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1. Provide any available documentation, such as a letter of interest, from Bank of America 
demonstrating your approval to borrow the funds needed to purchase the proposed PET /CT 
scanner. 

Please see the attached reference section for the letter of interest from Bank of America dated 11 
June 2014. 

2. On page 5 of the application, the Applicant indicates that demand for PET imaging as a 
research tool is growing. Please provide scholarly articles or other evidence to support that 
assertion. Additionally, please include a brief overview of each source submitted and how it 
demonstrates that need. 

Clinicaltrials.gov yields a hit of 2,163 clinical research studies1 containing a PET Imaging 
component.  923 of these clinical studies are currently open for enrollment and the use of PET 
PET imaging in these trials could be as inclusion criteria, efficacy/safety evaluation of new 
therapeutics under development or as an evaluation of novel PET imaging ligands to serve as 
potential biomarkers in future therapeutic trials.  There has been a tremendous increase in the use 
of PET imaging in clinical trials aimed at evaluating the diagnosis or treatment modalities for 
neurodegenerative disorders thus resulting in an increase in demand for PET camera time at our 
imaging research center.  The use of amyloid PET imaging is only recently become integrated 
into the diagnostic formulations for probable and possible Alzheimer’s disease and used for 
inclusion criteria in the research setting now in nearly all therapeutic research trials for 
Alzheimer’s disease.  There are numerous peer-reviewed articles citing the current utility of the 
PET imaging in research and a sampling of these are referenced in the table provided below.   

The FDA has also recognized the increased use of PET Drugs in clinical research in 2012 in an 
“FDA Update” presentation delivered by Dr. Dwaine Rieves, Director, Division of Medical 
Imaging Products (since retired).  Several FDA initiatives surrounding the use of PET Drug 
research were outlined in this presentation including the creation of the Medical Imaging Drugs 
Advisory Committee (MIDAC) and a “PET Drug Website2”.  In addition, the FDA recognized the 
need to provide a standardized guidance to research organizations on how to submit an 
Investigational New Drug Application for PET Drugs (Investigational New Drug Applications 
for Positron Emission Tomography (PET) Drugs, December 2012), therefore further supporting 
the increased research into PET Drug research.  All of these FDA supported initiatives provides 
validation for the increase use of PET Imaging in clinical research. 

In 2013, the Alzheimer’s Association and the Society of Nuclear Medicine and Molecular 
Imaging convened the Amyloid Imaging Taskforce (AIT) in order to better define the use of PET 
Imaging in Amyloid detection, as it relates to Alzheimer Disease research (“The Appropriate use 
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criteria for amyloid PET: A report of the Amyloid Imaging Task Force, the Society of Nuclear 
Medicine and Molecular Imaging, and the Alzheimer’s Association.”).   

Although the Centers for Medicare & Medicaid Services (CMS) determined in 2013 that there is 
“sufficient evidence that the use of PET Aβ imaging is promising in two scenarios: (1) to exclude 
Alzheimer’s disease (AD) in narrowly defined and clinically difficult differential diagnoses, such 
as AD versus frontotemporal dementia (FTD); and (2) to enrich clinical trials seeking better 
treatments or prevention strategies for AD, by allowing for selection of patients on the basis of 
biological as well as clinical and epidemiological factors”.  Both of these factors accepted by the 
CMS support the use of PET Imaging in clinical research. 

1(http://www.clinicaltrials.gov/ct2/results?term=PET+Imaging&recr=&rslt=&type=&cond=&int
r=&titles=&outc=&spons=&lead=&id=&state1=&cntry1=&state2=&cntry2=&state3=&cntry3=
&locn=&gndr=&rcv_s=&rcv_e=&lup_s=&lup_e=) 

2 http://www.fda.gov/drugs/developmentapprovalprocess/manufacturing/ucm085783.htm 
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The following articles have been attached to this response to support the increased demand for 
PET Imaging as a research tool. 

PDF Article Abstract to be included 
Reference 1: 
Appropriate use 
criteria for amyloid 
PET: A report of 
the Amyloid 
Imaging Task 
Force, the Society 
of Nuclear 
Medicine and 
Molecular Imaging, 
and the Alzheimer’s 
Association, 
Alzheimer’s & 
Dementia; 2013; 1-
15. 

“Positron emission tomography (PET) of brain amyloid B is a technology 
that is becoming more available, but its clinical utility in medical practice 
requires careful definition. To provide guidance to dementia care 
practitioners, patients, and caregivers, the Alzheimer’s Association and 
the Society of Nuclear Medicine and Molecular Imaging convened the 
Amyloid Imaging Taskforce (AIT). The AIT considered a broad range of 
specific clinical scenarios in which amyloid PET could potentially be used 
appropriately. Peer-reviewed, published literature was searched to 
ascertain available evidence relevant to these scenarios, and the AIT 
developed a consensus of expert opinion. Although empirical evidence of 
impact on clinical outcomes is not yet available, a set of specific 
appropriate use criteria (AUC) were agreed on that define the types of 
patients and clinical circumstances in which amyloid PET could be used. 
Both appropriate and inappropriate uses were considered and formulated, 
and are reported and discussed here. Because both dementia care and 
amyloid PET technology are in active development, these AUC will 
require periodic reassessment. Future research directions are also outlined, 
including diagnostic utility and patient-centered outcomes.” 

Reference 2: 
 
Dr. Dwaine Rieves, 
MD; 2012 FDA 
Update, March 5, 
2013 

Focus on Imaging Drugs…  
• Drug approvals & labeling actions  
• Standardization guidance  
• Medical Imaging Drug Advisory Committee (MIDAC)  
• Positron Emission Tomography (PET) topics  

Reference 3: 
 
Decision Memo for 
Beta Amyloid 
Positron Emission 
Tomography in 
Dementia and 
Neurodegenerative 
Disease (CAG-
00431N), 
September 2013 

A. The Centers for Medicare & Medicaid Services (CMS) has determined 
that the evidence is insufficient to conclude that the use of positron 
emission tomography (PET) amyloid-beta (Aβ) imaging is reasonable and 
necessary for the diagnosis or treatment of illness or injury or to improve 
the functioning of a malformed body member for Medicare beneficiaries 
with dementia or neurodegenerative disease, and thus PET Aβ imaging is 
not covered under §1862(a)(1)(A) of the Social Security Act (“the Act”). 
B. However, there is sufficient evidence that the use of PET Aβ imaging is 
promising in two scenarios: (1) to exclude Alzheimer’s disease (AD) in 
narrowly defined and clinically difficult differential diagnoses, such as 
AD versus frontotemporal dementia (FTD); and (2) to enrich clinical trials 
seeking better treatments or prevention strategies for AD, by allowing for 
selection of patients on the basis of biological as well as clinical and 
epidemiological factors. 

Reference 4: 
 
Review Article 

PET based tools can improve the early diagnosis of Alzheimer’s disease 
(AD) and differential diagnosis of dementia. The importance of 
identifying individuals at risk of developing dementia among people with 
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A Survey of FDG- 
and Amyloid-PET 
Imaging in 
Dementia and 
GRADE Analysis, 
Hindawi 
Publishing 
Corporation, 
BioMed Research 
International; Vol 
2014, Aricle ID 
785039 

subjective cognitive complaints or mild cognitive impairment has clinical, 
social, and therapeutic implications. Within the two major classes of AD 
biomarkers currently identified, that is, markers of pathology and 
neurodegeneration, amyloid- and FDG-PET imaging represent decisive 
tools for their measurement. As a consequence, the PET tools have been 
recognized to be of crucial value in the recent guidelines for the early 
diagnosis of AD and other dementia conditions. The references based 
recommendations, however, include large PET imaging literature based 
on visual methods that greatly reduces sensitivity and specificity and lacks 
a clear cut-off between normal and pathological findings. PET imaging 
can be assessed using parametric or voxel-wise analyses by comparing the 
subject’s scan with a normative data set, significantly increasing the 
diagnostic accuracy. This paper is a survey of the relevant literature on 
FDG and amyloid-PET imaging aimed at providing the value of 
quantification for the early and differential diagnosis of AD. This allowed 
a meta-analysis and GRADE analysis revealing high values for PET 
imaging that might be useful in considering recommendations. 

Reference 5: 
 
Molecular imaging 
insights into 
neurodegeneration:  
Focus on Tau PET 
radiotracers J Nucl 
Med 2014; 
55(6):871-874 
 

"Neurodegenerative diseases are characterized by progressive dysfunction 
and neuronal death, showing specific protein inclusions at autopsy. In 
vivo detection of these key proteins, namely amyloid-β, tau, α-synuclein, 
and trans-active response DNA binding protein 43 kDa, is possible by 
means of molecular neuroimaging techniques, such as PET. The 
development of selective PET radiotracers targeting these proteins is 
critical for early and accurate diagnosis and for the successful 
development of disease-modifying therapies. Selective PET radiotracers 
for amyloid-β are already available, and potential tau tracers are emerging 
as new-generation biomarkers. An overview of the tau-PET radiotracer 
development scenario, focusing on tracers that are presently being 
examined in humans, is presented." 

Reference 6: 
 
Perspective on 
future role of 
biological markers 
in clinical therapy 
trials of Alzheimer's 
disease:  a long-
range point of view 
beyond 2020 
Biochm 
Pharmacol 
2014;88:426-449 

"Recent advances in understanding the molecular mechanisms underlying 
various paths toward the pathogenesis of Alzheimer’s disease (AD) has 
begun to provide new insight for interventions to modify disease 
progression. The evolving knowledge gained from multidisciplinary basic 
research has begun to identify new concepts for treatments and distinct 
classes of therapeutic targets; as well as putative disease-modifying 
compounds that are now being tested in clinical trials. There is a mounting 
consensus that such disease modifying compounds and/or interventions 
are more likely to be effectively administered as early as possible in the 
cascade of pathogenic processes preceding and underlying the clinical 
expression of AD. The budding sentiment is that ‘‘treatments’’ need to be 
applied before various molecular mechanisms converge into an 
irreversible pathway leading to morphological, metabolic and functional 
alterations that characterize the pathophysiology of AD. In light of this, 
biological indicators (including PET imaging markers) of 
pathophysiological mechanisms are desired to chart and detect AD 
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throughout the asymptomatic early molecular stages into the prodromal 
and early dementia phase. A major conceptual development in the clinical 
AD research field was the recent proposal of new 
diagnostic criteria, which specifically incorporate the use of biomarkers as 
defining criteria for preclinical stages of AD. This paradigm shift in AD 
definition, conceptualization, operationalization, detection and diagnosis 
represents novel fundamental opportunities for the modification of 
interventional trial designs.  This perspective summarizes not only present 
knowledge regarding biological markers but also unresolved questions on 
the status of surrogate indicators for detection of the disease in 
asymptomatic people and diagnosis of AD." 

Reference 7: 
 
The diagnosis of 
dementia due to 
Alzheimer's 
disease:  
Recommendations 
from the National 
Institute on Aging-
Alzheimer's 
Association 
workgroups on 
diagnostic 
guidelines for 
Alzheimer's disease 
Alzheimer's & 
Dementia 2011; 
7:263-69 

"The National Institute on Aging and the Alzheimer’s Association 
charged a workgroup with the task of revising the 1984 criteria for 
Alzheimer’s disease (AD) dementia. The workgroup sought to ensure that 
the revised criteria would be flexible enough to be used by both general 
healthcare providers without access to neuropsychological testing, 
advanced imaging, and cerebrospinal fluid measures, and specialized 
investigators involved in research or in clinical trial studies who would 
have these tools available. We present criteria for all-cause dementia and 
for AD dementia. We retained the general framework of probable AD 
dementia from the 1984 criteria. On the basis of the past 27 years of 
experience, we made several changes in the clinical criteria for the 
diagnosis. We also retained the term possible AD dementia, but redefined 
it in a manner more focused than before. Biomarker evidence (including 
amyloid PET imaging) was also integrated into the diagnostic 
formulations for probable and possible AD dementia for use in research 
settings. The core clinical criteria for AD dementia will continue to be the 
cornerstone of the diagnosis in clinical practice, but biomarker evidence is 
expected to enhance the pathophysiological specificity of the diagnosis of 
AD dementia. Much work lies ahead for validating the biomarker 
diagnosis of AD dementia." 

Reference 8: 
 
Positron emission 
tomography 
molecular imaging 
for drug 
development Br J 
Clin Pharmacol 
2012; 73(2):175-86 

Human in vivo molecular imaging with positron emission tomography 
(PET) enables a new kind of ‘precision pharmacology’, able to address 
questions central to drug development. Biodistribution studies with drug 
molecules carrying positron-emitting radioisotopes can test whether a new 
chemical entity reaches a target tissue compartment (such as the brain) in 
sufficient amounts to be pharmacologically active. Competition studies, 
using a radioligand that binds to the target of therapeutic interest with 
adequate specificity, enable direct assessment of the relationship between 
drug plasma concentration and target occupancy. Tailored radiotracers can 
be used to measure relative rates of biological processes, while 
radioligands specific for tissue markers expected to change with treatment 
can provide specific pharmacodynamic information. Integrated application 
of PET and magnetic resonance imaging (MRI) methods allows molecular 
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interactions to be related directly to anatomical or physiological changes 
in a tissue. Applications of imaging in early drug development can suggest 
approaches to patient stratification for a personalized medicine able to 
deliver higher value from a drug after approval. Although imaging 
experimental medicine adds complexity to early drug development and 
costs per patient are high, appropriate use can increase returns on R and D 
investment by improving early decision making to reduce new drug 
attrition in later stages. We urge that the potential value of a translational 
molecular imaging strategy be considered routinely and at the earliest 
stages of new drug development. 

 

3. On page 10 of the CON application, the Applicant states that it will begin contracting new 
studies after the purchase, delivery and installation of the new scanner. Based on the above: 

a. How many, if any, pending or proposed studies do you have that would incorporate the 
proposed scanner? Provide information on these studies as you did in Appendix G of your 
application. 

In the below table, MNI has pulled as much proposed research for 2015 together to support the need for a 
second PET Camera, as proposed in our certificate of need application. 

Study Description Research Target Patient 
Population 

PET Scans Potential 
by Study May – Dec 

2015 
 

Tau Tracer Development 
Program Selectivity (various 
tracers)/Jan 2015 

Tau Alzheimer 18 

Tau Tracer Development 
Program Tau Pathologies  
(various tracers)/Spring 2015 

FTD, PSP, CBD  Neurodegenerative 
disorders 

12 

NIH Grant: “Program for 
Innovative PET Radioligand 
Development and Application 
– a translational toolbox for 
treatments for Mental 
Health”/Spring 2015 

Various Neurodegenerative 
and Psychiatric 
Disorders 

16 

Huntington’s Disease MNI65X 
and FMH3 Tracer 
Development Program/Spring 
2015  

Various Huntington’s 
Disease 

50 - 60 

Tau Development  Tau Mild/Moderate 
Alzheimer’s 

24-31 

Cholesterol Metabolism RO 
Study MNI79X/Spring 2015 

Cholesterol 
marker 

Alzheimer 10-14 
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MNI79X Test/Retest Study 
MNI79X Tracer/Jan 2015   

PDE2A Inhibitor Alzheimer 10 – 20 

Dosimetry Study 
MNI79X/Sping 2015  

PDE2A Inhibitor Neurodegenerative 
disorders 

10 

Imaging agent development for 
A2A project/Summer 2015  

Various A2A Neurodegenerative 
and Psychiatric 
Disorders 

10 - 20 

HDACE2 Inhibitor 
Program/Summer 2015  

HDACE2 Neurodegenerative 
and Psychiatric 
Disorders 

10 - 20 

Michael J. Fox Foundation 
Biomarker Development 
Program/Spring 2015  

Synuclien Neurodegenerative 
Disorders 

10 - 20 

GBA Imaging agent 
development project/Fall 2015  

GBA Neurodegenerative 
and Psychiatric 
Disorders 

10 - 20 

Current Total Estimated 
Scans Under Pending Studies 
Above 

  190 - 261 

Estimated Scans using 
historical closing rate of 70% 

  133 – 183 

Estimated New Study Scans 
Anticipated to be performed 
on existing PET camera 

  60 – 90 

Estimated Scans to be 
performed on newly acquired 
PET-CT Camera 

  73 – 93  
(our mid-line 
estimate is 80 

scans used in the 
CON application) 

 

b. Provide a detailed explanation of all assumptions used in the calculation of the projected volume 
for the new scanner. 

To develop a multi-year estimate of utilization of the new PET scanner, we used the following 
methodology: 

a. We developed our base year 2015 estimate of scans from our current prospect list of new 
studies to yield an estimate of 10 scans/month (80 for 2015 in total) expected on the new 
scanner during the partial year period May – December 2015 (please refer to chart of 
prospective studies, above).  

b. For the YoY growth in utilization for future years beyond 2015, we reviewed the 
historical utilization growth rates from our existing PET scanner, and adjusted this 



22 December 2014 
Docket Number: 14-31965-CON 
Page 210 

Proprietary and Confidential 

historical data to incorporate information from our recent experience and market 
knowledge.  

The increase from 2015 to 2016 reflects a 60% growth in scanner utilization rate.  Our initial YoY 
growth for our current scanner in the year after initial use was approximately 40%.  Given the much 
larger volume of potential studies at this point in time compared the potential studies we had when 
we initiated our first PET scanner, we are confident our current growing momentum will continue 
and support a YoY growth of 60% between the utilization rates in 2015 and 2016.   

For YoY growth in 2017 and beyond, we expect a lower rate of approximately 18% and lower as we 
begin to approach full utilization of the camera.   

4. Please elaborate on each of your responses of "N/ A" for application questions 6( a)-( d)~ 
regarding your current and projected patient population mix. In particular, clearly explain why the 

Applicant states that Medicaid issues are '"not applicable" to the proposed scanner. 

MNI has responded that the Medicaid issues are not applicable to this proposed camera, as we 
are not a Medicaid reimbursable or POS entity.  MNI conducts research only and neither MNI 
nor its researchers are registered to receive payment from Medicaid or any other insurers for any 
clinical services, including PET Imaging that would be conducted on the proposed camera.   
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available, but its clinical utility in medical practice requires careful definition. To provide guidance
to dementia care practitioners, patients, and caregivers, the Alzheimer’s Association and the Society
of Nuclear Medicine and Molecular Imaging convened the Amyloid Imaging Taskforce (AIT). The
AIT considered a broad range of specific clinical scenarios in which amyloid PET could potentially
be used appropriately. Peer-reviewed, published literature was searched to ascertain available evi-
dence relevant to these scenarios, and the AIT developed a consensus of expert opinion. Although
empirical evidence of impact on clinical outcomes is not yet available, a set of specific appropriate
use criteria (AUC)were agreed on that define the types of patients and clinical circumstances in which
amyloid PET could be used. Both appropriate and inappropriate uses were considered and formu-
lated, and are reported and discussed here. Because both dementia care and amyloid PET technology
are in active development, these AUC will require periodic reassessment. Future research directions
are also outlined, including diagnostic utility and patient-centered outcomes.
� 2013 The Alzheimer’s Association. All rights reserved.
Keywords: Guidelines; AUC; Imaging; Amyloid; MCI; Alzheimer’s; PET; Florbetapir; Biomarker; Beta-amyloid; Dementia;
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1. Introduction

Research progress in Alzheimer’s disease (AD) and mo-
lecular imaging during the past decade has made it possible
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to detect human brain amyloid b (Ab) deposition during life
using positron emission tomography (PET). Parallel prog-
ress has improved our understanding of Ab as an important
and therapeutically targetable component of AD pathology.
Although Ab plaques are one of the defining pathological
features of AD, many otherwise normal elderly people
have elevated levels of Ab, as do patients with clinical syn-
dromes other than AD dementia. The potential clinical util-
ity of Ab PET therefore requires careful consideration so
that its role may be identified and placed in the proper
eserved.
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clinical context. The Society of Nuclear Medicine and Mo-
lecular Imaging (SNMMI) and the Alzheimer’s Association
(AA) have jointly developed this article to assist in the ap-
propriate use of this class of PET radiopharmaceuticals.
The primary goal of this article is to provide health care prac-
titioners with the information necessary to provide their
patients with optimal care while also considering the cost-
effective use of limited health care resources.
2. Background

With the advent of carbon-11 (C-11)-labeled Pittsburgh
compound B (PiB), Ab—or amyloid PET—emerged as
a major element in a transformation of AD research that em-
phasized the development of biomarkers that could poten-
tially facilitate drug development [1]. Intense efforts were
directed at assessing the amyloid status of individuals with
AD dementia as well as thosewith prodromal and preclinical
stages of disease, and the technology was adopted rapidly
worldwide, albeit largely in specialized research centers.
More recently, amyloid PET has been used increasingly in
clinical trials for AD therapeutics. Because the short 20-
minute half-life of C-11 limits routine clinical use of PiB
as a result of the need for an onsite cyclotron, amyloid-
binding radiopharmaceuticals labeled with longer lived
fluorine-18, with a 110-minute half-life, were developed
and commercialized for wide availability. One such com-
pound, [F-18]florbetapir, achieved approval by the U.S.
Food and Drug Administration in April 2012. The European
Medicines Agency’s Committee for Medicinal Products for
Human Use recommended marketing authorization for
[F-18]florbetapir in October 2012.

To develop this article, the Amyloid Imaging Taskforce
(AIT), consisting of experts in the fields of imaging, neurol-
ogy, and dementing diseases was assembled by the AA and
SNMMI to review the available literature and develop con-
sensus recommendations for the clinical use of these promis-
ing new radiopharmaceuticals. At the time of this review,
experience with clinical amyloid PET imaging is limited.
Most published studies to date have been designed to validate
this technology and understand disease mechanisms rather
than to evaluate applications in clinical practice. As a result,
published data are available primarily from highly selected
populations with prototypical findings rather than from pa-
tientswith comorbidities, complex histories, and atypical fea-
tures often seen in clinical practice. Despite these limited
clinical use data, the members of the task force concluded
that the proven sensitivity and specificity of the new radio-
pharmaceuticals for brain amyloid, and the knownassociation
betweenbrainAbdeposition andADsuggest these new radio-
pharmaceuticals could potentially be helpful in the workup
and diagnosis of patients with cognitive impairment.

Translation of research findings to clinical populations
poses substantial challenges. Unlike research subjects, clini-
cal patients can exhibit a wide range of medical and psychiat-
ric problems. Indeed, the prevalence ofmixed-cause dementia
FLA 5.1.0 DTD � JALZ1568_proof �
increaseswith advancing age and is frequently seen in clinical
practice [2]. As the population ages, individuals are increas-
ingly likely to inquire about the usefulness of amyloid PET
imaging in a variety of circumstances that are unlikely to be
addressed in the scientific literature. In addition, as amyloid
imaging agents become more well-known and longitudinal
data accumulate, patients and referring physicians may re-
quest amyloid PET imaging for individuals who are asymp-
tomatic. Colleagues may also ask for advice about using
amyloid PET imaging for purposes such as screening some-
one with a family history of AD dementia, or for use in pa-
tients already carrying a diagnosis of a non-AD dementia.

When the peer-reviewed literature is incomplete, as is of-
ten the case, expert opinion can be valuable, particularly
when considering numerous practical clinical issues and eth-
ical concerns that largely remain overlooked in the design
and discussion of published clinical trials. There is often di-
agnostic uncertainty resulting from the complexities of pa-
tient history as well as the inconsistencies in examination
results. Incorporating amyloid imaging into clinical decision
making may help to narrow a differential diagnosis and sim-
plify some of the complexities inherent in evaluating pa-
tients with mild cognitive impairment (MCI) and dementia.

Although identifying potential benefits, the AIT con-
cluded that an amyloid PET report will not constitute and
is not equivalent to a clinical diagnosis of AD dementia. Im-
aging is only one tool among many that clinicians should use
judiciously to manage patients. Amyloid PET imaging does
not substitute for a careful history and examination. Indeed,
the history and examination are required to understand the
clinical context necessary to incorporate imaging results
into clinical decision making. The diagnosis of dementing
diseases has implications that resonate beyond the patient
to include family members, particularly thosewho are genet-
ically related. We hope that these recommendations will be
relevant to many patients, even when published evidence
may be lacking.

As with most guidelines, the health care provider has to
make the ultimate judgment regarding the care of each indi-
vidual patient. The AIT sought to assist this process and
identified the following general sequence of events with
which amyloid PET could be used according to the appropri-
ate use criteria (AUC) set forth here: (i) evaluation by a de-
mentia expert to assess the need for diagnostic testing,
possibly to include amyloid PET, if the AUC are met; (ii) re-
ferral to a qualified provider of amyloid PET services; (iii)
performance, interpretation, and reporting of the amyloid
PET result according to established standards; (iv) incorpo-
ration of the PET result into the clinical assessment process
by the dementia expert; and (v) disclosure of the PET result
by the dementia expert to the patient and caregivers, along
with discussion of the result and its management conse-
quences. The health care provider must bear in mind that
amyloid imaging does not make a diagnosis of AD, and by
itself does not determine that a patient’s cognitive impair-
ment is a result of AD pathology.
25 January 2013 � 7:39 pm � ce
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3. Methods

The AIT formulated AUC for amyloid PET imaging us-
ing procedures similar to those used by groups such as the
American College of Cardiology Foundation [3]. The pro-
cess used (i) identification of potential indications/nonindi-
cations, (ii) evidence assessment and rating, (iii) group
rating of potential indications/nonindications, (iv) discus-
sion and revoting, and (v) writing. Three AIT subcommittees
were established: the Indication Subcommittee, the Litera-
ture Subcommittee, and the Evidence Review Subcommittee
(see Appendix A).

3.1. Possible indications and nonindications of clinical
scenarios

The Indication Subcommittee, consisting of practicing
dementia specialists and imaging experts, discussed 115 po-
tential indications and nonindications based on multiple
clinical and nonclinical scenarios with variables including
symptoms, clinical setting, clinical context, evidence of cog-
nitive deficit, family history, knowledge of AD genetic risk,
and age. This process is described in Appendix B. Based on
the consensus discussion, the Indication Subcommittee con-
solidated potential indications and nonindications into 14
scenarios that were subsequently incorporated in a data ex-
traction form used for the evidence assessment (described
later).

3.2. Evidence review and analytical framework

The Literature Subcommittee used a search strategy as
established by the American Academy of Neurology and
the Institute of Medicine of the National Academy of Sci-
ences to identify relevant literature. The process is described
in Appendix C. The AIT deliberated on the choice of lit-
erature screening criteria, and a decision was made on the
basis of the types of evidence ultimately needed to establish
clinical utility of amyloid PET. The ultimate goal was to de-
termine whether there is evidence that using amyloid PET
leads to clinically meaningful improvement in outcomes or
is useful in medical or personal decision making. Because
direct evidence linking amyloid PET to health outcomes is
currently lacking, the AIT evaluated existing literature ac-
cording to a possible chain of evidence consisting of three
key questions, adapted from the scheme of Fryback and
Thornbury [4]:

The first question deals with technical efficacy (analyt-
ical validity or technical test performance). This class of
evidence reflects the stability, adequacy, and reproducibil-
ity of the test itself, and includes both the image data and
the qualitative image interpretation. Proof of technical ef-
ficacy includes reproducibility of specific amyloid PET ac-
quisition procedures and protocols under standardized
conditions, which must be established separately for
each amyloid tracer and must be applicable to the range
of PET instrumentation in common use. In addition, the
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implementation of amyloid PET requires a qualitative
read of images, so that evidence of standardized interpre-
tation protocols that lead to acceptable levels of interrater
agreement must be considered. These standards and proce-
dures are ultimately the province of the professional certi-
fying organizations, such as the American Board of
Nuclear Medicine, but reports have already appeared
from the Alzheimer Disease Neuroimaging Initiative [5]
and phase 2 industry-sponsored trials [6] that describe
standardized acquisition protocols for F-18-labeled PET li-
gands as well as interpretation standards. Such standards
and procedures have been implemented by the commercial
developers of the F-18 amyloid PET ligands, and evidence
of validation is required by the U.S. Food and Drug Ad-
ministration before approval for clinical use is granted.
Additional analytical validity data should be acquired re-
lating to test–retest and longitudinal stability and change.
Web-based instruction programs for readers of F-18 amy-
loid PET have been developed and validated, and should
be completed successfully by all imaging specialists prior
to reading of clinical amyloid PET (see Image Quality and
Reporting).

The second question deals with diagnostic accuracy (clin-
ical validity) based on an autopsy truth standard. Consider-
able progress has been achieved to establish clinical
validity using histopathology-to-image comparisons. As
with other elements of validation, each tracer and its associ-
ated interpretation protocol must be assessed separately. The
AIT elected to include longitudinal clinical studies as ancil-
lary evidence of clinical or diagnostic validity when the de-
sign included a baseline amyloid PET followed by clinical
evaluation and assessment of longitudinal decline or conver-
sion in clinical status, according to accepted clinical diag-
nostic criteria [7,8].

The third question deals with clinical utility based on
a change in management (including change in diagnostic
evaluation) and associated improved clinical outcomes.
This is the most challenging component of the analytical
framework, and the evidence for a change in clinical
management based on amyloid PET is not yet available.
With only medications to treat symptoms currently avail-
able and no disease-modifying treatment yet proved, the
clinical utility of a diagnostic test to alter patient man-
agement and result in a quantifiable benefit is very diffi-
cult to establish. However, an accurate diagnosis of the
cause of cognitive impairment is often critically impor-
tant for a practitioner to select appropriate treatments
and avoid inappropriate interventions. Furthermore,
different dementing diseases have distinctive courses,
complications, and comorbidities that alter nonpharmaco-
logical management and treatment recommendations. Al-
though psychological, social, economic, and family
outcome variables, including value of knowing, can be
identified as potentially altering management, the data
supporting specific outcomes for amyloid PET are not
yet available.
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Multiple searches were performed using the National In-
stitutes of Health’s PubMed. The Literature Subcommittee
reviewed the list for inclusion and identified a subset of
documents by abstract analysis. Documents not relevant
to the clinical use of amyloid PET were eliminated based
on the primary focus of the reported study and data pre-
sented in the document. In addition, to ensure appropriate
documents were captured during the initial search and re-
view, the AIT performed a backward review to cross-
check the literature included in seminal amyloid imaging
reviews with those included in the AIT’s initial assessment.
For the backward review, the AIT used the bibliographies
of Klunk [9], Villemagne and colleagues [10], and Laforce
and Rabinovici [11].

The Literature Subcommittee developed a data extraction
form for evidence assessment. The Evidence Review Sub-
committee conducted evidence assessment in two steps.
During the phase I review, valid documents identified during
the initial review process were assigned to a pair of reviewers
(a dementia specialist and an imaging specialist). Each re-
viewer scored the documents using the data extraction
form. Other documents that met the preliminary inclusion
criteria, as indicated by both reviewers, but that received
low scores by both reviewers, or mixed scores, or strong re-
viewer comments for further assessment were also identified
as documents to be discussed. During the phase II review,
additional documents were identified through the backward
review and an updated search, as well as new papers in press.
A second round of reviews was conducted identical to phase
I. The final inclusion criteria were that the document must
contain data of one of two types—either PET–histopathol-
ogy correlation or PET correlation with longitudinal clinical
follow-up. After the review, co-chairs of the AIT reviewed
the findings of both phase I and phase II and presented a final
list of 23 documents that satisfied the final inclusion criteria
and these were presented to the full AIT [5,12–33]. These
documents were used as the literature-based evidence for
rating the AUC outlined by the Indication Subcommittee.

3.3. Rating of the AUC

The group rating of potential indications/nonindications
was conducted using a rating sheet by individual voting
AIT members without knowledge of other members’ rating
results. Fourteen scenarios proposed by the Indication Sub-
committee were consolidated to 10 possible indications/non-
indications by defining a preamble that applies to all
indications/nonindications. The rating sheet included (i)
the final 10 possible indications/nonindications, (ii) the
amount of qualified evidence determined by the evidence as-
sessment, and (iii) individual documents that relate to each
indication/nonindication. Based on the presented evidence
and individual AIT members’ opinions, the AIT members
were asked to rate each indication/nonindication with Ap-
propriate, Uncertain, or Inappropriate. A nonvoting AIT
member summarized the rating results.
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4. Definitions

The following terms are used in the AUC:
Dementia expert a physician experienced in the assess-

ment and diagnosis of dementia. The AUC depend heavily
on the training, experience, and clinical judgment of the de-
mentia experts ordering the test and their application of the
published, standardized clinical criteria for MCI and AD (as
defined in this list). Expertise in applying these criteria is
typically acquired through formal training and clinical expe-
rience in neurology, psychiatry, and geriatric medicine; how-
ever, not all physicians in these disciplines are dementia
experts.

Alzheimer’s disease (AD) the pathological process re-
flected in specific postmortem histopathological criteria
[34], which is frequently but not necessarily associated
with a characteristic dementia syndrome [7,8]. The AD
pathological process differs conceptually and is
uncoupled from the dementia syndrome with which it is
associated, as evidenced by the very long preclinical or
asymptomatic period preceding the dementia syndrome.
The AUC specifically refer to clinical criteria for AD
dementia that have recently emerged from the National
Institute on Aging–Alzheimer’s Association work group
[7] and the international work group [8]. Core clinical
criteria for AD dementia identify the specific conditions
and circumstances under which a dementia expert may
determine whether amyloid PET can be used appropri-
ately. Although the two international work groups used
different terms—probable AD and typical AD—the un-
derlying principles are quite similar, and either nomencla-
ture may be applied to support the conclusion that
amyloid PET would or would not be appropriate (crite-
rion 4).

Probable AD dementia a clinical syndrome meeting the
core clinical criteria specified in the National Institute on
Aging–Alzheimer’s Association work group report [9]
(also see [35])

Possible AD dementia a clinical syndrome meeting the
core clinical criteria for AD dementia in terms of the nature
of the cognitive deficits for AD dementia, but either (i) has
a sudden onset of impairment or demonstrates insufficient
historical detail or objective documentation of progression,
or (ii) has an etiologically mixed presentation because of ev-
idence of vascular or Lewy pathology [7]

Mild cognitive impairment (MCI) a clinical syndrome
meeting the published core clinical criteria for MCI [36–
38] (also see [8,35,39]). Although considerable debate and
evolution of the criteria for MCI continue, general
agreement exists about the core features. Briefly, these
include (i) concern about a change in cognition, (ii)
impairment in one or more cognitive domains, (iii)
preservation of independence in functional activities, but
(iv) not demented [38]. The application of these criteria
and their use in determining whether amyloid PET would
be appropriate is in the hands of the dementia expert.
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Table 1

F-18 beta-amyloid PET radiopharmaceuticals compared to C-11 PiB

Ligand compared

with C-11 PiB Subjects

Correlation of binding between

ligands Diagnostic performance

Florbetapir [55] 12 AD patients, 14 cognitively normal

control subjects

Composite cortical binding correlation

r 5 0.78, P , .001

Group discrimination florbetapir area under

the curve 5 0.90 vs PiB 5 1.0.

Florbetapir [56] 24 MCI subjects, 8 healthy control

subjects

Composite cortical binding correlation

r 5 0.95, P , .001, slope 5 0.60

97% classification agreement using derived

cut points

Flutemetamol [48] 20 AD patients, 20 MCI subjects Composite cortical binding correlation

r 5 0.905, slope 5 0.99

100% concordance of individual subject

visual scan categorization between ligands

Florbetaben [57] 10 AD patients, 10 healthy control

subjects

Composite cortical binding correlation

r 5 0.97, P , .0001, slope 5 0.71

100% concordance of individual subject

visual scan categorization between ligands

NAV4694 [53] 7 AD patients, 3 patients with

frontotemporal dementia, 10 MCI

subjects, 25 healthy control subjects

Composite cortical binding correlation

r 5 0.99, P , .0001, slope 5 0.95

100% concordance of individual subject

visual scan categorization between ligands

Abbreviations: PiB, Pittsburgh compound B; AD, Alzheimer’s disease; MCI, mild cognitive impairment.
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Amyloid positivity/negativity the determination by an
imaging expert that the amyloid PET scan indicates the pres-
ence or absence of Ab plaque. The imaging expert is a nu-
clear medicine specialist or radiologist with specific
training in the interpretation of amyloid PET. The amyloid
PET data must be technically adequate and must be acquired
at a fully qualified and certified facility (see Image Quality
and Reporting). The protocol for the qualitative read that de-
termines positivity or negativity must be standardized (e.g.,
[5]) and must conform to a specific guideline provided by the
manufacturer if it is available.
5. PETAb radiopharmaceuticals

Although a number of Ab PET radiopharmaceuticals
have been reported with human data [40–43], currently
there are five that are in use at multiple sites to image
Alzheimer pathology in vivo. Among these, [C-11]-(2-[4-
methyl-amino phenyl]-1,3-benzothiazol-6-ol), or PiB, was
the first to be described and is the most extensively studied
[1]. PiB, a neutral analog of the histological dye thioflavin
T, has been evaluated with respect to clinical syndromic
and postmortem histopathological correlation over approx-
imately 10 years in several clinical populations and in
healthy control subjects. Histopathological correlation
data demonstrate the association between PiB PET and
postmortem assessment of Ab pathology [12–
14,23,30,44–47].

The short 20-minute half-life of C-11 limits routine
clinical use because of the need for an onsite cyclotron,
whereas the 110-minute half-life of F-18-labeled PET
ligands allows incorporation of PET into routine clinical
practice, as has occurred with [F-18]fluorodeoxyglucose
(FDG) in clinical oncology. Several F-18-labeled Ab
PET radiopharmaceuticals have been developed, including
[F-18]3’-F-PiB (flutemetamol) [25], [F-18]AV-45 (florbe-
tapir) [15], [F-18]-AV-1 or [F-18]-BAY94-9172 (florbeta-
ben) [49,50], and [F-18]-AZD4694 or NAV4694 [51–
53]. Postmortem histopathology-to-PET correlations have
been published for florbetapir [15], and biopsy
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histopathology-to-PET correlations have been published
for flutemetamol [54].

F-18 ligand PET data have been compared quantitatively
with C-11 PiB data acquired in the same subjects with re-
spect to cortical binding, linear regression slope, and diag-
nostic classification performance (Table 1). Wolk and
colleagues [55] performed PiB and florbetapir PET imaging
in 14 cognitively normal adults and 12 AD patients and
showed that both ligands displayed highly significant group
discrimination and correlation of regional uptake. Landau
and associates [56] compared PiB with florbetapir and
found the data were correlated at r 5 0.95 and a slope of
0.60, and that resulting cut points yielded classification
agreement in 97% of cases evaluated. A correlation with
PiB of r 5 0.905 and a slope of 0.99 was reported for flute-
metamol in 20 AD patients and 20 MCI patients, in which
the concordance of visual reads between ligands was
100% [48]. Villemagne and coworkers [57] compared PiB
with florbetaben in 10 healthy control subjects and 10 pa-
tients with AD and reported the correlation to be r 5
0.97, the slope to be 0.71, and the concordance between li-
gands to be 100%. Rowe and colleagues [53] compared
NAV4694 with PiB in seven patients with AD, three patients
with frontotemporal dementia (FTD), 10 patients with MCI,
and 25 healthy control subjects and found the correlation to
be r 5 0.99, the slope to be 0.95, and classification concor-
dance to be 100%. These findings are consistent with a high
correlation of these [F-18]-labeled ligands with PiB and
they support the translation of PiB PET findings into the do-
main of these [F-18]-labeled radiopharmaceuticals. Com-
parison studies of one F-18 agent with another have not
yet been reported.
6. Results of ratings

Ratings for each indication/nonindication were obtained
from independent voting by eight AIT voting members,
and the results were summarized by a nonvoting member.
At the time of voting, each member was able to access qual-
ified peer-reviewed documents that potentially concern each
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possible indication, and ratings by AITmembers of the qual-
ity of the evidence, based on the results of the literature re-
view as described previously. For each indication, the
number of supporting publications and the average quality
of evidence were indicated on the voting sheet.

