
Defining a Threshold
Ab PET provides semiquantitative results on a continuous
scale. However arbitrary, thresholds are a necessary entity.
For clinical and research reasons, thresholds must represent
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meaningful values for either the diagnosis or prognosis of a
condition.

Imaging specialists may employ a binary high or low visual
read result to differentiate images with substantial Ab burden
vs those with negligible amounts. In research settings, many
methods have been proposed. These include using two cut-
offs to divide the cohort into low, moderate, and high Ab
PET retention,37,38or high vs low, where strict or lenient
thresholds are chosen, depending on the intended purpose
of the study.39

Another approach is to use antemortem Ab PET and post-
mortem assessment of Ab burden to establish a threshold. A
number of studies have done this, using different tracers,
unified by the CL method. One large study using 11C-PiB
found that 12.2 CL separated none from moderate to fre-
quent neuritic plaques, while 24.4 CL corresponded to the
presence of intermediate to high AD neuropathologic change
at autopsy.40 Using this approach, a cut-off of 19 CL was
identified using 18F-Florbetaben,35 while 24 CL was identi-
fied using 18F-Florbetapir.30 A further study found the high-
est accuracy for detecting moderate or frequent plaques
was 20.1 CL, while a positive visual read agreed highly with
results >26 CL.41 Table 2 shows the authors’ interpretation
of these findings.
Clinical Applications of Ab PET
Alzheimer’s Disease
AD is a neurodegenerative disorder that results in progressive
cognitive and functional impairment. It is the leading cause
of dementia worldwide. The clinical criteria for a diagnosis of
from ClinicalKey.com.au by Elsevier on January 27, 2021.
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probable AD dementia include insidious onset, progressive
course, functional impairment, and impairments of memory
and at least one other cognitive domain (language, visuospa-
tial, and/or executive function).42 However, it is increasingly
recognized that AD dementia is at the end of a disease contin-
uum, with a prolonged preclinical phase.
Two neuropathologic hallmarks of AD are extracellular Ab

plaques and intracellular tau NFT. The pathologic process
also involves neuroinflammation, synaptic dysfunction, and
neuronal loss. Evidence from genetic, cellular, biochemical,
and pathology studies are in favor of the notion that the
imbalance between Ab production and removal, leading to
its accumulation, is central to the pathogenesis of AD. The
amyloid cascade hypothesis proposes that Ab plaque deposi-
tion is the main event in a cascade of processes that leads to
NFT deposition, neurodegeneration, and dementia.43

Biomarkers that can detect these processes in vivo have
the potential to detect the earliest (preclinical and prodro-
mal) stages of AD. Biomarkers can be used to support the
clinical diagnosis of AD and facilitate clinical trials, where
disease-modifying therapies may need to be initiated early
in the disease process. The latest clinical42,44 and research
criteria45 incorporate biomarkers into their diagnostic
framework. The National Institute on Aging and Alz-
heimer’s Association Research Framework45,46 reflects the
biological definition of AD. It uses a classification system
called AT(N), which uses three categories of biomarkers
(biomarkers for Ab (A), tau pathology (T), and markers
of neurodegeneration/neuronal damage (N)) to character-
ize AD. The Ab biomarkers in this classification system
include cortical Ab PET ligand binding and low Ab CSF
Ab1-42 levels or Ab42/40 ratio.
Assessment of tau is either by measurement of pTau in

CSF or by tau PET imaging. The inclusion of tau increases
the specificity for AD in persons with Alzheimer’s pathologic
Figure 3 Tau PET (18F-MK6240) scans of eight patients with a
to oldest).
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change (defined as the presence of Ab by CSF or PET).
Figure 3 shows the tau PET scans of eight patients with a
clinical diagnosis of AD and positive Ab PET. Notably two of
the patients have a negative tau scan. Upon further review,
one patient was found to have bilateral posterior cerebellar
infarction and a small right occipital infarction and atrial
fibrillation suggesting vascular cognitive impairment was a
significant factor. The other patient at age 88 had severe hip-
pocampal atrophy suggesting the presence of limbic predom-
inant, aged related TDP-43 encephalopathy. This condition
previously known as hippocampal sclerosis of aging is a com-
mon cause of an amnestic dementia in the very elderly that
mimics AD.
Ab PET in AD
The Ab PET radiotracers all show a similar pattern of cortical
retention in sporadic AD patients, a pattern which is consis-
tent with the postmortem distribution of fibrillar Ab.47 High
retention is seen in the frontal, temporal, parietal, cingulate,
precuneus, and striatum, while mesial temporal, sensorimo-
tor, and occipital cortices are often relatively spared.48 This
pattern enables these tracers to differentiate AD patients from
age-matched controls.2,4,7,16,17,22,23,49-57 The risk of AD
increases with age and if the individual harbors one or more
APOE e4 alleles.58 Both of these factors relate to the burden
of Ab, as measured by PET.55,59,60

However, in previous reviews, we have previously pointed
out61 that the regional Ab distribution pattern seen in sporadic
AD can vary in certain cases, including familial AD mutation
carriers,62-64 individuals with “atypical” phenotypes such as
posterior cortical atrophy,65-68 Down syndrome,69 and in cases
of cerebral amyloid angiopathy (CAA).70,71 For example, car-
riers (symptomatic and asymptomatic) of autosomal dominant
mutations of the amyloid precursor protein (APP), Presenilin 1
clinical diagnosis of AD and positive Ab PET (youngest

from ClinicalKey.com.au by Elsevier on January 27, 2021.
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(PS1), or Presenilin 2 (PS2) have prominently elevated 11C-PiB
retention in the caudate nuclei.62-64,72
Antemortem and Postmortem Correlation
The early consensus clinical diagnostic criteria for probable
AD73 have been shown to have a sensitivity of 70.9% and spec-
ificity of 70.8% against a neuropathologic diagnosis.74 How-
ever, the in vivo detection of Ab, the main neuropathologic
feature of AD, using PET, has 90% or higher accuracy against
postmortem examination for the detection of sufficient neuritic
plaque to support a neuropathologic diagnosis of AD.75-77

A phase III study of 18F-Florbetaben found that consensus
visual reads had high sensitivity (97.9%) and specificity
(88.9%) for the detection of postmortem Ab plaques.77 Simi-
larly, a phase III study of 18F-Florbetapir was able to detect
Ab pathology in vivo, with 96% agreement between tracer
retention and neuropathology,14 and high sensitivity (92%)
and specificity (100%) for the detection of Ab pathology.75

This high correlation between tracer retention and Ab neuro-
pathology has also been shown for 18F-Flutemetamol.78-80

These three tracers have been given FDA and EMA approval
for clinical use, specifically to rule out the presence of Ab in
the brain. A low Ab PET result effectively excludes the pres-
ence of AD pathology. Consistent with postmortem studies,
Ab PET has been consistently negative in 20% of persons
referred with a clinical diagnosis of AD.
In a small number of cases, low Ab PET retention is

observed, while other AD biomarkers and the postmortem
findings are consistent with AD.81-86 In some of these cases,
mutations in the APP gene have been identified, including
the APP mutation E693Delta82 and the Arctic APP muta-
tion.84 These rare cases serve as a reminder that Ab imaging
may not recognize all types of Ab pathology with equal sensi-
tivity.87,88 It is also important to consider the neuropatho-
logic method used when comparing antemortem and
postmortem findings.
Preclinical and Prodromal AD
Ab accumulation is a gradual and extended process that
precedes the onset of the typical AD phenotype by approxi-
mately two decades.89-91 Cross-sectionally and longitudi-
nally, Ab PET can detect small and meaningful increases in
Ab across the AD continuum.37,89,91,92-98

Ab deposition has been identified with PET in approxi-
mately 25%-30% of elderly persons, whose cognition is
within the normal range on testing. In these individuals, high
cortical 11C-PiB retention (predominantly in prefrontal and
posterior cingulate/precuneus regions) is seen.49,52,55,59,99-
101 This is consistent with the proportion of non-demented
elderly individuals who have been found to have Ab plaques
on postmortem examination.102-104 This cohort is proposed
to represent preclinical AD.105

Mild cognitive impairment (MCI) is a heterogeneous clini-
cal syndrome, with a significant incidence of non-AD pri-
mary pathology or mixed pathology at autopsy.106 The
ability to rule out the presence of Ab can be particularly
Downloaded for Anonymous User (n/a) at Austin Health Library 
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useful in individuals with MCI. Ab PET can identify individ-
uals who have MCI due to AD pathology (prodromal AD),
and can therefore identify individuals on the AD continuum,
prior to the onset of dementia, a state of functional depen-
dence. About 50%-70% of those classified as having MCI
have been found to have high cortical 11C-PiB
retention.7,50,101,107-109 Individuals who have MCI and are
Ab positive have been shown to have a higher rate of pro-
gression to AD dementia, particularly if they also demon-
strate hippocampal atrophy and more severe cognitive
deficits.110