During the initial voting, four possible indications and
seven possible nonindications were submitted for voting.
Substantial disparities in voting results (30%–50%) were
found for four potential indications. Each potential indica-
tion/nonindication was reviewed in subsequent AIT dis-
cussions, and uncertain language in the proposed AUC
were clarified for revoting. During this process, two possi-
ble indications were combined into one indication, result-
ing in total three possible indications and seven possible
nonindications.

In the revoting results, the ratings of Appropriate or Inap-
propriate were unanimous for possible indications 1 and 2,
and possible nonindications 4 to 10. For indication 3, two
voting members voted Uncertain whereas the other six vot-
ing members voted Appropriate.

6.1. Appropriate use criteria

Amyloid imaging is appropriate in the situations listed
here for individuals with all of the following characteristics:

Preamble: (i) a cognitive complaint with objectively
confirmed impairment; (ii) AD as a possible diagnosis, but
when the diagnosis is uncertain after a comprehensive eval-
uation by a dementia expert; and (iii) when knowledge of the
presence or absence of Ab pathology is expected to increase
diagnostic certainty and alter management.

1. Patients with persistent or progressive unexplained
MCI

2. Patients satisfying core clinical criteria for possible
AD because of unclear clinical presentation, either
an atypical clinical course or an etiologically mixed
presentation

3. Patients with progressive dementia and atypically
early age of onset (usually defined as 65 years or
less in age)

Amyloid imaging is inappropriate in the following situa-
tions:

4. Patients with core clinical criteria for probable AD
with typical age of onset

5. To determine dementia severity
6. Based solely on a positive family history of dementia

or presence of apolipoprotein E (APOE)ε4
7. Patients with a cognitive complaint that is uncon-

firmed on clinical examination
8. In lieu of genotyping for suspected autosomal muta-

tion carriers
9. In asymptomatic individuals
10. Nonmedical use (e.g., legal, insurance coverage, or

employment screening)
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7. Discussion of individual indications

7.1. Preamble

The AIT considered whether to specify the patient char-
acteristics for each indication separately, but recognized
that there were several elements common to all appropriate
indications and set these elements apart in a separate pream-
ble. The preamble was intended to characterize all patients
for whom the appropriate indications 1 to 3 apply.

The preamble restricts substantially the set of patients for
whom amyloid imaging would be appropriate in several
ways. First, the dementia expert, as defined earlier (Defini-
tions), must evaluate the patient and determine that there is
objective evidence of impairment. The objective evidence
may be acquired and interpreted directly by the dementia ex-
pert in a detailed mental status examination or obtained from
a separate neuropsychological assessment. Second, the ex-
pert should evaluate all available clinical evidence, includ-
ing the history, physical and neurological examinations,
and all available laboratory and neuroimaging data to con-
sider the possible causes of the illness as well as potentially
confounding circumstances such as depression, medication
effects, and cerebrovascular, endocrine, or other medical dis-
orders. This is because the presence of amyloid pathology in
the brain, when considered in isolation, is insufficient to de-
termine the cause of the impairment; rather, the presence of
amyloid pathology is one factor among many that must be
considered. The dementia expert must conclude on the basis
of all available evidence that (i) the cause of the impairment
is uncertain and (ii) that it could be explained on the basis of
Ab pathology (i.e., AD dementia or its prodromal stage must
be in the differential diagnosis).

Last, the expert must conclude that a determination of ei-
ther amyloid positivity or amyloid negativity would both in-
crease the level of diagnostic certainty and alter the plan for
patient management. Empirical evidence for the value of
added certainty resulting from amyloid PET has not yet
been reported; however, several patient-centered outcome
studies are underway, and the following should serve to
guide efforts of this type further. The AIT considered several
situations in which the added certainty of amyloid PET
could be useful to patients and caregivers, and could result
in altered management. First, many patients with uncertain
diagnoses undergo extensive and repeated testing that would
be reduced if the diagnostic certainty were increased by am-
yloid PET. For others, however, it is also likely that amyloid
negativity would require additional diagnostic testing as the
dementia expert seeks to identify the underlying Ab-nega-
tive cause of impairment. The relative utility of diagnostic
tests should be evaluated further. Second, increased certainty
of the diagnosis could provide a basis for earlier and more
consistent drug treatment, avoidance of treatments unlikely
to afford benefit, and improvedmonitoring for likely compli-
cations and adverse drug effects that are relevant to specific
dementing diseases. In addition, improved diagnostic
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certainty could provide more powerful motivation to make
required lifestyle changes and difficult living transitions
for which they are otherwise reluctant. Third, a more certain
diagnosis can have profound social benefits to patients and
families, who may need to identify the required resources
and plan for future management. Minimizing diagnostic un-
certainty can assist in bringing family members to a uniform
understanding of the patient’s condition and needs, facilitat-
ing the development of a unified plan of progressive support
that best manages financial resources and maximizes quality
of life.

Although learning the cause of dementia and the limited
efficacy of available treatments may cause stress and anxiety
for some, we believe that the value of knowing outweighs the
disadvantages. Electing to manage dementing diseases with-
out investigating the cause or with high levels of diagnostic
uncertainty often contributes to inconsistent and poor quality
of care. In any circumstance, patients and their families
decide—on their own—whether to seek answers by electing
or failing to seek care.
7.2. Indication 1 (appropriate): Patients with persistent or
progressive unexplained MCI

This indication refers to a patient who satisfies all the cri-
teria set forth in the preamble and is being evaluated for per-
sistent or progressive cognitive impairment that is still mild
(e.g., a patient with MCI as defined earlier). This means, in
practice, that although impaired according to objective mea-
sures, the patient does not have “significant interference in
the ability to function at work or in usual daily activities”
(pg 265) [7] (also see [8]). In this circumstance, an amyloid
PET finding of positivity would, on the basis of its known
correspondence to brain Ab, raise the level of certainty
that the patient’s mild impairment is on the basis of AD pa-
thology and represents early AD dementia (see Definitions).
However, it is important to emphasize again that not all pa-
tients with MCI would be appropriate for amyloid PET.
Rather, amyloid PETwould be appropriate only in those in-
dividuals who the dementia expert has concluded would
benefit from greater certainty of the underlying pathology
and whose clinical management would change as a result
of this greater certainty.

The dementia expert should recognize that asymptomatic
amyloid deposition is common in older (e.g.,.75 years) in-
dividuals and may not be related to a patient’s presenting
symptoms. Furthermore, the dementia expert will need to
consider in older individuals the possibility that amyloid
positivity could be present but not the sole factor in causing
the impairment and that comorbid conditions or pathologies
such as vasculopathy could be present and could account for
or significantly contribute to the observed impairment.

The prognostic value of amyloid PET for predicting fu-
ture outcomes in MCI patients is under active investigation,
and preliminary studies are suggestive but not complete. Ini-
tial reports suggest that the majority of patients with amnes-
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tic MCI, variously defined by neuropsychological
evaluation, and a positive amyloid PET will progress to
AD dementia, whereas the risk of progression to AD demen-
tia is significantly lower in those who are amyloid negative.
The available evidence to date has not definitively linked
amyloid positivity in individual patients with a future time
point when cognitive or functional deterioration can be pre-
dicted. Therefore, currently the use of amyloid PET to pre-
dict the trajectory of a patient’s cognitive decline or the
time to any specific outcome is not appropriate because pub-
lished evidence is limited (see Further Research Questions).

A related, alternative scenario for this indication is a pa-
tient, also satisfying all the criteria set forth in the preamble,
who is amyloid negative and therefore much less likely to be
impaired on the basis of AD. The amyloid-negative scenario
may, in practice, be the most frequently useful scenario in
MCI, given the potential confound of age-associated Ab,
discussed earlier, among amyloid-positive individuals.
Thus, in patients with MCI whose clinical picture may be
complicated with potential vascular, traumatic, or medical
causes of cognitive impairment, amyloid PET may find util-
ity and could be used appropriately to exclude AD pathology
effectively as a basis for the clinical syndrome.
7.3. Indication 2 (appropriate): Patients satisfying core
clinical criteria for possible AD (i.e., atypical clinical
course or etiologically mixed presentation)

This indication refers to a patient with an established de-
mentia syndrome who is not typical with regard to presenta-
tion and clinical course, or to a patient who is considered to
have a mixture of causal pathological processes. It is in-
tended to explicitly exclude from the category of appropriate
use the patient about whom there is little doubt of the under-
lying pathology because the onset, course, and examination
findings are typical of AD dementia. It is, however, intended
to include those patients for whom substantial uncertainty
exists and for whom greater confidence would result from
determining whether Ab pathology is present or not present,
as described next.

The AIT chose, here, to rely on the established concept of
possible AD, specifically as it has been recently revised [7],
and again to focus on the dementia specialist as the physician
who would apply the criteria based on this diagnostic cate-
gory. The restriction in this indication to patients with possi-
ble AD dementia is based on the well-established existence
of patients about whom there is substantial doubt of whether
the dementia is based on AD pathology. The sources of
doubt are (i) the presence of an unusual course (e.g., sudden
onset or episodic) or because the course cannot be estab-
lished from the history or from retrospective cognitive test
data, or (ii) the presence of a comorbid condition that con-
founds the interpretation of the clinical data, such as cerebro-
vascular disease, other neurological disease, other medical
condition, or medication use that is affecting cognition and
function. Amyloid PET is not useful in identifying the
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possible confound of coexisting Lewy pathology (discussed
later).

7.4. Indication 3 (appropriate): Patients with atypically
young-onset dementia

Amyloid PET is appropriate in the scenario in which
a relatively young patient (e.g., 50–65 years old, but pos-
sibly even younger) presents with a progressive impair-
ment that has features of AD dementia as well as of
a non-AD dementia. In the scenario covered by this indi-
cation, the dementia specialist is often called on to iden-
tify the cause of a devastating illness in such a patient,
and to manage a complex and comprehensive evaluation.
The purpose of the evaluation is to manage the symptom-
atic treatment rationally; make appropriate employment,
driving, and lifestyle decisions; possibly refer the patient
to clinical trials of candidate disease-modifying therapies;
and to provide a basis for prognosis and planning for care.
The presence or absence of AD pathology in this circum-
stance is frequently a critical component of the initial dif-
ferential diagnosis, and it is well known from postmortem
studies that clinical diagnosis based on history and exam-
ination is often wrong with regard to the presence of AD
pathology [58].

7.5. Indication 4 (not appropriate): Patients with core
clinical criteria for probable AD with typical age of onset

As mentioned earlier, the AIT identified seven circum-
stances or scenarios in which amyloid imaging would be
inappropriate. The first is indication 4. The AIT recom-
mended against the use of amyloid PET in cases in which
core clinical criteria for probable AD dementia were sat-
isfied [7], and there were typical history and examination
findings, because the level of uncertainty would be low
and the potential benefit from added information and the
potential for altered management would be correspond-
ingly low.

7.6. Indication 5 (not appropriate): To determine
dementia severity

Data are lacking to support the use of amyloid imaging to
determine the severity of any cognitive disorder. Thus far,
the predominance of the evidence is that the level of Ab bur-
denmeasured with amyloid PET does not correlate well with
severity of deficits in patients with dementia [10].

7.7. Indication 6 (not appropriate): Based solely on
a positive family history of dementia or presence of APOE
ε4

There are no data currently available that indicate that—
based solely on family history or APOE genotype—that
prognosis, course, or greater certainty in the cause of cogni-
tive deficits is aided with amyloid PET imaging.
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7.8. Indication 7 (not appropriate): Patients with
a cognitive complaint that is unconfirmed on clinical
examination

The significance of a cognitive complaint in an elderly
person without deficits on examination is currently a topic
of active investigation; however, there is insufficient evi-
dence to suggest amyloid PET can aid prognostic judgments
or relieve the concerns of such individuals. A negative amy-
loid PET scan today cannot exclude the possibility of AD de-
mentia in the future.
7.9. Indication 8 (not appropriate): In lieu of genotyping
for suspected autosomal mutation carriers

The use of amyloid PET in lieu of genotyping for
suspected autosomal dominant mutation carriers is con-
sidered inappropriate. The optimal clinical evaluation in
these cases is careful collection of a family history, fol-
lowed (if appropriate) by genetic counseling prior to
and after genetic testing for known mutations. Future
use of amyloid PET in autosomal dominant mutation
carriers could include determination of whether the am-
yloid deposition phase of their illness has begun. In the
setting of a complete clinical evaluation, including se-
rial neuropsychological testing, this information may
be useful in identifying one disease-related milestone
that, along with the genetic information, aids decision
making.
7.10. Indication 9 (not appropriate): The clinical use of
amyloid PET in asymptomatic individuals

The prognostic value of amyloid positivity in normal
elderly individuals remains investigational (see Further
Research Questions). There is a significant potential
for patients and families to make inaccurate assump-
tions about risk and future outcomes on the basis of
amyloid PET results. Currently, the potential harms out-
weigh the minimal benefits. The availability of proven
preventative therapies would undoubtedly alter this
judgment.
7.11. Indication 10 (not appropriate): Nonmedical usage

The AIT did not find any evidence to support the
utility of amyloid PET in a context outside of a diagnos-
tic evaluation to determine the cause of cognitive im-
pairment. In particular, no evidence supported a role
for amyloid imaging to inform physicians when they
are consulted on legal-, disability-, and employment-
related matters. These include assessing competency,
screening for insurability, or assessing employability
or the ability to perform activities of daily living
such as driving, piloting an aircraft, or making financial
decisions.
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8. Limitations of amyloid PET in clinical evaluation

Amajor limitation of amyloid PET to support a diagnosis
of AD dementia is the high prevalence of amyloid positivity
in normal older individuals. Population-based studies are
only beginning to be reported, but estimates of age-
specific positivity rates for amyloid PET are less than 5%
in those 50 to 60 years old, 10% in those 60 to 70 years
old, 25% in those 70 to 80 years old, and more than 50%
in persons aged 80 to 90 years [59,60]. This high age-
associated prevalencemeans that the causality of Ab for a pa-
tient’s clinical syndrome cannot be established with amyloid
PET by itself without considering the prior probability of
positivity based solely on age. The dementia expert should
consider the possibility, prior to ordering amyloid PET,
that incidental, age-related amyloid detection may not be re-
lated to or relevant to the presenting symptoms of a patient.

Another major caveat is that a positive amyloid scan can
also be seen in not only AD, but also in other medical con-
ditions. For example, amyloid PET is frequently positive
in dementia with Lewy bodies [61,62]. Amyloid imaging
detects both fibrillar amyloid found in blood vessels
(cerebral amyloid angiopathy) and interstitial fibrillar
amyloid in plaques. Imaging cannot distinguish between
amyloid angiopathy and parenchymal fibrillar plaques
[32], and both are highly prevalent in the elderly, with or
without dementia. Although usually associated with intersti-
tial amyloid plaques, in rare cases amyloid angiopathy can
occur alone [63]. Occasionally, amyloid angiopathy unac-
companied by typical pathological features of AD can cause
progressive dementia [64,65]. More commonly, amyloid
angiopathy can become clinically manifest as a cause of
cerebral hemorrhage, and in such cases carries a high risk
of recurrence [66,67]. It is important to emphasize that
amyloid positivity does not establish the diagnosis of AD
or differentiate it from Ab disorders such as dementia with
Lewy bodies and cerebral amyloid angiopathy.

It is important to note several clinical circumstances in
which amyloid PETwould not be expected to be useful. First,
it would not add any useful information in differentiating dis-
orders that are not associatedwithAb, such as thevariousFTD
syndromes. Second, amyloid PET would not be expected to
detect the rare forms of AD in which ligand binding is greatly
reduced as a result of unusual forms of Ab [14,68]. The
appropriate use of amyloid PET requires knowledge of all re-
levant findings of clinical evaluations, laboratory tests, and
imaging, relating how each component of the accumulated
evidence should be weighed. Thus, clinical amyloid PET
should be performed in the context of a comprehensive
evaluation undertaken by a clinician with expertise in
evaluating cognitive neurodegenerative disorders.

The AIT did not consider other proposed diagnostic bio-
markers for AD and therefore did not draw any conclusions
with regard to the relative value of amyloid PET compared
with cerebrospinal fluid, magnetic resonance imaging, and
FDG-PET (see Further Research Questions).
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The AIT considered broader social and psychological
implications of amyloid status determination. Although
empirical data have not yet been evaluated, the AIT con-
cluded that certain steps should probably be taken by the
dementia expert to avoid psychological harm to patients
and families that could follow after the initial disclosure
of amyloid status. These steps include pretest counseling
about the emotional and social implications of both a pos-
itive and a negative amyloid PET. Implications in the
realms of legal and insurance status, including health,
life, and long-term care, and employment ramifications
are even less well understood at this time, and policy-
makers should consider whether existing laws such as
the Americans With Disabilities Act provide adequate pro-
tection for these patients. Notably, the U.S. Genetic Infor-
mation Nondiscrimination Act applies only to genetic
tests.
9. Amyloid PET and anticipated impact on patient care

Although published data concerning amyloid PET results
and impact on patient care outcome are extremely limited,
amyloid PET is likely to contribute to better patient care un-
der specific circumstances. These are described in the fol-
lowing three domains.
9.1. Change in medication management

Greater physician confidence in the diagnosis of or ex-
clusion of AD can result in better medication management.
An amyloid-positive PET result that raises confidence in
the diagnosis of AD is likely to result in earlier and appro-
priate use of specific medications for symptomatic treat-
ment of AD, such as acetylcholinesterase inhibitors and
memantine. In contrast, a plan to commence or continue
medications developed for the treatment of AD, such as
the acetylcholinesterase inhibitors and possibly memantine,
in patients with a negative amyloid scan may be inappro-
priate. However, there are no studies to date that have as-
sessed the value of these medications in amyloid-negative
persons with a clinical phenotype suggestive of AD. Fur-
thermore, there is some evidence that acetylcholinesterase
inhibitors can benefit patients with vascular dementia
[69]. Exclusion of AD should result in consideration of al-
ternate diagnoses including depression, and in some cases
of patients with atypical cognitive impairment who are am-
yloid negative, it may be appropriate to undertake a trial of
antidepressant medication.
9.2. Change in ordering other tests

An amyloid PET cannot answer all diagnostic questions
that are encountered during clinical dementia evaluation. It
can, however, reduce the use of other tests that are burden-
some to patients and their caregivers. For example, a posi-
tive amyloid PET result may obviate repeat imaging for the
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purpose of establishing a clinical diagnosis of dementia
whereas a negative amyloid PET result may guide clini-
cians to order tests that can help differentiate amyloid-
negative dementing disorders. Amyloid PET may reduce
the use of neuropsychological testing for the purpose of
clinical diagnosis.

9.3. Value of knowing

Under the circumstances outlined previously, the results
of amyloid PET will increase physician confidence in the
clinical diagnosis and allow better planning for patients and
caregivers. The following data are from a survey conducted
by the Harvard School of Public Health on the public percep-
tions and awareness of AD [70]. The poll was commissioned
by Alzheimer Europe through a grant provided by Bayer.
These data and facts can be found at http://www.hsph.
harvard.edu/news/press-releases/2011-releases/alzheimer-
s-international-survey.html [71] and http://www.alz.org/
documents_custom/public-health/value_of_knowing.pdf [72].
Survey Summary

1. Nearly 89% of Americans say that if they were ex-
hibiting confusion and memory loss, they would
want to know if the cause of the symptoms was
AD.

2. Of those aged 60 years and older, 95% say they would
want to know if they had AD.

3. More than 97% say that if they had a family member
exhibiting problems with memory loss, they would
want him or her to see a doctor to determine whether
the cause was AD.

4. The convergence of evidence from numerous sources
indicates that as many as half of people with dementia
have never received a diagnosis.

5. A formal diagnosis allows individuals and their care-
givers to have access to available treatments, build
a care team, participate in support services, and enroll
in clinical trials.

6. Participating in planning early in the disease process
allows individuals with AD to create advance direc-
tives regarding their care and finances so that their
wishes can be carried out when they are no longer cog-
nitively able to make such decisions.

7. Early diagnosis also allows individuals with the dis-
ease and their caregivers to manage medications
more effectively, receive counseling, and address driv-
ing and safety issues in advance.

8. Undertaking the diagnostic process early potentially
allows cognitive impairment to be reversed in some
people. For nearly one in every four individuals who
reported to a memory clinic with cognitive problems,
their cognitive impairment was the result of a revers-
ible cause, such as depression or a vitamin B12 defi-
ciency.
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10. Image quality and reporting

The clinical value of amyloid PET imaging is entirely de-
pendent on the quality of the images and accuracy of inter-
pretation. Amyloid PET imaging is technically challenging
and should be performed only when there is strict attention
to quality control. Clinical PET scanning is widely available,
but the experience of PET facilities with brain imaging is
quite variable. Amyloid imaging is an evolving modality;
therefore, image interpretation criteria, the clinical signifi-
cance of positive and negative scans, and technical imaging
considerations are evolving. The following recommenda-
tions are based on current knowledge and may require mod-
ification in the future.

The safe performance and accurate interpretation of am-
yloid imaging require physician training as described in the
nuclear medicine program requirements of the Accreditation
Council for Graduate Medical Education or the equivalent.
All nuclear medicine examinations should be performed
under the supervision of and interpreted by a physician
certified in nuclear medicine or nuclear radiology by the
American Board of Nuclear Medicine or the American
Board of Radiology in the United States or equivalent orga-
nizations outside the United States.

The individual performing the scan must be familiar with
brain anatomy and must have adequate specific training in
amyloid PET interpretation. Training specific to the interpre-
tation of amyloid imaging such as provided by the manufac-
turer of the radiopharmaceutical (if available) should be
completed, and preferably augmented by training programs
offered by professional societies such as the SNMMI and the
European Association of Nuclear Medicine.

Imaging procedures should be performed by a qualified
nuclear medicine technologist with appropriate training
and certification. All nuclear medicine examinations
should be performed by a qualified nuclear medicine
technologist who is registered/certified in nuclear medi-
cine by the Nuclear Medicine Technology Certification
Board, the American Registry of Radiologic Technolo-
gists, or equivalent organizations outside the United
States. The nuclear medicine technologist should work
under the supervision of a physician with qualifications
outlined previously. Imaging should be performed in an
imaging facility certified by the Intersocietal Commission
for the Accreditation of Nuclear Laboratories, the Amer-
ican College of Radiology, or other equivalent accrediting
agency. A procedure guideline for amyloid PET is cur-
rently being developed by the SNMMI and European As-
sociation of Nuclear Medicine.

Results of amyloid PET imaging should be communi-
cated to the referring physician by the imaging physician
by way of a written report according to a standard diagnostic
imaging practice as outlined in the SNMMIGeneral Imaging
Guideline. The final reading should indicate whether Abwas
found to be present (amyloid positive) or was not found to be
present (amyloid negative; see Definitions). Indeterminate
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results may arise as a result of technical or physiological fac-
tors and should be reported as such.

The report should not confound amyloid positivity with
AD dementia (i.e., it should not, by itself, advance or rule
out a diagnosis of AD dementia). The dementia specialist
should then communicate with patients and family members
after comprehensive review of the clinical assessment and
test results.
*These articles were used as the literature-based evidence for rating the

AUC outlined by the Indications Subcommittee.
11. Further research questions

11.1. Prognosis in healthy individuals and in patients with
MCI

The AIT recognized that studies suggest amyloid imag-
ing may have a role in stratifying patients into their risk of
developing cognitive decline and that, someday, as longitu-
dinal research studies accumulate data, amyloid imaging
may become useful to predict future clinical conditions,
such as the risk of developing cognitive decline or of tran-
sitioning into clinical states such as MCI or dementia
[10,16,21,24,27,33,73,74]. However, these studies need
further replication and their results analyzed in a pooled
meta-analysis [75]. Therefore, at this point, data are simply
incomplete to support using amyloid imaging to provide
prognostic information to persons with AD risk factors
such as age, family history of dementia, APOE ε4 status,
genetic mutation carrier status, and cognitive complaint
that is unconfirmed on clinical examination, or to asymp-
tomatic persons.

Recent data from longitudinal studies of normal elderly
cohorts with positive amyloid scans show a very slow rate
of decline in memory function and suggest that the process
of amyloid accumulation may extend for 20 years before de-
mentia is apparent [10,17]. These studies also have shown
considerable variation in the rate of amyloid accumulation
among individuals. The proportion of healthy elderly
persons with a positive amyloid scan who will develop
dementia in their lifetime is not known at this time. For
this reason, scanning for amyloid in an asymptomatic
person in the absence of an effective disease-modifying ther-
apy is discouraged.

11.2. Amyloid PET in the context of other biomarkers and
diagnostic tests

Multiple imaging modalities and fluid biomarkers have
been investigated in clinical and research contexts. Brain
FDG-PET has been used in a clinical setting and can be di-
agnostically useful in certain circumstances when a charac-
teristic pattern of hypometabolism is detected for specific
neurodegenerative disorders [76,77]—in particular,
differentiation of dementing disorders in which amyloid
PET are similarly positive (such as AD vs DLB) or
negative (such as subtypes of FTD). Cerebrospinal fluid
measures of amyloid peptides and tau have been
investigated extensively and applied to research
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populations for the purpose of establishing the presence of
AD pathology [7,38,78,79], and these fluid assays are
beginning to be used in clinical settings. Combined use of
presynaptic dopaminergic and amyloid imaging is now
being studied as a diagnostic stratification approach to aid
differential diagnosis of AD, DLB, and FTD [80]. However,
the effective use of these diagnostic tests in relation to amy-
loid PET should be investigated further in the context of pa-
tient outcome, benefit, and resource use.

11.3. Computer software to assist image interpretation

Computer-aided analysis software for amyloid imaging is
under development, and several programs are available for
use in the clinic. These programs can provide quantitative in-
formation about the amount of radiopharmaceutical in dif-
ferent brain regions, and may be particularly valuable for
sites with limited experience in the reading of amyloid scans
and to provide more information than a binary visual read.
However, more research is required to validate their use in
the clinical environment and demonstrate that they improve
the accuracy of clinical reports.
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Appendix B: Indications Subcommittee

The Expert Work Group consisted of three experienced
clinicians, two geriatric cognitive neurologists, and a geria-
trician. The developed guidelines for appropriate and inap-
propriate clinical use are based on available literature as

well as expert opinion using a modified Delphi procedure.
The first task of the work group was to individually rate ap-
propriateness of 115 different clinical scenarios based on the
seven variables listed in Table B1. Beginning with the prem-
ise that there is value in determining the cause of cognitive
impairment, each expert weighed the potential clinical value
of amyloid positron emission tomography (PET) against the
expense and potential for misuse. After reporting the out-
come of these individually considered judgments, the ex-
perts came to a consensus about each of the scenarios and
used these conclusions to draw generalizations that should
be applicable to many different scenarios.

A second task of the work group was to consider the util-
ity of amyloid PET in eight situations when syndrome clas-
sification would be clinically important (e.g., delirium vs
dementia) and in 40 clinically relevant differential diagnosis
decision points (e.g., Alzheimer’s disease vs. frontotemporal
dementia). Last, the three clinicians jointly reviewed 10 ac-
tual anonymous clinical cases to test whether the guidelines
they constructed accurately reflected their own clinical judg-
ment in real rather than strictly theoretical situations. All
voting members of the Amyloid Imaging Taskforce (AIT)
reviewed and discussed the expert-recommended guidelines,
and comments were elicited from within and beyond the
work group. The final expert guidelines reflect this entire
process and are the joint opinion of the entire AIT.

In our deliberations, we assumed that the expert clinician
would receive an interpretation of the amyloid PET study as
either positive or negative (see Definitions). Briefly, a posi-
tive amyloid PET result typically means that the image dem-
onstrates uptake of amyloid radiotracer in the gray matter. In
contrast, a negative scan means that the image does not dem-
onstrate any gray matter cortical uptake that is above the
level of nonspecific binding. The determination of cortical
uptake relies on inspection of the contrast between white
matter and cortical gray matter. In white matter, imaging li-
gands are routinely visible not as a result of their binding to
amyloid, but as a result of lipophilic interactions with mye-
lin. Some ligands have greater white matter uptake than
others. Histopathology-to-PET correlation studies relating
amyloid PET results with neuropathological measures of
amyloid plaques, using both immunohistochemistry or silver
staining, have shown that if amyloid plaques are none or
sparse, amyloid imaging ligand-specific binding in cortical
gray matter is very low and reflects nonspecific (i.e., nona-
myloid) binding. In contrast, when histopathological evi-
dence at autopsy confirms the presence of frequent
amyloid plaque, the amyloid image contrast between white
and gray is greatly reduced or visually undetectable.

The AIT did not consider the potential impact on the ap-
propriate use criteria of the use of quantitative PET data (i.e.,
data from automated numerical measurements of specific li-
gand binding). Quantitative measurement entails image pro-
cessing steps in which specific brain regions are identified in
each individual data set for the purpose of comparing re-
gional cortical tracer uptake with an unaffected reference
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region. Currently, there is insufficient published data to rec-
ommend a specific implementation of amyloid PET quanti-
tation that could be identified in the appropriate use criteria.

Table B1

Variables considered in constructing clinical presentation scenarios

Scenario variable Variations considered

Symptoms None

Memory or cognitive complaint

Clinical setting Nonmedical

PCP

Specialist

Dementia specialist

Clinical context Not applicable (nonmedical)

Initial assessment

Full evaluation, AD not suspected

Full evaluation, AD suspected

Evidence of deficit on

examination

Not applicable (nonmedical)

None

Yes

MCI

Mild—moderate dementia

Severe dementia

Family history of AD or

apolipoprotein E ε4 positive

Negative

Positive

AD genetic mutation carrier Negative

Positive

Not applicable

Age ,65 years

.65 years

Abbreviations: PCP, Primary Care Physician; AD, Alzheimer’s disease;

MCI, mild cognitive impairment.

Appendix C: Literature Subcommittee and evidence
review

The Literature Subcommittee used a search strategy as
established by the American Academy of Neurology and
the National Institutes of Medicine to identify relevant liter-
ature. Multiple searches were performed using the National
Institutes of Health’s PubMed in which 408 publications
were initially identified. Literature search limits and param-
eters were as follow: human, English, and publication date
January 01, 2002 to the present. The search terms deter-
mined to be the most useful for identifying the pertinent lit-
erature were (i) Florbetapir and AV-45, or Amyvid; (ii) PiB
or Pittsburgh compound B; (iii) flutemetamol or AV1; (iv) F-
18 FDDNP or F18 FDDNP; and (v) florbetaben or 8F-
BAY94-9172.

Using the PubMed–generated list of 408 documents, the
Literature Subcommittee reviewed the list for inclusion
and identified a subset of documents by abstract analysis.
Documents not relevant for clinical use of amyloid positron
emission tomography (PET) were eliminated based on the
primary focus of the study and data presented in the docu-
ment. These include radiochemistry study, in vitro study, an-
imal toxicity study, biodistribution study, image and kinetic
analysis study, dosimetry study, pathophysiological investi-
gation, correlational study, study with a small number of

subjects, surrogate marker study in therapeutic trials, and re-
view and editorial commentary. In addition, to ensure appro-
priate documents were captured during the initial search and
review, the Amyloid Imaging Taskforce (AIT) performed
a backward review to cross-check the literature included in
seminal amyloid imaging reviews with those included in
the AIT’s initial assessment. For the backward review, the
AIT used the bibliographies of Klunk [8], Villemagne and
colleagues [9], and Laforce Rabinovici [10].

The Literature Subcommittee developed a data extraction
form for the evidence assessment. The data extraction form
included multiple questions and data extraction sections in-
cluding whether the document addresses one or more of the
potential indications/nonindications proposed by the Indica-
tion Subcommittee, individual data points for recalculation
of the data, study design, study logistics, patient recruitment
setting, inclusion/exclusion criteria, criteria used for diagno-
sis, inclusion of control subjects, subject characteristics,
type of radiopharmaceuticals used, type of PET scanner
used, method of PET interpretation and analysis, 2 ! 2
data extraction for histopathologically confirmed study as
well as mild cognitive impairment to Alzheimer’s disease
conversion study, a 19-point quality score of the document,
the American Academy of Neurology Level of Evidence for
a Diagnostic Study Article, the American Academy of Neu-
rology Level of Evidence for a Prognostic Study Article, and
whether the document addressed changes in physician con-
fidence.

Appendix D: Relationships with industry and
management of conflicts of interest

The Alzheimer’s Association and the Society of Nuclear
Medicine and Molecular Imaging rigorously attempted to
avoid any actual, perceived, or potential conflicts of interest
(COIs) that might have arisen as a result of an outside rela-
tionship or personal interest of the writing committee mem-
bers of the Amyloid Imaging Taskforce (AIT) or of external
reviewers used to review specific documents. Both organiza-
tions reviewed their own industry relationship policies to en-
sure that the ensuing process adhered to both standards.

AIT members were required to provide disclosure state-
ments of all relationships that might be perceived as real
or potential COIs. These statements were reviewed and dis-
cussed by the AIT co-chairs, and were updated and reviewed
by an objective third party at the beginning of every AIT
meeting and/or teleconference. A table of disclosures for
AIT members and external literature reviewers can be found
in Table D1.

To adjudicate the COIs, the leadership from the Alz-
heimer’s Association and the Society of Nuclear Medicine
and Molecular Imaging first determined the threshold for
a real COI. After consulting with various experts and review-
ing other policies used, the team defined COIs as the follow-
ing: An individual who has relationships with industry,
including consulting, speaking, research, and other
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nonresearch activities that exceed $5000 in funding over the
previous or upcoming 12-month period.

In addition, if external expert reviewers of the documents
were either a principle investigator or other key study per-
sonnel on a study, their participation in the review would
likely present a COI. All reviewers completed COI forms.
Document authors and sponsors were identified and then
cross-checked against reviewers’ financial and intellectual
COIs. Conflicted individuals were noted as unable to review
documents in which there was a real COI present.

Of note, William Klunk, MD, co-invented the PiB-class
and Chrysamine-G-class amyloid imaging agents, was ap-
pointed as an advisor to the AIT, contributing expertise as re-
quested, but recused himself from any and all discussions
that resulted in a vote among writing committee members.

Table D1

Table of relationships with industry and other entities for task force

members and outside reviewers

Name

Reported relationships with industry or other

entities

Bohnen, Nic � None

Devous, Michael � Avid Pharmaceuticals

� Lilly Healthcare

� Bayer (now Piramal Pharmaceuticals)

Donohoe, Kevin � None

Drzezga, Alexander � Avid Radiopharmaceuticals/Lilly Healthcare

� Bayer Healthcare

� GE Healthcare

� Siemens Healthcare

Foster, Norman � Bristol-Meyers Squibb

� GE Healthcare

� Janssen AI

� Center for Health Improvement

Herholz, Karl � GE Healthcare

� Elan

� Avid Radiopharmaceuticals/Lilly Healthcare

Herscovitch, Peter � None

Johnson, Keith � Siemens

� Avid Radiopharmaceuticals/Lilly Healthcare

� Janssen AI

� Bayer

� Navidea Biopharmaceuticals

� Piramal Healthcare

Karlawish, Jason � Alzheimer’s Disease Cooperative Study

(member)

Minoshima, Satoshi � None

Rabinovici, Gil � Avid Radiopharmaceuticals

Rowe, Christopher � Bayer

� GE Healthcare

� AstraZeneca

� Piramal Healthcare

� Avid Radiopharmaceuticals/Lilly Healthcare

� Navidea Biopharmaceuticals

Villemagne, Victor � Bayer

Wolk, David � Pfizer

� GE Healthcare

Appendix E: Public commentary

The Amyloid Imaging Taskforce solicited information
from all communities through the Society of Nuclear Medi-
cine and Molecular Imaging and the Alzheimer’s Associa-
tion websites and by direct solicitation to members of
these societies. The comments and input helped to shape
the development of these appropriate use criteria and the
consensus recommendation for the appropriate use of amy-
loid imaging for clinical indications of the detection of fibril-
lar amyloid in the brain.
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2012 FDA Update
 

“High Country Meeting”
 

March 5, 2012/11:30 EST
 
Dwaine Rieves, MD
 

Director, Division of Medical Imaging Products
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Focus on Imaging Drugs…
 

• Drug approvals & labeling actions 

• Standardization guidance 

•  Medical Imaging Drug Advisory 
Committee (MIDAC) 

•  Positron Emission Tomography (PET) 
topics 

2 



2011/12 Imaging Drug 

Approvals & Labeling Actions
 

Gadobutrol Injection 
(Gadavist) 

NDA 
(Bayer) 

Fludeoxyglucose F18 Injection ANDA 
(PETNET) 

Perflutren lipid microsphere injectable 
suspension 
(Definity®) 

NDA supplement 
(Lantheus) 

Rubidium Rb 82 chloride injection 
(CardioGen-82®) 

NDA supplement 
(Bracco) 

3 



Draft “Standardization” Guidance
 

Final guidance targeted for October, 2012
 

4 



Medical Imaging Drugs 

Advisory Committee (MIDAC)
 

Nominees undergoing vetting process 
5 



Positron Emission 

Tomography (PET) Drugs
 

“PET Drug Website”
 

Goto:
 
http://www.fda.gov/
 

In search box, place:
 
“PET Drug Manufacturing”
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http://www.fda.gov


Updates, Guidances, Presentations, 

Historical Information…and more…
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PET Drug 

Current Good Manufacturing Practices (cGMP) 


Background
 
1997 FDA Modernization Act 

•  Required cGMP for PET 
•  2 yrs post-publication NDA/ANDA for any 

PET drug in “clinical use” 
2009 
Dec 

FDA publishes PET Drugs cGMP 
•  NDA/ANDA due by 12/12/2011 

2011 
Dec 

Notice of enforcement discretion 
•  NDA/ANDA due by 06/12/2012 for any PET 

drug in “clinical use” 8 



PET Presentations / Seminars
 

Pre-
2009 

Multiple presentations/draft info 

2009 -
2011 

FDA seminars at SNM Annual Meetings; 
Planned for 2012 

2010 
Apr 

FDA PET Drug Workshop 

2011 
Mar 

FDA PET Drug Public Meeting 

2012 
Jan 

FDA webinar on cGMP…
 

Still available on the FDA “PET Drug website” 9
 



PET Drug Guidances
 

2011 PET Drug Applications: 
Content & Format for 
FDG F18 / Ammonia N13 / Fluoride F18 

2011 Media Fills for Validation of Aseptic 
Preparations (draft) 

2012 Questions and Answers…new!
 
2012 Investigational New Drug (IND) 

Applications (draft)…new! 
10 
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PET Drug Main Points
 

•  By June 12, 2012 must have submitted 
NDA/ANDA for any drug in “clinical 
use” or the “clinical use” must be 
under an IND 

•  By December 12, 2015 must have an 
approved NDA/ANDA or an effective 
IND for the “clinical use” 

Evan.Levine
Cross-Out



“Use” Phrases
 

- under NDA/ANDA or IND 

“CLINICAL use” – PET drug is a component of clinical 
care/not a systematic study of drug safety-efficacy 

“INVESTIGATIONAL use”– PET drug is studied to 
determine its safety-efficacy 

-under IND or exempted from IND 

“RESEARCH use” – PET drug is a component of a 
research project under Radioactive Drug Research
Committee (RDRC) approval 

- RDRC approval (no exemption option) 12 



“Expanded Access IND Submission”
 

Intended to provide clinical access to 

investigational drugs for 


diagnostic / therapeutic monitoring purposes
 

•  Can be an original IND submission or a 

submission to an existing IND
 

• Applies to limited situations defined by criteria
 

• May be submitted with a “Request to Charge”
 
13 



Expanded Access Criteria
 

1) 	 Patient(s) with serious or immediately life-
threatening disease / condition 

2) 	 No comparable/satisfactory alternative
“therapy” 

3) 	 Potential benefit justifies the potential risk
of the clinical use 

4) 	 Provision of drug will not interfere with
drug development for market approval 

14 
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Expanded Access (EA) 

Criteria Interpretation (p1 of 2)
 

1) Regarding serious or immediately life- 
threatening disease or condition, 

FDA allows for use of PET drug to help detect 
a serious / life-threatening disease even if the 
condition not actively manifest 

2) No comparable/satisfactory alternative therapy 


Necessitates justification of why alternative 
drugs are not satisfactory (e.g., PET drug’s 
unique metabolic assessment activity) 
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Expanded Access (EA) 

Criteria Interpretation (p2 of 2)
 

3) 	Potential benefit justifies the potential risk
of the clinical use 

Based on available evidence/prior
experience/dosage/consideration of
population characteristics (e.g., pediatrics) 

4) Provision of the drug will not interfere with

drug development for market approval
 

FDA anticipates EA will only apply in situation 
where NDA/ANDA not feasible 



 

17 

Expanded Access Pointers
 
• 	 Expanded Access Submission Process 
 explained in IND guidance 

• 	 Not appropriate when an NDA/ANDA is feasible
 
 not appropriate for FDG F18, 


ammonia N 13, sodium fluoride F18
 

• 	 Clinical use may continue during the 30 day
review period based upon prior clinical use /
otherwise, the sponsor will be contacted 

• 	 If plan to charge, need to submit a “Request to
Charge” submission to the IND 



“Request to Charge”
 

• 	 A submission process unique to an IND 

 described in PET IND guidance 

• 	 Charging may be requested for either 
 a clinical trial / investigation or 
 Expanded Access 

• 	 Certain criteria must be met before FDA 
authorizes charging 

18 
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“Request to Charge” Review Criteria 

-- Clinical Trial --

• 	 Potential benefit of investigational drug provides 
significant advantage over available products 

•  Clinical trial data essential for marketing support
 

•  Cost of drug extraordinary 

•  Describe proposed cost (only direct costs) 

• 	 Statement that CPA has reviewed/approved cost 
calculations 



20 

“Request to Charge” Review Criteria 

-- Expanded Access Program --

• 	 Assurance that charging will not interfere 
with developing the drug for marketing 

• 	 Describe proposed cost to be charged a 
patient (direct costs for single patient; 
direct + indirect costs for other) 

• 	 Statement that CPA has reviewed/approved 
cost calculations 



Other Special PET Drug IND Considerations
 

•  Prior to December 12, 2015, an IND may not be 
necessary if the PET drug is the subject of a 
submitted NDA/ANDA 

•  After December 12, 2015, all investigational use of a 
PET drug must be under an IND unless the use is 
exempted from IND 

•  Many studies using FDG F18 are currently ongoing 
outside of IND 
 these uses may continue until 12/12/2015 

if  the FDG F18 is the subject of a 
submitted NDA/ANDA 

21 



Thank you!
 
Q & A
 

PET Drug Web address:
 

http://www.fda.gov/Drugs/DevelopmentAppro 
valProcess/Manufacturing/ucm085783.htm 

or
 

Go to http://www.fda.gov/ and search for 

“PET Drug Manufacturing”
 

22 
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1. Do the results of PET Aβ imaging lead to improved health outcomes?  Meaningful health outcomes of
interest include: avoidance of futile treatment or tests; improving, or slowing the decline of, quality of life;
and survival.

Decision Memo for Beta Amyloid Positron Emission Tomography in
Dementia and Neurodegenerative Disease (CAG-00431N)

Decision Summary

A. The Centers for Medicare & Medicaid Services (CMS) has determined that the evidence is insufficient to
conclude that the use of positron emission tomography (PET) amyloid-beta (Aβ) imaging is reasonable and
necessary for the diagnosis or treatment of illness or injury or to improve the functioning of a malformed body
member for Medicare beneficiaries with dementia or neurodegenerative disease, and thus PET Aβ imaging is not
covered under §1862(a)(1)(A) of the Social Security Act (“the Act”).

B. However, there is sufficient evidence that the use of PET Aβ imaging is promising in two scenarios: (1) to
exclude Alzheimer’s disease (AD) in narrowly defined and clinically difficult differential diagnoses, such as AD
versus frontotemporal dementia (FTD); and (2) to enrich clinical trials seeking better treatments or prevention
strategies for AD, by allowing for selection of patients on the basis of biological as well as clinical and
epidemiological factors.

Therefore, we will cover one PET Aβ scan per patient through coverage with evidence development (CED), under
§1862(a)(1)(E) of the Act, in clinical studies that meet the criteria in each of the paragraphs below.

Clinical study objectives must be to (1) develop better treatments or prevention strategies for AD, or, as a
strategy to identify subpopulations at risk for developing AD, or (2) resolve clinically difficult differential
diagnoses (e.g., frontotemporal dementia (FTD) versus AD) where the use of PET Aβ imaging appears to improve
health outcomes.  These may include short term outcomes related to changes in management as well as longer
term dementia outcomes.

Clinical studies must be approved by CMS, involve subjects from appropriate populations, and be comparative
and longitudinal.  Where appropriate, studies should be prospective, randomized, and use postmortem diagnosis
as the endpoint.  Radiopharmaceuticals used in the PET Aβ scans must be FDA approved.  Approved studies must
address one or more aspects of the following questions.  For Medicare beneficiaries with cognitive impairment
suspicious for AD, or who may be at risk for developing AD:
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2. Are there specific subpopulations, patient characteristics or differential diagnoses that are predictive of
improved health outcomes in patients whose management is guided by the PET Aβ imaging?

3. Does using PET Aβ imaging in guiding patient management, to enrich clinical trials seeking better
treatments or prevention strategies for AD, by selecting patients on the basis of biological as well as
clinical and epidemiological factors, lead to improved health outcomes?

a. The principal purpose of the research study is to test whether a particular intervention potentially
improves the participants’ health outcomes.

b. The research study is well supported by available scientific and medical information or it is intended to
clarify or establish the health outcomes of interventions already in common clinical use.

c. The research study does not unjustifiably duplicate existing studies.

d. The research study design is appropriate to answer the research question being asked in the study.

e. The research study is sponsored by an organization or individual capable of executing the proposed study
successfully.

f. The research study is in compliance with all applicable Federal regulations concerning the protection of
human subjects found at 45 CFR Part 46. If a study is regulated by the Food and Drug Administration
(FDA), it must be in compliance with 21 CFR parts 50 and 56.

g. All aspects of the research study are conducted according to appropriate standards of scientific integrity
(see http://www.icmje.org).

h. The research study has a written protocol that clearly addresses, or incorporates by reference, the
standards listed here as Medicare requirements.

i. The clinical research study is not designed to exclusively test toxicity or disease pathophysiology in
healthy individuals. Trials of all medical technologies measuring therapeutic outcomes as one of the
objectives meet this standard only if the disease or condition being studied is life threatening as defined in
21 CFR §312.81(a) and the patient has no other viable treatment options.

j. The clinical research study is registered on the ClinicalTrials.gov website by the principal
sponsor/investigator prior to the enrollment of the first study subject.

Any clinical study undertaken pursuant to this national coverage determination (NCD) must adhere to the
timeframe designated in the approved clinical study protocol.  Any approved clinical study must also adhere to
the following standards of scientific integrity and relevance to the Medicare population.
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k. The research study protocol specifies the method and timing of public release of all pre-specified outcomes
to be measured including release of outcomes if outcomes are negative or the study is terminated early.
The results must be made public within 24 months of the end of data collection. If a report is planned to
be published in a peer reviewed journal, then that initial release may be an abstract that meets the
requirements of the International Committee of Medical Journal Editors

(http://www.icmje.org). However a full report of the outcomes must be made public no later than three
(3) years after the end of data collection.

l. The research study protocol must explicitly discuss subpopulations affected by the treatment under
investigation, particularly traditionally underrepresented groups in clinical studies, how the inclusion and
exclusion criteria effect enrollment of these populations, and a plan for the retention and reporting of said
populations on the trial. If the inclusion and exclusion criteria are expected to have a negative effect on
the recruitment or retention of underrepresented populations, the protocol must discuss why these criteria
are necessary.

m. The research study protocol explicitly discusses how the results are or are not expected to be
generalizable to the Medicare population to infer whether Medicare patients may benefit from the
intervention. Separate discussions in the protocol may be necessary for populations eligible for Medicare
due to age, disability or Medicaid eligibility.

Consistent with §1142 of the Act, the Agency for Healthcare Research and Quality (AHRQ) supports clinical
research studies that CMS determines meet the above-listed standards and address the above-listed research
questions.

All other uses are noncovered.
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I. Final Decision

A. The Centers for Medicare & Medicaid Services (CMS) has determined that the evidence is insufficient to
conclude that the use of positron emission tomography (PET) amyloid-beta (Aβ) imaging is reasonable and
necessary for the diagnosis or treatment of illness or injury or to improve the functioning of a malformed body
member for Medicare beneficiaries with dementia or neurodegenerative disease, and thus PET Aβ imaging is not
covered under §1862(a)(1)(A) of the Social Security Act (“the Act”).

B. However, there is sufficient evidence that the use of PET Aβ imaging is promising in two scenarios: (1) to
exclude Alzheimer’s disease (AD) in narrowly defined and clinically difficult differential diagnoses, such as AD
versus frontotemporal dementia (FTD); and (2) to enrich clinical trials seeking better treatments or prevention
strategies for AD, by allowing for selection of patients on the basis of biological as well as clinical and
epidemiological factors.

Therefore, we will cover one PET Aβ scan per patient through coverage with evidence development (CED), under
§1862(a)(1)(E) of the Act, in clinical studies that meet the criteria in each of the paragraphs below.

Clinical study objectives must be to (1) develop better treatments or prevention strategies for AD, or, as a
strategy to identify subpopulations at risk for developing AD, or (2) resolve clinically difficult differential
diagnoses (e.g., frontotemporal dementia (FTD) versus AD) where the use of PET Aβ imaging appears to improve
health outcomes. These may include short term outcomes related to changes in management as well as longer
term dementia outcomes.

Clinical studies must be approved by CMS, involve subjects from appropriate populations, and be comparative
and longitudinal. Where appropriate, studies should be prospective, randomized, and use postmortem diagnosis
as the endpoint. Radiopharmaceuticals used in the PET Aβ scans must be FDA approved. Approved studies must
address one or more aspects of the following questions. For Medicare beneficiaries with cognitive impairment
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1. Do the results of PET Aβ imaging lead to improved health outcomes? Meaningful health outcomes of
interest include: avoidance of futile treatment or tests; improving, or slowing the decline of, quality of life;
and survival.

2. Are there specific subpopulations, patient characteristics or differential diagnoses that are predictive of
improved health outcomes in patients whose management is guided by the PET Aβ imaging?

3. Does using PET Aβ imaging in guiding patient management, to enrich clinical trials seeking better
treatments or prevention strategies for AD, by selecting patients on the basis of biological as well as
clinical and epidemiological factors, lead to improved health outcomes?

a. The principal purpose of the research study is to test whether a particular intervention potentially
improves the participants’ health outcomes.

b. The research study is well supported by available scientific and medical information or it is intended to
clarify or establish the health outcomes of interventions already in common clinical use.

c. The research study does not unjustifiably duplicate existing studies.

d. The research study design is appropriate to answer the research question being asked in the study.

e. The research study is sponsored by an organization or individual capable of executing the proposed study
successfully.

f. The research study is in compliance with all applicable Federal regulations concerning the protection of
human subjects found at 45 CFR Part 46. If a study is regulated by the Food and Drug Administration
(FDA), it must be in compliance with 21 CFR parts 50 and 56.

g. All aspects of the research study are conducted according to appropriate standards of scientific integrity
(see http://www.icmje.org).

h. The research study has a written protocol that clearly addresses, or incorporates by reference, the
standards listed here as Medicare requirements.

suspicious for AD, or who may be at risk for developing AD:

Any clinical study undertaken pursuant to this national coverage determination (NCD) must adhere to the
timeframe designated in the approved clinical study protocol. Any approved clinical study must also adhere to the
following standards of scientific integrity and relevance to the Medicare population.
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i. The clinical research study is not designed to exclusively test toxicity or disease pathophysiology in
healthy individuals. Trials of all medical technologies measuring therapeutic outcomes as one of the
objectives meet this standard only if the disease or condition being studied is life threatening as defined in
21 CFR §312.81(a) and the patient has no other viable treatment options.

j. The clinical research study is registered on the ClinicalTrials.gov website by the principal
sponsor/investigator prior to the enrollment of the first study subject.

k. The research study protocol specifies the method and timing of public release of all pre-specified outcomes
to be measured including release of outcomes if outcomes are negative or the study is terminated early.
The results must be made public within 24 months of the end of data collection. If a report is planned to
be published in a peer reviewed journal, then that initial release may be an abstract that meets the
requirements of the International Committee of Medical Journal Editors

(http://www.icmje.org). However a full report of the outcomes must be made public no later than three
(3) years after the end of data collection.

l. The research study protocol must explicitly discuss subpopulations affected by the treatment under
investigation, particularly traditionally underrepresented groups in clinical studies, how the inclusion and
exclusion criteria effect enrollment of these populations, and a plan for the retention and reporting of said
populations on the trial. If the inclusion and exclusion criteria are expected to have a negative effect on
the recruitment or retention of underrepresented populations, the protocol must discuss why these criteria
are necessary.

m. The research study protocol explicitly discusses how the results are or are not expected to be
generalizable to the Medicare population to infer whether Medicare patients may benefit from the
intervention. Separate discussions in the protocol may be necessary for populations eligible for Medicare
due to age, disability or Medicaid eligibility.

Consistent with §1142 of the Act, the Agency for Healthcare Research and Quality (AHRQ) supports clinical
research studies that CMS determines meet the above-listed standards and address the above-listed research
questions.

All other uses are noncovered.

II. Background

Definitions

The following radiopharmaceuticals are referenced in this decision memorandum (DM):
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• Florbetapir is florbetapir F18 (or AV-45)
• Florbetaben is florbetaben F18 (or AV-1, or BAY-94-9172)
• Flutemetamol is flutemetamol F18 (or GE-067)
• FDDNP is FDDNP F18
• AZD4694 is AZD4694 F18 (or NAV4694)
• PIB is Pittsburgh Compound B C11
• FDG is fluoro-D-glucose F18

The terms “PET Aβ imaging,” “amyloid-beta PET,” “PET Aβ,” “amyloid imaging,” “amyloid PET,” “Aβ imaging,”
“amyloid-beta imaging” and “beta-amyloid imaging” are used synonymously in the literature and in this DM.

Dementia

Dementia is a syndrome involving cognitive and behavioral impairment in an otherwise alert patient, due to a
number of neurological diseases, alone or combined. It is not a specific cause or disease process itself. The
impairment must involve a minimum of two domains (memory, reasoning, visuospatial abilities, language or
personality behaviors); impact daily functioning; represent a decline from previous levels of functioning; not be
explainable by delirium (a temporary state of mental confusion and fluctuating consciousness from various
causes) or a major psychiatric disorder; and be objectively documented by a “bedside” mental status exam (e.g.,
the mini-mental status exam) or neuropsychological testing (McKhann 2011).

Mild cognitive impairment (MCI)

Increasingly, research has focused on early stages of cognitive impairment, which lie between the cognitive
changes of normal aging and dementia. Mild cognitive impairment (MCI) is a syndrome in which persons
experience memory loss (amnestic MCI) or loss of thinking skills other than memory loss (non-amnestic MCI), to
a greater extent than expected for age, but without impairment of day-to-day functioning. The clinical work up
for MCI is similar to that for AD and other causes of dementia (discussed below).

Individuals with MCI are at increased risk of developing dementia (whether from AD or another etiology), but
many do not progress to dementia, and some get better. MCI has multiple subtypes, discussed in more detail
later in this DM. These subtypes, and associated results from “bedside” mental status exams and neuropsychiatric
testing, could, when combined with (1) other patient characteristics (e.g., age, genetics, cognitive reserve,
comorbidities), and (2) biomarkers (for hypometabolism, plaque accumulation, synaptic dysfunction and neuronal
loss), serve as the foundation for the development of objectively defined “risk pools,” or subpopulations of
individuals who are at risk of progressing from MCI or even pre-symptomatic states to AD (Petersen 1999 and
2009, Wolk 2009, Hughes 2011, Ward 2012, Landau 2012, Sachdev 2012).
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Alzheimer’s disease (AD)

Epidemiology, clinical criteria, causes and treatment

AD is an irreversible dementia characterized by progressive, relentless cognitive and functional decline. It is the
number one cause of dementia in older Americans (age 65 and over), contributing to 60-80% of cases. Over 5
million older Americans (> 12.5%) have AD. This prevalence is expected to rise to 8.7 million by 2030, and could
reach 13.8 million by 2050. AD is the 5th leading cause of death in older Americans (and the 7th leading cause of
death overall). Older African-Americans are two times as likely to have AD (and other dementias) as older whites.
Older Hispanics are 1.5 times as likely to have AD as older whites. Women are more likely to have AD than men,
although this is in part because women live longer (NIA 2013, Brookmeyer 2011, CDC 2013, AA 2013).

Clinical criteria for diagnosing AD are informed by the NIA-AA 2011guidelines (McKhann 2011). Core clinical
criteria for “probable AD” dementia must first meet the criteria for “all-cause” dementia described above.
Additionally, there must be: (a) insidious onset; (b) documented worsening of cognition; (c) exclusion of major
concomitant cerebrovascular disease (as most individuals with AD have some level of this as well); and (d)
exclusion of alternative diagnoses (such as dementia with Lewy bodies (DLB), behavioral variant frontotemporal
dementia (FTD), progressive aphasia or other neurological disease associated with dementia). A clinical diagnosis
of “possible AD” dementia would meet the criteria for “probable AD” above, with the exception of having an
“atypical course” (e.g., sudden rather than insidious onset) or an “etiologically mixed presentation.”

The first symptom of AD is usually memory loss (amnesia), due to synaptic dysfunction and loss of neurons in the
hippocampus. This leads to impairment of reasoning, judgment, behavior and communication, as well as motor
functions, as the disease spreads to other regions of brain. Rarely the initial (or “presenting”) symptoms can be
nonamnestic, such as disturbances in language, visuospatial abilities or decision-making.

Most individuals with AD become symptomatic after age 60. Generally an indolent process, it is typically fatal
within 8-10 years of onset but can be fatal anywhere between 2 and 20 years. Among 70-year-olds, 61% of
those with AD die within a decade (compared to only 30% of those without AD) (NIA 2013, Dilworth 2008, AA
2013).

The underlying cause of AD remains unknown. The number one risk factor is age itself. Investigators hypothesize
that a wide range of factors may contribute to its development, including genetic, metabolic, inflammatory,
mitochondrial, environmental, and neuronal, to include both cytoskeletal (within the neuronal cell itself) and
synaptic (the connectivity among cells) (ECRI 2012, Pimplikar 2010, Herrup 2010, Sperling 2011).
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Currently, there is no effective treatment for AD. Existing interventions do not prevent, modify or cure the
disease process. Some medications, such as memantine and cholinesterase inhibitors, can temporarily improve
cognitive and neuropsychiatric symptoms in some patients with AD (as well as certain other dementias). Care is
therefore primarily supportive and increases as functional impairment progresses, eventually leading to round-the
-clock supervision which can be needed for years.

Diagnostic work-up, integration of biomarkers, and their shortcomings

The clinical work-up for patients presenting with symptoms of dementia or cognitive impairment, including MCI
with possible AD, is extensive. It includes a medical history taken from the patient and from an informant who is
well acquainted with the affected person, a physical examination comprising a mental status evaluation aided by
quantitative scales and/or neuropsychological assessment, and laboratory testing and often structural
neuroimaging such as MRI or CT to rule out other diseases. Clinical assessment is performed primarily using two
sources: the National Institute on Aging and the Alzheimer’s Association (NIA-AA) 2011 criteria, which updates
the NINCDS-ADRA 1984 criteria to “incorporate more modern innovations in clinical imaging and laboratory
assessment” (McKhann 2011); and the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) criteria for
dementia of the Alzheimer’s type.

The innovations in “imaging and laboratory assessment” above refer to biomarkers. There are two types: those
detecting amyloid-beta (Aβ) protein deposition; and those detecting downstream neuronal degeneration or injury
(Jack 2011). Examples of the former type include: direct imaging of amyloid plaques in living brain with
florbetapir, PIB and other agents; and decreased Aβ42 in cerebral spinal fluid (CSF), resulting from accumulation
of this molecule in the brain. Examples of the latter type include: atrophy of hippocampus and entorhinal cortex
on MRI, reflecting neuronal loss; increased total tau protein in CSF, which correlates with neuronal damage; and
increased phosphorylated-tau (p-tau) in CSF, which correlates with formation of neurofibrillary tangles (NFTs)
(Jack 2008, Sperling 2011, Hampel 2008, Mattsson 2009).

This distinction between amyloid deposition and neuronal degeneration becomes important in current theories of
the role of amyloid in the development of AD (discussed below). Increasing use of biomarkers in clinical research
has given rise to two new proposed classifications for AD in the NIA-AA 2011 criteria: “probable” or “possible” AD
dementia “with evidence of AD pathophysiology.”

These proposed classifications are explicit hypotheses to be assessed through further research. Currently, there
are no established biological or neuroimaging markers for the diagnosis of AD or related disorders. Accordingly,
the NIA-AA workgroup on dementia concludes that “the core clinical criteria for AD dementia will continue to be
the cornerstone of the diagnosis in clinical practice, but biomarker evidence is expected to enhance the
pathophysiological specificity of the diagnosis of AD dementia. Much work lies ahead for validating the biomarker
diagnosis of AD dementia” (McKhann 2011).

Unfortunately, despite being the “cornerstone” of diagnosis, clinical assessment of AD remains poor. For example,
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a review of 919 subjects with both clinical and neuropathologic (autopsy) data collected from the NIA-sponsored
National Alzheimer’s Coordinating Center Uniform Data Set between 2005-2010 demonstrated sensitivity of
clinical diagnosis ranging from 70.9% to 87.3%, and specificity ranging from 44.3% to 70.8% (depending on the
restrictiveness of the clinical criteria); this study also found that 39% of subjects with dementia not clinically
diagnosed with AD actually had “minimum levels of AD histopathology” (Beach 2012). Other studies found the
clinical diagnosis of AD by expert neurologists to be 81% sensitive and 70% specific compared to neuropathology
(Knopman 2001, Grundman 2012).

Clinical diagnosis is poor because several other neurological diseases can mimic the dementia seen in AD,
including cerebrovascular dementia, dementia with Lewy bodies (DLB), behavioral variant frontotemporal
dementia (FTD), Parkinson’s disease, Creutzfeld-Jakob disease, and normal pressure hydrocephalus (NPH).
Accordingly, NIA-AA 2011 guidelines require exclusion of these diseases as one of the criteria for clinical
diagnosis of “probable AD.” Also, one or more of these diseases, most commonly vascular disease, co-exist in the
majority of individuals with AD, as seen at autopsy (Schneider 2007). So there are relatively few patients with
“pure” AD. Finally, it is not possible to measure the partial contributions of various coexisting diseases, identified
either during life with imaging or biomarkers, or at autopsy, to a patient’s symptoms of dementia.

Pathophysiology and the diagnostic gold standard for AD

The pathophysiological hallmarks of AD are Aβ plaques, neurofibrillary tangles (NFTs) of the protein tau, and
neuronal dysfunction and loss. However, amyloid plaques are seen in other diseases, such as dementia with Lewy
bodies, cerebral amyloid angiopathy, Parkinson’s disease, Huntington’s disease, and inclusion body myositis.
Amyloid plaques can also be detected in cognitively normal older adults. Autopsy studies demonstrate that
approximately 33% of older individuals (20-65% depending on age) who are cognitively normal have amyloid
accumulation at levels consistent with AD pathology (Hulette 1998, Price 1999, Knopman 2003, Rowe 2010).
Finally, amyloid is associated with physiologic processes of disease prevention or response, such as protection
against oxidative stress, regulation of cholesterol transport, and anti-microbial activity (Guglielmotto 2010, Zou
2002, Yao 2002, Soscia 2010).

Because clinical diagnosis is poor, and amyloid pathology is seen in other diseases as well as in cognitively
normal older persons, the “gold standard” for diagnosis requires both (a) the presence of moderate to frequent
Aβ plaques and neurofibrillary tangles on autopsy, and (b) clinical documentation of progressive dementia during
life (NIA-Reagan Institute 1997, Hyman 1997).

Competing views on the role of amyloid

Acknowledging that there are competing views on the role of amyloid in the pathophysiology of AD is key to
interpreting the significance of trials on AD prognosis, diagnosis and clinical utility. It is widely accepted that the
presence of amyloid plaques in human brain is virtually necessary for the diagnosis of AD. It is built into the
postmortem diagnostic gold standard, and reflected in the FDA-approved label for florbetapir (Sperling 2011, NIA
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-Reagan 1997, FDA 2012). However, whether a threshold level of amyloid plaques in a patient is sufficient for
diagnosing AD is a subject of much debate. One hypothesis is that patients with symptoms of cognitive
impairment and evidence of brain amyloid have AD, and it is just a matter of time before this manifests clinically
as AD dementia.

A competing hypothesis is that “Aβ accumulation is necessary but not sufficient to produce the clinical
manifestations of AD. It is likely that the cognitive decline would occur only in the setting of Aβ accumulation plus
synaptic dysfunction and/or neurodegeneration” (Sperling 2011).

In this light, the NIA-AA criteria authors conclude that “at this point, it remains unclear whether it is meaningful
or feasible to make the distinction between Aβ as a risk factor for developing the clinical syndrome of AD versus
Aβ accumulation as an early detectable stage of AD because current evidence suggests that both concepts are
plausible” (Sperling 2011).

PET Aβ imaging

PET is a minimally invasive diagnostic imaging procedure used to evaluate normal tissue as well as diseased
tissues in conditions such as cancer, ischemic heart disease and some neurologic disorders. A ligand that binds to
a given targeted substrate (e.g., Aβ plaque aggregates) is labeled with a radioisotope (e.g., fluorine F18). The
injected radiopharmaceutical (or “tracer”) emits positrons when it decays. PET uses a positron camera
(tomograph) to measure the decay of such tracers within human tissue. The relative differences in the rate of
tracer decay among anatomic sites provide biochemical information on the tissue being studied.

PET Aβ imaging detects amyloid plaque density in vivo in human brain. While several Aβ imaging agents exist,
including Pittsburg compound B (PIB C11), and several F18 labeled agents (florbetapir; florbetaben;
flutemetamol; AZD469; and FDDNP, which images both amyloid and tau), the longer half-lives of the F18-labelled
agents render them more practical in clinical settings. As the only FDA-approved agent for PET Aβ imaging to
date is florbetapir, it is the primary focus of our review.

III. History of Medicare Coverage

CMS did not previously cover PET Aβ imaging. FDG PET is nationally covered for either the differential diagnosis
of FTD versus AD under specific requirements; or, its use in a CMS-approved practical clinical trial focused on the
utility of FDG PET in the diagnosis or treatment of dementing neurodegenerative diseases. FDG PET for dementia
and neurodegenerative diseases and other specific covered uses of particular PET radioactive tracers (N13
ammonia, Rb82 and F18 sodium fluoride (NaF-18) are found in detail in Section 220.6 of the National Coverage
Determination Manual available at http://www.cms.gov/Regulations-and-
Guidance/Guidance/Manuals/Downloads/ncd103c1_Part4.pdf.
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October
9, 2012

CMS accepts the formal request for the coverage of PET Aβ imaging in the diagnosis of AD and other
causes of cognitive decline. A 30-day public comment period begins.

November
8, 2012

The 30-day public comment period ends. CMS received 27 timely comments.

July 3,
2013

CMS posts the proposed decision memorandum for 30 days of public comment.

August 2,
2013

The public comment period on the proposed decision memorandum closes with 202 comments
received.

A. Current Request

In July 2012 Lilly USA, LLC, manufacturer of the PET amyloid radiopharmaceutical florbetapir (Amyvid™),
requested that CMS reconsider its non-coverage decision for PET scans and provide coverage for the use of PET
amyloid imaging as a diagnostic test to “estimate amyloid neuritic plaque density in adult patients with
documented cognitive impairment who are being evaluated for Alzheimer’s disease (AD) and other causes of
cognitive impairment” (Requestor Letter, at http://www.cms.gov/medicare-coverage-database/details/nca-
tracking-sheet.aspx?NCAId=265&fromdb=true).

B. Benefit Category

Medicare is a defined benefit program. An item or service must fall within a benefit category as a prerequisite to
Medicare coverage (§1812 (Scope of Part A); §1832 (Scope of Part B) and §1861(s) (Definition of Medical and
Other Health Services) of the Act. PET is considered to be within the following benefit category: other diagnostic
tests §1861(s)(3) of the Act).

IV. Timeline of Recent Activities

V. FDA Status

The FDA has reviewed and approved one radiopharmaceutical for PET Aβ imaging, florbetapir (Amyvid™), in April
2012, to estimate Aβ neuritic plaque density in adult patients with cognitive impairment who are being evaluated
for AD and other causes of cognitive decline. In the FDA-approved label for florbetapir there is no definition of
“cognitive impairment,” but the label does reference studies whose cognitively impaired patient populations range
from MCI to dementia. The label states that although a negative florbetapir scan reduces the likelihood of AD, a
positive florbetapir scan does not confirm the diagnosis of AD or any other cognitive disorder. This is because a
positive florbetapir scan, which indicates the presence of moderate to frequent amyloid plagues in the brain, may
be seen in persons with AD or other causes of cognitive decline as well as in persons with normal cognition.
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The FDA-approved label for florbetapir indicates that it was not evaluated by the FDA as a screening tool to
predict the development of dementia (including AD) or other cognitive disorders, nor to monitor the therapeutic
response to treatment of these neurological conditions. Additionally, the label indicates that florbetapir images
should only be interpreted by readers who successfully complete a special training program, which has been
provided by the manufacturer through an in-person tutorial or electronic process. The FDA-approved label for
florbetapir can be viewed in its entirety at
http://www.accessdata.fda.gov/drugsatfda_docs/label/2012/202008s000lbl.pdf

VI. General Methodological Principles

When making national coverage determinations, CMS evaluates relevant clinical evidence to determine whether
the evidence is sufficient to support a finding that an item or service falling within a benefit category is
reasonable and necessary for the diagnosis or treatment of illness or injury or to improve the functioning of a
malformed body member. The critical appraisal of the evidence enables us to determine to what degree we are
confident that: (1) the specific assessment questions can be answered conclusively; and (2) the intervention will
improve health outcomes for beneficiaries. An improved health outcome is one of several considerations in
determining whether an item or service is reasonable and necessary. A detailed account of the methodological
principles of study design that CMS uses to assess the relevant literature on a therapeutic or diagnostic item or
service for specific conditions can be found in Appendix A.

Public commenters sometimes cite the published clinical evidence and provide CMS with useful information. Public
comments that provide information based on unpublished evidence, such as the results of individual practitioners
or patients, are less rigorous and, therefore, less useful for making a coverage determination. CMS uses the initial
comment period to inform its proposed decision. CMS responds in detail to the public comments that were
received in response to the proposed decision when it issues the final decision memorandum.

VII. Evidence

A.    Introduction

The purpose of this evidence review is to summarize the published literature on whether PET Aβ imaging is
beneficial to patients with symptoms of AD. The evidence reviewed here includes the published medical literature
as of August 31, 2013, on pertinent clinical trials, focusing on florbetapir, as it is the only clinically-relevant, FDA-
approved PET Aβ imaging tracer. Additional supporting evidence from other studies and sources are cited below.

B. Summary of Evidence

1.     Questions:

Printed on 12/8/2014. Page 13 of 84 

http://www.accessdata.fda.gov/drugsatfda_docs/label/2012/202008s000lbl.pdf


a. Is the evidence adequate to conclude that PET Aβ imaging improves meaningful health outcomes in
beneficiaries who display signs or symptoms of AD?

b. Is the evidence adequate to conclude that PET Aβ imaging results inform the treating physician's
management of the beneficiary to improve meaningful health outcomes? Those outcomes may include
reasonably considered beneficial therapeutic management or the avoidance of unnecessary, burdensome
interventions.

2.      External Technology Assessment

CMS did not request an external technology assessment (TA) on this issue.

3.      Internal technology assessment

Literature search methods

Literature searches performed on PubMed included combinations of the following terms: amyloid, beta-amyloid,
PET imaging, dementia, Alzheimer’s disease, neurodegenerative disorders, and mild cognitive impairment.
Searches were also performed, using the same search terms, in ClinicalTrials.gov, the National Guideline
Clearinghouse, the Cochrane Library, EMBASE, and other sources such as Trip Database.

Additional articles were selected from citations from key clinical trials, recent review articles, the NCD request,
expert speaker talks at the MEDCAC meeting, MEDCAC panel members and public comments.

A review of the medical literature failed to reveal any pertinent meta-analysis or systematic reviews evaluating
specifically the use of PET Aβ imaging in patients with signs and symptoms of AD. Although no randomized
clinical trials were found exploring the use of PET Aβ imaging in this population, most studies found were
prospective longitudinal studies. One study employed the use of a cross-sectional design (Landau 2012).

Prospective Longitudinal Studies
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Wong D, Rosenberg P, Zhou Y, Kumar A, Raymont V, Ravert H, et al. In Vivo Imaging of Amyloid Deposition in
Alzheimer’s Disease using the Novel Radioligand [18F]AV-45 (Florbetapir F 18). J Nucl Med. 2010
June;51(6):913–920.

Wong and associates performed a study designed to explore brain imaging properties in cognitively healthy
patients and those with AD by using PET florbetapir imaging. This open-label, multicenter, study involved 16
patients with Alzheimer’s disease, as well as 16 cognitively healthy controls; both groups received florbetapir and
PET imaging (in AD patients the mean age was 75.8 +/- 9.2, in healthy controls (HC) the mean age was 72.5 +/-
11.6). Patients with AD had to be greater than 50 years of age and have a probable diagnosis of AD according to
NINCDS-ADRDA criteria, with a mini-mental status examination (MMSE) score between 10 and 24 inclusive. All
healthy control subjects also had to be greater than 50 years of age, have no evidence of cognitive impairment
by history and psychometric testing, and had to have an MMSE score of ≥ 29. Subjects who showed evidence of
any other significant neurodegenerative or psychiatric disease on clinical examination or MRI, or clinically
significant medical comorbidities, were excluded from the study. In the study, standard uptake values ratios
(SUVR) were calculated using cerebellar grey matter as the primary reference region, and centrum semiovale
white matter as an alternative reference region, and a parametric mapping approach employing the cerebellum
as a reference region was used to calculate distribution/volume ratios (DVR).

Looking at the demographics of the two groups, though the baseline average MMSE was lower in the AD subjects
than in the HC subjects (19.1 +/− 3.1 vs. 29.8 +/− 0.45), both groups were similar in age, weight, and
education. A review of baseline data also revealed that there were a slightly higher proportion of males in the
healthy control group than in the AD group (10/16 versus 8/16, respectively).

Results of the study revealed that accumulation of florbetapir tracer was found in cortical target areas such as the
frontal cortex, temporal cortex and precuneus, areas that were expected to be high in amyloid deposition, while
in healthy control subject tracer accumulation predominantly was distributed in the white matter areas. The
cortical to cerebellar SUVR values remained much longer in AD patients than in healthy controls, reaching a
plateau within 50 minutes. Using the 10 minute period from 50–60 minutes post administration as a
representative sample, the cortical average SUVR for this period was 1.67 +/− 0.175 for patients with AD vs.
1.25 +/− 0.177 for healthy control subjects. The study also revealed that spatially normalized DVRs generated
from PET dynamic scans were highly correlated with SUVR (r = 0.58–0.88, p < 0.005) and were significantly
greater for AD patients than for healthy control subjects in cortical regions, but not in subcortical white matter or
cerebellar regions.

The authors concluded that florbetapir PET imaging showed significant discrimination between clinically diagnosed
AD patients and healthy control subjects using either a parametric reference region method (DVR) or a simplified
SUVR method.

Camus V, Payoux P, Barré L, Desgranges B, Voisin T, Tauber C, et al. Using PET with 18F-AV-45 (florbetapir) to
quantify brain amyloid load in a clinical environment. Eur J Nucl Med Mol Imaging. 2012 Apr;39(4):621-31. doi:
10.1007/s00259-011-2021-8. Epub 2012 Jan 18.
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Camus and associates performed a prospective study to evaluate the clinical usefulness of florbetapir. The
purpose of the study was to assess the feasibility of using PET imaging with florbetapir in three-level clinical
settings to differentiate patients with mild to moderate AD or MCI patients from normal healthy control subjects
in three PET centers. They also wanted to assess the safety of a florbetapir injection immediately after injection
and during the follow-up period. Subjects included consecutive patients referred from the three participating
memory clinics associated with the study center in France, and who met specific criteria as stated in the NINCDS-
ADRDA criteria set for probable AD and DSM-IV criteria for Alzheimer’s type dementia or diagnostic criteria for
amnestic MCI. All participants had to be at least 55 years of age, be able to speak French fluently, have
completed at least seven years of education and have neither unstable somatic disease nor psychiatric
comorbidities. Healthy subjects who acted as controls were recruited through a community advertisement and
evaluated in the same clinical settings.

The diagnosis of AD was confirmed using a mini-mental state examination (MMSE), as well as meeting the
guidelines for global neuropsychological testing and an evaluation of verbal episodic memory (Free and Cued
Selective Reminding Test, FCSRT), language (verbal fluency, naming, comprehension), gnosis, praxis,
visuospatial functions and executive functions. Patients were excluded if they had any past or current
symptomatic treatment with acetylcholinesterase inhibitors or memantine or had participated in any experimental
study investigating Aβ-lowering agents. For MCI patients, a subjective memory complaint associated with isolated
impairment in episodic memory had to be present, and assessed by a free recall total based on FCSRT. Healthy
controls used in the study could not have any past history of or current major depressive episodes and/or
antidepressant treatment, cognitive impairment in the diagnostic neuropsychological battery, memory
complaints, or MRI brain scan abnormalities. A total of 46 subjects (20 men, 26 women, mean age 69.0 ± 7.6
years) were included in the study, including 13 AD patients, 12 MCI patients and 21 healthy control subjects. A
brain MRI scan, a whole-body hybrid PET/CT scan and florbetapir PET imaging was performed on all subjects. PET
images were assessed visually by blinded inspectors to any clinical information and quantitatively via the
standard uptake value ratio (SUVR) in the specific regions of interest, which were defined in relation to the
cerebellum as the reference region.