Across the AD continuum, the presence of Ab has not
been found to correlate strongly with cognitive impairment.
However, cognitively unimpaired elderly individuals who
harbor brain Ab have been shown to have poorer perfor-
mance on memory tasks (reflected as lower immediate and
delayed memory scores)111 and are at greater risk of cogni-
tive decline.37,97,112 These findings have led to the proposi-
tion that Ab deposition is not a benign age-related process.
In the MCI stage, the relationship between Ab and cognition
is thought to be mediated by the presence of tau and hippo-
campal atrophy,101,113 and also modulated by cognitive
reserve.114-116 At the AD stage, there is no longer correlation
between Ab and cognition.57 Ab appears to be an early, nec-
essary, though not sufficient cause for the cognitive decline
seen in symptomatic AD.100,117,118 This indicates the
involvement of downstream mechanisms, likely triggered by
Ab, such as pTau-based NFT formation, synaptic failure, and
neuronal loss.

Detecting AD at the earliest stages is vital. Clinically, early
diagnosis can facilitate changes to clinical management, allow
for future planning, and enable referrals to clinical trials.
Anti-Ab therapies are increasingly aiming to target AD at the
preclinical stage, as benefit of Ab reduction is thought to be
most beneficial prior to the development of neurodegenera-
tion (substantial irreversible neuronal and synaptic loss).119

However, for clinical purposes, the predictive impact of
Ab PET in preclinical stages at an individual level, and the
psychological impact of disclosure of results in the absence
of approved disease-modifying treatments is still under
investigation.120
Appropriate Use Criteria for Ab Imaging
When used in the clinical setting, Ab imaging needs to be
interpreted in the context of a comprehensive clinical and
cognitive assessment, by a clinician experienced in evaluating
dementia, to ensure a positive impact on patient manage-
ment.121 The Society of Nuclear Medicine and Molecular
Imaging and the Alzheimer’s Association convened the Amy-
loid Imaging Task Force, which established criteria for
appropriate use of Ab PET in 2013.121)

The criteria recommended that Ab PET be used if an indi-
vidual has an objectively confirmed impairment along with a
cognitive complaint; if the suspected diagnosis is AD, but the
diagnosis remains uncertain after comprehensive evaluation;
and where the result is expected to increase diagnostic
certainty and change management.121 In this setting, the
from ClinicalKey.com.au by Elsevier on January 27, 2021.
opyright ©2021. Elsevier Inc. All rights reserved.
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appropriate use of Ab PET includes patients with persistent
or progressive unexplained cognitive impairment, those that
have an atypical course or mixed presentation, and dementia
onset in individuals 65 years or younger.121,122 The criteria
also establish the settings for the inappropriate use of Ab
imaging. These settings include cases of probable AD with
typical age of onset, to determine dementia severity, asymp-
tomatic individuals (as a substitute for genotyping in sus-
pected mutation carriers), a family history of dementia or
APOE4 genotype in isolation, and nonmedical uses, such as
for litigation or insurance reasons.121,122 When these appro-
priate use criteria are applied, the impact of Ab PET is sub-
stantial.
Clinical Impact of Ab Imaging
Large multicenter trials have found that Ab PET, used in
accordance with the appropriate use criteria, has a large
impact on clinical management.
The IDEAS study (Imaging Dementia � Evidence for

Amyloid scanning) (https://www.ideas-study.org) was estab-
lished to assess the clinical utility of Ab PET in the work-up
of patients with MCI or dementia of unclear etiology. The
interim findings of this study have shown that Ab PET results
led to a change in clinical management in more than 60% of
cases within 90 days.123 The prescription of acetylcholine
esterase inhibitor medications was the most frequent change.
Diagnosis and diagnostic confidence changed substantially,
especially in those thought to not have AD.123

In the Netherlands, the ABIDE (Alzheimer Biomarkers In
Daily Practice) study, which included 507 patients across
two memory clinics in the Netherlands, assessed the value of
Ab PET in routine clinical practice. It was found that Ab PET
results contributed to a change in the suspected etiological
diagnosis in 25% of patients (125/507) and improved diag-
nostic confidence.124 This also led to a change in manage-
ment in 24% of cases, where Ab negative patients proceeded
to have further investigations, while Ab positive patients
received medications and could be referred for clinical trials.
Ab PET in Other Neurodegenerative
Conditions
While Ab deposition is a hallmark of AD, Ab deposits can be
detected in other conditions including diffuse Lewy body dis-
ease (DLB), and Parkinson’s disease dementia. In contrast, Ab
is characteristically absent in other conditions, including
most cases of frontotemporal lobar degeneration (FTLD) and
limbic-predominant age-related TDP-43 encephalopathy.
The interpretation of Ab PET in non-AD neurodegenerative
conditions has been previously extensively reviewed.61