Results of the study revealed that the PET scan procedures were well tolerated, and no serious adverse events
were reported during the immediate follow-up period, though at the 1-year follow-up, two patients did had
medical problems unrelated to the study and were excluded from the analysis. The mean values of SUVR were
higher in AD patients (median 1.20, Q1-Q3 1.16-1.30) than in healthy control subjects (median 1.05, Q1-Q3 1.04
-1.08; p = 0.0001) in the overall cortex and in all cortical regions (precuneus, anterior and posterior cingulate,
and frontal median, temporal, parietal and occipital cortex). The MCI subjects also showed a higher uptake of
florbetapir in the posterior cingulate cortex (median 1.06, Q1-Q3 0.97-1.28) compared with healthy control
subjects (median 0.95, Q1-Q3 0.82-1.02; p = 0.03). Qualitative visual assessment of the PET scans showed a
sensitivity of 84.6% (95% CI 0.55 – 0.98) and a specificity of 38.1% (95% CI 0.18 – 0.62) for discriminating
clinically diagnosed AD patients from healthy control subjects; however, the quantitative assessment of the global
cortex SUVR showed a sensitivity of 92.3% and specificity of 90.5% with a cut-off value of 1.122 (area under the
curve 0.894).

Based on the results of the study, the authors felt that PET with florbetapir was suitable for routine use to
improve the accuracy of AD diagnosis in the clinical setting, because the quantitative analyses showed a higher
global SUVR and SUVR in several cortical regions (precuneus, anterior and posterior cingulate, frontal median,
temporal, parietal and occipital cortex) in AD patients than in healthy control subjects. It also showed that the
SUVR in the posterior cingulate and frontal median regions was significantly higher in AD patients than in MCI
patients. The authors also note the following:
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• the pattern of florbetapir cortical uptake found in the present study is similar to that found in previous
studies conducted by Wong et al. and Clark et al.;

• the pattern also appears to be similar to those found with other amyloid-labeling compounds, such as PIB
C11 and its flutemetamol F18-derived molecule, 11C-BF-227, FDDNP F18 and BAY94-9172 F18; and

• these patterns closely match the neuropathological stages of AD progression, which was strengthened by
the high correlation found between florbetapir PET imaging and autopsy results.

The authors concluded that PET with florbetapir should become a routine clinical procedure because it improves
the reliability of AD diagnosis and the detection of typical or atypical forms of pre-dementia stages, such as
amnestic MCI and MCI associated with multi-domain deficits or neuropsychiatric symptoms (e.g., depression).
But the authors also note that more studies testing the feasibility and tolerability of consecutive scans with
florbetapir are needed to better document the accuracy of PET imaging with florbetapir in the AD diagnostic
process at the dementia or pre-dementia stages, and that comparisons (or combinations) with other biomarkers,
such as FDG PET, MRI and CSF dosages of tau and protein, are also needed.

Clark CM, Sneider JA, Bedell BJ, Beach TG, Bilker WB, Mintun MA. Use of Florbetapir PET for Imaging Aβ
Pathology. JAMA 2011 Jan 19;305(3):275-83.

Clark and associates performed a prospective clinical evaluation study to determine the qualitative and
quantitative relationship between the florbetapir PET image and postmortem-amyloid pathology. This phase 3
multicenter study had two cohort groups. One group involved individuals at the end of life who consented to both
florbetapir PET imaging and brain donation after death. In the other group, PET images were also obtained from
younger individuals presumed to be free of brain amyloid to better understand the frequency of a false positive
florbetapir PET image.

The study enrolled 152 individuals who were at least 51 years of age and approaching the end of their life, to
obtain 35 postmortem brain evaluations from those who received PET imaging 12 months or less prior to death.
Inclusion criteria for this group included a physician’s assessment that the individual was likely to die within six
months of study enrollment, absence of any known destructive lesion in the brain (e.g., stroke or tumor), and the
individual’s willingness to have florbetapir PET imaging followed by a brain autopsy at the time of death. The
study also involved a second group of 74 young, cognitively normal, healthy individuals (aged 18-50 years). In
both groups, physical, neurological, and cognitive evaluations that included assessments of memory, language,
and constructional praxis were obtained.

Participants were imaged at 23 sites using clinical PET and PET/computed tomographic scanners, and florbetapir
PET images were visually assessed by three board-certified nuclear medicine physicians, using a semi-
quantitative score ranging from 0 (no amyloid) to 4 (high levels of cortical amyloid). A semi-automated
quantitative analysis of the ratio of cortical to cerebellar signal (SUVR) also was performed for florbetapir PET
images from all study participants. The main outcome measure of the study was correlation of florbetapir PET
image interpretation (based on the median of 3 nuclear medicine physicians’ ratings) and semi-automated
quantification of cortical retention with postmortem Aβ burden, neuritic amyloid plaque density, and
neuropathological diagnosis of Alzheimer disease in the first 35 participants autopsied (out of 152 individuals
enrolled in the PET pathological correlation study). Autopsied brain tissue was obtained to identify and quantify
Aβ aggregation using an automated immunostainer following established immunohistochemistry methods, and
PET image quantification was performed using image processing and analysis software. Aβ neuritic plaque density
was determined, and the mean density for both neuritic and diffuse plaques, using silver stain, was summarized
by anatomical region using a 4-point semi-quantitative scale (0 = none, 1 = sparse, 2 = moderate, 3 = severe).
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Also, a neuropathological diagnosis was made using standardized criteria as described by the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) and the National Institute on Aging (NIA) and Reagan
Institute Working Group on Diagnostic Criteria for the Neuropathological Assessment of Alzheimer’s Disease
(NIA/Reagan Institute criteria).

Results of the study revealed that there were significant correlations between the two measures of amyloid on
florbetapir PET (SUVR versus semiquantitative visual score: 0.82 [95% CI, 0.64 - 0.87]; p < .001) and the two
measures of amyloid aggregation at autopsy (immunohistochemistry vs. silver stain: 0.88 [95% CI, 0.76 - 0.94];
p < .001). The strengths of the inter-method correlations (e.g., PET visual read to immunohistochemistry) were
similar to that for the intra-method correlations (e.g., PET visual read to PET SUVR, pathology
immunohistochemistry to pathology plaque score). The study also revealed that 15 participants in the primary
analysis autopsy cohort met pathological criteria for AD (CERAD: probable or definite AD; NIA/Reagan Institute
criteria: intermediate to high likelihood of AD) and of these 15 participants, 14 had florbetapir PET scans that
were interpreted as visually positive (median read 2), giving a sensitivity of 93% (95% CI, 68% - 100%). Finally,
14 participants in the autopsy cohort had low levels of Aβ aggregation on the postmortem examination and did
not meet CERAD or NIA/Reagan Institute pathological criteria for AD. All 14 had florbetapir PET scans that read
as negative, yielding a specificity of 100% (95% CI, 76.8% - 100%). The authors noted that the reviewers who
read results for the florbetapir PET images agreed with the final autopsy with respect to the presence or absence
of neuropathological criteria of AD in 28 of 29 cases.

The authors concluded that florbetapir PET imaging performed during life in this study correlated with the
presence and density of Aβ at autopsy, and felt that this study provides evidence that a molecular imaging
procedure can identify Aβ pathology in the brains of individuals during life.

Clark C, Pontecorvo M, Bench T, Bedell B, Coleman R, Doraiswamy P. Cerebral PET with florbetapir compared with
neuropathology at autopsy for detection of neuritic Aβ plaques: a prospective cohort study. Lancet Neural
2012;11:669-78.

This second study by Clark and associates was a continuation of the 2011 discussed above. Like the original
study, this prospective cohort study’s purpose was to determine the qualitative and quantitative relationship
between florbetapir PET imaging and postmortem-amyloid pathology. Patients who were alive at the end of the
first study were followed up to autopsy, or for an additional year after the PET scan. Images and histopathological
results from the original cohort study were used and extended to follow-up and were analyzed together to test
the diagnostic accuracy of binary visual interpretation of florbetapir PET scans by comparison with the reference
standard of neuritic plaque density at autopsy. The original study enrolled 152 individuals and obtained 35
postmortem brain evaluations from those who had received PET imaging 12 months or less prior to death.
Autopsy results of the original Clark article was based on this cohort of 35 subjects.

The second Clark study used the same inclusion and exclusion criteria as the original study, as well as the same
physical, neurological, and cognitive evaluations that included assessments of memory, language, and
constructional praxis. The second study also had three board-certified nuclear medicine physicians read the
florbetapir PET images, using a semi-quantitative score ranging from 0 (no amyloid) to 4 (high levels of cortical
amyloid). And as before, a semi-automated quantitative analysis of the ratio of cortical to cerebellar signal
(SUVR) was performed for florbetapir PET images from all study participants. Autopsied brain tissue was
examined to identify and quantify Aβ aggregation, and neuritic plaque density was determined using a 4-point
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semi-quantitative scale (0 = none, 1 = sparse, 2 = moderate, 3 = severe). The main outcome measure of the
study was correlation of florbetapir PET image interpretation and semi-automated quantification of cortical
retention with postmortem Aβ burden, and neuritic amyloid plaque density. The neuropathologic diagnosis of AD
was made using standardized criteria as described by the CERAD and the National Institute on Aging (NIA) and
Reagan Institute Working Group on Diagnostic Criteria for the Neuropathological Assessment of Alzheimer’s
Disease (NIA/Reagan Institute criteria).

In the original Clark study, 35 participants died and had a postmortem exam. The remaining participants were
followed up to 1 year, or a maximum of two years after the original PET scan. During this period an additional 24
autopsy results became available, leaving a combined total of 59 participants with a valid florbetapir PET scan
and autopsy results within 24 months which comprised the primary efficacy analysis population. The mean age of
this group was 79.4 years, and male as well as female genders were equally represented in this study. According
to inclusion criteria, 12 subjects had no cognitive impairment, five had mild cognitive impairment that did not
meet the criteria for dementia, 29 had AD, and 13 had other forms of dementia (e.g., dementia with Lewy
bodies, Parkinson’s disease dementia, frontotemporal dementia, unspecified dementia, and mixed dementia). The
secondary efficacy analysis population, which consisted of patients in the 12 month autopsy cohort, had similar
demographic and characteristics as the primary efficacy analysis population.

Results of the study revealed that 39 of the 59 patients included in the study in the primary efficacy analysis
population had moderate or frequent neuritic plaques at autopsy and were categorized as positive for Aβ
according to histopathological assessment. Most readers rated the florbetapir PET scans as positive in 36 of these
39 subjects, giving this a sensitivity rating of 92%. All 20 subjects with no or sparse neuritic plaque at autopsy
were categorized as negative by the majority of readers of the florbetapir PET scan, resulting in a specificity of
100%. The overall accuracy for the primary efficacy analysis population was 95%. The sensitivity, specificity, and
overall accuracy of the 46 participants included in the secondary efficacy analysis population were 96%, 100%
and 98% respectively.

Visual semi-quantitative ratings of Aβ by use of florbetapir PET imaging showed a positive correlation with
postmortem levels of Aβ measured via immunohistochemistry in subjects who had autopsies within two years of
PET scan (Spearman ρ = 0.76; p < 0.0001), as well as subjects who had autopsies within one year of PET scan
(Spearman ρ = 0.79; p < 0.0001). The authors concluded that the results of the study showed correlation
between florbetapir PET imaging and postmortem amyloid burden, and the authors concluded that florbetapir
might be useful for imaging of Aβ neuritic plaques in the brains of patients with cognitive impairment.

Fleisher AS, Chen K, Liu X, Roontiva A, Thiyyagura P, Ayutyanont N. Using Positron Emission Tomography and
Florbetapir F 18 to Image Cortical Amyloid in Patients With Mild Cognitive Impairment or Dementia Due to
Alzheimer Disease. Arch Neurol. 2011;68(11):1404-1411.

Fleischer and associates used multiple research imaging centers in their study to characterize quantitative
florbetapir PET measurements of fibrillar Aβ burden in a large clinical cohort of participants with probable AD or
mild cognitive impairment and older healthy controls. The study used pooled data from the four registered phase
I and II trials of florbetapir PET imaging, using standard dosing of florbetapir and non-dynamic PET acquisitions.
The study evaluated both continuous and binary measures of florbetapir PET activity to assess global differences
between clinical diagnostic groups, to confirm expected patterns of regional distributions of fibrillar Aβ, and to
determine proportions of positive scans using cut-off thresholds for global cortical florbetapir activity. During the
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course of the study, researchers predetermined SUVR threshold levels for defining florbetapir PET positivity based
on a previously reported study of expired end-of-life patients and a specificity cohort of young ApoE4 non-
carriers.

The study involved a total of 210 participants who were 55 years of age or older, consisting of 82 cognitively
normal volunteers, 60 individuals with MCI, and 68 individuals with probable AD. Florbetapir PET scans were
taken of all participants, and they were required to have no subjective cognitive complaints as corroborated by an
informant report, to have an MMSE score of 29 or greater, and to be cognitively normal based on psychometric
testing. Participants with probable AD met NINCDS-ADRDA criteria for probable AD and had an MMSE score at
screening in the range of 10 to 24. ApoE genotyping was performed as an optional procedure on 155 participants.
Subjects were excluded if they had other current clinically relevant neurologic or psychiatric illnesses, were
receiving any investigational medications, or ever received an anti-amyloid experimental therapy.

All participants underwent a florbetapir PET session that consisted of intravenous injection of florbetapir F 18, and
a region of interest (ROI) analysis was performed on individual PET images. Cerebral–to–whole-cerebellar
florbetapir standard uptake value ratios (SUVRs) were computed. The study compared mean cortical SUVRs, and
a threshold of SUVRs greater than or equal to 1.17 was used to reflect pathological levels of amyloid associated
with AD based on separate antemortem PET and postmortem neuropathology data from 19 end-of-life patients.
Also a threshold of SUVRs greater than 1.08 was used to signify the presence of any identifiable Aβ because this
was the upper limit from a separate set of 46 individuals 18 to 40 years of age who did not carry ApoE4. In this
study florbetapir PET activity was the outcome measure of interest.

Results of the study revealed that all participant groups differed significantly in terms of mean [SD] cortical
florbetapir SUVRs. Those with probable AD had a mean score of 1.39 [0.24], those with MCI had a mean score of
1.17 [0.27], and those who were older healthy controls (HC) had a mean score of 1.05 [0.16] (p < 1.0 x 10−7).
In terms of percentage meeting levels of amyloid associated with AD by SUVR criteria the scores were 80.9%
(AD), 40.0% (MCI) and 20.7% (HC) (p < 1.0 x 10−7). In terms of percentage meeting SUVR criteria for the
presence of any identifiable Aβ the scores were 85.3% (AD), 46.6% (MCI) and 28.1% (HC) (p < 1.0 x 10−7). In
older healthy controls, the percentage of florbetapir positivity increased linearly by age decile (p = .05). The
study also revealed that for the 54 older health controls with available ApoE genotypes, ApoE4 carriers had a
higher mean [SD] cortical SUVR than did non-carriers (1.14 [0.2] versus 1.03 [0.16]; p = .048). The authors felt
that the results support the ability of florbetapir PET SUVRs to characterize amyloid levels in clinically probable
AD, MCI, and older healthy control groups, using both continuous and binary quantitative measures of amyloid
burden.

Doraiswamy P, Sperling R, Coleman R, Johnson K, Reiman E, Davis, M. Amyloid-β assessed by florbetapir F18
PET and 18-month cognitive decline: A multicenter study. Neurology 2012;79:1636–1644.

Doraiswamy and associates performed a prospective, multicenter, observational study to evaluate the prognostic
utility of detecting Aβ pathology using florbetapir PET in older subjects at risk for progressive cognitive decline. In
this study, 51 subjects with MCI, 69 clinically normal cognitively healthy controls, and 31 subjects clinically
diagnosed with AD dementia who had previously received a florbetapir PET scan were enrolled. Patients with AD
dementia met NINCDS-ADRDA criteria for probable AD and had MMSE scores less than or equal to 24. MCI
subjects were presenting for an initial evaluation, or had received a diagnosis of MCI within the past year prior to
the study. MCI participants had to be at least 50 years of age, had a complaint of memory or cognitive
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impairment corroborated by an informant, had a clinical dementia rating (CDR) scale global rating of 0.5, and
MMSE > 24 and no episodic memory cut-off was required. The healthy control subjects had to be at least 50
years of age, and were assessed clinically as cognitively normal, and had a CDR global of 0 and an MMSE of 29 or
30. Cognitively normal subjects were recruited approximately equally across age deciles (50–59, 60-69, 70–79,
and equal to or greater than 80 years of age).

All subjects included in the study underwent a detailed medical history, physical and neurologic examinations, a
clinical interview and laboratory evaluations; additionally an MRI was performed at screening or within six months
prior to enrollment to rule out significant CNS lesions. Subjects were excluded if they had other relevant
neuropsychiatric diseases, received anti-amyloid investigational drugs, were unable to complete psychometric
testing, or had contraindications to PET. A battery of procedures was performed on all subjects including a clinical
diagnostic interview and cognitive/functional testing including the CDR, MMSE, Alzheimer’s Disease Assessment
Scale–Cognitive subscale (ADAS-Cog; 11-item version), Wechsler Logical Memory (immediate and delayed
recall), Digit-Symbol Substitution, Category Verbal Fluency (animals and vegetables), Alzheimer’s Disease
Cooperative Study–Activities of Daily Living Scale (ADCS-ADL), and Geriatric Depression Scale (GDS). ApoE
genotyping was also performed.

Subjects underwent PET amyloid imaging using florbetapir. Three nuclear medicine physicians, blinded to clinical
data, independently reviewed all PET images and rated each on both a semi-quantitative (0–4) and a binary
qualitative scale (amyloid positive or amyloid negative) based on the pattern of tracer uptake in gray matter
cortical areas. Cerebral-to-whole-cerebellar florbetapir standard uptake value ratios (SUVRs) were calculated
using whole cerebellum as the reference region. The average of the SUVR across the six cortical target regions
was used for analysis. Subjects who completed the initial PET scan were eligible to participate in the follow-up
protocol which would determine whether florbetapir PET predicts progressive cognitive impairment at 36 months.

By the end of the study, of the 151 subjects (69 cognitively normal, 51 mild cognitive impairment, 31 AD) who
entered the study, 97% of cognitively normal, 90% of MCI, and 87% of AD subjects completed the 18 months
follow-up. The analysis revealed that in both MCI and cognitively normal patients, baseline Aβ positive scans were
associated with greater clinical worsening on the Alzheimer’s Disease Assessment Scale–Cognitive subscale
(ADAS-Cog (p < 0.01) and Clinical Dementia Rating–sum of boxes (CDR-SB) (p < 0.02). Analysis also revealed
that MCI Aβ positive scans were associated with greater decline in memory, Digit Symbol Substitution (DSS) and
MMSE scores (p < 0.05). And though MCI subjects had higher baseline SUVR, which was correlated with greater
subsequent decline on the ADAS-Cog (p < 0.01), CDR-SB (p < 0.03), a memory measure, DSS, and MMSE (p <
0.05), Aβ positive MCI subjects tended to convert to AD dementia at a higher rate than Aβ negative subjects (p <
0.10).

The authors of the study felt that the results demonstrated that florbetapir amyloid imaging confirms that both
cognitively normal subjects and subjects with MCI with higher levels of cortical Aβ on PET are at higher risk for
future cognitive progression than individuals with lower levels of amyloid, after controlling for age and baseline
cognitive performance. They felt that not only did the findings support the use of florbetapir PET as a predictive
biomarker of cognitive decline in at-risk subjects, but also that amyloid PET may have predictive value in MCI for
developing AD dementia. They concluded that florbetapir PET may help identify individuals at increased risk for
progressive cognitive decline.
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• etiology due to AD (or most likely prodromal AD, or MCI due to AD, probable AD, atypical AD, Lewy body
disease with AD/amyloid pathology, or mixed dementia with AD);

• non-AD etiology (most likely etiology is not AD, e.g., mild cognitive impairment of uncertain etiology, but
not due to AD; or a specific non-AD etiology such as vascular dementia, frontotemporal dementia; Lewy
body disease without AD pathology; primary progressive aphasia; metabolic, psychiatric, or medication-
induced impairments); or

• indeterminate (syndromic) etiology, (where the clinician could describe a syndrome but could not provide
a more specific etiology, e.g., progressive cognitive decline, mild cognitive impairment, or dementia of
uncertain etiology).

Grundman M. Pontecorvo M, Salloway S, Doraiswamy P, Fleisher A, Sadowsky C, et al. Potential Impact of
Amyloid Imaging on Diagnosis and Intended Management in Patients With Progressive Cognitive Decline.
Alzheimer Dis Assoc Disord 2012;00:000–000.

Grundman and associates performed a prospective study to determine the impact of amyloid imaging on the
diagnoses and management of patients undergoing evaluation for cognitive decline, more specifically to
determine whether knowledge of the presence or absence of moderate to frequent neuritic amyloid plaques, as
assessed by a florbetapir PET scan, would alter a physician’s diagnostic thinking and intended patient
management. The study consisted of two roughly equal groups of patients: those who had completed a diagnostic
evaluation for progressive cognitive decline/impairment within the previous 18 months (group A, n = 110), and
those who were currently undergoing an evaluation (group B, n = 119), but presumably were at a point where
the physician was interested in obtaining florbetapir PET scan information. For patients in the study undergoing
diagnostic evaluation at entry, the investigator had the option of completing the evaluation and enrolling the
patient in group A or enrolling the patient in group B and then considering additional evaluations after the PET
scan had been obtained. Although there was no requirement that patients had to meet a specific level of cognitive
impairment for inclusion in the study, only patients in whom a history of cognitive decline was documented were
included. Exclusion criteria included patients who had a previous amyloid imaging scan or previous participation
in a clinical trial of an amyloid targeting therapeutic agents (unless they were in the placebo group).

Screening and baseline studies were obtained, which consisted of a medical history including demographic
features, history of cognitive decline, and a record of diagnostic tests performed as part of the standard practice
clinical evaluation/diagnostic workup. Subjects also underwent the MMSE. The site physicians decided whether or
not patients should be placed in group A (completed their diagnostic evaluation) or group B (still undergoing
diagnostic evaluation). If the screening visit/pre-scan evaluation indicated a need for additional diagnostic
testing, patients were always assigned to group B. At the end of the screening, physicians recorded the current
diagnosis (group A), or working diagnosis (group B) for each patient. Diagnoses were classified as either:

For all participants in the study, the treating physicians had to provide results of diagnostic testing and a
management plan using information available before florbetapir imaging. After subjects received imaging with
florbetapir PET, the diagnosis and intended management at baseline were compared with those obtained after
receiving the florbetapir PET scan result. For purposes of this study, a change from an indeterminate/uncertain
etiology to a specific etiology (such as MCI due to AD) or a change from one etiologic category (due to AD/not
due to AD) to the other was considered a change in diagnosis. A change within etiologic category (e.g., MCI due
to AD changed to Dementia due to AD) was not considered a change in diagnosis.

A total of 229 subjects (group A, 48%, n = 110; group B, 52%, n = 119) were enrolled in the study and
underwent florbetapir PET scans. The mean age of participants was 74.1 ± 8.1 years, 95% of the subjects were
white, and 50.2% were male. With the exception of gender (p = 0.0202), there were no significant demographic
differences between subjects who had previously completed a workup and diagnosis and those still undergoing a
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workup. Of the study participants, 36% had dementia, and the remaining 64% had cognitive impairment not at
the level of dementia; also 113 subjects were amyloid positive, while 116 were amyloid negative. Analysis of data
revealed that after receiving the results of the florbetapir scan, post-scan diagnosis changed in 125 (54.6%) of
229 cases (95% CI, 48.1% - 60.9%). The scan had an impact on the classification for 37% of subjects with a pre
-scan diagnosis indicating an etiology due to AD, 66% of subjects with an indeterminate pre-scan diagnosis, and
62% of subjects with a non-AD pre-scan diagnosis.

When looking at changes in confidence in terms of etiologic diagnosis at both the pre-scan and the postscan time
points, the mean confidence level significantly increased after florbetapir PET by an average of 21.6% (95% CI,
18.3% - 24.8%; p < 0.0001. And in terms of intended management, there was a change in the overall
management plan for 199 (86.9%) of 229 subjects (95% CI, 81.9% - 90.7%), especially when it came to
intended medication management as a result of the scan. In 71 (31%) of 229 subjects (95% CI, 25.4% - 37.3%)
florbetapir PET results led to an intended change in AD medications and in 17 (7.4%) of 229 patients (95% CI,
4.7% - 11.6%), the results led to an intended change in treatment with psychiatric medications (e.g.,
antidepressants, antianxiety medications, or antipsychotics).

The authors concluded that after receiving the results of the florbetapir scan, physicians made significant changes
in their diagnoses and had increased diagnostic confidence. They also showed that treatment plans were modified
after florbetapir imaging both for patients who were in the midst of their workup and for those with a complete
workup.

Cross-sectional study

Landau S, Mintun MD, Joshi A, Koeppe R, Petersen R, Aisen P, et al. Amyloid Deposition, Hypometabolism, and
Longitudinal Cognitive Decline. Ann Neurol 2012;72:578–586.

Landau and associates performed a study using longitudinal multisite data to examine the cross-sectional
relationships between amyloid deposition, hypometabolism, and cognition, and the associations between amyloid
and hypometabolism measurements, and retrospective, longitudinal cognitive measurements. In this study, 426
Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants with an available florbetapir and MRI scan were
enrolled (126 normal, 162 early mild cognitive impairment (EMCI), 85 late mild cognitive impairment (LMCI), 53
Alzheimer’s disease (AD); 417 of these participants also had an FDG-PET scan acquired approximately
concurrently with the florbetapir scan (average time between FDG-PET and florbetapir, < one week).
Approximately 2/3 of the total sample were newly enrolled subjects who had no longitudinal follow-up, whereas
approximately 1/3 were continuing normal (n = 76) and LMCI (n = 81) participants from ADNI 1 who were
followed for an average of about four years prior to their florbetapir scans.

Inclusion as well as exclusion criteria were specified and followed. LMCI participants had the following
characteristics: a subjective memory complaint, a Clinical Dementia Rating (CDR) of 0.5, and were classified as
single- or multi-domain amnestic. The EMCI group differed from LMCI group only based on education-adjusted
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scores for the delayed paragraph recall sub-score on the Wechsler Memory Scale–Revised Logical Memory II,
such that EMCI subjects were intermediate between normal subjects and LMCI. Normal subjects had CDR scores
of 0, and patients with AD met standard diagnostic criteria. The ADAS-cog16 was used in the cross-sectional
analyses and well as the primary outcome measure in the longitudinal analyses (total score ranges from 0 to 70,
with a higher score indicating poorer cognitive function). Changes in diagnostic status (e.g., remaining LMCI or
converting to AD) were also assessed. In the study, ApoE genotypes were determined with blood samples in all
except two EMCI subjects. PET image data were acquired based on ADNI protocol. The associations between
concurrent florbetapir, FDG, and ADAS-cog measurements for the whole population and for each diagnostic group
separately (normal, EMCI, LMCI, AD) were obtained; Spearman rank correlation coefficients were used for
continuous variables to account for the non-normally distributed nature of florbetapir and ADAS-cog, and chi-
square tests were used for dichotomous variables. For participants with longitudinal data, associations between
independent variables (florbetapir and FDG PETs) and longitudinal ADAS-cog change were explored using linear
mixed effects models.

Results of the study revealed that 29% of normal subjects, 43% of EMCI patients, 62% of LMCI patients, and
77% of AD patients were categorized as florbetapir positive, and florbetapir was negatively associated with
concurrent FDG and ADAS-cog in both MCI groups. The longitudinal analysis also revealed that florbetapir-
positive subjects in both normal and LMCI groups had greater ongoing ADAS-cog decline than those who were
florbetapir negative, though in normal subjects, florbetapir positivity was associated with greater ADAS-cog
decline than FDG, whereas in LMCI, FDG positivity was associated with greater decline than florbetapir.

The authors concluded that, although both hypometabolism and Aβ deposition were detectable in normal subjects
and all diagnostic groups, Aβ showed greater associations with cognitive decline in normal participants. In view of
the minimal cognitive deterioration overall in this group, the authors felt that the study suggested that amyloid
deposition has an early and subclinical impact on cognition that might precede metabolic changes. They also
concluded that at moderate and later stages of disease (LMCI/AD), hypometabolism becomes more prominent
and more closely linked to cognitive decline.

Additional Studies submitted during the Second Comment Period - (July 3, 2013 – August 2, 2013)

Johnson KA, Sperling RA, Gidicsin RA, et al. Florbetapir (F18-AV-45) PET to assess amyloid burden in Alzheimer’s
disease dementia, mild cognitive impairment, and normal aging. Alzheimer’s & Dementia. 30 January 2012:1-12.

Johnson and associates used florbetapir to perform a study to assess amyloid burden, using visual as well as
quantitative measures (Johnson, Sperling, Gidicsin, et. al 2012). This multi-center, phase II investigation
included 45 patients with AD, 60 patients with MCI, and 45 apparently normal healthy patients in the control
group. Results of the study revealed that florbetapir PET imaging was rated visually amyloid positive in 76% of
AD patients, 38% of MCI patients, and 14% of HCs. Also 84% of AD patients, 45% of MCI patients, and 23% of
HCs were classified as amyloid positive using the quantitative threshold. It also revealed that amyloid positivity
and mean cortical amyloid burden were associated with age and apolipoprotein E ε4 carrier status.
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The authors acknowledged that the percentage of subjects rated positive, particularly for the AD and MCI groups,
was less than in some previous studies using other PET amyloid tracers, and gave several explanations (e.g., the
percentage of subjects who were APOE ε4 carriers in the current study (40% of MCI patients and 53% of AD
patients) was lower than in previous APOE ε4-enriched multicenter research studies; the selection criteria may
have contributed to the lower observed rate of amyloid-positive cases). They also noted that some of the image
readers in the study appeared to be more conservative in their interpretation, and potentially less sensitive to the
presence of tracer accumulation/amyloid pathology in comparison with the quantitative analysis, and even noted
that one reader did show a higher overall rate of positivity than the others. Finally, a post-mortem examination,
required for the gold standard diagnosis of AD, was not part of the study.

Zannas AS, Doraiswamy PM, Shpanskaya KS, et al. Impact of 18F-florbetapir PET imaging of β-amyloid neuritic
plaque density on clinical decision-making. Neurocase. 14 May 2013:1-8.

Zannas and associates performed a case series study; the objective was to determine if clinical management
changed based on the results of florbetapir PET imaging (Zannas et.al 2013). The study involved 11 cognitively
impaired subjects. Clinician surveys were done before and after PET scanning to document the impact of amyloid
imaging on the diagnosis and treatment plans. All patients had dementia or MCI as a pre PET diagnosis. Of the
patients involved in the study, four were felt to have AD as the etiology; the rest were suspected of having
depression, vascular disease or another etiology. Results of the study were mixed. It revealed that in five cases,
the florbetapir test was negative, leading to a change in diagnosis in four patients, and a change in treatment in
two cases. In six cases, the test was positive leading to a change in diagnosis in four patients and a change in
treatment plan in three of these cases. But the authors were also able to document cases were patients were
suspected of having MCI or depression, and even though their test were positive for florbetapir, there was no
change in management. Also the authors noted a case of an MCI patient that was kept on cholinesterase
inhibitors treatment despite a negative test. None of the patients were followed longitudinally long enough in
order to have a post mortem examination of the brain—the gold standard for the diagnosis of AD.

Choi SR, Scheider JA, Bennett BA, et al. Correlation of amyloid PET ligand florbetapir F 18 (18F-AV-45) binding
with β-amyloid aggregation and neuritic plaque deposition in postmortem brain tissue. Alzheimer Disease and
Associated Disorders. 2012 January;26(1):8–16.

Choi and associates studied the ability of florbetapir F 18 to accurately identify and quantify amyloid aggregates
in human autopsy brain tissue (Choi et. al. 2013). The purpose of their study was to determine the relationship
between florbetapir F 18 tissue retention as measured by autoradiography (ARG) and the localization of amyloid
plaques using double-labeling studies. They also wanted to determine the correlation between the intensity of the
florbetapir ligand signal and β-amyloid deposition. In the study the postmortem brain tissue of 40 subjects
suffering with varying degrees of neurodegenerative pathology was assessed using florbetapir F 18
autoradiography (subjects chosen to represent a range of pathologic diagnoses including subjects free of
pathology, subjects with AD, subjects with vascular dementia and subjects with progressive supranuclear palsy),
and later correlated with β-amyloid identified utilizing silver staining, thioflavin S staining, and
immunohistochemistry.

The study was able to demonstrate that there was a strong correlation between the density of in vitro florbetapir
F 18 binding in human autopsy tissue, and that there was a strong correlation between the density of in vitro
florbetapir F 18 binding and the density of β-amyloid. The authors also noted that the intensity of the florbetapir
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F 18 signal in human autopsy sections was correlated with the degree of ligand binding in regional brain
homogenates; and that florbetapir F 18 does not bind to neurofibrillary tangles in human postmortem tissue.

Though the authors concluded that florbetapir F 18 can be used as an amyloid PET ligand to identify the presence
of AD pathology in patients with signs and symptoms of progressive late-life cognitive impairment, they provided
little information on the degree of correlation of florbetapir F 18 in patients with conditions other than AD (e.g.,
subjects free of pathology, subjects with vascular dementia and subjects with progressive supranuclear palsy).

4. MEDCAC

A Medicare Evidence Development and Coverage Advisory Committee (MEDCAC) meeting was convened on the
role of PET Aβ imaging in dementia and neurodegenerative disease on January 30, 2013. The purpose was to
seek the expert panel’s input on whether the published evidence identified patient characteristics that would
predict improved health outcomes for patients who undergo PET Aβ imaging. The panel voted on a series of
questions using a 1-5 confidence scale (with 1 representing low or no confidence; 3, intermediate confidence;
and 5, high confidence).

A key question for the panel was: How confident are you that there is adequate evidence to determine whether
PET imaging of brain beta amyloid changes health outcomes (improved, equivalent or worsened) in patients who
display early symptoms or signs of cognitive dysfunction? The average score of voting panel members was below
an intermediate level (2.17 out of 5).

The record of the MEDCAC meeting is available on the CMS website. We hereby incorporate it into the
administrative record of this NCD by reference. (http://www.cms.gov/medicare-coverage-
database/details/medcac-meeting-details.aspx?MEDCACId=66).

5. Evidence-based guidelines

We searched the National Guideline Clearinghouse (www.guidelines.gov) and the Internet more generally for
relevant guidelines.
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1. Patients with persistent or progressive unexplained MCI
2. Patients satisfying core clinical criteria for possible AD because of unclear clinical presentation, either an

atypical clinical course or an etiologically mixed presentation
3. Patients with progressive dementia and atypically early age of onset (usually defined as 65 years or less in

age)

4. Patients with core clinical criteria for probable AD with typical age of onset
5. To determine dementia severity
6. Based solely on a positive family history of dementia or presence of ApoE4
7. Patients with a cognitive complaint that is unconfirmed on clinical examination
8. In lieu of genotyping for suspected autosomal mutation carriers
9. In asymptomatic individuals

10. Nonmedical use (e.g., legal, insurance coverage, or employment screening)”

Keith A. Johnson, Satoshi Minoshimab, Nicolaas I. Bohnen, Kevin J. Donohoe, Norman L. Foster, Peter
Herscovitch, Jason H. Karlawish, Christopher C. Rowe, Maria C. Carrillo, Dean M. Hartley, Saima Hedrick, Virginia
Pappas, William H. Thies. Appropriate use criteria for amyloid PET: A report of the Amyloid Imaging Task Force,
the Society of Nuclear Medicine and Molecular Imaging, and the Alzheimer’s Association. First published January
28, 2013, doi: 10.2967/jnumed.113.120618 J Nucl Med March 1, 2013 jnumed.113.120618

Given that PET Aβ imaging “is a technology that is becoming more available,” the Amyloid Imaging Taskforce
(AIT) formed jointly by the Society of Nuclear Medicine and Molecular Imaging, and the Alzheimer’s Association,
sought “to provide guidance to dementia care practitioners, patients, and caregivers” on its appropriate use.

A summary of the AIT’s appropriate use criteria appears below:

“Amyloid imaging is appropriate in the situations listed here for individuals with all of the following
characteristics: Preamble: (i) a cognitive complaint with objectively confirmed impairment; (ii) AD as a possible
diagnosis, but when the diagnosis is uncertain after a comprehensive evaluation by a dementia expert; and (iii)
when knowledge of the presence or absence of Aβ pathology is expected to increase diagnostic certainty and alter
management.

Amyloid imaging is inappropriate in the following situations:

6. Professional Society Position Statements

A handful of nuclear medicine and physician professional societies, and AD/dementia organizations commented
on the PET Aβ proposed decision memo, which we responded to in the Public Comment section below. These
comments can be viewed in their entirety at: http://www.cms.gov/medicare-coverage-database/details/nca-view
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• 1 (4%) comment came from physicians;
• 7 (26%) comments came from the pharmaceutical and PET imaging industry;
• 5 (18%) comments came from medical imaging societies and specialty groups;
• 9 (33%) comments came from researchers or persons at academic institutions;
• 1 (4%) comment came from the health insurance industry;
• 1 (4%) comment came from research hospitals;
• 2 (7%) comments came from Alzheimer’s societies (USAgainstAlzheimer's and Alzheimer’s Foundation of

America); and
• 1 (4%) comment came from members the general public who did not identify a further affiliation.

-public-comments.aspx?NCAId=265.

7. Expert Opinion

We sought and received expert opinion through the MEDCAC process. We also received expert opinion during our
public comment period.

8. Public Comments

A.    Initial Comment Period: October 9, 2012 – November 8, 2012

CMS received 27 timely public comments during the first public comment period. Twenty-six out of
27 commenters supported Medicare coverage of PET Aβ scans in the diagnostic context of suspected dementia. Of
the supporting commenters, a few wrote that Aβ imaging agents should not be covered for screening of
asymptomatic patients, patients without documented cognitive decline, or patients whose AD diagnosis could be
confirmed without a PET Aβ scan. Another supportive commenter stated that the meaning of a positive or
negative PET Aβ scan, as outlined in the FDA-approved label, should be fully communicated by providers to
patients.

The non-supportive commenter argued that research on Aβ imaging agents (particularly Amyvid™ (florbetapir),
as the only FDA-approved Aβ imaging agent to date) is too limited, and does not demonstrate a beneficial impact
on clinical management of dementia and on health outcomes. This commenter did, however, support the use of
Amyvid™ in clinical trials.

Comments came from the following sources:
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B.     Second Comment Period: July 3, 2013 – August 2, 2013

CMS received 202 timely public comments on the proposed decision. Many of the public comments we received
cited unpublished evidence such as data presented at conferences and the results of individual practitioners or
patients (often on behalf of family members and caregivers). CMS took into consideration all public comments.
We respond in detail to major themes in the public comments below.