11C-PiB can also bind to Ab deposits seen in CAA. Ab
deposits in CAA are within the small vessels of the cortex
and meninges. CAA deposits have a predilection for posterior
brain regions. The pattern of 11C-PiB retention in CAA is not
sufficiently distinctive from the pattern of sporadic AD70 to
allow reliable exclusion of AD, and CAA deposits have been
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identified in most patients with AD.125 The presence of CAA
impacts the risk/benefit ratio for those individuals who
require anticoagulation and those considered for enrollment
in anti-Ab therapy trials.126

DLB is characterized by a-synuclein containing Lewy bod-
ies in the neocortex and limbic regions127,128 and accompa-
nied by loss and denervation of dopaminergic neurons.127

DLB and AD co-pathology (“mixed DLB/AD”) is common.
Approximately 50%-80% of cases of DLB have cortical Ab
deposits in a pattern characteristic of AD,52,127-129 although
visually, cortical Ab tracer retention in DLB is generally lower
and more variable than AD.52,130,131 While cortical Ab is not
usually seen in cognitively intact Parkinson’s disease
patients,132,133 vascular and parenchymal Ab deposits are
frequently seen in patients who develop Parkinson’s disease
dementia.129-131,134-138

Ab deposition is not a neuropathologic feature of FTLD.
Ab PET has been used to ascertain the absence of Ab pathol-
ogy in the different FTLD variants139-141 and thus, has been
helpful in differentiating FTLD and AD.51,52,139,142 Logo-
penic aphasia, though clinically categorized by some as an
FTLD syndrome, in most cases has been shown to have AD
neuropathologic features, including Ab deposition with a
left-sided predominance.141

Ab (and tau) are characteristically absent in LATE, a neu-
rodegenerative condition that presents with amnestic demen-
tia in the elderly.143 Cortical Ab deposition is not typically
observed in sporadic Creutzfeldt-Jakob disease.144-146

Epidemiological studies have reported a high risk of devel-
oping dementia in association with traumatic brain injury
(TBI) and have attributed this to AD. However, while a few
small studies have reported elevated cortical Ab deposition
soon after TBI,147,148 larger studies of Ab PET imaging
several decades after TBI have found no increase in the preva-
lence of AD pathology.149 Further studies in well-character-
ized cohorts are needed to better understand this issue.
While chronic traumatic encephalopathy, a neurodegenera-
tive condition associated with repeated head impacts, is con-
sidered a tauopathy, Ab deposits have been identified in over
50% of cases, in addition to a high prevalence of concurrent
TDP-43 and a-synuclein deposits.150
Research Applications of Ab PET
Observational Studies
The use of Ab PET in numerous large, multicenter observa-
tional studies is facilitating greater insights into the natural
history of Ab. The complex interactions between Ab, tau,
neurodegeneration, and neuroinflammation and their rela-
tionship to the AD clinical syndrome are still being
untangled. With this complexity, combining biomarkers of
different modalities is likely to be the preferred approach to
the assessment of AD.151

We have previously reviewed the relationship between Ab
PET and CSF Ab and tau, cerebral atrophy (assessed on
MRI), and FDG-PET.61 The availability of first- and second-
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generation tau PET ligands, PET ligands for neuroinflamma-
tion and plasma Ab biomarkers have more recently changed
the research landscape.
In large research cohorts, abnormal cortical tau PET reten-

tion is rarely seen in the absence of abnormal amyloid
PET.152 While normal cognition can be consistent with Ab
PET positivity, it is rarely consistent with high tau PET reten-
tion.152 The combined use of Ab and tau biomarkers detect
biologically defined AD at a rate that is three times more
prevalent than clinically defined probable AD, highlighting
their role in the earlier detection of AD, prior to the develop-
ment of dementia.153

Neuroinflammation involves activation of microglia and a
process of reactive astrocytosis. Translocator protein, a surro-
gate marker for activated microglia can be detected using the
PET ligand 11C-PK11195. While there has been no correlation
found between Ab deposition and translocator protein tracer
binding, there is a relationship between 11C-PK11195 with
glucose hypometabolism and dementia severity.154,155 In con-
trast, 11C-deprenyl, a monoamine B (MAO-B) inhibitor, a sur-
rogate marker of reactive astrocytosis, has been correlated
with Ab deposition.156,157 It has been proposed that reactive
astrocytosis is an early process in the development of AD and
may be a useful early biomarker.157,158