The public commenters raised eight key concerns. Several commenters:

(1) raised concerns regarding the CMS standard for making a reasonable and necessary determination for
diagnostic tests;
(2) believed that CMS should cover amyloid PET to help differentiate frontotemporal dementia (FTD) from AD
since CMS has covered FDG PET for this use;
(3) suggested that the final decision should more closely reflect the recommendations by expert consensus
panels;
(4) state or imply that a PET amyloid scan gives an accurate, positive diagnosis of AD;
(5) claimed that dementia specialists could make an accurate positive diagnosis of AD when integrating the result
of an amyloid PET scan.
(6) suggested that because the FDA approved the amyloid PET agent florbetapir (AmyvidTM), CMS should cover a
diagnostic test using that agent;
(7) believed that our proposed decision permitting coverage only in certain qualifying clinical studies would be
inconsistent with the National Alzheimer’s Project Act (NAPA); and/or
(8) believed the proposed decision would be too onerous and restrictive and would limit access to this new
technology.

We address the above concerns in detail in our response to the comments.

CMS standard for making a reasonable and necessary determination for diagnostic tests

Comment
Several commenters believe that evidence of “improved health outcomes” should not be a factor for a coverage
determination on amyloid PET.

Response
We disagree. Section 1862(a)(1)(A) of the Act states that no payment may be made for items or services “which
are not reasonable and necessary for the diagnosis or treatment of illness or injury or to improve the functioning
of a malformed body member.” When making national coverage determinations, CMS evaluates relevant clinical
evidence to determine whether the evidence is of sufficient quality to support a finding that an item or service
that falls within a benefit category is reasonable and necessary for the diagnosis or treatment of illness or injury
or to improve the functioning of a malformed body member. This critical appraisal of the evidence enables us to
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determine whether: 1) the specific assessment questions can be answered conclusively; and 2) the
investigational item or service will improve health outcomes for patients. An improved health outcome is one of
several considerations in determining whether an item or service is reasonable and necessary.

Specifically with regard to diagnostic tests, the Medicare regulations at 42 CFR § 410.32(a) state in part, that
"…diagnostic tests must be ordered by the physician who is treating the beneficiary, that is, the physician who
furnishes a consultation or treats a beneficiary for a specific medical problem and who uses the results in the
management of the beneficiary’s specific medical problem.” Thus, we looked for evidence demonstrating how the
treating physician uses the result of beta amyloid PET imaging for the management of a patient with suspected
AD.

In evaluating diagnostic tests, Mol and colleagues (2003) reported: "Whether or not patients are better off from
undergoing a diagnostic test will depend on how test information is used to guide subsequent decisions on
starting, stopping, or modifying treatment. Consequently, the practical value of a diagnostic test can only be
assessed by taking into account subsequent health outcomes." When a proven, well established association or
pathway is available, intermediate health outcomes may also be considered. For example, if a particular
diagnostic test result can be shown to change patient management and other evidence has demonstrated that
those patient management changes improve health outcomes, then those separate sources of evidence may be
sufficient to demonstrate positive health outcomes from the diagnostic test.

A diagnostic test would not be expected to directly change health outcomes. Rather, a diagnostic test affects
health outcomes through changes in disease management brought about by physician actions taken in response
to test results. Such actions may include decisions to treat or withhold treatment, to choose one treatment
modality over another, or to choose a different dose or duration of the same treatment. To some extent the
usefulness of a test result is constrained by the available treatment options. Unfortunately the data are silent on
health outcomes, and do not establish that the treating physicians appropriately base patient management on the
PET test result. Most studies have focused on test characteristics and have not considered health outcomes. We
believe that health outcomes are more persuasive than test characteristics.

We generally consider the evidence in the hierarchical framework of Fryback and Thornbury (1991) where Level 2
addresses diagnostic accuracy, sensitivity and specificity of the test; Level 3 focuses on whether the information
produces change in the physician’s diagnostic thinking; Level 4 concerns the effect on the patient management
plan, and Level 5 measures the effect of the diagnostic information on patient outcomes. CMS has generally
found evidence of efficacy at Level 5 more persuasive to support unconditional coverage. We believe that
coverage supported by that level or higher evidence results in the greatest benefit for Medicare beneficiaries.

The expectation that a diagnostic test will produce relevant information that informs physician management is
well established in the practice of medicine and is also reflected in our regulation (42 CFR 410.32). Accordingly,
we ask: Does the test lead the physician to reconsider the pre-test treatment plan and make appropriate
modifications in light of the test result? Such actions may include decisions to treat or withhold treatment, to
choose one treatment modality over another, or to choose a different dose or duration of the same treatment.
There is no persuasive evidence that amyloid PET testing produces relevant information for these purposes.
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Specifically for amyloid PET, and as discussed in the analysis and discussions sections of this decision
memorandum, there is no convincing evidence that the scan changes physician management of the patient in a
meaningful manner (e.g., there is no convincing benefit to Medicare beneficiaries). However, we believe there is
promising evidence to cover amyloid PET under coverage with evidence development (CED) and that the test has
a high potential to provide a significant benefit to Medicare beneficiaries in the future. Per the CED guidance
document, when the evidence is inadequate to determine that the item or service is reasonable and necessary
under section 1862(a)(1)(A), Medicare coverage may be extended to patients enrolled in a clinical research
study. In this case, AHRQ and CMS are supporting research under section 1862(a)(1)(E). For the readers’
convenience, the 2006 CED Guidance Document is available at
http://www.cms.gov/determinationprocess/downloads/CED.pdf

We believe that beneficiaries would benefit from the use of the amyloid PET scan to enrich clinical trials and help
find better treatments or prevention strategies for AD.

CMS covered FDG PET to differentiate frontotemporal dementia (FTD) from AD

Comment
Several commenters claimed that because CMS currently covers FDG PET to help differentiate frontotemporal
dementia (FTD) from AD, amyloid PET should also be covered because they believe it is a similar technology for
the same diagnosis and that amyloid PET is a better diagnostic tool. They ask that amyloid PET should be
similarly covered, without CED.

Response
In 2004 CMS issued an NCD to cover FDG PET scans for either the differential diagnosis of frontotemporal
dementia (FTD) and Alzheimer’s disease (AD) under specific requirements; OR, its use in a CMS-approved
practical clinical trial focused on the utility of FDG PET in the diagnosis or treatment of dementing
neurodegenerative diseases (see NCD manual, section 220.6.13). FDG PET is a fundamentally different – not a
similar – technology. FDG PET measures the physiological process of metabolism, while amyloid PET looks at the
anatomical burden of amyloid plaques.

The proposed clinical use of the amyloid PET scan to differentiate FTD from AD leverages the power of a negative
scan to help exclude AD, which is consistent with the FDA-approved label and our own detailed assessment.
However, the evidence for the scan’s possible clinical utility comes from very small, or yet to be published
studies. In response to our concern about the small sample sizes, the lead author of one such study wrote in the
public comments that he has soon-to-be published data expanding this patient pool from 12 to 25 subjects, with
consistent results. It is encouraging to hear that the data will be published and we look forward to reviewing the
data. However, we note that 25 subjects is still a very small sample size in light of reports that over five million
Americans age 65 and over have AD. (https://www.alz.org/downloads/facts_figures_2012.pdf)
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• includes experts not only on the clinical subject at hand, but also on biostatistics, epidemiology and ethics;
and it taps experts from various clinical disciplines – cardiology, surgery, internal medicine – to broaden
perspectives on, and experience with, evidence development more generally;

• is not sponsored by industry or any particular organization; and
• includes external expert speakers who provide transparent and critical views during deliberations.
• conducts its deliberations in a public forum.

We also note that many of the commenters appear to assume that amyloid PET is a better tool than FDG PET for
differentiating FTD from AD. This may or may not be true – the evidence is not clear – and there is at least some
evidence that FDG PET is actually better (as another distinguished PET researcher argues in the public comments,
citing peer-reviewed publications). While outside the scope of this NCD, we encourage further study, involving
prominent researchers on amyloid PET and FDG PET alike, to help build the evidence base, and determine which
of multiple potentially useful tests should be used, when alone or in combination, and for which particular
subpopulations (recall that FTD has multiple subtypes, and one algorithm may not fit all of them).

The differentiation of FTD from AD may be one clinical use where CED leads to earlier and broader coverage than
would otherwise be accomplished. In addition, our goal under CED is to facilitate the development of additional
evidence that will assist practitioners and beneficiaries in determining the best management strategy for patients
with suspected AD, based on the results of amyloid PET imaging. We are eager to see new and greater published
evidence that amyloid PET could help resolve other such narrowly defined and clinically difficult differential
diagnoses, where use of the scan may prove to offer tangible benefits to the patient. Health outcomes of interest,
again, include, but are not limited to, any of the following: avoiding inappropriate and potentially harmful
medications; avoiding futile or burdensome treatments or tests; improving, or slowing the decline of, quality of
life; and survival.

Recommendations by expert consensus panels

Comment
Numerous commenters stated we should accept the recommendations of the AIT (Amyloid Imaging Taskforce)
consensus panel regarding the appropriate use of amyloid PET.

Response
The persuasiveness of expert opinion is constrained by the available evidence. Depending on the evidence, expert
opinion may vary from conjectural to conclusive. While we recognize and respect the expertise of the AIT
panelists, we believe that significant questions still remain open, and that CED can help develop the right studies
to answer them.

Furthermore, we also recognize the expertise of another relevant expert consensus panel that we convened on
January 30, 2013 – the MEDCAC (Medicare Evidence Development & Coverage Advisory Committee). As noted
earlier, the MEDCAC proceeding is available on the CMS website and we refer the reader there for a more detailed
account. The MEDCAC:
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A key question for the MEDCAC panel was: How confident are you that there is adequate evidence to determine
whether amyloid PET imaging of brain beta amyloid changes health outcomes (improved, equivalent or worsened)
in patients who display early symptoms or signs of cognitive dysfunction? The mean score of voting panel
members was 2.17 (on a scale of 1 to 5, where 1 represents “low confidence,” 5 represents “high confidence,”
and 3 represents “intermediate confidence”).

Although the MEDCAC did not find sufficient evidence for CMS to support outright coverage of amyloid PET, this
comment by one guest panel member – “coverage with evidence development would help fill in a lot of very
substantial questions” – echoed comments by multiple panel members (See part 00279 lines 10 – 20 of the
MEDCAC transcript available at http://www.cms.gov/Regulations-and-
Guidance/Guidance/FACA/Downloads/id66d.pdf). We note that the MEDCAC panel does not actually vote on
whether they think CMS should pursue CED.

The MEDCAC also considered the recommendations of the AIT and others during its deliberations. These two
credible expert panels – the AIT and the MEDCAC – produced differing consensuses. This highlights the limitation
of consensus panels: if you change panel members, you might well change the consensus. That’s why, in the well
-established process of scientific evaluation, evidence must be evaluated to determine the strength of the
consensus opinion (see Appendix A).

As for the AIT, we acknowledge the difficulty in crafting recommendations in light of the limitations of the
currently available evidence. We have recognized numerous points the AIT makes and have included those in this
decision where appropriate. This includes the AIT July 2013 update that dementia specialists are better equipped
to order such scans than other types of physicians.

We continue to believe based on our review of the published, peer-reviewed medical literature that the evidence
gaps for amyloid PET, and AD biomarkers generally, as noted in the AIT’s publication as well as in the 2011 NIA-
AA series of guidelines, are consistent with the current CMS decision for CED (see our discussion of biomarkers in
the Background and Analysis sections). For example, the AIT does not identify objectively-defined subpopulations
of patients with cognitive impairment for which the scan (alone or combined with other tests) may be more or
less appropriate. Yet there are many subtypes of MCI, and some (e.g., amnestic MCI) may be more relevant than
others. Furthermore, there is evidence that the same level of amyloid burden detected by a scan may mean
something very different in say, a 66 year-old compared to an 86 year-old (e.g., Le Couteur 2013, Laforce 2011).
Yet the AIT is silent about such potentially important distinctions.

Widespread clinical use of the scan both in many types of patients with unexplained MCI, and to make a positive
diagnosis of AD (despite insufficient evidence on the clinical meaning of a positive scan) has great potential to
lead to over-diagnosis of AD. Such misdiagnosis of AD portends real harm to our beneficiaries (La Couteur 2013),
and this must be considered in our coverage decision. Therefore, we believe CED is appropriate to encourage
more studies that will benefit Medicare beneficiaries by answering some of these outstanding questions.
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Diagnosis of Alzheimer's disease

Comment
Numerous commenters state or imply that an amyloid PET scan gives an accurate, positive diagnosis of
Alzheimer’s disease. The commenters further claim that such use is consistent with the FDA-approved labeling.

Response
We disagree with the commenters. An amyloid PET scan does not give an accurate positive diagnosis of AD, and a
claim that it does is inconsistent with the FDA-approved label. Moreover, the FDA Medical Review of florbetapir
PET notes that there are two pathophysiological hallmarks of AD which contribute to the gold-standard diagnosis
– neurofibrillary tangles of the protein tau, and neuritic amyloid plaques and the amyloid PET scan detects only
one of these. Finally, the scan does not distinguish between diffuse and neuritic amyloid plaques, and the
significance of this lack of distinction remains unclear.

The positive diagnosis of AD requires not only both of these pathophysiological hallmarks, but also clinical
documentation of progressive dementia, and exclusion of other diseases as the cause of the dementia. Because
presence of neuritic amyloid plaques is one of the requirements for diagnosing AD, exclusion of the same
excludes that diagnosis. Accordingly, the FDA-approved label states that a negative scan “is inconsistent with” a
diagnosis of AD.

However, the presence of additional elements are required for the diagnosis of AD, and it is not clear that a
certain threshold of amyloid definitively predicts these other elements. The FDA-approved label for AmyvidTM

does not make any similar statement on the meaning of a positive scan. Moreover, the FDA notes that similar
amyloid levels “may also be present in patients with other types of neurologic conditions as well as older people
with normal cognition.” In other words, a positive scan is not necessarily consistent with a diagnosis of AD. This
conclusion is consistent with the 2011 NIA-AA consensus guidelines which state that although the presence of
amyloid plaques is “necessary,” it is not necessarily “sufficient,” for diagnosing AD. More importantly, this
conclusion – that the meaning of a positive scan is unclear – is consistent with the evidence that appears in
published clinical studies discussed in the Evidence section.

Integrating the amyloid PET scan in diagnosing AD

Comment
Many commenters claim that dementia specialists could make an accurate positive diagnosis of AD when
integrating the result of an amyloid PET scan.
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Response

Prior to the publication of our proposed decision memorandum (PDM), the industry-sponsored Grundman (2012)
study was the sole prospective study exploring the impact of scan results on physicians’ diagnosis of AD, as well
as their subsequent intended clinical management. The Grundman study design assumes that physicians can use
the scan to make an accurate diagnosis, but does not demonstrate that they can (as there is no reference to a
gold standard diagnosis of AD in the study); nor do any prior research studies demonstrate this.

Studies prior to Grundman 2012 do not report predictive values of the test for AD. The published data are limited
to sensitivity (Sn) and specificity (Sp) values for the detection of amyloid alone. Yet these (Sn and Sp) are not
the most clinically meaningful values for a diagnostic test. In the case of amyloid PET, while a “negative” test
appears to minimize the risk of AD, the meaning of a “positive” test for any particular individual with unexplained
cognitive impairment is unclear, and this again could lead to over-diagnosis of AD.

Positive and negative predictive values for AD are more useful than Sn and Sp – they can tell you the meaning of
scan results for particular patients who belong to risk-stratified populations – but unfortunately no currently
available study presents data on these values. Predictive values for AD mathematically include not only
computations for Sn and Sp, but also the quantitative prevalence of disease in objectively-defined patient
subpopulations or “risk pools.” But the risk pools for AD are themselves not yet even defined in the literature.
Because predictive values corresponding to a “positive” or “negative” test result vary, depending on the “risk
pool” the patient objectively falls into, test results absent such values have no clinical meaning for an individual
patient.

Since the publication of our PDM, studies similar to Grundman (e.g. Zannas 2013) have emerged, but present
similar limitations and thus inclusive results. (Please see further discussion in Section VIII: CMS Analysis, below.)

FDA approval and CMS coverage.

Comment
Several commenters stated that CMS should automatically cover amyloid PET scans because the FDA approved
the PET amyloid agent florbetapir (Amyvid™).

Response
FDA premarket review and CMS national coverage determinations differ significantly. Each process operates
under different statutory standards and each asks different questions to meet its respective mandates. The FDA
premarket review generally assesses the safety and effectiveness of these medical products. Even within FDA's
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review processes, there are differences in types of evaluation depending upon the application under consideration
(for example, premarket approval applications (PMAs) must meet standards different from premarket clearance
(510(k)).

CMS serves a different function by providing health insurance to protect the nation's aged and disabled persons
from the substantial burdens of illness. Under section 1862(a)(1) of the Act, CMS makes determinations
regarding the coverage of specific items and services. In short, CMS must make multiple decisions: It must
decide what items and services it can and should pay for; how it should accomplish the payment; and how much
to pay.

CMS' evaluation of medical products depends on the type of request. For most NCDs, CMS evaluates whether a
medical product or service is reasonable and necessary to diagnose or treat an illness or injury affecting the
Medicare population. This evaluation includes review of appropriate outcomes data, such as whether the product
provides improved, equivalent, or complementary health outcomes in the Medicare population as compared to
alternative treatments or diagnostics already covered by the program. CMS may also evaluate medical product
indications that have not been approved or cleared by FDA, so-called unapproved or off-label uses as found in 75
FR 57045, pages 57045 -57048 available at http://www.gpo.gov/fdsys/pkg/FR-2010-09-17/pdf/2010-23252.pdf

In the case of amyloid PET, FDA limited its evaluation essentially to the safety and efficacy of the
radiopharmaceutical agent itself – florbetapir (AmyvidTM) – that is used in the diagnostic imaging test. We
discussed in previous responses to comments CMS statutory and regulatory authority for reviewing items and
services for the purposes of Medicare coverage.

National Alzheimer’s Plan Act (NAPA)

Comment
Some commenters claimed that CMS’ proposed decision to cover amyloid PET under CED is inconsistent with
NAPA. The commenters state that NAPA supports the coverage of amyloid PET scan as a diagnostic tool for AD.

Response
We believe covering amyloid PET scans under CED supports NAPA. In fact, NAPA’s Strategy 2.B, “Ensure Timely
and Accurate Diagnosis,” was intended in part to further the NIH-CMS work on early detection using “assessment
tools that can be used to detect cognitive impairment.”

NAPA seeks the development of tools that can help ensure an “accurate diagnosis” of AD, but this particular test
– amyloid PET – has not been demonstrated to do this. This finding is based on our independent evidence review,
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and is consistent with the FDA-approved label and supporting FDA Medical Review of florbetapir, as well as
technology assessments by other scientific bodies (TEC 2013, EMA 2013). We believe supporting amyloid PET
under CED is the best decision for beneficiaries and practitioners. It is our belief that if the appropriate CED trials
are completed CED will give information on where this new technology will be most useful in the diagnosis and
treatment of AD. This NCD is consistent with and supportive of the NAPA goals in the following ways:

CED supports NAPA’s strategy 1.B “Expand Research Aimed at Preventing and Treating Alzheimer’s Disease.” By
CMS requiring CED for the coverage of amyloid PET scans we support any study that meets the criteria outlined in
section I. As stated previously, we believe CED is necessary to ensure that beneficiaries are receiving the best
care. Based on our review of the evidence, including MEDCAC input, we believe that amyloid PET will be available
to Medicare beneficiaries in the context of clinical studies. It is CMS’ belief that these studies are necessary to
determine the best use of this diagnostic test.

This decision is consistent with NAPA’s Strategy 1.C, “Accelerate Efforts to Identify Early and Presymptomatic
Stages of Alzheimer’s Disease.” As discussed in the analysis and discussion section of this decision memorandum,
CMS-approved studies done under CED should help better define subpopulations at risk for developing AD. This is
an important question not only for this Medicare population and amyloid PET, but aligns with other ongoing
research efforts (e.g. the large, multicenter, NIH-funded Alzheimer’s Disease Neuroimaging Initiative).

Coverage with evidence development (CED)

Comment
Several commenters expressed concern that CED requirements would be too onerous and restrictive. Comments
believed that CMS would only approve a single study. Some commenters also stated that no study could answer
all of the questions posed in the proposed decision.

Response
We do not believe CED has to be onerous or unduly restrictive. There appear to be many misperceptions about
how CED for amyloid PET could be designed. Under this NCD, there are potentially many studies that could meet
the CED study criteria outlined in section I of this decision memorandum. CMS is not limited to approving only a
single study; any number of studies can be approved as long as the study meets the NCD criteria. Further, a
study does not have to attempt to answer all CED questions asked in this NCD, but could focus on any aspect of
one or more of the questions (which appear in the Section I: Final Decision).

We stated that these studies should be prospective, randomized, and have autopsy as an endpoint, only when
appropriate. The specific clinical study protocol is determined by the nature of the question being asked, and the
likely sources of bias and confounding, and we will evaluate the protocols as they are submitted to determine
which CED studies appropriately meet the criteria specified in the NCD. In addition, an approved study that meets
the NCD criteria might synergize with, or piggy-back on, existing research efforts. Studies might be integrated,
involving enrollment in companion or parallel studies. And they might employ newer methods such as “adaptive”
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or “pragmatic” clinical trial designs.

Comment
Some commenters asked whether a study approved under this NCD could use newer analytical methods to churn
on large amounts of cohesive clinical data gathered from use of the scan in “real patients” in “real clinical
settings."

Response
We think it is possible. This would be consistent with the vision for the future of research articulated in chapter 6
of the Institute of Medicine’s recent report, “Best Care at Lower Cost: The Path to Continuously Learning Health
Care in America” (IOM 2012). We recognize that such data could help not only to close basic evidence gaps, but
also to establish “generalizability” of the technology – evidence that beneficial outcomes could be sustained
outside the clinical trial setting – as access rolls out to potentially hundreds of thousands of patients (as has
actually happened in a prior CED). We encourage submission of clinical research designs that incorporate this
vision.

Additional Evidence

Comment
Some commenters provided additional evidence that was not included in the bibliography of the proposed
decision memo as sufficient for coverage of amyloid PET in dementia and neurodegenerative disease without
CED.

Response
We appreciate the additional references provided in the public comments. We found the three published clinical
trials on florbetapir relevant to this NCA and referenced them in the Evidence Section above and the Analysis
Section.

Full text public comments without PHI can be viewed at http://www.cms.gov/medicare-coverage-
database/details/nca-view-public-comments.aspx?NCAId=265

VIII. CMS Analysis

National coverage determinations (NCDs) are determinations by the Secretary of Health and Human Services
(“the Secretary”) of whether a particular item or service is covered nationally by Medicare, under §1869(f)(1)(B)
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• which are not reasonable and necessary for the diagnosis or treatment of illness or injury or to improve
the functioning of a malformed body member (§1862(a)(1)(A)) of the Act; or

• in the case of research conducted pursuant to section 1142, which is not reasonable and necessary to
carry out the purposes of that section (§1862(a)(1)(E)) of the Act.

a. Is the evidence adequate to conclude that PET Aβ imaging improves meaningful health outcomes in
beneficiaries who display signs and symptoms of AD?

b. Is the evidence adequate to conclude that PET Aβ imaging results inform the treating physician's
management of the beneficiary to improve meaningful health outcomes?  Those outcomes may include
reasonably considered beneficial therapeutic management or the avoidance of unnecessary, burdensome
interventions.

of the Act.

In order to be covered by Medicare, an item or service must fall within one or more benefit categories contained
within Part A or Part B, and must not be otherwise excluded from coverage. Moreover, §1862(a)(1) of the Act in
part states that, with limited exceptions, no payment may be made under Part A or part B for any expenses
incurred for items or services:

Section 1142 of the Act describes the authority of the AHRQ. Under section 1142, research may be conducted
and supported on the outcomes, effectiveness, and appropriateness of health care services and procedures to
identify the manner in which diseases, disorders, and other health conditions can be prevented, diagnosed,
treated, and managed clinically.

Section 1862(a)(1)(E) of the Act allows Medicare to cover under CED certain items or services where additional
data gathered in the context of clinical care would further clarify the impact of these items and services on the
health of Medicare beneficiaries. The 2006 CED guidance document is available at
www.cms.gov/determinationprocess/downloads/ced.pdf.

Questions:

In the following pages we note the limitations of specific published studies and ultimately our overall conclusions
about the body of evidence.
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Prospective Longitudinal Studies

Wong D, Rosenberg P, Zhou Y, Kumar A, Raymont V, Ravert H, et al. In Vivo Imaging of Amyloid Deposition in
Alzheimer’s Disease using the Novel Radioligand [18F]AV-45 (Florbetapir F18). J Nucl Med. 2010 Jun; 51(6):
913–920.

Wong and associates performed a prospective, open-label, multicenter, brain imaging study to test the
pharmacokinetics of the tracer florbetapir and its safety for patients. They concluded that florbetapir PET imaging
could discriminate between AD patients and healthy control subjects. But as noted by the authors, there were a
number of limitations of the study. The study was small, and 6 of 32 (19%) of planned subjects were not
included in the primary analysis due to technical failures during the scanning process. There was limited
evaluation of imaging protocols and test efficacy. Also, due to the open-label study design, interpreters could
have been biased in reporting results as they were not blinded. Despite its limitations, this study was a stepping
stone to efficacy studies (e.g., Clark 2011 and 2012), which used autopsy, not clinical diagnosis, as the gold
standard.

Camus V, Payoux P, Barré L, Desgranges B, Voisin T, Tauber C, et al. Using PET with 18F-AV-45 (florbetapir) to
quantify brain amyloid load in a clinical environment. Eur J Nucl Med Mol Imaging. 2012 Apr;39(4):621-31. doi:
10.1007/s00259-011-2021-8. Epub 2012 Jan 18.

Camus and associates performed a prospective study and concluded that florbetapir PET was “a safe and suitable
biomarker for AD that can be used routinely in a clinical environment.” A number of limitations were noted by the
authors, including a small sample size (n = 46), and selection bias due to the significantly older age in the MCI
group than in the AD and healthy control groups. The authors were also concerned about the short half-day
training sessions as well as the low specificity of the visual PET scan assessment, which could result in a high
false positive rate, but suggested ways to improve these, such as improving and lengthening the duration of
training, increasing the spatial resolution of tomographs, and adopting semiautomatic or automatic quantification
methods or software. Finally, clinical diagnosis was used as the reference standard in this study, instead of the
postmortem gold standard as used in other studies (Clark 2011, Clark 2012).

Clark CM, Sneider JA, Bedell BJ, Beach TG, Bilker WB, Mintun MA. Use of Florbetapir PET for Imaging Aβ
Pathology. JAMA 2011 Jan 19;305(3):275-83.

The 2011 study by Clark and associates concluded that overall Aβ burden assessed in vivo with florbetapir PET
imaging correlates with histopathological assessments at autopsy. The authors acknowledged a number of
limitations of the study. First, the sample size of the autopsy cohort was small (n = 35, of which six subjects were
used to validate the protocol). Second, the non-autopsy cohort, used to determine the likelihood that a florbetapir
PET image could falsely suggest the presence of amyloid, consisted of young, cognitively normal subjects – a
distinctly different population from the end-of-life autopsy cohort.
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Another limitation of the study was that amyloid scans were interpreted by three trained nuclear medicine
physicians and the median of the three results was used in the analysis. The authors acknowledgement that this
was “...a process not likely to be replicated in clinical settings” highlights the issue of external validity and the
study’s generalizability to the community setting. There was intentional selection bias as subjects chosen were
those most likely to provide the shortest possible interval between imaging and histopathological evaluation (e.g.,
they were likely to die soon). Also, there were no standardized criteria for determining AD or MCI. An additional
limitation not stated by the authors is that the use of a semi-quantitative categorical (0 - 4) ranking of florbetapir
images, rather than a binary interpretation, limited evaluation of sensitivity and specificity.

Clark C, Pontecorvo M, Bench T, Bedell B, Coleman R, Doraiswamy P. Cerebral PET with florbetapir compared with
neuropathology at autopsy for detection of neuritic Aβ plaques: a prospective cohort study. Lancet Neural
2012;11:669-78.

In the Clark 2011 study, 35 patients had postmortem exams. To this group an additional 24 new subjects with
postmortem exam were added for the Clark 2012 study, yielding a total of 59 subjects, whose cognitive status
during life ranged from normal to advanced dementia. The authors concluded that florbetapir PET could be used
to distinguish patients with no or sparse amyloid plaques from those with moderate to frequent plaques.

Unlike in the 2011 study, all subjects in the 2012 study were end-of-life and underwent a postmortem
examination, thus eliminating age cohort as a limitation. Although this issue was addressed, the authors noted
several other limitations of the 2012 study. Subjects represented an end-of-life population that is generally older
and sicker than those who would seek diagnosis for cognitive impairment in a community setting.

Also, the Clark 2011 study used the median interpretation of three trained nuclear medicine readers, while the
Clark 2012 study used the majority interpretation of five trained nuclear medicine readers. This discrepancy (the
change in measurement) is a potential violation of internal validity.

Another limitation pointed out by the authors was that both imaging and histopathological results were
distributed bimodally, with few “borderline” cases. This raises the question of whether a lower sensitivity might
have been obtained if more participants who had intermediate results had been involved. The authors suggested
that additional studies would be needed to assess the frequency of such borderline scans, and their implications
for performance characteristics of the test, in community settings and with more typical patients. Finally, the
authors noted that the “clinical significance of amyloid burden as measured with florbetapir PET must be
interpreted in the context of other relevant diagnostic information.”

Fleisher AS, Chen K, Liu X, Roontiva A, Thiyyagura P, Ayutyanont N. Using Positron Emission Tomography and
Florbetapir F 18 to Image Cortical Amyloid in Patients With Mild Cognitive Impairment or Dementia Due to
Alzheimer Disease. Arch Neurol. 2011;68(11):1404-1411.
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Fleischer and associates felt that their study demonstrated that florbetapir PET SUVRs were able to characterize
Aβ levels in clinically probable AD, MCI, and older health control groups using continuous and binary measures of
fibrillar Aβ burden. But the authors commented on a number of limitations of the study. First, they noted that
although mean cortical SUVRs were higher in ApoE4 carriers compared with non-carriers, the proportion of
florbetapir PET positivity between carriers and non-carriers did not reach statistical significance. They felt that the
small sample size of ApoE4 carriers was probably the reason. Second, there were a lack of standardization for
image acquisition, cerebral and reference ROIs, and cut-off thresholds. Third, there was cohort selection bias.
Additionally, we note that this study does not use the postmortem gold standard for diagnosing AD; rather, SUVR
data from the scans (with a certain cut-off value derived from a small sample in a prior autopsy study) are
compared to presence of AD as diagnosed clinically.

Doraiswamy P, Sperling R, Coleman R, Johnson K, Reiman E, Davis, M. Amyloid-β_ assessed by florbetapir F 18
PET and 18-month cognitive decline: A multicenter study. Neurology 2012;79:1636–1644.

The goal of the study performed by Doraiswamy and associates was to evaluate the prognostic use of detecting
Aβ pathology using florbetapir PET in subjects at risk for progressive cognitive decline. The authors concluded
that florbetapir PET may help identify individuals at increased risk for progressive cognitive decline, but identified
a number of limitations of the study. They noted that the lower-than-expected conversion rates among the Aβ
positive patients (compared to prior PIB studies) could have been due to the low sample size as well as the short
duration of the study. They also noted that subjects with MCI in this study were less impaired at baseline
compared to subjects with MCI in the Alzheimer’s Disease Neuroimaging Initiative (ADNI; another study
assessing neuroimaging in patients with AD). This was felt likely due to differing entry criteria as well as selection
bias. This study did not collect other biomarker data (e.g., ApoE4) and could not assess the relative utility of PET
versus other biomarkers. Also, the reference standard for AD was clinical diagnosis, not the postmortem gold
standard.

In this study a positive scan was determined by the majority read of three nuclear medicine physicians. As has
been noted before, this may not be replicated in clinical settings. Finally, the authors believe that larger,
“longitudinal PET and cognitive data may help clarify its prognostic role in the clinical setting, its ability to
improve [diagnostic] confidence . . . and for subject enrichment of therapeutic trials in the early clinical and
preclinical stages of AD.”

Grundman M. Pontecorvo M, Salloway S, Doraiswamy P, Fleisher A, Sadowsky C, et al. Potential Impact of
Amyloid Imaging on Diagnosis and Intended Management in Patients With Progressive Cognitive Decline.
Alzheimer Dis Assoc Disord 2012;00:000–000.

Grundman and associates sought to demonstrate that the use of florbetapir PET scans altered self-reported
physician diagnosis and increased their diagnostic confidence. The researchers felt that the study showed that
treatment plans were modified after florbetapir imaging both for patients who were in the midst of their workup
and for those with a complete workup. But the study had a number of limitations, many noted by the authors.
First, the study recorded intended change in management, but it did not evaluate actual change in management.

Printed on 12/8/2014. Page 42 of 84 



Second, there was intentional selection bias. Patients were subjectively selected for “specific attributes,” and
while they likely overlap populations of diagnostic interest, these populations were not defined, limiting the
study’s generalizability. Third, no postmortem gold standard was used. Finally, because expert nuclear medicine
specialists over-read the scans, and the study was carried out in a clinical trial setting, where participating
physicians were largely experts experienced in the diagnosis and/or care of AD patients, it may be difficult to
duplicate the study’s findings in a general setting.

Landau S, Mintun MD, Joshi A, Koeppe R, Petersen R, Aisen P, et al. Amyloid Deposition, Hypometabolism, and
Longitudinal Cognitive Decline. Ann Neurol 2012;72:578–586.

Landau and associates concluded that a positive PET Aβ test in both the normal and late MCI patients (LMCI)
groups was associated with ongoing decline, though in normal subjects, decline was more closely linked to
amyloid status, whereas in LMCI, decline was more closely linked to hypometabolism. The researchers also
acknowledge some limitations of the study. First, the associations with longitudinal cognitive decline are
retrospective rather than predictive, as the florbetapir and FDG measurements were collected at the end of the
follow-up period. Second, the distributions of FDG PET and florbetapir differ: florbetapir was more bimodal than
FDG PET. Thus the use of dichotomous predictor variables may more accurately reflect the underlying
characteristics of the florbetapir distribution. Additionally, we note that the reference standard for AD was clinical
diagnosis, not the postmortem gold standard. Finally, cross-sectional data was used to show the relationships
between Aβ (measured with florbetapir), hypometabolism (measured with FDG PET), and cognitive performance
– and such cross-sectional designs are prone to ecological fallacy.

Three additional studies were submitted during the second comment period (Johnson et al. 2012, Zannas et al.
2013, Choi et al. 2012). Though Johnson and colleagues were able to demonstrate a lower frequency of amyloid
burden as they compared AD patients to MCI patient and healthy controls, their results were consistently lower
when compared to previous studies using other PET amyloid tracers. The authors listed a number of possible
explanations including selection criteria as well as image reader variability. These factors could negate the
findings of the study, thus calling into question its validity.

Zannas and associates’ objective was to determine if clinical management changed based on the results of the
florbetapir PET image. Though this was a small case series study, when results were obtained, it revealed that
there were inconsistencies in management based on results: some patients who tested negative for beta amyloid
were kept on Alzheimer’s medications, while some patients who were thought to have depression or MCI who
tested positive for beta amyloid plaque, were never treated with Alzheimer’s medications.

Choi and colleagues evaluated the ability of florbetapir F18 to identify and quantify amyloid aggregates in
autopsied brain tissue. Their study involved the use of brain specimens taken from a range of patients including
those with AD, vascular dementia, progressive supranuclear palsy, and normal subjects. Though they were able
to demonstrate a strong correlation between the density of invitro florbetapir F18 in patients with late-life
cognitive impairment, they provided little information on the degree of correlation in patients with conditions
other than AD.
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While the addition of these articles served to round out the currently available evidence base for beta amyloid
PET imaging in dementia and neurodegenerative disease, it did not change our final decision. The evidence is
insufficient to conclude that beta amyloid PET is reasonable and necessary; it is sufficient for coverage under
CED.

A.   Discussion

The clinical usefulness of AD testing, including PET Aβ imaging, is limited by the current absence of therapies that
meaningfully prevent, stabilize or reverse the progressive course of the condition. This leads to a corresponding
limitation in the evidence that might be brought to bear on the impact of testing on meaningful clinical outcomes.
Thus we have no evidence that PET Aβ imaging leads through informed physician management to the prevention,
stabilization or reversal of AD.

That said, we recognize that there are other incurable conditions, for example, some cancers, where the prudent
use of diagnostic testing can meaningfully inform physician decision-making and patient management. In the
case of cancer, a positive imaging test that leads to a definitive diagnosis by biopsy could reasonably guide
physician management toward palliative goals that are acceptable to the patient and consistent with scientific
evidence. Thus we are open to reasoned, evidence-based arguments that would identify benefit that may be
achieved by the avoidance of burdensome or hazardous interventions that will not ultimately help the beneficiary.

The expectation that a medical test inform physician management is well established. It is also consistent with
federal regulation at 42 C.F.R. §410.32(a), which requires that:

“. . . diagnostic tests must be ordered by the physician who. . . treats a beneficiary for a specific medical problem
and who uses the results in the management of the beneficiary’s specific medical problem.”

Accordingly, we ask: Does the test lead the physician to reconsider the pre-test treatment plan and make
appropriate modifications in light of the test result? What evidence is available to support assertions of benefit
from testing?

We recognize that the medical literature often describes test characteristics and has not consistently considered
the impact of testing on physician decision making and patient health outcomes, such as mortality, morbidity or
reduction of invasive testing. However, we believe that evidence of improved health outcomes is more persuasive
than descriptions of test characteristics. (Please see Appendix A: General Methodological Principles of Study
Design).
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In evaluating diagnostic tests, Mol (2003) states: “Whether or not patients are better off from undergoing a
diagnostic test will depend on how test information is used to guide subsequent decisions on starting, stopping or
modifying treatment. Consequently, the practical value of a diagnostic test can only be assessed by taking into
account subsequent health outcomes.” For example, we recognize that if a particular diagnostic test result can be
shown to change patient management, and if other evidence has confidently demonstrated that those patient
management changes improve health outcomes, then a combination of such sources of evidence may be
sufficient to demonstrate positive health outcomes from the diagnostic test. We also note for completeness that
we are unaware of any claims that florbetapir administration itself exerts any direct therapeutic effect.

Prior to the posting of the proposed decision memo, the industry-sponsored Grundman (2012) study was the sole
prospective study attempting to measure the impact of scan results on intended clinical decision making and
management. Since that time, other studies (e.g., Zannas 2013) have tried to explore this relationship but have
been met with mixed results (see above response to public comments).

The Grundman 2012 authors opine (and we agree), that “[a] remaining question is whether clinical care that
includes amyloid imaging will translate into better outcomes.” Grundman also states that “[a]dditional
longitudinal studies would be required, however, to explicitly quantify the relationship between amyloid imaging
and patient outcomes.” Our overall assessment of Grundman 2012 is that it is a good hypothesis-generating
study. It raises the possibility that PET Aβ scans could improve medication management, and reduce other
testing, but does not establish these conclusively. Also, its lack of objective criteria, both for patient selection and
for changes in decision-making and management, markedly limit its ability to inform community practice outside
of a clinical study. We now discuss this assessment in more detail.

We mentioned earlier that virtually all subjects in Grundman 2012 who had a positive amyloid scan ended up
being given a clinical diagnosis of AD by the physicians (112/113), while virtually all patients who had a negative
amyloid scan ended up being given a clinical diagnosis other than AD (115/116). While we know that these
diagnostic decisions were made, we have no information on whether they were ultimately appropriate, because
there was no longitudinal follow-up to a postmortem gold standard diagnosis.