Plasma Ab and pTau biomarkers are under investigation. It
has recently been reported that Ab and APP fragments can be
detected in plasma with a predictive accuracy of around 90%
for the detection of CSF and brain Ab.36,159-161 More recently,
excellent results have been reported for plasma pTau-181
(using single molecular array (SIMOA) technology that is suit-
able for wide scale inclusion in clinical practice)162 and pTau-
217.163,164 The availability of plasma biomarkers may change
the role of Ab PET for clinical and research purposes.
Ab biomarkers prove useful in identifying the risk of devel-

oping AD, and are most useful in the earliest (preclinical and
prodromal) stages of AD.97,165,166 In later stages, such as AD
dementia, Ab burden is no longer strongly correlated with
markers of neurodegeneration, disease severity, or cognitive
impairment.167,168 In contrast, biomarkers of tau and neurode-
generation may be better suited to track disease progression.165
Clinical Trials
Ab PET also has a key role in Ab disease-modifying therapy
trials. Ab PET provides a method of improving patient selec-
tion for anti-Ab therapies, thereby reducing the required
sample size and costs, while optimizing outcomes. Ab PET
can ascertain target engagement of the trial drug,169 can mea-
sure the impact of the therapy on Ab burden,95,170,171 guide
dose selection, and can serve as an outcome measure.172-174

The challenge of anti-Ab trials is that, in some instances,
while a reduction in amyloid burden has been demonstrated
(using either Ab PET or CSF Ab levels), this reduction has
not necessarily been associated with an improvement in cog-
nitive end-points.172-174 These trials have enrolled symptom-
atic mild AD patients. Some debate remains as to whether
the anti-Ab therapy failures are suggestive that Ab reduction
is not likely to be effective as disease-modifying strategy for
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AD or whether treatment should be aimed at earlier disease
stages, prior to the onset of synaptic failure and neuronal
loss.119 Several recent trials of anti-Ab antibodies in predomi-
nantly prodromal AD (ie, in the MCI phase) have shown not
only a dramatic reduction in Ab but also reduction in pTau
and slowing of cognitive and functional decline. New trials
are aiming to target the preclinical cohort (cognitively unim-
paired elderly individuals with high Ab), aiming to prevent
the expected cognitive decline in this group.175 This recruit-
ment strategy necessitates the use of an Ab biomarker, either
PET or CSF (or plasma).

Some studies have further attempted to characterize the
cohort of cognitively unimpaired elderly individuals with
high Ab PET retention. Guo et al, using 18F-Florbetapir in an
ADNI cohort of 335 cognitively normal elderly adults, identi-
fied that Ab accumulation on the banks of the superior tem-
poral sulcus (BANKSSTS) was predictive of an increased risk
of cognitive decline, suggesting this region is involved early
in Ab deposition.176 Using a CL approach in an AIBL cohort
of 534 cognitively normal elderly individuals, a dose-depen-
dent effect between CL level and cognitive decline was
observed.177The greatest cognitive decline was observed in
participants with CL above 50. Below 25 CL, the risk of pro-
gression to MCI/dementia in 5 years was 5% compared to
25% if above 25 CL. However in those above 25 CL, the risk
was approximately 10% if CL was 26-50, 30% if 51-100, and
50% if >100 CL. This report also suggested that those with
CL less than 50 should not be included in preclinical trials
that have cognition as a primary endpoint due to minimal
change over 3 years.177
Conclusion
Ab PET imaging has contributed significantly to clinical and
research advances in the field of AD and other neurodegenera-
tive conditions. Ab PET imaging is available and recom-
mended for clinical use. The appropriate use of Ab PET, when
combined with comprehensive clinical and cognitive assess-
ment by a dementia-trained specialist, can improve the accu-
racy of a clinical diagnosis of AD and alter clinical
management. It can also assist in the differential diagnosis of
neurodegenerative conditions. Its integration into large, longi-
tudinal, observational cohort studies continues to improve our
understanding of the biological basis of AD. Its incorporation
into clinical trials facilitates targeted patient recruitment and
optimization of outcome measures. However, issues surround-
ing the approach to quantitation and the determination of
meaningful thresholds across tracers, scanners, and sites are
still significant areas of ongoing investigation.
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