The diagnostic conclusions the physicians reached, based on their own unexplained judgment, would be
consistent with very high negative and positive predictive values of the test. This could stem from a combination
of factors: (1) the physicians’ acceptance of the high sensitivity and specificity for detecting amyloid in human
brain, reported for the end-of-life population in Clark 2012; (2) an assumption that these performance
characteristics apply to their current patients, who represent various (but undefined) subpopulations with
cognitive impairment, but certainly not an end-of-life population as in Clark; and (3) that cognitive impairment
plus a positive amyloid scan equals AD (e.g., a clear preference for one of at least two plausible hypothesis about
the role of amyloid in AD development).

There is no empirical evidence internal to this study (or in prior studies) to support or explain the phenomenon of
clinical decision making observed. This study appears to assume – but does not prove – such high negative and
positive predictive values of the test (nor are these demonstrated in other studies, to our knowledge). This
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assumption may be implied by the authors themselves: “as AD is responsible for the large majority of cases of
dementia with amyloid pathology (Barker 2002) physicians [in the study] may also be using their knowledge of
the known clinical-pathologic correlations in making their diagnostic determinations” (Grundman 2012). These
“correlations” have to do with the role of amyloid in AD; however, competing hypotheses of this role are
vigorously debated in the literature.

An additional question about the decision making of the study physicians arises because their intended
management does not always align with their revised, post-scan diagnosis. For instance, while 99% of subjects
with a negative scan were given a final diagnosis of something other than AD, as pointed out by a MEDCAC panel
member, approximately half of patients with a negative scan who were planned to get AD medications were still
to receive them despite the negative scan (Grundman 2012, Table 5). Patients in the other half in this pool were
no longer planned to get such medications as a result of the negative scan. The study did not explicitly discuss
the reasons for these decisions, let alone quantitatively assess the likely harms supposedly avoided. As we
discuss in more detail later, harm potentially exists if patients with FTD are mistakenly diagnosed with AD and
placed on such medications.

The underlying design of the study produces an apparent circular logic: the scan is meaningful because its results
alter diagnosis and management; but it does so appropriately only if one assumes its results are meaningful. This
logic appears in other parts of the paper’s discussion section, for example:

“Changes in diagnosis occurred almost equally for subjects who had already undergone extensive evaluations
(group A) and those in the middle of an ongoing diagnostic work-up (group B), arguing that in these patients,
florbetapir PET scans provided potentially valuable information that seemed independent of other commonly
performed diagnostic tests.”

In other words, because changes in diagnosis were (subjectively) made based on the scans, the scans must have
provided valuable information.

As some MEDCAC panel members commented, the study “…raises more questions than it answers.” But this gets
to its real value: it is a good hypothesis-generating study. It is possible that amyloid scans will someday
meaningfully alter “the pattern of medication use, additional diagnostic testing, referral to AD resources, and
clinical trial consideration.” We address the logic of, and evidence for, many of these possibilities when discussing
“the value of a negative scan” later in this DM.

With respect specifically to the Grundman 2012 finding of decreased utilization of other tests, such as MRI and/or
CT, we view this as a plausible hypothesis but one that has yet to be demonstrated. It is equally plausible that,
even if PET Aβ imaging were widely available, most patients in the real world would continue to get MRIs and/or
CTs anyway (to rule out other causes of, or contributors to, cognitive impairment, such as cerebrovascular
disease, intracranial hemorrhage, and normal pressure hydrocephalus), ordered by other physicians, before the
patient is evaluated by a dementia specialist. Perhaps more importantly, at least from a beneficiary’s perspective,
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• effectively exclude AD in most patients, and therefore avoid potentially harmful and burdensome
treatments for those who, if not for the scan, might be mistakenly diagnosed with AD;

• hasten clinical work up for a correct diagnosis that perhaps could be effectively treated; and
• improve the quality and efficiency of research to develop better treatments for AD, by selecting patients

for clinical trials based on biological, rather than just clinical and epidemiological, factors.

given that radiation exposure in the elderly is less harmful than in younger populations, inappropriate imaging
likely represents a much lower direct harm than being inappropriately placed on toxic medications.

Finally, there was no evaluation in Grundman 2012 of when amyloid imaging might be used instead of, or in
combination with, other studies – or if it should be used at all – for particular patients. This foreshadows issues
we will explore in detail later: what are the risk pools, how are they defined, what is the prevalence of disease in
them, and what combination of tests are most appropriate for diagnosing patients in those pools? Answers to
these questions are what are needed to define evidence-based coverage criteria for any given test – including
PET Aβ imaging.

The meaning of a negative and positive scan

The Grundman 2012 study aside, there are other arguments and supporting evidence, presented by experts
writing in the medical literature, speaking at the MEDCAC meeting, or in the NCD request itself, that are germane
to the central questions of this NCD.

The core argument from many commenters is that although the gold standard for diagnosis of AD remains
postmortem, and there is no cure or effective treatment for AD, there is value nonetheless to patient outcomes,
directly or indirectly, in a negative scan. A negative study is “inconsistent with the diagnosis of AD,” as stated in
the FDA-approved label, and this information could be useful to:

Additionally, it is argued, there is a “value of knowing” that is not only intrinsic, but also directly linked to access
to health care services and support which materially and substantially impact the patient’s quality of life. As
discussed above, we consider both avoidance of harm and quality of life to be legitimate health outcomes, hence
germane to national coverage decisions.

We examine the logic of, and evidence for, these arguments, as they connect to key sub-questions generated in
part by MEDCAC panel discussions:
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1. What is the meaning of a negative and positive amyloid scan for a patient? Does this depend on what risk
pool, or subpopulation, a patient falls into? Have these been identified, and do they include Medicare
beneficiaries?

2. In what specific scenarios might the test meaningfully change patient management to improve health
outcomes? Would such outcomes likely be sustainable outside the expert clinical trial setting, in general
community practice?

3. Do evidence gaps exist, and if so, what clinical studies could be done to confidently close those gaps?

Assessing performance characteristics of the scan

Fundamentally, a physician orders a test in an attempt to identify the “true state” of the patient. Does the patient
have the disease or not? If the true state is known, there is no clinical need for testing on the same question.
Since the physician here is trying to determine whether or not the patient has AD, predictive values are more
clinically relevant than sensitivity and specificity.

Both sensitivity and specificity are based on prior knowledge of the patient’s true state, diseased or non-diseased.
Sensitivity asks what portion of diseased persons will be identified as positive. Specificity asks what portion of
non-diseased persons will be identified as negative. Sensitivity and specificity are test characteristics that vary
depending on the chosen cut-off between positive and negative. One can set the test cut-off point according to
the desires of the user since there are inherent methodological tradeoffs between high sensitivity and high
specificity, and thus one must consider the risks of having more false positive or false negative results. A receiver
operating characteristic (ROC) curve is customarily used to illustrate this tradeoff.

Data on the sensitivity and specificity of PET Aβ imaging are prominent results in virtually all relevant clinical
trials. Yet when clinical trials use different reference standards for determining these values, they mean different
things and so the studies are not comparable. For instance, a study could compare (1) an F18 imaging agent to
PIB in detecting amyloid plaque burden in living brain; (2) a given imaging agent to autopsy findings of amyloid
burden; (3) results of an imaging agent to the clinical diagnosis of AD, or of MCI; or (4) results of an imaging
agent to the gold-standard diagnosis of AD, which requires both (a) the presence of moderate to frequent Aβ
plaques and neurofibrillary tangles on autopsy, and (b) clinical documentation of progressive dementia during life.

While the last comparison would be most informative, it has not to our knowledge ever actually been studied. The
apparent purpose of studies undertaken for the FDA, which led to the publications of Clark 2011 and 2012, was
never to diagnosis AD per se, but to assess the ability of florbetapir to identify amyloid plaque in human brain. Of
interest, an initial plan to simply compare florbetapir to PIB PET Aβ imaging was rejected (by an FDA advisory
committee) in favor of using autopsy findings as the appropriate reference standard – again not for diagnosis of
AD, but for presence of amyloid in the brain.

Other studies that use clinical diagnosis as the reference standard are less useful as the reason amyloid imaging
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is being investigated in the first place is precisely because of known, systematic inaccuracies in the clinical
diagnosis of AD.

On reviewing Clark 2012, along with the prior studies that led up to it, we do not doubt that amyloid imaging is
safe in humans, and “efficacious” for detecting amyloid burden in the end-of-life population in which it was tested
(consistent with FDA findings). However, the critique by Laforce and Rabinovici of PIB PET amyloid imaging is
apposite to florbetapir PET imaging: “Technical and patient factors that could lead to false positives and false
negatives are not clear. PIB binds to both diffuse and neuritic plaques (Lockhart 2007) (the latter being more
common in normal aging), and the relative contribution of each to the in vivo signal has not been determined”
(Laforce 2011).

Finally, there are a total of 59 subjects (with specificity determined by a subset of 20 subjects) imaged with a PET
amyloid imaging agent that is both clinically-relevant and FDA-approved (florbetapir), who have autopsy
correlation, representing an end-of-life population only. This is not enough to confidently determine sensitivity
and specificity (and test and patient factors that could alter these) let alone, as discussed next, the positive and
negative predictive values of the test, in different patient subpopulations.

Lack of positive and negative predictive values for the scan

In comparison to sensitivity and specificity, positive and negative predictive values (PPVs and NPVs) address a
more clinically relevant question. In patients whose true states are unknown, what portion of those with a
positive test actually have the disease? What portion of those with a negative test do not have disease? These
predictive values depend on the prevalence of the disease in the tested population (with prevalence being the
proportion of persons in a defined population at a given point in time who have the disease). If a test is applied to
both a high risk and a low risk population, a positive result is more likely to be a true positive in the high risk
population. Conversely, a negative result is more likely to be a true negative in a low risk population (Coulthard
2007). Further discussion and examples are available at
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2083733/.

When referencing the sensitivity and specificity from Clark 2012, the follow up study by Grundman 2012
(discussed at length above) said “florbetapir PET has been shown to be > 90% sensitive and specific for
identifying subjects with moderate to frequent neuritic plaques, as assessed at autopsy within 1 year of scan.”
Grundman does not quote the “100% specificity” reported by Clark.

Consider for the sake of illustration that – although this has never been demonstrated – the impact of the test in
wider community practice (not just in the expert clinical trial setting) has an impressive 90% sensitivity and 90%
specificity (using the postmortem gold standard as the reference). What does this mean for a particular patient
who gets the test? As discussed above, this depends on the PPVs and NPVs of the test. But these values vary,
depending on what defined risk pool the patient falls into, and what prevalence of AD exists in that pool.
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Now consider that pool to be the general older American population, which has a prevalence of AD of
approximately 12.5% (NIA 2013). The above 90% values for sensitivity and specificity would generate a > 98%
NPV (the chance the patient does not have the disease if the test is negative) but a PPV of only about 56% (the
chance the patient has the disease if the test is positive). In this case, a negative scan virtually excludes AD,
echoing the FDA-approved label that “a negative scan is inconsistent with the diagnosis of AD.” But the meaning
of a positive scan is unclear (also consistent with the FDA-approved label that a positive scan does not confirm
the diagnosis of AD or other disease).

There has been extensive research for other diseases to define patient subpopulations at risk (risk pools) and
their associated prevalence of disease (e.g., for thromboembolic disease, to evaluate the usefulness of diagnostic
tests, such as a D-dimer). We note a similar path is emerging in AD-related research on the subtypes of MCI
(discussed later). Other factors (e.g., age, genetic predisposition, comorbidities, cognitive reserve) complicate
any subtyping schemata. As Laforce and Rabinovici argue: “not yet established is whether the threshold of
[amyloid]-positivity should be adjusted based on demographic factors such as age (as is done when scoring
plaques at autopsy) (Braak 1999) or genetic variables such as the ApoE4 genotype. Significantly, the relationship
between amyloid and dementia is weaker in older versus younger individuals (Savva 2009). The positive
predictive value of a positive amyloid scan in determining the cause of the dementia will therefore be lower in
older individuals [e.g., the Medicare population]. In general, amyloid PET will be more useful in ruling out (given
the high sensitivity to pathology) than in ruling in AD as the cause of dementia, since the detection of amyloid
may be incidental or secondary to a primary, non-Aβ pathology in some cases . . .” (Laforce 2011).

Laforce’s last point brings up another issue: throughout our above discussion of statistical prediction we have
been regarding performance characteristics of the test with respect to the presence of AD itself. However, these
performance values apply only to the presence of amyloid in human brain, and that may not equate to AD per se.
While there are competing views of what the presence of a given threshold of amyloid in human brain means, a
leading hypothesis acknowledges that while amyloid plaques may be virtually necessary, they may not be
sufficient, as either a trigger for or marker of the progressive dementia of AD.

The implications of a negative scan

The first part of that equation – that presence of amyloid plaques is virtually necessary – reflects the FDA-
approved label that “a negative scan is inconsistent with the diagnosis of AD,” and is not the question that is
before us in this NCD. (Note however that if the scan is performed too early, and is negative, this does not
exclude subsequent amyloid plaque formation that later does reach a threshold for positivity – although this is
unlikely to apply to those aged 65 and older, who comprise the vast majority (83%) of Medicare beneficiaries

(http://www.statehealthfacts.org/comparetable.jsp?ind=294&cat=6&sort=431, accessed April 22, 2013)).

A question that is before us in this NCD is, given that a negative PET amyloid scan could virtually exclude AD in
many patients, what is its clinical utility? We now turn to the arguments that “the value is in a negative scan.”
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First, could a negative scan excluding AD avoid harm that would have otherwise occurred if patients
were misdiagnosed with AD and given medications for symptoms that were in fact caused by other
disease(s)? We have already discussed that we consider avoidance of harm to be an informative health
outcome. Medications typically given to AD patients, such as memantine and cholinesterase inhibitors, are not AD
medications per se. They do not prevent, cure or modify the disease process of AD or, for that matter, any known
disease. They may offer moderate, temporary improvement to patients with cognitive and/or neuropsychiatric
symptoms stemming from a variety of etiologies (TEC 2013). For instance, they have demonstrated efficacy in
dementia with Lewy bodies (DLB) (Graff-Radford 2012); and are perhaps even more effective for DLB than for AD
(Samuel 2000). Cholinesterase inhibitors may improve symptoms in Huntington’s disease and possibly vascular
dementia (de Tommaso 2007, Kavirajan 2007, TEC 2013). In these particular cases, no additional harm appears
to result from a misdiagnosis that places patients on such dementia medications.

It is primarily in differentiating frontotemporal dementia (FTD) and AD that potential for harm appears to exist
(and this indeed was the example presented in the NCD request). Cholinesterase inhibitors have been shown to
exacerbate symptoms in some patients with FTD, and use of memantine has correlated with greater functional
and cognitive decline (TEC 2013, Kertesz 2008, Mendez 2007, Moretti 2004, Boxer 2012).

The differential of FTD and AD can be clinically challenging. Both are characterized by progressive dementia. AD
typically begins with memory loss; FTD, with behavioral and language disturbances. AD is more likely in older
persons; FTD, in younger. However, there is significant overlap such that patients with histopathology of FTD
have often met the diagnostic criteria for AD during life (Varma 1999), and 10%-40% of patients diagnosed
clinically with FTD are found to have AD by postmortem gold standard (Rabinovici 2011). Complicating the issue
is that some individuals can have co-morbid disease.

CMS covered FDG PET in 2004 for use specifically in the differential of FTD and AD. The two diseases have
relatively distinct patterns of hypometabolism on PET (predominantly temporoparietal in AD, and frontal and
anterotemporal in FTD).

In a study of 45 subjects, Foster (2007) demonstrated that use of FDG PET in clinical assessment was more
reliable and accurate in distinguishing FTD from AD than clinical assessment alone. Rabinovici 2011 was a head-
to-head comparison of PIB amyloid versus FDG PET in the differential of AD and FTLD. Although there was a total
of 110 subjects, only a small sample size (n = 22) had histopathology. For these 22 subjects, overall
classification accuracy (using two visual and one quantitative techniques) was 97% for PIB (n = 12) and 87% for
FDG (n = 10).

Second, could a negative amyloid scan improve the quality and efficiency of clinical trials to develop
effective treatments for AD? The argument, articulated here by Laforce and Rabinovici but made by many, is
that amyloid imaging could “improve clinical trial design by enrolling patients based on biological, rather than
clinical, phenotype. This is a necessary first step for the development and testing of disease-specific therapies”
(Laforce 2011). Laforce continues that “initial studies have found that requiring a positive molecular biomarker
for inclusion will render AD clinical trials more efficient . . . .” Although some evidence suggests otherwise, most
evidence, including similar use of diagnostics in trials for other diseases, and a recent European decision
approving amyloid imaging for enrichment of clinical trials, suggests a promising role for amyloid imaging for this
purpose (EMA 2011, Pearson 2012).
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Third, could a negative scan also hasten the work up for other, potentially treatable diseases? Plausible
arguments are made either way, but all lack conclusive evidence. An argument for answering “No” to this
question is this. If you had a convincing clinical picture of AD, many experts agree the scan would not be needed
(e.g., Johnson 2013). How physician concerns about liability would impact real-world decisions whether to get the
test, if it were available, is an open question however.

Conversely, if you did not have such a convincing clinical picture, work up to exclude other, diagnosable and
potentially treatable diseases should proceed anyway (as it would if an amyloid scan were negative). The
unavailability of an amyloid scan does not change that logic.

An argument for answering “Yes” to this question derives from examples such as this (raised by a speaker at the
MEDCAC): A patient with progressive cognitive impairment and a differential diagnosis of normal pressure
hydrocephalus (NPH) versus AD was referred to a surgeon for a possible shunt, but the surgeon declined because
the patient did not fit the typical criteria for NPH. The patient was thus given a presumptive diagnosis of AD. His
cognitive impairment persisted for twelve years, after which he finally received an Amyvid scan, which was
negative. See this example in its entirety from part 00109 -line 9 to part 00110- line 10 of the MEDCAC transcript
found at http://www.cms.gov/Regulations-and-Guidance/Guidance/FACA/Downloads/id66d.pdf.

The evidence for such arguments, either way, is of limited persuasiveness, based almost entirely on clinical
vignettes and case studies, which carry unmitigated risk of methodological bias and confounding, rather than on
clinical trials.

The implications of a positive scan

Perhaps a greater challenge is that while a negative scan might be helpful or even just reassuring for many
patients, if the scan happens to be positive for those very same patients, the meaning of this result is unclear,
certainly much less clear than that of a negative scan.

McEvoy and Brewer (2012) present the following clinical scenario and analysis:

Given the high prevalence of AD and its devastating effects, there is a lot of anxiety among older individuals
about developing this disorder, especially among those with relatives with the disease. Thus, minor slips in
memory function, including those that are normal in healthy aging, can become an obsession, generating a
vicious cycle in which a patient notices a slip in memory, becomes attuned to additional slips, and develops
increasing anxiety about memory function, which itself may interfere with memory and memory testing. It is not
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uncommon to see cognitively unimpaired and, often, highly educated elderly patients presenting to the
physician’s office debilitated by fear that they are developing dementia . . .

Imagine, then, adding to this patient’s clinical evaluation an assessment for amyloid pathology, with the hope
that the patient will be one of the approximate 35-85% (dependent on age (Rowe 2010)) of cognitively healthy
older individuals with a negative test. A negative test would relieve the patient’s fear of AD, since an absence of
amyloid is inconsistent with a diagnosis of AD. However, this would not rule out other neurodegenerative
disorders. A positive test would be even harder to interpret, since 20-65% (dependent on age) of cognitively
healthy individuals can be expected to test positive for amyloid (Rowe 2010).

Given that elevated amyloid deposition is thought to precede development of cognitive impairment by more than
a decade, we believe that findings of amyloid positivity in the absence of objective cognitive impairment would be
irrelevant, and possibly harmful to the well-being of the patient. Even if future research were to demonstrate that
all healthy older individuals with elevated amyloid eventually develop AD, an amyloid test cannot yet tell whether
the patient will decline in the coming year or even in the coming decade; a positive test gives no indication of the
phase of this slowly developing disease. For elderly patients especially, a warning sign loses all relevance if it can
only suggest that cognitive impairment is likely to develop sometime in the next 10-20 years.

We agree with the authors’ reasoning, cited evidence, and concerns about real-world clinical impact. This concern
is especially relevant given statements by some experts (including at the MEDCAC meeting) that they intend to
use an amyloid scan in clinical practice to help make a positive diagnosis of AD (despite lack of empirical evidence
of when and how to do this, and despite the inconsistency of such use with the FDA-approved label). However,
we note that McEvoy and Brewer’s argument is explicitly about “findings of amyloid positivity in the absence of
objective cognitive impairment.” Whether documentation of cognitive impairment opens a window for appropriate
use is a topic we will return to later. McEvoy’s discussion is a good segue into the next issue, on the “value of
knowing.”

The “value of knowing”

Expert speakers at the MEDCAC, public commentary, and numerous discussions in the literature have brought up
the value to individuals and their families of definitively knowing they have AD. Patients were even described by
clinicians as “being relieved” by knowing they had a diagnosis of AD. However, there are several limitations of
this argument (including but not limited to the clinical meaning of a positive scan); we address these one by one.

First, the argument is clearly not generalizable. Given that there is no cure or effective treatment for AD, many
do not “want to know.” In an international poll, the question (number 26) was asked: “In the future, a medical
test might become available that would tell people before they had symptoms whether they will get Alzheimer’s
disease in the future. If such a test became available, how likely do you think it is that you would get the
test—very likely, somewhat likely, not too likely, or not at all likely?” In the U.S., only 29.5% responded “very
likely,” while an additional 34.6% responded “somewhat likely.” Other, more recent polls have also made clear
that answers to various related questions are variable.
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We recognize that conclusions drawn from public opinion polls, even those done with statistically robust polling
methodologies, are of questionable evidentiary value for fundamental questions about disease. At most we can
conclude from them that patient and family responses to a diagnosis of AD are likely to vary, and we will need to
rely on future empiric evidence to know this with greater certainty.

More importantly, implicit to the question is the assumption that the test is definitive. These poll responses
cannot apply to PET amyloid scans as, again, the meaning of a positive scan is unclear. The complexity and
uncertainty surrounding the science renders polling difficult. There are no polls, to our knowledge, where subjects
were asked: “Would you want this scan if there is an X-Y% chance that you will be misdiagnosed with AD, based
on the risk pool you fall into – which is itself unknowable as the criteria for such pools have yet to be clearly
demonstrated – and by the way, here is the potential impact of being misdiagnosed with AD . . .”

Ultimately, we recognize that patients and families may make different decisions when a hypothetical scenario of
disease becomes a real one. We can anticipate that these decisions will reflect the diversity of personal and
cultural values in the population, including some, e.g., religious beliefs and prior family experience with illness,
that are not readily studied in randomized clinical trials. Indeed we can envision the possibility that five different
families will arrive at five different decisions, and that by some measure all five might be judged “appropriate” by
various persons. Seeking answers to such questions will extend beyond the traditional boundaries of evidence
based health insurance coverage. That does not diminish their ultimate importance to our beneficiaries, but it
does alert us of the challenges of applying an evidence based review paradigm in this context.

Prognosis versus diagnosis

Doraiswamy 2012 connects to this “value of knowing” argument. As discussed previously, a key finding of this
study was that, in the MCI population, 29% of those with positive scans, compared to 10% of those with negative
scans, converted to clinically diagnosed AD. Some experts, including at the MEDCAC meeting, pointing to these
data (and prior supporting studies), argue that patients with a positive scan and symptoms of MCI have AD, and
it is just a matter of time before this manifests (Aisen MEDCAC presentation, Sperling 2011, Hardy 1991, 1992).
So, along this line of thinking, why do roughly 33% of cognitively normal older individuals have significant
amounts of amyloid in their brain? Because it is an indolent process. As with prostate cancer, many of these
individuals will die with, rather than of, the disease.

A competing hypothesis is that “Aβ accumulation is necessary but not sufficient to produce the clinical
manifestations of AD. It is likely that the cognitive decline would occur only in the setting of Aβ accumulation plus
synaptic dysfunction and/or neurodegeneration” (Sperling 2011). Amyloid accumulation appears to plateau, and
downstream neuronal lesions are required, and indeed better correlate with clinical severity of disease than does
amyloid. In this competing view, while some of the infamous 33% with high Aβ and normal cognition may
actually have AD but have just never manifested symptoms – and maybe never will in their lifetime – some,
perhaps even the majority, may have simply not been “tipped” by other, distinct, downstream lesions that are
necessary for AD, and perhaps never would be even if they lived longer. That is, they do not, and never will, have
the disease.
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In this light, the NIA-AA guideline authors conclude (and we agree) that “at this point, it remains unclear whether
it is meaningful or feasible to make the distinction between Aβ as a risk factor for developing the clinical
syndrome of AD versus Aβ accumulation as an early detectable stage of AD because current evidence suggests
that both concepts are plausible” (Sperling 2011).

Some experts have even suggested that amyloid plaque formation could be the body’s protective mechanism to
the (unknown) underlying disease process (Selko 2002, Lee 2004, Shankar 2008).

Returning to the Doraiswamy study, what this study demonstrates is the progression of symptoms to the clinical
state of dementia, not the etiology(ies) driving that progression, because the endpoint is not autopsy, essential
for the gold standard diagnosis of AD. Prognosis and diagnosis can be different things, and this study is really
about the former.

So armed with this study, what do we really know? Not which individuals have AD. Thus an amyloid scan here
would not inform the use of effective disease-specific treatments – again, if these existed. And if they did exist,
and merely had mild adverse effects, such treatments would be tried on a host of symptomatic patients, and
there might well emerge classifications of cognitive impairment and dementia based on whether individuals were
susceptible or resistant to a given treatment. If so, and these treatments were efficacious for more than one
etiology of cognitive impairment and/or dementia, the diagnosis of AD in itself would become less relevant.

Leaving diagnosis aside, and returning to the strong hand of the Doraiswamy study, prognosis, how might
prognosis alone, as predicted by a positive amyloid scan, change one’s decision-making and management?

The study was not designed to test this (no one study can do everything), but even theoretically this is unclear –
at least at 18 months, the limit of the study follow-up. The study reports a 29% chance of progression from MCI
to dementia if the amyloid scan is positive, compared to a 10% chance of the same if it is negative. Say you are
one of these patients who get a scan, your result is negative, and therefore you are in the 10% group. How would
this change your (or your physician-advisor’s) decision to do or not do something? Put another way, if you knew
you had a 29% chance of a very bad thing happening to you, and you could take some meaningful actions as a
result for you and/or your family, would you now not take those actions because you had only a 10% chance of
that fate? If there were a 29% chance the airplane you were about to board would crash, would you now board it
because there was only a 10% chance? More longitudinal data could certainly alter these numbers, and provide
clearer implications for rational decision making and management.

Mild cognitive impairment (MCI)
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In reviewing the Grundman 2012 study we noted that it did not identify a potentially high-yield, objectively
defined, target population. Fortunately, multiple other studies do: it is the MCI population. This was a key insight
shared by MEDCAC panel members and expert presenters alike during the meeting. Deriving from research
beginning in the 1990s, with the term coined in 1999, MCI lies between the cognitive changes of normal aging
and dementia. Individuals with MCI experience memory loss (amnestic MCI) or loss of thinking skills other than
memory loss (nonamnestic MCI), to a greater extent than expected for age, but without impairment of day-to-
day functioning. Individuals with MCI are at increased risk for developing dementia (whether from AD or another
etiology), but many do not progress to dementia, and some get better (Petersen 1999 and 2009, Wolk 2009,
Hughes 2011, Ward 2012, Landau 2012, Sachdev 2012).

Both amnestic and nonamnestic MCI have subtypes of “single” and “multiple” domain. For example, a person
without memory loss but with documented impairment in attention and concentration, and subtle impairment in
visuospatial skills, would have multi-domain, non-amnestic MCI (Petersen 2009).

Figure obtained from Peterson, R. Early Diagnosis of Alzheimer’s Disease: Is MCI Too Late? Current Alzheimer
Research. 2009; 6(4):329.

More recent subtypes (under investigation in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) Go and
ADNI 2 trials) include “early” and “late” MCI. Early MCI represents subtle memory impairment that is
intermediate between normal subjects and late MCI, as determined by say, education-adjusted scores on the
Wechsler Memory Scale Logical Memory II (Landau 2012).

The field of MCI research is overlapping that of PET amyloid imaging, using various tracers including first PIB and
increasingly florbetapir as well as other agents (Wolk 2009, Hughes 2011, Ward 2012, Landau 2012, Sachdev
2012, Cordell 2011). The ADNI family of prospective, longitudinal studies involve well over 1,000 participants at
over 50 medical centers across the US and Canada, incorporate clinical classifications of MCI, AD and healthy
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controls, have regular, standardized clinical, imaging and CSF biomarker testing, and have autopsy as their
endpoint. Other large, prospective, longitudinal studies of interest are underway at Mayo (Roberts 2008), in
Australia (Sachdev 2012) and in Italy (Di Carlo 2007), although the degree of standardization that would enable
meta-analysis across studies is not known to us at this time.

MCI subtypes, and associated objective scores on “bedside” mental status exams and neuropsychiatric testing,
could, when combined with other patient characteristics (e.g., age, genetics, cognitive reserve, comorbidities)
and biomarkers (for hypometabolism, plaque accumulation, synaptic dysfunction and neuronal loss), serve as the
foundation for the development of objectively defined “risk pools,” or subpopulations of individuals who are at risk
of progressing from MCI to AD. Ideally, risk stratification would eventually be able to identify persons at high risk
for developing AD before symptoms occur. This may be especially important as a chain of evidence from multiple
studies (animal and human) suggest that future therapies might be most (or only) effective if they begin early in
or prior to the process of abnormal amyloid accumulation – perhaps10 to as much as 25 years prior to the onset
of symptoms. Lifestyle changes, whether as a complimentary or an essential effort, may be a lifelong requirement
(Gandy 2012, Goate 1991, Nicoll 2003, Bateman 2012, Jonsson 2012, Pollack 2012).

Generalizability

Generalizability – evidence that beneficial outcomes would be sustainable outside the clinical trial setting, in
broad community use – is also a well-established factor that we consider in CMS coverage decisions. It is through
this lens that we examine the questions of who should order, and who should interpret, PET Aβ imaging scans.
We agree with the AIT that the ordering of PET Aβ imaging tests should be done by dementia specialists within
the fields of neurology, neuropsychiatry and geriatric medicine who are actively managing the patient’s care
(Johnson 2013).

As to the qualifications and training of physicians who would interpret (or “read”) the scans, we believe there is
not enough evidence to support that the limited on-line training that currently exists suffices to ensure quality of
reads in broader community practice. There are no experts we are aware of who do not acknowledge that this
issue was a major problem with the initial launch of FDG PET, and we have learned from that experience as well
as from the emergence of other new imaging technologies since then. A training and certificate model that may
have some applicability for PET Aβ imaging is that for cardiac CT (Pelberg 2011). We believe that the training
requirements included in the labeling should be viewed as absolute minimums and we encourage the
development and maintenance of professional society standards. These might, for example, require formal
mentoring of real cases and create facilitated pathways for “expert panel” interpretations of equivocal images.

Additionally, important questions remain about scan interpretation techniques themselves. Could quantitative
measurements and visual interpretation be integrated by the reader (as done in say, CT brain perfusion imaging)
to improve performance characteristics of the test? Should the anatomical distribution, as well as overall burden,
of amyloid be considered in scan interpretation, especially given the discrepancies in frontal and medial temporal
lobe findings between imaging and histopathology (Moghbel 2012, Kepe 2013). As mentioned earlier, PET
amyloid tracers bind to both neuritic and diffuse plaques (Lockhart 2007), the latter being more common in
normal aging, and the relative contribution of each to imaging results remains unclear. Also, it is unclear to what
other substrates (Aβ structures, brain structures or receptors) these agents bind (Kepe 2013, EMA 2013 Annex
1). Finally, how could standardization – of PET generally (e.g., Wahl 2009) but also in amyloid imaging
specifically – be improved to allow more meaningful comparisons across centers and trials?
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In summary, we find that use of PET Aβ imaging is promising: (1) for excluding AD in narrowly defined and
clinically difficult differentials, such as AD versus FTD, to prevent the harm of inappropriate use of potentially
toxic medications; and (2) to improve the quality and efficiency of trials seeking to develop better interventions
for AD, by allowing for selection of patients on the basis of biological as well as clinical and epidemiological
factors. PET Aβ imaging may someday prove useful in limiting other testing, and, along with other biomarkers, in
establishing a positive diagnosis of AD in certain subpopulations (to be defined), but the evidence to date is less
substantial here. We also believe that further studies could be embedded into existing longitudinal, clinical
research infrastructure, to potentially provide the building blocks for evidence-based appropriate use criteria.
Finally, improvements in reading techniques, training and standardization of PET imaging protocols are needed.

B.    CED

There are many outstanding questions about the diagnosis and management of AD and other dementias and the
potential roles of PET Aβ imaging in that context. The goal of therapeutic trials may be to prevent, modify or cure
the disease process, or to improve or slow the decline of patient cognition and functioning. Here the potential
power of a negative scan to virtually exclude significant brain beta amyloid deposition could benefit Medicare
beneficiaries, by helping them avoid potentially harmful, experimental therapies, and directing them to trials or
treatments more likely to benefit them. Better patient selection could in turn improve the quality and efficiency of
the therapeutic trials themselves. Due to the immense burden AD poses to Medicare beneficiaries (without
considering burdens to their families and the Medicare system itself – which go beyond the scope of this NCD),
the importance of developing effective therapies for AD rivals the difficulty of doing so.

While important questions on some ultimate outcomes may require comparison to autopsy findings that may not
be available for years, other questions lend themselves to shorter time frames. For example, do community
based physicians, relying on the result of scans interpreted by community based readers, consistently modify
drug therapy to avoid certain adverse events? Are these adverse events actually avoided, or are the predictive
values of imaging in these settings different or less reliable?

Some commenters suggest that the experience of CED for FDG PET for dementia and neurodegenerative diseases
is relevant to the current consideration of CED for PET Aβ. They note specifically that a planned large trial of FDG
PET has been minimally enrolled despite the passage of many years. While we believe there are lessons to be
learned from that experience, we do not agree that the conclusion of those lessons is that CED should be
abandoned in this important clinical area. We have, since that FDG PET NCD, formally articulated the CED
paradigm in guidance convened the MEDCAC on CED. We have described our relationship with AHRQ, and AHRQ’s
role in supporting CED.

As we noted above in the response to public comment, CED is not limited to a single trial that addresses every
aspect of the CED question(s). We acknowledge that approvable CED protocols may address one or more aspects
of the CED questions, and that nontraditional study designs, e.g. practical observational studies and registries,
may be methodologically appropriate or even favored for some aspects.
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Ongoing research initiatives such as the ADNI could provide much of the infrastructure for generating the
evidence we seek. As stated at the outset of this discussion section, to date, no prospective, longitudinal data
have emerged to provide sufficient evidence to conclude that the use of PET Aβ imaging would meaningfully
improve health outcomes, directly or indirectly, for Medicare beneficiaries who have or are at risk for developing
AD. However, it may be possible to embed within such infrastructure the studies needed to close evidence gaps
identified in this DM, at the MEDCAC meeting, and in the literature. Indeed, some are underway. These would
include prospective, controlled, longitudinal studies, with, where appropriate, randomization and autopsy as an
endpoint. Hopefully, surrogate markers could be eventually identified to render unnecessary the longitudinal
follow up to autopsy; what these surrogates might be remains unclear at this time however. These studies should
focus not on what clinicians intend to do, but on actual management following objective protocols.

Risk pools might be objectively determined combining clinical MCI subtypes, for instance, with other clinical,
imaging and laboratory biomarker testing (as described above). The prevalence of AD could then be determined
for each risk pool (by gold standard), and this in turn, combined with more data points for estimating sensitivity
and specificity, could generate quantitative negative and predictive values for biomarker tests, alone or in
combination, for each pool. These predictive values would determine the meaning of a test result – and if the test
should even be obtained in the first place – for a particular patient. Establishing the clinically utility of that test –
its meaningful impact on patient management that can be linked to downstream processes that improve health
outcomes – is also of course important.

It is possible that different combinations of biomarkers (again, of plaque accumulation, synaptic dysfunction,
neuronal loss, hypometabolism, etc.) may be appropriate for patients in different pools. Further research could
give weights to the partial and combined contributions of these various biomarker and clinical tests for specific
risk pools. Identifying such pools, and the predictive values of diagnostic tests for each, has been essential for
determining which individuals need what test, when, in clinical research of other diseases (such as
thromboembolic disease, the example given earlier), where they have informed the development of evidence-
based appropriate use criteria for diagnostic tests.

It is in this light that we assess the first iteration of the appropriate use criteria recently published by the joint
Amyloid Imaging Taskforce (AIT) of the AA and SNMMI (Johnson 2013). It is a consensus statement. It does not
delve into specifics about risk pools, their associated prevalence of disease, and the predictive values for various
biomarker tests, alone or in combination, for each pool. It does not use these building blocks of evidenced-based
appropriate use criteria, because these blocks themselves do not yet exist for amyloid imaging in AD.

With respect specifically to biomarkers, the AIT “did not consider other proposed diagnostic biomarkers for AD
and therefore did not draw any conclusions as to the relative value of amyloid PET compared to CSF, MRI and
FDG PET.” Yet the AIT acknowledges that “the appropriate use of amyloid PET requires knowledge of all relevant
findings of clinical evaluations, laboratory tests and imaging relating how each component of the accumulated
evidence should be weighed.” Our assessment of the current literature is that there is insufficient data to
empirically determine the relative weights of those components. This conclusion echoes that of the authors of the
NIA-AA guideline workgroups:
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“There was a broad consensus within all three workgroups that much additional work is needed to validate the
application of biomarkers for diagnostic purposes . . . additional biomarker comparison studies are needed, as is
more thorough validation with postmortem studies, and the use of combinations of biomarkers in studies has
been limited. Extensive work on biomarker standardization is needed before wide-spread adoption of these
recommendations at any stage of the disease” (Jack 2011).

Knowing all this, the AIT’s approach seems to reflect the acceptance of certain premises: assuming the test will
be used given FDA approval, and given the evidence that currently exists (as limited as it may be), what is the
best guidance we can give to clinicians on how, and how not, to use this new technology? NCDs are inherently
not guidance documents and thus reflect different premises. That said, we believe the AIT approach is
informative and can help guide physician approaches to dementia management amid the challenges of an
immature evidence base.

In its introduction, the AIT states that while “promising . . . experience with clinical amyloid PET imaging is
limited. Most published studies to date have been designed to validate this technology and understand disease
mechanisms rather than to evaluate applications in clinical practice. As a result, published data are available
primarily from highly selected populations with prototypical findings rather than from patients with comorbidities,
complex histories, and atypical features often seen in clinical practice. . . Empirical evidence for the value of
added certainty resulting from amyloid PET has not yet been reported” (Johnson 2013).

This is consistent with CMS’ historic use of CED. We note in particular that the last sentence quoted above (with
which we agree, based on our independent assessment of the literature) means it would be difficult for clinicians
to be able to meet clause (iii) of the Preamble of the AIT’s appropriate use criteria:

“Amyloid imaging is appropriate in the situations listed here for individuals with all of the following
characteristics: . . . (iii) when knowledge of the presence or absence of Aβ pathology is expected to increase
diagnostic certainty and alter management” (Johnson 2013).

We believe emerging and future investigations, some of which are described in this DM, could no doubt better
inform future iterations of the AIT’s guidelines.

We thus have finalized this decision as coverage with evidence development (CED). Many Medicare beneficiaries
are potential candidates for AD-related therapeutic trials. Some therapies may prove successful in preventing or
slowing the downstream cascade of neurodegeneration that correlates with severity of disease. However, we
temper our enthusiasm as it also possible that future therapies, if they are effective at all, might be so only if
used prior to or early in the process of amyloid accumulation. If the latter is the case, most patients who would
benefit would be younger than age 65. We acknowledge that this would in turn create a healthier pool entering
Medicare’s ranks; however, such dynamic, temporal analysis is outside the scope of our inquiry, which focuses
solely on the Medicare population of today.
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We have concluded that PET beta amyloid imaging is not reasonable and necessary under 1862(a)(1)(A) of the
Act. However, CMS remains aware of significant evidence gaps that, if narrowed or closed, could further inform
clinical decision making and future coverage policy. We believe Medicare could support this endeavor with CED.
We have concluded that PET beta amyloid imaging is reasonable and necessary under 1862(a)(1)(E) of the Act.

Health Disparities

Subjects in key clinical trials on PET Aβ imaging (e.g., Clark 2011 and 2012, Grundman 2012) are generally >
90% white, despite data that older African-Americans are twice as likely, and older Hispanics 1.5 times as likely,
to have AD (and other dementias) as older whites (see the Background section of this DM). This lack of evidence
about racial and ethnic factors represents in our view an evidence gap that we encourage trial designers to
consider when proposing clinical trial designs under this NCD. While recognizing that this consideration may
complicate the design of appropriate clinical studies, we will nevertheless prefer clinical study proposals in which
data on racial and ethnic factors are specifically collected and analyzed.

Summary

We have carefully and deliberately reviewed the available evidence, including published clinical studies, the
MEDCAC recommendations, public comment and expert opinion, and we have reached the following answers to
our analytic questions, which are repeated below for the convenience of the reader.

Question a:

Is the evidence adequate to conclude that PET Aβ imaging improves meaningful health outcomes in beneficiaries
who display signs and symptoms of AD?

Answer a:

We cannot confidently conclude that PET Aβ imaging improves health outcomes in beneficiaries who display signs
or symptoms of AD. We believe that additional clinical studies are needed to address these important issues, and
that CED can facilitate this effort.
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Question b:

Is the evidence adequate to conclude that PET Aβ imaging results inform the treating physician's management of
the beneficiary to improve meaningful health outcomes? Those outcomes may include reasonably considered
beneficial therapeutic management or the avoidance of unnecessary, burdensome interventions.

Answer b.

We have concluded from the available evidence that it is promising but not conclusive that PET Aβ imaging could,
in community care settings, inform the identification of a specific population of beneficiaries in whom the harms
of mismanagement with anticholinesterase therapy may be reduced if certain medications are in fact avoided.

CMS remains aware of significant evidence gaps that, if narrowed or closed, could further inform clinical decision
making and future coverage policy. We believe Medicare could support this endeavor with CED.

IX. Conclusion

A. The Centers for Medicare & Medicaid Services (CMS) has determined that the evidence is insufficient to
conclude that the use of positron emission tomography (PET) amyloid-beta (Aβ) imaging is reasonable and
necessary for the diagnosis or treatment of illness or injury or to improve the functioning of a malformed body
member for Medicare beneficiaries with dementia or neurodegenerative disease, and thus PET Aβ imaging is not
covered under §1862(a)(1)(A) of the Social Security Act (“the Act”).

B. However, there is sufficient evidence that the use of PET Aβ imaging is promising in two scenarios: (1) to
exclude Alzheimer’s disease (AD) in narrowly defined and clinically difficult differential diagnoses, such as AD
versus frontotemporal dementia (FTD); and (2) to enrich clinical trials seeking better treatments or prevention
strategies for AD, by allowing for selection of patients on the basis of biological as well as clinical and
epidemiological factors.

Therefore, we will cover one PET Aβ scan per patient through coverage with evidence development (CED), under
§1862(a)(1)(E) of the Act, in clinical studies that meet the criteria in each of the paragraphs below.

Clinical study objectives must be to (1) develop better treatments or prevention strategies for AD, or, as a
strategy to identify subpopulations at risk for developing AD, or (2) resolve clinically difficult differential
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1. Do the results of PET Aβ imaging lead to improved health outcomes? Meaningful health outcomes of
interest include: avoidance of futile treatment or tests; improving, or slowing the decline of, quality of life;
and survival.

2. Are there specific subpopulations, patient characteristics or differential diagnoses that are predictive of
improved health outcomes in patients whose management is guided by the PET Aβ imaging?

3. Does using PET Aβ imaging in guiding patient management, to enrich clinical trials seeking better
treatments or prevention strategies for AD, by selecting patients on the basis of biological as well as
clinical and epidemiological factors, lead to improved health outcomes?

a. The principal purpose of the research study is to test whether a particular intervention potentially
improves the participants’ health outcomes.

b. The research study is well supported by available scientific and medical information or it is intended to
clarify or establish the health outcomes of interventions already in common clinical use.

c. The research study does not unjustifiably duplicate existing studies.

d. The research study design is appropriate to answer the research question being asked in the study.

e. The research study is sponsored by an organization or individual capable of executing the proposed study
successfully.

f. The research study is in compliance with all applicable Federal regulations concerning the protection of
human subjects found at 45 CFR Part 46. If a study is regulated by the Food and Drug Administration
(FDA), it must be in compliance with 21 CFR parts 50 and 56.

diagnoses (e.g., frontotemporal dementia (FTD) versus AD) where the use of PET Aβ imaging appears to improve
health outcomes. These may include short term outcomes related to changes in management as well as longer
term dementia outcomes.

Clinical studies must be approved by CMS, involve subjects from appropriate populations, and be comparative
and longitudinal. Where appropriate, studies should be prospective, randomized, and use postmortem diagnosis
as the endpoint. Radiopharmaceuticals used in the PET Aβ scans must be FDA approved. Approved studies must
address one or more aspects of the following questions. For Medicare beneficiaries with cognitive impairment
suspicious for AD, or who may be at risk for developing AD:

Any clinical study undertaken pursuant to this national coverage determination (NCD) must adhere to the
timeframe designated in the approved clinical study protocol. Any approved clinical study must also adhere to the
following standards of scientific integrity and relevance to the Medicare population.
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g. All aspects of the research study are conducted according to appropriate standards of scientific integrity
(see http://www.icmje.org).

h. The research study has a written protocol that clearly addresses, or incorporates by reference, the
standards listed here as Medicare requirements.

i. The clinical research study is not designed to exclusively test toxicity or disease pathophysiology in
healthy individuals. Trials of all medical technologies measuring therapeutic outcomes as one of the
objectives meet this standard only if the disease or condition being studied is life threatening as defined in
21 CFR §312.81(a) and the patient has no other viable treatment options.

j. The clinical research study is registered on the ClinicalTrials.gov website by the principal
sponsor/investigator prior to the enrollment of the first study subject.

k. The research study protocol specifies the method and timing of public release of all pre-specified outcomes
to be measured including release of outcomes if outcomes are negative or study is terminated early. The
results must be made public within 24 months of the end of data collection. If a report is planned to be
published in a peer reviewed journal, then that initial release may be an abstract that meets the
requirements of the International Committee of Medical Journal Editors

(http://www.icmje.org). However a full report of the outcomes must be made public no later than three
(3) years after the end of data collection.

l. The research study protocol must explicitly discuss subpopulations affected by the treatment under
investigation, particularly traditionally underrepresented groups in clinical studies, how the inclusion and
exclusion criteria effect enrollment of these populations, and a plan for the retention and reporting of said
populations on the trial. If the inclusion and exclusion criteria are expected to have a negative effect on
the recruitment or retention of underrepresented populations, the protocol must discuss why these criteria
are necessary.

m. The research study protocol explicitly discusses how the results are or are not expected to be
generalizable to the Medicare population to infer whether Medicare patients may benefit from the
intervention. Separate discussions in the protocol may be necessary for populations eligible for Medicare
due to age, disability or Medicaid eligibility.

Consistent with §1142 of the Act, the Agency for Healthcare Research and Quality (AHRQ) supports clinical
research studies that CMS determines meet the above-listed standards and address the above-listed research
questions.

All other uses are noncovered.
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• Use of randomization (allocation of patients to either intervention or control group) in order to minimize
bias.

• Use of contemporaneous control groups (rather than historical controls) in order to ensure comparability
between the intervention and control groups.

• Prospective (rather than retrospective) studies to ensure a more thorough and systematical assessment of
factors related to outcomes.

APPENDIX A

General Methodological Principles of Study Design

(Section VI of the Decision Memorandum)

When making national coverage determinations, CMS evaluates relevant clinical evidence to determine whether
or not the evidence is of sufficient quality to support a finding that an item or service is reasonable and
necessary. The overall objective for the critical appraisal of the evidence is to determine to what degree we are
confident that: 1) the specific assessment questions can be answered conclusively; and 2) the intervention will
improve health outcomes for patients.

We divide the assessment of clinical evidence into three stages: 1) the quality of the individual studies; 2) the
generalizability of findings from individual studies to the Medicare population; and 3) overarching conclusions that
can be drawn from the body of the evidence on the direction and magnitude of the intervention’s potential risks
and benefits.

The methodological principles described below represent a broad discussion of the issues we consider when
reviewing clinical evidence. However, it should be noted that each coverage determination has its unique
methodological aspects.

Assessing Individual Studies

Methodologists have developed criteria to determine weaknesses and strengths of clinical research. Strength of
evidence generally refers to: 1) the scientific validity underlying study findings regarding causal relationships
between health care interventions and health outcomes; and 2) the reduction of bias. In general, some of the
methodological attributes associated with stronger evidence include those listed below:
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• Larger sample sizes, to demonstrate both statistically significant as well as clinically significant outcomes
that can be extrapolated to the Medicare population. Sample size should be large enough to make chance
an unlikely explanation for what was found.

• Masking (blinding) to ensure patients and investigators do not know to that group patients were assigned
(intervention or control). This is important especially in subjective outcomes, such as pain or quality of
life, where enthusiasm and psychological factors may lead to an improved perceived outcome by either
the patient or assessor.

• Different characteristics between patients participating and those theoretically eligible for study but not
participating (selection bias).

• Co-interventions or provision of care apart from the intervention under evaluation (performance bias).
• Differential assessment of outcome (detection bias).
• Occurrence and reporting of patients who do not complete the study (attrition bias).

Regardless of whether the design of a study is a randomized controlled trial, a non-randomized controlled trial, a
cohort study or a case-control study, the primary criterion for methodological strength or quality is to the extent
that differences between intervention and control groups can be attributed to the intervention studied. This is
known as internal validity. Various types of bias can undermine internal validity. These include:

In principle, rankings of research design have been based on the ability of each study design category to
minimize these biases. A randomized controlled trial minimizes systematic bias (in theory) by selecting a sample
of participants from a particular population and allocating them randomly to the intervention and control groups.
Thus, in general, randomized controlled studies have been typically assigned the greatest strength, followed by
non-randomized clinical trials and controlled observational studies. The design, conduct and analysis of trials are
important factors as well. For example, a welldesigned and conducted observational study with a large sample
size may provide stronger evidence than a poorly designed and conducted randomized controlled trial with a
small sample size. The following is a representative list of study designs (some of that have alternative names)
ranked from most to least methodologically rigorous in their potential ability to minimize systematic bias:

Randomized controlled trials
Non-randomized controlled trials
Prospective cohort studies
Retrospective case control studies
Cross-sectional studies
Surveillance studies (e. g., using registries or surveys)
Consecutive case series
Single case reports

When there are merely associations but not causal relationships between a study’s variables and outcomes, it is
important not to draw causal inferences. Confounding refers to independent variables that systematically vary
with the causal variable. This distorts measurement of the outcome of interest because its effect size is mixed
with the effects of other extraneous factors. For observational, and in some cases randomized controlled trials,
the method in that confounding factors are handled (either through stratification or appropriate statistical
modeling) are of particular concern. For example, in order to interpret and generalize conclusions to our
population of Medicare patients, it may be necessary for studies to match or stratify their intervention and control
groups by patient age or co-morbidities.
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Methodological strength is, therefore, a multidimensional concept that relates to the design, implementation and
analysis of a clinical study. In addition, thorough documentation of the conduct of the research, particularly study
selection criteria, rate of attrition and process for data collection, is essential for CMS to adequately assess and
consider the evidence.

Generalizability of Clinical Evidence to the Medicare Population

The applicability of the results of a study to other populations, settings, treatment regimens and outcomes
assessed is known as external validity. Even well-designed and well-conducted trials may not supply the evidence
needed if the results of a study are not applicable to the Medicare population. Evidence that provides accurate
information about a population or setting not well represented in the Medicare program would be considered but
would suffer from limited generalizability.

The extent to that the results of a trial are applicable to other circumstances is often a matter of judgment that
depends on specific study characteristics, primarily the patient population studied (age, sex, severity of disease
and presence of co-morbidities) and the care setting (primary to tertiary level of care, as well as the experience
and specialization of the care provider). Additional relevant variables are treatment regimens (dosage, timing and
route of administration), co-interventions or concomitant therapies, and type of outcome and length of follow-up.

The level of care and the experience of the providers in the study are other crucial elements in assessing a
study’s external validity. Trial participants in an academic medical center may receive more or different attention
than is typically available in on-tertiary settings. For example, an investigator’s lengthy and detailed explanations
of the potential benefits of the intervention and/or the use of new equipment provided to the academic center by
the study sponsor may raise doubts about the applicability of study findings to community practice.

Given the evidence available in the research literature, some degree of generalization about an intervention’s
potential benefits and harms is invariably required in making coverage determinations for the Medicare
population. Conditions that assist us in making reasonable generalizations are biologic plausibility, similarities
between the populations studied and Medicare patients (age, sex, ethnicity and clinical presentation) and
similarities of the intervention studied to those that would be routinely available in community practice.

A study’s selected outcomes are an important consideration in generalizing available clinical evidence to Medicare
coverage determinations. One of the goals of our determination process is to assess health outcomes. These
outcomes include resultant risks and benefits such as increased or decreased morbidity and mortality. In order to
make this determination, it is often necessary to evaluate whether the strength of the evidence is adequate to
draw conclusions about the direction and magnitude of each individual outcome relevant to the intervention under
study. In addition, it is important that an intervention’s benefits are clinically significant and durable, rather than
marginal or short-lived. Generally, an intervention is not reasonable and necessary if its risks outweigh its
benefits.
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If key health outcomes have not been studied or the direction of clinical effect is inconclusive, we may also
evaluate the strength and adequacy of indirect evidence linking intermediate or surrogate outcomes to our
outcomes of interest.

Assessing the Relative Magnitude of Risks and Benefits

Generally, an intervention is not reasonable and necessary if its risks outweigh its benefits. Health outcomes are
one of several considerations in determining whether an item or service is reasonable and necessary. CMS places
greater emphasis on health outcomes actually experienced by patients, such as quality of life, functional status,
duration of disability, morbidity and mortality, and less emphasis on outcomes that patients do not directly
experience, such as intermediate outcomes, surrogate outcomes, and laboratory or radiographic responses. The
direction, magnitude, and consistency of the risks and benefits across studies are also important considerations.
Based on the analysis of the strength of the evidence, CMS assesses the relative magnitude of an intervention or
technology’s benefits and risk of harm to Medicare beneficiaries.
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PET based tools can improve the early diagnosis of Alzheimer’s disease (AD) and differential diagnosis of dementia. The
importance of identifying individuals at risk of developing dementia among people with subjective cognitive complaints or mild
cognitive impairment has clinical, social, and therapeutic implications. Within the two major classes of AD biomarkers currently
identified, that is, markers of pathology and neurodegeneration, amyloid- and FDG-PET imaging represent decisive tools for their
measurement. As a consequence, the PET tools have been recognized to be of crucial value in the recent guidelines for the early
diagnosis of AD and other dementia conditions. The references based recommendations, however, include large PET imaging
literature based on visual methods that greatly reduces sensitivity and specificity and lacks a clear cut-off between normal and
pathological findings. PET imaging can be assessed using parametric or voxel-wise analyses by comparing the subject’s scan with
a normative data set, significantly increasing the diagnostic accuracy. This paper is a survey of the relevant literature on FDG and
amyloid-PET imaging aimed at providing the value of quantification for the early and differential diagnosis of AD. This allowed a
meta-analysis and GRADE analysis revealing high values for PET imaging that might be useful in considering recommendations.

1. Introduction

In Western countries, during the last century, the elderly
population (over 65) has almost triplicated and in the next
fifty years it will represent almost 35% of the total population.
Alongwith ageing, dementia will become not only a dramatic
clinical entity, but also a serious socio-economic issue, given
that patients diagnosed with this devastating disease will
likely increase by 50% by 2030.

However, the 2011 World Alzheimer Report (http://
www.alz.co.uk/research/world-report) has underlined that
only a percentage ranging between 20 and 50% of dementia
cases are identified and recognized in the early stages, that is,
at least half of the population of dementia patients suffering
do not receive a complete diagnostic workup since disease
onset.

This diagnostic delay gives rise to a so-called “treatment
gap” between early stages of the disease and a formal
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diagnosis which can then trigger necessary care and orga-
nized support ameliorating the patient’s quality of life along
with that of caregivers and family members. Clinical diag-
nosis per se has limited accuracy and requires the presence
of cognitive symptoms, while biomarkers that are specific
for AD-related pathologic phenomena would allow more
accurate diagnosis when patients are in the prodromal or
even preclinical stage of the disease, a period that is generally
held to be the best intervention time for AD, at least at
present days. PET allows the investigation of both the mea-
surements of cerebral glucose metabolism by 18F-2-fluoro-
2-deoxy-D-glucose (FDG) and the A𝛽 amyloid deposition
through specific molecular imaging techniques involving
radiopharmaceuticals binding to amyloid. In the last decades,
PET evidence for functional and molecular changes in
neurodegenerative diseases has been largely shown [1–4]. In
Alzheimer’s disease (AD), within the two major classes of
biomarkers now identified, biomarkers of disease state (i.e.,
biomarkers of amyloid𝛽 [A𝛽] accumulation) and biomarkers
of disease stage (i.e., biomarkers of neuronal injury), amyloid-
PET, and FDG-PET imaging represent critical and decisive
tools. PET imaging is now recognized of value to the early
diagnosis and to clearly support the final diagnosis of AD
[5–8]. Revisions of the NINCDS-ADRDA diagnostic criteria
of AD [5, 9], as well as the new National Institute of
Aging-Alzheimer Association criteria of MCI due to AD [6]
have been proposed, positing that individuals with memory
impairment who are positive for AD biomarkers have a
high likelihood of having AD pathology. The corollary is
that biomarker positive MCI patients frequently progress to
dementia. Crucially, when both Abeta and neuronal injury
biomarkers are negative, the dementia is unlikely to be
attributable to AD pathology [1, 10–12].

The references based recommendations rely on sensitivity
and specificity of the PET methods derived by the imaging
literature that is based either on parametric approaches or
on visual method that greatly depends on the observer’s
experience and lacks a clear cut-off between normal and
pathological findings.

On the other hand, PET neuroimaging research has
focused on the development of tools improving either detec-
tion of people at higher risk of dementia or early diagnosis
of Alzheimer disease (AD) [13–16]. These methods improve
the accuracy for the diagnosis of AD and prediction of
progression frommild cognitive impairment to ADdementia
[17–23]. Noteworthy, markers of amyloidosis and neurode-
generation are currently being used as outcomes in proof-of-
concept drug studies [24].

The sensitivity and specificity of the PETmethods indeed
greatly depends on the use of quantification methods [15, 25,
26]. For example, FDG-PET can be assessed using software
that analyses the pattern of tracer uptake voxel-wise by
comparing the subject’s scan with a reference data set of
normal ageing, allowing a better recognition of the patterns
of hypometabolism compared with visual interpretation [15,
17, 27].

The same is true for measurements of amyloid load
using PET [25, 28, 29]. In AD, it has been shown that
quantification or parametric measurements of amyloid load

are fundamental since they allow cut off scores for a bet-
ter differentiation between normal subjects, preclinical AD,
and AD individuals [21, 22, 30]. In addition, due to the
demonstration between group and intersubject variability,
quantification of amyloid load would be crucial for multi-
centre studies and therapy monitoring. A real problem exists,
whether a dichotomous readout such as that of amyloid-
PET scans will be used (or misused) in the diagnostic
procedures. It needs to be prevented a positive amyloid scan
to become a de facto diagnosis of AD. Semiautomated (such
as standardized uptake value ratio (SUVR)) or automated
semiquantitative measures (such as using SPM-based proto-
cols) will have the advantage of being operator independent.
Semiquantitative or quantitative measures require thresholds
for positivity/negativity. Thresholds include information on
risk to develop dementia for subthreshold degrees of amyloid
positivity. Semiquantitative or quantitative measures might
in the future discriminate “accumulators” from “nonaccumu-
lators,” distinction that in normal persons could predict the
development of MCI as a prodromal step to full blown AD
[31]. Finally, it has to be highlighted that, today, the rationale
for the use of PET biomarkers in prodromal AD diagnosis is
that biomarkers change over decades before full-blown AD
dementia develops [32].

Aim of this paper was to provide a survey of the
specific PET literature based on the above considerations,
with a meta-analysis and a GRADE analysis on FDG- and
amyloid-PET imaging in the early and differential diagnosis
of Alzheimer disease.

This survey was based indeed on restricted inclusion
criteria of the relevant literature, namely,

(1) only articles published since 2001 which retain high
quality 3DPET scans and control to an optimal degree
any methodological shortcoming;

(2) for FDG-PET, only studies employing voxel-based
analysis techniques (such as SPM, Neurostat, and AD
t-sum) with statistical parametric mapping proce-
dures that can provide unbiased, statistically defined
measures of brain abnormality in the individual brain
toward a reference control population throughout the
whole brain;

(3) specifically to amyloid-PET, only articles report-
ing quantification or parameterization of 𝛽-amyloid
deposition (in AD, MCI subjects, and normal con-
trols) either with short half-life 11C-labeled ligands
(11C PIB) and 18F-labeled tracers (18F-AV-45 Florbe-
tapir, 18F-BAY94-9172 Florbetaben, and the 11C-PiB
derivative 18F-GE-067 Flutemetamol).

In addition, we included a descriptive analysis of the
related literature reporting differences in the levels of sensi-
tivity and specificity for the standard visual FDG-PET scan
or dichotomous readout based amyloid-PET with respect to
parametric or semiquantitative analysis [33–35].

1.1. Premises on FDG-PET Imaging Studies. 18F-Fluorode-
oxyglucose-PET (18F-FDG) is used to measure cerebral
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metabolic rate of glucose that is considered an index of
synaptic functionality and density [36]. It has been widely
used for various purposes, ranging from early diagnosis to
differential diagnosis of dementias [3, 4]. There is substantial
agreement about its effectiveness for diagnosis of dementia
mainly for the typical hypometabolism patterns associated
with the different neurodegenerative conditions (see [16]).
Hypometabolism in AD has showed a very peculiar pattern
since the emergence of early PET evidences [37, 38] recently
defined in detail as involving parietal and temporal regions,
precuneus, posterior cingulate cortex, medial temporal cor-
tex, and structures (like hippocampus) [10, 14, 39–41]. Cere-
bral map of glucose metabolism can be visually inspected
by experienced raters to evaluate possible neurodegenerative
patterns. Despite the potential of visual inspection, modern
techniques for quantification of FDG uptake are now widely
used, and have been demonstrated to improve diagnosis
accuracy and readability of hypometabolism patterns [33].
Statistical parametric mapping (SPM) produces unbiased
smoothed and regularized images that allow a comparison
between a single patient and a control group to define
functionally abnormal regions. 18F-FDG has been otherwise
widely used to differentiate AD from non-AD dementias like
DLB or FTLD spectrum. In a landmark study, Minoshima
and coworkers [42] reported that relying on occipital cortex
metabolism produced a sensitivity of 90% and a specificity
of 80% in discriminating AD versus DLB, using autopsy
pathology as reference. Similarly, Foster et al. [33] showed that
18F-FDG can help discriminate between AD versus FTLD
spectrum with 97% sensitivity and 86% specificity (93%
accuracy). Importantly, studies have been also underlying
that an absence of peculiar hypometabolism patterns may
exclude a diagnosis of dementia [1].

As a matter of fact, hippocampal hypometabolism, a
crucial marker of AD, is often missed, particularly in voxel-
based analysis using smoothing procedure. As suggested
in literature [41], by using manual region-of-interest-based
(ROI) analyticalmethods andMRI/PET coregistrationmeth-
ods, the temporal medial dysfunction should be highlighted.
In addition, even if has to be clarified, the method-related
nature of this MRI/PET inconsistency, using coronal and/or
sagittal dimensions (anterior-posterior) instead of axial ori-
entation (inferior-superior) may at least partially overcome
this “hippocampal issue,” as this formation is smaller in axial
view rather than in coronal or sagittal [41].

It appears that the normalization and smoothing pro-
cedures of SPM package tool that is necessary to mini-
mize between individual inhomogeneity in brain shape and
dimension may mask reduced uptake in small structures,
such as the hippocampus. Moreover, spatial resolution of
PET systems is best in superficial cortical areas close to the
detectors while it is worst inmidline andmedial structures far
from the detectors. Lastly, a pathophysiological explanation
admits that the high synaptic density at posterior temporal-
parietal association cortex and limbic cortexmakes it easier to
detect glucose hypometabolism in these regions as compared
to the MTL structures which are rich in cell bodies but
relatively poorer in synaptic density [43].

Furthermore, another florid field of research regards
longitudinal studies to predict MCI-AD conversion and
therefore early diagnosis of AD. Different techniques (MRI,
PET, CSF, and clinical evaluation) have been extensively
compared, and even though combined predictors are now
considered the best solution, it has widely reported a major
role (namely, in sensitivities, specificities, and prediction
accuracy) of the PET [44–47].

1.2. Premises on Amyloid-PET Imaging Studies. 𝛽-amyloid
plaques are a hallmark of AD and can be found in moderate
to high number in cortical gray matter in all cases of
AD and develop many years before the onset of dementia.
The amyloid theory postulates that amyloid accumulation is
the main causative event leading to synaptic and neuronal
degeneration and subsequent gray matter atrophy [31]. This
hypothesis is supported by the evidence that the soluble
form of 𝛽-amyloid in equilibriumwith the soluble 𝛽-amyloid
found in plaques is potentially neurotoxic though the time
interval between the deposition of 𝛽-amyloid and the begin-
ning of a neurodegenerative process that still remains unclear
[48].

In contrast, A𝛽 plaques are not found in frontotemporal
dementia (FTD) or pure vascular dementia [12].The amyloid
hypothesis is still debated and several arguments point
against amyloid as a main pathogenic factor in AD pathology
[49]. Whatever the role of amyloid is, whether causative or
merely an epiphenomenon, all patients with AD have an
increased brain amyloid load. Therefore, the development of
imaging tools for the detection and quantification of amyloid
deposition is of particular relevance for the confirmation or
exclusion of AD, the distinction of AD from other dementias,
and its early diagnosis [50].

The first tracer for amyloid was developed at the Uni-
versity of Pittsburgh through modification of thioflavin T;
a fluorescent dye used to identify plaques in brain tissue
specimen [51] that was given the name Pittsburgh compound
B (11C-PiB). 11C-PiB was found to bind to the amyloid in the
classic (i.e., neuritic) plaques of AD, which are distributed
around the degenerating neuritis. 11C-PiB could label 𝛽-
amyloid in living brains, and it was used in patients suffer-
ing from AD since the earliest investigations [52]. It lacks
specificity to these classic plaques, as it also binds to diffuse
amyloid plaques that can be found in a substantial proportion
of healthy elderly and are not specific for AD [53]. Further,
PiB binds to cerebrovascular amyloid in cerebral amyloid
angiopathy (CAA), mainly in posterior parietal and occipital
cortex. As such, PiB cannot be regarded as a specific marker
of AD-amyloidosis but rather of brain amyloidosis more in
general.

Leinonen et al. [54] evaluated 11C-PiB uptake findings in
AD patients with and without typical AD neuropathological
lesions in frontal cortical biopsy specimens. The authors
found a significantly higher PiB uptake in the frontal, parietal,
and lateral temporal cortices and striatum in patients with
A𝛽 aggregates in the frontal cortex compared with those
without notable A𝛽 aggregates in the brain biopsy speci-
men. Moreover, the patients with the highest A𝛽 load in
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the biopsy specimen had also the highest 11C-PiB uptake in
PET imaging.

Several authors investigated the diagnostic accuracy of
AD by means of 11C-PiB PET as unique imaging method
or in combination with other measures (usually FDG-PET
or volumetric MRI) and mainly using clinical criteria as
reference test. For example, by comparing 18F-FDG to 11C-
PiB PET scan, Lowe et al. [55] obtained a similar diagnostic
accuracy in early cognitive impairment, but 11C-PiB PET
scan allowed a better discrimination between amnestic MCI
and nonamnestic MCI, thus demonstrating that amyloid
deposition occurs before cerebral metabolic dysfunction.

Devanand et al. [56] found that 11C-PiB binding poten-
tial (BP) analysis slightly outperformed regional cerebral
metabolic rate for cerebral glucose analysis of FDGPET
images in discriminating AD patients from healthy controls
(HC).

Similarly, [34] demonstrated the higher sensitivity of 11C-
PiB BP analysis in discriminating AD from FTD patients.
Other two studies, comparing 18F-FDG-PET and 11C-PiB
PET, have concluded that they give complementary infor-
mation for the early diagnosis and followup of patients with
dementia [57, 58]. This is a central issue, since dissociation
between metabolic reduction and amyloid deposition has
been also shown. In particular, in a 3 and 5 years of follow-
up study on MCI and AD patients, Kadir and coworkers
found that fibrillar amyloid load progressively increased in
MCI patients and was followed bymore stable level in clinical
AD patients, whereas glucose metabolism started to decline
early in MCI patients and became more pronounced in
advanced clinical stage [59]. Also, the mismatch between the
two imaging modalities was shown in a study investigating
the effects of phenserine treatment on glucose metabolism
and amyloid load in 20 AD patients [60].

A number of longitudinal studies have argued for the
role of 11C-PiB tracer in predicting conversion from MCI
to AD. For example, it has been shown that, compared to
nonconvertingMCI patients and healthy controls (HC),MCI
patients that converted to AD at clinical followup displayed
significantly higher 11C-PiB retention, at levels comparable to
that of AD patients [61]. Okello et al. [21] found that the 50%
ofMCI patients showing a positive 11C-PiB uptake at baseline
converted to overt AD at 1-year followup and had greater
11C-PiB retention than nonconverter patients. Similarly, in
a 2-year follow-up study, Koivunen and colleagues [62],
measuring 11C-PiB retention in MCI and control subjects,
showed that MCI patients who converted to AD had greater
11C-PiB retention in several brain areas, including cingulum,
frontal and temporal cortices, putamen, and caudate.

Now, it is widely accepted that 11C-PiB PET can provide
a quantitative representation of fibrillar deposition amyloid-
beta deposition in the brain. Therefore, it is of the utmost
importance to develop quantitative methods of amyloid-PET
data analysis and that such methods can be standardized and
applied across centers.

Analyses of PET images for the quantification of A𝛽
deposition have been done both qualitatively (e.g., visual
analysis of tracer uptake) and quantitatively. In this latter

case, analysis of tracer retention requires normalization of the
uptake values, to allow inter- and intrasubject comparisons.
The standard uptake value ratio (SUVR) normalizes the
uptake values to the mean uptake value within a region
containing nonspecific binding, usually the cerebellar grey
matter. Another method, for example, based on distribution
volume ratios (DVRs) and their combination with arterial
plasma input, metabolite correction, or references tissue
models may yield different results [63].

The interrater reliability of manual and automated ROI
delineation for 11C-PiB PET imaging was recently assessed
for the detection of early amyloid deposition in human brain
[64]. Despite methodological differences in the manual and
automated approaches, the analysis revealed good agreement
in primary cortical areas and the cerebellar reference region
for SUV and SUVR outcomes. These data are important
because a reliable methodology is needed for the detection
of low levels of amyloid deposition on a cross-sectional basis
and small changes in amyloid deposition on a longitudinal
basis and also to enable valid definition of amyloid positivity
thresholds and determination of relationships between in
vivo PET imaging and postmortem assessments of amyloid-
beta load.

A new noninvasive efficient graphical approach, called
the relative equilibrium-based (RE) graphical plot, has been
developed for tracer kinetics analysis, with equilibrium rela-
tive to input function; this method has been recently used to
improve and simplify two of the most common approaches
for 11C-PiB PET quantification [65]. In this paper, results
from theoretical analysis were confirmed by 78 PET studies of
nondemented older adults, indicating that the RE plot could
improve pixel wise quantification of amyloid-beta burden
when compared with 2 frequently used methods like the
Logan plot and the SUVR.

In the majority of 11C-PiB PET studies, the cerebellum
has been chosen as a reference region. However, because
cerebellar amyloid may be present in genetic AD, cerebral
amyloid angiopathy and prion diseases, whether the pons
could be used as an alternative reference region for the
analysis of 11C-PIB binding in AD has been evaluated [66].
The findings of the study in 12 sporadic AD patients, 10 age-
matched controls, and 3 other subjects (2 with presymp-
tomatic presenilin-1 mutation carriers and one probable
familial AD) suggest that that the target-to-pons ratio for the
analysis of 11C PIB images has low test-retest variability and
high reproducibility and can be used as a simplified method
of quantification when the cerebellum as a reference is not
appropriate.

The definition of a cutoff that separates individuals with
no significant amyloid-beta deposition from those in which
deposition has begun is crucial for the clinical acceptance
of 11C-PiB PET. In a cohort of older subjects in which the
separation between PiB positive and PiB negative subjects
was not so distinct, the application of visual read and
quantitative approaches optimized the identification of early
amyloid-beta deposition [26].

In addition to 11C-PiB, other 18F-labeled tracers have
been developed and investigated. Flutemetamol (GE-067) is
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the 3-fluoro-derivative of PiB, whereas florbetaben (BAY-
94-9172, AV-1) and florbetapir (AV-45) are stilbene and
styrylpyridine derivatives, which exhibit high affinity binding
for fibrillary amyloid. Flutemetamol kinetic analysis of tracer
binding showed reliable quantification by use of relative
standardized uptake value ratios with the cerebellar cortex
as a reference region, and data acquisition for this analysis
requires only 20min scanning and is feasible in a standard
clinical setting [67]. Florbetaben and florbetapir are chem-
ically closely related compounds but the former has slower
kinetics, resulting in a longer imaging acquisition time (for
stable uptake up to 130min after injection), in comparison
with Flutemetamol (90min) and Florbetapir (60min) [68].

In a recent PET study using 18F-Florbetapir with 74 HC
and 29 AD patients with terminal disease, demonstrated
a high correlation between in-vivo tracer uptake and the
presence of 𝛽-amyloid at autopsy, as well as 96% sensitivity
and 100% specificity in distinguishing HC from AD, thus
suggesting that 18F-Florbetapir PET provides an accurate and
reliable assessment of amyloid burden [69]. A large study
pooling data from the 4 registered phases I and II trials of
florbetapir PET imaging, confirmed the ability of florbetapir
uptake analysis to characterize amyloid levels in clinically
probable AD, MCI, and HC groups using both continuous
and binary quantitative measures of amyloid burden [70].

2. Methods

2.1. Study InclusionCriteria. Thegeneral inclusion criteria for
relevant research studies were the following:

(i) articles had to be published in a peer-review scientific
journal;

(ii) studies reporting sensitivity and specificity measures
in relation to a histopathological or clinical diagnosis
of neurodegenerative diseases;

(iii) studies including large cohorts of subjects (seeTable 1:
early diagnosis FDG: range 20–395; Table 2: differ-
ential diagnosis FDG: range 45–297; Table 3: early
diagnosis amyloid: range 13–107);

(iv) studies investigating the prediction of mild cogni-
tive impairment (MCI) to Alzheimer’s disease (AD)
conversion that retrospectively analyzed the initial
characteristics of those who were progressive and
those who remained stable.

2.1.1. Specifically to FDG-PET. (i) Only articles published
since 2001 were considered, which retain high quality by
controlling to an optimal degree both clinical and method-
ological shortcomings.

(ii) Only studies employing voxel-based analysis tech-
niques (such as SPM, Neurostat, and AD t-sum) with sta-
tistical parametric mapping procedures can provide unbi-
ased, statistically defined measures of brain abnormality
throughout the whole brain on a voxel-by-voxel basis; the
basic procedure in voxel-based analysis involves the spatial
normalization and smoothing of each individual’s PET scan
to an anatomically defined standard brain reference volume

(the template or atlas volume) in the stereotactic space. This
enables voxel-by-voxel statistical comparison of the 18F-FDG
pattern in the individual brain toward a reference control
population. FDG uptake in each voxel must be previously
normalized to the average uptake of a reference region,
since without arterial blood sampling or other validated
quantification methods, the standard PET procedure does
not allow true quantitative measurements of glucose con-
sumption. The reference region can change; the “default”
reference region in SPM is the whole brain while Neurostat
allows choosing among the whole brain, the cerebellum, and
the thalamus. By changing the reference region, the results
of parametric mapping may change as well. Final agreement
on the region to be used is still lacking; the choice of whole
brain tends to reduce sensitivity because the hypometabolic
voxels are included in the average, while the cerebellum tends
to increase sensitivity because it is less affected by neurode-
generation in AD. Taking in mind these limitations and that
they do not allow true quantitative estimation of glucose
metabolism but rather of glucosemetabolism distribution, all
these procedures result in an observer-independent mapping
of regional abnormalities of glucose metabolism.

2.1.2. Specifically to Amyloid-PET. (i) Only articles reporting
parameterization of 𝛽-amyloid deposition in patients with
AD, MCI and normal controls either with short half-life
11C-labeled ligands 11C PIB and 18F-labeled tracers (18F-AV-
45 Florbetapir, 18F-BAY94-9172 Florbetaben, and 18F-GE-
067 Flutemetamol). Articles reporting quantification with
other 𝛽-amyloid compounds have been excluded when (a)
there was uncertainty about the selectiveness of the binding
to amyloid plaques (e.g., 11C BF-227) or (b) utilization of
recently released compounds still needing for a systematic
evaluation (e.g., 18F-AZ4694, namely, NAV4694).

(ii) Furthermore, only articles using quantification meth-
ods such as distribution volume ratio (DVR) or standardized
volume uptake ratio (SUVR) were included in the analy-
sis. Similar to FDG-PET, to calculate the uptake without
blood sampling, results are shown as ratios with a reference
region, usually cerebellum (even though utilization of pons is
currently debated [66] see also Pet Amyloid Imaging studies
paragraph). Obviously the change of reference region can
affect the results, but as a final agreement is lacking, this
is up to the authors to rely on the affinity of the different
compounds for multiple reference regions. As regards SUVR,
to discriminate between “amyloid positive” and “amyloid
negative” burdens (as well as between “low” and “high”
retention), authors have been applying cut-off scores, usually
obtained by control groups (like in [71] or using values
reported in literature i.e., [72] for 11C-PIB PET or [73] for
18F-Florbetapir). Therefore, manipulating cut-off scores can
heavily affect results, leading to radically different groups’
characterization.Despite these variations in themethodology
of amyloid quantification, automated algorithms can fairly
discriminate between different patterns of retention, in an
observer-independent fashion, leading to important advan-
tages in clinical practice and diagnosis.
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2.2. Meta-Analysis and GRADE Analysis

2.2.1. GRADE Evaluation. Scientific evidences available
regarding each of the tests (18F-FDG-PET or amyloid-PET)
for the early and differential diagnosis of AD, as well as for
MCI conversion prediction, are graded in terms of Level of
Confidence (LoC: VL = very low, L = low, M =moderate, and
H = high), as reported by GRADE system [74–76]. Tables
1, 2, and 3 show the level of confidence ratings assigned to
the studies reviewed in this paper, indicating that none of
the studies was rated high whereas most studies were rated
moderate to low.

It is to be mentioned that according to the GRADE
system, the best way to assess any “diagnostic strategy” is ran-
domized controlled trials in which investigators randomize
patients to experimental or control diagnostic approaches in
order to provide high quality evidence of test accuracy for the
development of recommendations about diagnostic testing.

Both the clinical context and complex implementation
of brain FDG or amyloid-PET protocols, however, paralleled
with ethical issues raised by the degree of invasiveness of both
procedures, are not comparable to randomized trials ormany
observational studies in which the alternative diagnostic test
has been carried out in order to establish high quality of
evidence or clear differences in patient important outcomes
based on GRADE framework.

Furthermore, it must be acknowledged that the results
of FDG- or amyloid-PET diagnostic approaches do not
have nothing to do with effective treatments (as the usual
GRADE evaluative study set); however, they may have a
significant positive impact in terms of patient outcomes, such
as reducing the treatment gap betweenADpathological onset
and diagnosis of the disease, thus improving ability to plan
which can be considered analogous to an effective patient
treatment [77]; the correct diagnostic inclusion of patients in
pharmacological trials [78], the appropriate family context,
and behavior induced by the diagnosis are very useful
in supporting pharmacological and cognitive remediation
approaches.

Notwithstanding the here selected criteria for investiga-
tions employing FDG- or amyloid-PET brain imaging have
been rated only as “low” or “moderate” quality evidence for
recommendations about diagnostic procedures in a GRADE
system, we have to consider that there will be great indirect
benefits for their “patient-outcome” (i.e., test accuracy in
terms of sensitivity and specificity). Assessing the directness
of evidence supporting the use of a diagnostic test requires
judgments about the relationship between test results and
patient-important consequences, therefore in this paper a
severe challenge arose in the attempt to apply GRADE to two
crucial questions about FDG- or amyloid-PET as accurate,
valid and powerful diagnostic tests, for (1) the early diagnosis
and (2) the differential diagnosis of AD.

Guyatt et al. [76] stated that “GRADE will disappoint
those who hope for a framework that eliminates disagree-
ments in interpreting evidence and in deciding on the
best among alternative courses of action. Although the
GRADE system makes judgments about quality of evidence
and strength of recommendations in a more systematic

and transparent manner, it does not eliminate the need for
judgments.”

That is, applying a GRADE system in a PET functional
and molecular imaging evaluation for diagnosis can be
accepted due to the high value for low and moderate results
in such a setting.

In this survey, we performed three different meta-
analyses for evaluating the accuracy and effectiveness of
diagnostic tests (i.e., FDG or amyloid), in order to make a
judgment about quality of evidence (GRADE) on the early
or differential diagnosis and for conversion prediction of
dementia in our population. Given that the sensitivity of
a test shows the proportion of patients with the disease
(i.e., AD) whom the test classifies as positive while the
specificity shows the proportion without the disease (i.e.,
no neurodegenerative disease) whom the test classifies as
negative, we computed the positive likelihood ratio for each
study included in the three meta-analyses, (i.e., FDG-PET or
amyloid-PET imaging in the early diagnosis ofAlzheimer dis-
ease and FDG-PET in the differential diagnosis of Alzheimer
disease) which combines information from sensitivity and
specificity and gives an indication of how much the odds
of disease change based on a positive or a negative result
(i.e., accuracy). For example, a positive likelihood ratio of
10 means that a positive test result is ten times more likely
in a diseased subject than in a healthy person. The resulting
positive likelihood ratio (LR+) for each study was interpreted
according to general guidelines for evaluating the probability
increase of detecting the disease through a test (i.e., LR+ >
10 = large; 5 > LR+ > 10 = moderate; 2 > LR+ > 5 = small; 1
> LR+ > 2 = minimal; 0 > LR+ > 1 = no increase). Available
scientific evidence regarding each of the topics was graded in
terms of level of confidence (LoC: VL = very low, L = low,
M = moderate, and H = high), as reported by the GRADE
collaboration [74, 75]. In theGRADE system, valid diagnostic
accuracy studies can provide high quality evidence of test
accuracy. Quality of evidence (GRADE) for each study was
evaluated based on LR+ values, LR+ probability increase, and
the size of the sample included for each study (i.e., e.g., a study
with amoderate LR+ probability increase but with a relatively
small sample (𝑛 = 20) would be rated as low in terms of
quality of evidence) (see Tables 1, 2, and 3).

In addition, we obtained a summary measure of effec-
tiveness in each meta-analysis by weighting individual study
effect measures according to their variance and by adopting
a general inverse-variance weighted fixed-effects model to
summarize individual effect measures (i.e., sensitivity anal-
ysis) and a 𝑄 test was performed to measure heterogeneity
among studies. Sensitivity measures for each study were
then arranged in a forest plot together with their 95%
confidence intervals In order to represent the position of
each study included over the central tendency, represented by
the calculated summary fixed-effect sensitivity measure (see
Figures 1(a), 1(b), and 1(c)).

2.3. Qualitative versus Quantitative Assessment. A descrip-
tion of differences in the levels of sensitivity and specificity
for the standard visual FDG-PET scan or dichotomous
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Figure 1: Forest plots of sensitivity measures and 95% confidence intervals for individual studies included in each meta-analysis.

readout based amyloid- PET with respect to parametric or
semiquantitative analysis was performed on the basis of
the data in literature reporting sensitivity and specificity of
both the visual and the parametric methods in the same
population.

3. Results

3.1. 18F-FDG PET in the Early Diagnosis of AD. The sys-
tematic review identified a total of 10 studies that met our
inclusion criteria (see Table 1); the most relevant findings
were as follows.

Arnáiz et al. [79] showed that, in a cohort of 𝑁 = 20
MCI followed for a mean observational period of 36 months,
reduced glucose metabolism from left temporoparietal area
could predict conversion with a 75% percentage of correct
classification, resulting in 67% sensitivity and 82% specificity.
Authors conclude that these measures of temporoparietal
metabolism may aid (together also with neuropsychological
data) in predicting evolution of MCI patients to AD.

In a landmark study, Herholz and colleagues [42] investi-
gatedmetabolic abnormalities with 18F-FDG-PET in a cohort
of𝑁 = 110HC and𝑁 = 395 probable AD. Despite the cross-
sectional nature of the study, useful informationwas provided
about an early diagnosis of AD because of the fragmentation
of the pAD group in different subgroups related to probable
disease severity (e.g., very mild probable AD group, MMSE
≥24). Authors calculated an AD t-sum score for each indi-
vidual, and this score was applied to discriminate between
various subgroups and controls. This method yielded 93%
sensitivity and 93% specificity in classification of pAD versus
HC, acting as a very useful tool to early diagnosis of AD.

Similarly, Mosconi and colleagues [80] followed a group
of 𝑁 = 37 MCI patients for a 12-month period. At
the followup,𝑁 = 8MCI converted while𝑁 = 29 remained
stable. Authors analyzed, with a voxel-based method and
analysis of variance, regional differences in cerebral glu-
cose metabolism, using conversion (𝑦/𝑛) as outcome and
APOE genotype (E4+/E4−) as grouping factor. Results show
that for the whole MCI sample, inferior parietal cortex
hypometabolism could predict conversion to AD with 84%
diagnostic accuracy, 100% sensitivity, and 95% specificity.
Furthermore, E4 carriers (E4+) converters (𝑁 = 5) presented
significantly decreased metabolism in frontal areas, such as
anterior cingulate cortex (ACC) and inferior frontal cortex
(IFC). The authors’ conclusion is that 18F-FDG-PET may
improve prediction of the MCI-AD conversion especially
when combined with APOE genotype information.

Anchisi and coworkers [17] investigated in a longitudinal
study a cohort of 𝑁 = 67 amnestic-MCI patients of
which 𝑁 = 48 underwent follow-up examination at a (at
least) 12-month interval. The ROC curve calculated for the
glucose metabolism measured in two voxel ROIs (posterior
cingulate and temporoparietal) showed an area under the
curve (AUC) of 0.0863. With a cut-off at 1.138, authors
reported 92.9% and 82.4% as, respectively, sensitivity and
specificity in discriminating converters versus nonconverters.
In addition, negative predictive value of 96.55% and a
positive predictive value of 68.4% were reported. Further-
more, authors combined functional metabolism impairment
with memory test score (Long free delay recall part of the
California verbal learning test, CVLT-LFDR) [81] showing an
inverse pattern: lower sensitivity (85.7%), higher specificity
(97.1%), lower negative predictive value (94.3%), and a higher
positive predictive value (92.3%). Authors claim that using
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18F-FDG-PET may help in predicting short-term conversion
toAD, particularly combinedwithmemory scores and also to
account for the functional heterogeneity among subjects with
aMCI.

Drzezga and coworkers [82] in a longitudinal prospective
study on 30 MCI patients (mean observation period, 16
months) assessed the value of FDG-PET in detecting brain
metabolic abnormalities in early AD, by using Neurostat
[83] to perform an observer-independent statistical compar-
ison with an age-matched reference database. The authors
reported that the sensitivity and specificity of FDG-PET with
regard to early diagnosis of AD inMCI patients were 92% and
89%, respectively.

Haense et al. [84] also investigated performance of 18F-
FDG-PET for detection of AD within two different samples,
from ADNI and Network for Standardisation of Dementia
Diagnosis (NEST-DD). The cohort from ADNI consisted in
𝑁 = 102 HC and𝑁 = 89 AD, while the sample from NEST-
DD comprised 𝑁 = 36 HC and 𝑁 = 237 AD. The authors
generated AD t-sum maps and used a preset cut point for
discrimination. Results were twofold: (1) AD presentedmuch
higher AD t-summaps thanHC in both samples and (2) early
onset-AD presented higher AD t-sum maps than late-onset
AD. The cut-off threshold yielded sensitivity and specificity
of 83% and 78%, respectively, in ADNI; in NEST-DD, results
showed 78% sensitivity and 94% specificity. Authors conclude
that this automated procedure to analyze 18F-FDG-PET scans
is useful for the discrimination and is also more accurate for
early onset AD.

Yuan and colleagues [20] performed a meta-analysis to
evaluate and compare the ability of FDG-PET, single-photon
emission tomography (SPECT), and structural MR imaging
to predict conversion to AD in patients with MCI. Relevant
studies were identified with MEDLINE from January 1990
to April 2008 and a meta-regression was carried out from
eligible studies on the diagnostic performance data for
each technique. This study included data from 1112 MCI
patients (of which 𝑁 = 280 investigated by FDG-PET) and
showed that FDG-PET had better concordance with follow-
up results for the prediction of conversion to AD dementia.
Approximately 88.9% of the patients with progressive MCI
were detected as positive by FDG-PET, whereas 84.9% of
stable patients had negative FDG-PET at first scanning time
(sensitivity 88.9%, specificity 84.9%). Further, FDG-PET was
found to perform better than SPECT and structural MR
imaging in the prediction of conversion to AD in patients
with MCI.

Recently, Landau and coworkers [85] compared different
biomarkers of conversion and decline in MCI investigating a
fairly large cohort throughout the different predictors (FDG-
PET, MRI/hippocampal volume, CSF biomarkers, Memory
Score/Rey Auditory Verbal Learning Test). As regards 18F-
FDG-PET, 𝑁 = 85 MCI were followed for a period of
(mean) 21 months. During the observation period, 𝑁 = 28
converted (MCIc) while 𝑁 = 57 remained stable (MCIs).
To evaluate the power of the prediction with 18F-FDG-PET
measured metabolism (parametrically analyzed with SPM,
metaROI global index), the authors obtained cut-off scores

from an independent sample rather than using cut-off scores
present in literature. To do so,𝑁 = 102Healthy controls and
𝑁 = 97 AD were screened, resulting in a cut-off set at 1.21
to discriminate between “AD(+)” and “AD(−)”. ROC curve
at this score showed 82% sensitivity, 70% specificity and an
overall accuracy of 76% in discriminating between AD and
controls. Thereafter, the derived cut-off was used to calculate
predictive values of conversion for the MCI group, resulting
in a positive predictive value of 41% and a negative predictive
value of 78%. To say, the 78% of MCI classified as “AD(−)” at
baseline remained stable, whereas MCI classified as “AD(+)”
had a 2.72 greater risk of conversion.Then authors concluded
that the FDG-PET was the most informative biomarker,
especially when combined with RAVLT episodic memory
score.

In a longitudinal study comparing 11C-PIB-PET, 18F-
FDG-PET and MRI, Brück and coworkers [86] investigated
MCI conversion in a sample of 𝑁 = 29 MCI (of which,
only 𝑁 = 22 underwent also 18F-FDG). Clinical follow-
up was carried on at a 24-months interval. During the
observation period 𝑁 = 13 MCI converted to AD while
𝑁 = 9 MCI remained stable. All the 18F-FDG-PET were
optimized and analyzed with region of interest approach and
SPM methodology, deriving a cut-off of 1.16 in left lateral
temporal cortex (internally derived). This cut point was used
to classify patients in “High” and “Low” 18F-FDG, resulting
in a sensitivity of 87% and a specificity of 78% in predicting
conversion to AD. Similarly, patients were divided in “High”
and “Low” 11C-PIB depending on PiB uptake in lateral
frontal cortex (internally derived cut-off: 1.57), providing 65%
sensitivity and 75% specificity. When combined, 18F-FDG
and 11C-PIB (e.g., Low FDG-High PiB) resulted in 87.5%
sensitivity and 71.4% specificity. The authors’ claim is that
18F-FDG and 11C-PIB are better than hippocampal volume
in predicting conversion.

Arbizu and colleagues very recently [87] proposed a
new score for automated analysis of 18F-FDG-PET, called
AD-Conv score, as a tool for single-subject prediction of
conversion to AD. Their cohort comprised 𝑁 = 80 HC,
𝑁 = 121 MCI of which 𝑁 = 36 MCIc (at 18-months
interval) and 𝑁 = 85 MCIs (at 24-months interval) and
𝑁 = 67 AD. Briefly, their method consisted in generating
an “AD-PET-pattern” from an external reference population
and based on z-score map obtained with SPM. This map
was then compared with individual hypometabolism voxel-
by-voxel resulting in an AD-PET-index, that combined with
age and gender generated the AD-Score. Starting from this
score, meant to discriminate between AD and HC, authors
generated a score to discriminate between MCIc and MCIs
applying several modifications. First, instead of using a
whole brain z-map (the AD-PET-pattern), AD-PET index
was segmented in five volumes-of-interest (VOIs), namely
left parietal, right parietal, left temporal, right temporal
and posterior cingulate, and then compared with individual
hypometabolism resulting in the MCI-PET-Index. Further-
more, to compute the score, APOE genotype (E4+/E4−),
years of education and MMSE were combined with age
obtaining the AD-Conv-Score. Further statistical analysis
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showed that only hypometabolism in posterior cingulate
area was significant in differentiating MCIc from MCIs and,
together with APOE4 genotype and MMSE, yielded the
AD-Conv-Score parameter. With an AD-Conv cut-off score
at 0.28, the method classified MCIc and MCIs with 91.7%
sensitivity and 62.4% specificity. As regards predictive values,
a positive predictive value of 51% and a negative predictive
value of 95% were shown.

3.2. 18F-FDG PET in Differential Diagnosis between Forms of
Dementia. A total of 4 papers addressing the discrimination
power of FDG-PET between different neurodegenerative
forms met the criteria outlined above (see Table 2). Among
the studies pinpointed in Table 2, three studies included
patients with a clinical diagnosis of probable AD, three stud-
ies included patients diagnosed with Lewy-Body Dementia
(LBD), and two studies included patients with a diagnosis of
Frontotemporal lobar degeneration (FTLD).

Minoshima et al. [42] examined brain glucose metabo-
lism of DLB and AD and showed that FDG-PET discrimi-
nates DLB from AD with 90% sensitivity and 80% specificity
using autopsy confirmation. They also concluded that the
presence of occipital hypometabolism preceded some clinical
features of DLB and that FDG-PET sensitivity was superior in
differentiating DLB from AD with respect to medical charts
exclusively based on clinical diagnostic criteria.

Similarly, Gilman and coworkers [88] investigated
metabolism differences between AD and DLB measured
with 18F-FDG-PET in a sample of 𝑁 = 25 AD, 𝑁 = 20
DLB and 𝑁 = 19 elderly HC. 18F-FDG scans were analyzed
with Minoshima method on selected VOIs (global cortex
and occipital cortex, known to discriminate between DLB
and AD in terms of CMRglc). Furthermore discrimination
power was estimated also for neuropsychological scores such
as MMSE, confrontation naming test and verbal fluencies.
Logistic regression showed that glucose metabolism in
BA17 (visual cortex) presented 64.3% sensitivity and 65.2%
specificity for diagnosis of DLB. To say, the hypometabolism
patterns of these two diseases were similar except for the
metabolic rate in visual cortex.

In the widely cited study by Foster et al. [33] the
utility of 18F-FDG statistical parametric maps rather than
simple transaxial FDG-PET scans for dementia diagnosis
was evaluated. Six experienced raters were forced to make a
diagnosis about a cohort of𝑁 = 45 patients, all pathologically
confirmed, of which 𝑁 = 31 AD and 𝑁 = 14 FTD.
Results showed that the utilization of 18F-FDG statistical
maps (stereotactic surface projection maps SSP) yielded high
diagnostic accuracy (89.6%), showing 73% sensitivity and
97.6% specificity. Authors conclude that also after a brief
training in visual interpretation of 18F-FDG statistical maps
this method is more reliable and accurate than clinical
methods alone.

Mosconi and colleagues [89], in a large multicenter study,
examined FDG-PET measures in the differentiation of AD,
FTD, and DLB from normal aging and from each other
(𝑁 = 548 subjects, including 111 healthy individuals). Each

PET scan was Z-transformed by using automated voxel-
based comparison resulting in statistical maps of disease-
specific patterns of brain 18F-FDGuptake.The differentiation
and classification of patients in independent groups between
patients and controls and amongdementia forms yielded 99%
sensitivity, 65% specificity (97% accuracy) for AD compared
with FTD; 99% sensitivity, 71% specificity (97% accuracy)
for AD compared to DLB; 99% sensitivity, 98% specificity
(98% accuracy) for differentiating between AD and healthy
controls; 71% sensitivity, 65% specificity (68% accuracy) for
DLBwith respect to FTD.Thus, this study strongly supported
the validity and diagnostic accuracy of FDG-PET in the
differential diagnosis of the three major neurodegenerative
disorders.

3.3. FDG-PET Summary. These data provide strong evidence
for FDG-PET parametric imaging to detect pathological
changes occurring in the brain. FDG-PET holds great
promise for diagnostic assessment of patients with Alzheimer
disease (AD) and the other two major neurodegenerative
diseases (i.e., DLB and FTLD) to the point that the recently
revised diagnostic criteria of AD [5, 9] as well as the new
National Institute of Aging-Alzheimer Association criteria of
MCI due to AD [6] for the first time recognize the specific
role of FDG-PET as a topographical functional biomarker
in Alzheimer disease definition. What is especially relevant
in this context is that FDG-PET as a neurodegeneration
biomarker has been placed before brain atrophy in specific
regions, as shown by means of MRI, in the hypothetical
cascade model of AD biomarkers [46]. In fact, FDG-PET
maps distribution of glucose metabolism occurring mainly
at synaptic level [90]. Thus, pathologic phenomena leading
to neuritic dysfunction affects synaptic glucose consumption
prior of causing cell death and detectable atrophy [91, 92]. As
such, FDG-PET is a proxy of reduced glucose utilization at
synaptic level of still alive neurons.

It must be acknowledged that voxel-based procedures for
objective image analysis can now be easily applied clearly
providing evidence for a role of FDG-PET in assessment
of dementia through the identification of disease-specific
hypometabolic patterns. The main advantages of automatic
methods consist in the fact that images can be interpreted
even by intermediate-skilled readers and that false positive
results are virtually eliminated, thus increasing specificity.

The primary objective of both tabulated surveys was to
select studies on the basis of the mandatory need for the
evaluation of the FDG-PET scans based on an automatic,
unbiased voxel-based analysis in order to achieve higher
confidence in diagnostic accuracy to significantly reduce the
gap with post-mortem gold standard confirmatory diagnosis.
The evidence provided in the tabulated surveys supports the
role of FDG-PET as an effective tool aiding in the early diag-
nosis and differential diagnosis of dementia. The diagnostic
accuracy of FDG-PET resulted to be high also in subjects
with prodromal disease, for whom the clinical diagnosis and
differential diagnosis are especially challenging. In fact, [1]
claimed that “the sensitivity and specificity available with
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FDG-PET near the time of initial diagnosis of AD is similar
to longitudinal clinical diagnosis over 3-4 years”.

3.4. Amyloid-PET in the Diagnosis of AD. The systematic
review identified a total of 12 studies that met our inclusion
criteria (see Table 3); the most relevant findings were as
follows.

In their study, Rowe and coworkers [93], investigated the
reliability of the 18F-BAY94-9172 (Florbetaben) in a relatively
small cohort (𝑁 = 15 AD, 𝑁 = 15 HC and 𝑁 =
5 FTD) in discriminating between the three conditions.
Authors analyzed quantitatively the neocortex uptake with
SUVR measure, using the cerebellum as reference region.
Experienced raters then visually inspected themaps of SUVR
distributions. Visual inspection of SUVR maps yielded 100%
sensitivity and 90% specificity in discriminating AD versus
HC or FTLD. Authors conclude that florbetaben imaging can
be included successfully in clinical use.

Using 18F-Flutemetamol PET scan in 25 HC, 20 MCI
and 37 AD patients, Vandenberghe et al. [94] using SUVR
distributions showed 93.1% sensitivity and 93.3% specificity
and a very high correlation with 11C-PIB uptake (𝑟 = .89)
for visual inspection. It is noteworthy that sensitivities and
specificities did not differ significantly between qualitative
(visual) and quantitative methods (SUVR cutoff automated
classification in raised uptake category). Further, it has
been shown that the tracer uptake highly correlated with
percentage of brain area of amyloid measured by cortical
biopsy [95].

Barthel and colleagues [96, 97] investigated the use
of 18F-Florbetaben (18F-BAY94-9172) PET analysis in two
contiguous studies (phase 0 and 2) involving 69 HC and 81
AD patients and found that visual assessment of PET images
allowed 80% sensitivity and 91% specificity. On the other
side, linear discriminant analysis of regional SUVRyielded an
85% sensitivity and 91% specificity. The same tracer has been
demonstrated to be useful in discriminating different forms
of dementia as well as patients from controls [12, 93].The first
results on florbetaben indicate that this radiopharmaceutical,
while having a narrower dynamic range than 11C-PiB PET,
is able to clearly differentiate HC from AD patients with a
comparable effect size [98]. Moreover, quantification of 𝛽-
amyloid binding from florbetaben PET data is feasible and all
𝛽-amyloid binding parameters including SUVR are excellent
in discriminating between 𝛽-amyloid positive and negative
scans [99].

In the study by Rostomian et al. [58], 18F-FDG and 11C-
PIB were compared to evaluate the power of diagnosis of the
in vivo imaging of fibrillar beta-amyloid versus metabolism
or CSF. The authors tried first in a test cohort composed by
𝑁 = 10 patients with various clinical diagnosis and, when
identified the correct iterative algorithm, analyzed a sample
of 𝑁 = 42 AD and 𝑁 = 31 FTLD with both FDG-PET
and C-PIB PET (these map were obtained from 𝑡-test with
reference regions, such as cerebellar for PiB). Results showed
that with PIB PET had 90.5% sensitivity and 83.9% specificity
(forAD), versus the, respectively, 88.1% and 83.9%with FDG-
PET. Temporal pole and neocortex was significant for both

the compounds, whereas the frontal lobe was particularly
significant for PIB-PET. Authors conclude that the combined
use of these two compounds can be very useful for early
diagnosis of AD.

Other amyloid-PET studies addressing AD and MCI
cases in large series came out in the literature reporting high
sensitivity and intermediate/low values of specificity [21, 46,
62, 100, 101].

In the study by Villemagne et al. [12] authors still evalu-
ated 18F-Florbetaben in imaging AD versus other dementia
types. Their cohort consisted in 𝑁 = 32 HC, 𝑁 = 20 MCI,
𝑁 = 30 AD, 𝑁 = 11 FTD, 𝑁 = 5 LBD, 𝑁 = 5 Parkinson’s
Disease (PD) and 𝑁 = 4 Vascular Dementia (VaD). SUVR
values for whole brain neocortical retention were calculated
using cerebellar cortex as reference region. Results showed
that almost all of the AD group (96%) and more than half
of the MCI group (60%) presented diffuse cortical reten-
tion whereas the other groups presented far minor cortical
retention (FTLD = 9%, VaD = 25%, DLB = 29%, PD = 0%,
HC = 16%). Semiquantitative SUVR analysis yielded a 97%
sensitivity and 84% specificity in discriminating AD versus
HealthyControls. Authors conclude that 18F-Florbetaben can
be useful in distinguishing AD from other dementias (e.g.,
FTLD) and that its effectiveness is comparablewith the results
obtained by 11C-PiB compound.

In a prospective cohort study by Clark et al. aimed to
compare florbetapir PET with neuropathology at autopsy
for detecting neuritic amiloid-𝛽 plaques, also the relation
between SUVR and neuritic plaque density was assessed
[102]. Based on values from a series of young participants
who were cognitively normal, Joshi et al. [73] had previously
proposed a cutoff value of 1,10 to distinguish normal from
abnormal scans. In the paper of Clark et al., all the cases with
no or sparse plaques at autopsy had SUVR values of less than
1,10, and all but one with moderate or frequent plaques at
autopsy had SUVR values greater than 1,10. SUVR analysis
showed a 97% sensitivity and 99% specificity in detecting
high or low burden of amyloid plaques with a 24-months
autopsy reference.

Using PETwith florbetapir to quantify brain amyloid load
in a routine clinical environment to differentiate between
patients with mild to moderate AD and MCI from HC, the
quantitative assessment of the global cortex SUVR reached
a sensitivity of 92.3% and specificity of 90.5% with a cut-off
value of 1.12 [29].

3.5. Amyloid-PET Summary. Up to date, the literature
demonstrates that 11C-PiB PET allows reliable detection
and in particular quantification of 𝛽-amyloid deposition in
patients with AD.

However, because of the short half-life of 11Carbon,which
requires an on-site cyclotron and radiochemistry laboratory,
11C-PiB has been compared with 18F-labeled tracers like 18F-
Florbetapir, 18F-Flutemetamol or 18F-Florbetaben, which can
be produced at central cyclotron and then delivered to clinical
PET centers.
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18F-Florbetapir and 18F-Flutemetamol are FDA approved
in the US for clinical use, now also 18F-Florbetapir by the
EMA, whereas 18F-florbetaben has not yet been approved
in USA and Europe. These tracers could be largely used
in detecting 𝛽-amyloid deposition and in distinguishing
patients with AD from Frontotemporal dementia. As a limit,
lipophilic plasma metabolites, which have been partially
reported for 18F-labeled tracers, could increase non-specific
background activity.

The results of these included studies show a promising
role of those 18F-labeled tracers, but further data on larger
number of patients also evaluated longitudinally are needed
to clarify their diagnostic and prognostic potential roles in
AD.

A central issue in PET estimation of amyloid load regards
the use of semiquantitative analyses of images. In this view,
a consensus regarding categorization of positive and negative
subjects has not been established so far. For example, some
groups have treated SUVR as a continuous variable whereas
other groups have dichotomized subjects into positive and
negative groups using a cut-off score, since the distribution of
this variable is usually skewed. Further, there is variability in
categorization approaches amongst studies that dichotomize
into positive and negative groups. Some authors considered
positive those subjects showing SUVR values that are 1, 1.5
or 2 standard deviations higher than normal controls [34,
56, 103–105], while others used more complex approaches
such as cluster analyses [12, 48, 106, 107], iterative outlier
removal [108] or complex functions [94]. SUVR cut-off
values separating negative from positive subjects vary in the
literature from 1.1 to 1.6, with a mean value around 1.3. The
limit of classifying into positive and negative subjects relies
on the fact that the threshold is often dependent on the
distribution of SUVR values present in the control group
under investigation rather than on a group of subjects lacking
A𝛽 deposition.

In a recent study, 11C-PiB and florbetapir PET were
compared in a retrospective sample of cognitively normal
older controls, patients withMCI, and patients with AD. 11C-
PiB and florbetapir retention ratios were strongly associated
in the same individuals, and the relationship was consistent
across several data analysis methods, despite scan-rescan
intervals of more than a year. The findings of this study
indicate that cutoff thresholds for determining positive or
negative amyloid-𝛽 status can be reliably transformed from
PIB to florbetapir units or vice versa using a population
scanned with both radiopharmaceuticals [71].

Nordberg et al. [22] in a European multicentre PET
study of fibrillar amyloid in AD based on very large
datasets demonstrated the robustness of [11C]-PIB PET as a
marker of neocortical fibrillar amyloid deposition in brain
when assessed in a multicentre setting. The variance of
[11C]PIB retention between different participating centers
was low compared to the large differences between diagnostic
groups, suggesting that results obtained from [11C]PIB PET
are highly consistent and reproducible. MCI PIB-positive
patients showed more severe memory impairment than MCI
PIB-negative patients and progressed to AD at an estimated

rate of 25% per year. None of the MCI PIB-negative patients
converted to AD, and thus PIB negativity had a 100%
negative predictive value for progression toAD.This supports
the notion that PIB-positive scans in MCI patients are an
indicator of prodromal AD and that amyloid imaging is
both a highly useful tool for diagnosis of AD in its earliest
symptomatic stages and is suitable for identifying patients for
antiamyloid therapy in multicentre clinical trials. The paper
reports also the vast majority of healthy controls (46 out
of 51) and showed neocortical [11C]PIB retention ratios in
the very narrow range of 1.13 to 1.39 (mean 1.26 ± 0.07).
The upper 95% confidence limit in the normally distributed
control population was 1.41, thus defining the normal limit.

One of themain issues since the advent of amyloid tracers
remains and is represented by a percentage of HC showing
an amyloid load in the range of patients with AD [22, 107,
109]. One of the future challenges in PET studies with 18F
amyloid tracers is to reach standardize quantitative measures
(especially by means of longitudinal approaches) in order
to establish reliable quantitative cut-offs that can be helpful
in separating HC and AD subjects, in differential diagnosis
of dementia and in providing prognostic indices for those
subjects showing early signs of cognitive loss.

3.6. Qualitative versus Quantitative Assessment. Few papers
in literature systematically investigated improvements in
diagnostic accuracy and/or in differential diagnosis obtained
by using quantified (or semiquantified) and qualitative anal-
ysis of FDG-PET scans. The results showed that the qual-
itative interpretation by visual reading of brain 18F-FDG-
PET scans and amyloid-PET scans clearly lacks clear-cut
milestones to distinguish between a normal and a patho-
logical scan. Indeed, in the already cited study by Foster
and coworkers [33], authors compared five separate methods
(clinical summaries, diagnostic checklist alone, summary
and checklist, transaxial 18F-FDG-PET scans and 18F-FDG-
PET stereotactic surface projection metabolic and statistical
maps-SSP) for distinguishing AD from FTD in an autopsy-
referenced cohort of 𝑁 = 31 AD and M=14 FTD, adopted
by six dementia experts. Data showed that the transaxial
FDG-PET scans method yielded 96% sensitivity, 59% speci-
ficity and a mean accuracy of 84.8% in distinguishing AD
versus FTD. On the other hand, the 18F-FDG-PET SSP
method improved sensitivity (97.6%), specificity (73.2%) and
overall accuracy (89.2%). Authors conclude that 18F-FDG-
PET improves dementia diagnosis accuracy, especially when
metabolismwas quantitatively analyzed prior to visual expert
rating and interpretation.

Recently, Rabinovici et al. [34] compared 11C-PiB and
18F-FDG indifferential diagnosis ofADandFTLD in a cohort
of 𝑁 = 62 AD and 𝑁 = 45 FTLD. It is noteworthy that the
authors compared also qualitative (visual) and quantitative
(DVR for 11C-PiB, cut-off at 1.2 and regional ROI Z-score
for 18F-FDG)methods in their diagnostic efficacy. As regards
qualitative evaluation of PET scans, 11C-PiB PET yielded
higher sensitivity for AD (89.5% versus 77.5%) and slightly
lower specificity (83% versus 84%). Quantitative thresholds
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for automated classification of scans provided interesting
results. As a matter of fact, while 11C-PiB PET DVRs yielded
very similar results (89% sensitivity 83% specificity versus
89.5% sensitivity and 83% specificity), quantitative analysis
of 18F-FDG-PET increased specificity (98% versus. 84%).
Authors conclude that with both methods 11C-PiB PET was
more sensitive, while 18F-FDG-PET was more specific only
when scans were interpreted quantitatively. Furthermore, a
recent longitudinal study by Patterson et al. [35] showed
that detection by Statistical Parametric Mapping (SPM) was
more accurate (𝑁 = 18 subjects detected) than clinical
evaluation of FDG-PET scans (𝑁 = 10 detected) in a
cohort of 𝑁 = 31 MCI followed for a 3-years period.
Specifically, SPM detected correctly 𝑁 = 9 MCI converters
(versus 𝑁 = 5 detected by subjective visual interpretation)
and 𝑁 = 4 subjects not meeting criteria for MCI (one
of them was detected also visually), therefore highlighting
a possible role for SPM in revealing metabolic defects
anticipating clinical manifestations. Preliminary results in
a study comparing inspection of visual FDG-uptake dis-
tribution maps and visual SPM hypometabolism maps in
discrimination in a total cohort of 𝑁 = 95 patients (𝑁 =
45 AD, 𝑁 = 30 MCI, 𝑁 = 25 FTLD) show higher
sensitivity (96% versus 78%) and specificity (84% versus 50%)
[110].

Other studies, even though not aiming as a primary
endpoint to compare qualitative and quantitative analysis,
provided results coherent with our claim. One of the most
relevant findings is provided in the already cited study by
Camus et al. [29] that investigated potential of 18F-Florbetapir
in discriminating AD versus HC. Their results showed that
while visual assessment yielded 84.6% sensitivity and a 38.1%
specificity, a quantitative global cortex SUVR analysis yielded
92.3% sensitivity and 90.5% specificity, with a cutoff point set
at 1.122.

3.7. Meta-Analysis and GRADE Analysis. Tables 1, 2, and
3 show the characteristics of each study included in each
meta-analysis, namely population sample,method employed,
follow-up inmonths (i.e., only for early diagnosis), sensitivity
and specificity measures, LR+, LR+ probability of increase,
and GRADE evaluation [76, 77].The total number of patients
summed across all studies for each meta-analysis was com-
puted and included 1322 patients for FDG-early diagnosis,
647 for amyloid-early diagnosis, and 1011 for FDG-differential
diagnosis. Summary sensitivity effect measures were .86 for
FDG-early diagnosis, .91 for amyloid-early diagnosis, and
.90 for FDG-differential diagnosis. 𝑄-test values for FDG-
early diagnosis (𝑄 = 6,83) and for amyloid-early diagnosis
(𝑄 = 1, 94) were below critical values assessed at 𝑃 < 0.05,
revealing lowheterogeneity between studies included in each.
The 𝑄-value for studies included in the FDG-differential
Diagnosismeta-analysis (𝑄 = 18.61)was above critical values
assessed at 𝑃 < 0.05, indicating moderate heterogeneity.
Forest plots for each meta-analysis show that the central
tendency for the effectiveness of FDG-PET or amyloid-PET
for the early or differential diagnosis of dementia is above

85%, however the 95% confidence intervals for studies FDG-
early diagnosis reveal a lower degree of uncertainty with
respect to amyloid-early diagnosis (see Figures 1(a) and 1(b)).

4. Discussion

Clinical, pathologic, and genetic evidence indicate that the
primary dementias have different underlying aetiologies and
pathogenetic mechanisms. Treatment approaches of these
conditions are different and hopefully will be even more so
in the future. Thus, accurate diagnosis is critical in order
to maximize the efficacy and appropriateness of specific
regimes. At present, best differential diagnosis of dementia
relies on histopathological observations, usually available
only at autopsy. When faced with a patient carrying a neu-
rodegenerative disease possibly causing dementia, current
guidelines suggest that the clinicianmust establish a probable
etiopathogenic diagnosis based on evidence available from
neurological and cognitive evaluation, blood tests, structural
MRI neuroimaging, and PET imaging [5–8]. Attempts to
differentiate between neurodegenerative diseases causing
dementia based in the early prodromal phase can be hard,
particularly when patients present with subtle prodromal
symptoms or with clinical-neuropsychological characteris-
tics that overlap between primary dementias or with an
atypical profile of symptoms. Therefore, establishing valid
and reliable markers of the main neurodegenerative diseases
causing dementia which are capable to identify specific
changes during the early clinical stages, or even in preclinical
stages as it happens in genetic forms of AD, is a pivotal and
strategical issue.

A decade ago, the American Academy of Neurology
regarded CT and MR imaging as “optional” examinations
for the diagnosis and evaluation of dementia [111]. This
view was counterbalanced by a Consensus of the European
Alzheimer Disease Consortium (EADC) in 2003, highlight-
ing the changing philosophy on the role of neuroimaging in
the dementia workup [112]. However, structural neuroimag-
ing techniques, even if widely accepted and of high-value
in the diagnosis and management, have no clear cut role
in the very early stage of the diseases and at individual
level. Attempts in measuring volumes of specific structures,
such as the hippocampal formation, have been undertaken
mainly in AD, with interesting results in group analysis, but
still with lack of consistent and validated cut-off scores for
individual analysis. In someneurodegenerative diseases other
than AD, such as diffuse Lewy-body disease, MRI might
present with multiple pattern of atrophy or even with null
results in early stages. Thus, in the temporal dynamics of
biomarkers in the Alzheimer’s pathological cascade, atrophy
represents the last phenomenon in comparison to biomarkers
of brain dysfunction, early neurodegeneration, and amyloid
deposition [46].

Functional neuroimaging techniques may aid in the
early diagnosis of neurodegenerative disorders and to clearly
support the final diagnosis. Positron emission topography
(PET) allows the investigation of both the measurement
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of cerebral glucose metabolism by 18F-2-fluoro-2-deoxy-
D-glucose (FDG) and the quantification of A𝛽 amyloid
deposition through specific molecular imaging techniques
involving radiopharmaceuticals binding to amyloid.

FDG-PET started to be used in AD about 30 years ago
[37] but its role in the diagnostic road map of Alzheimer
disease and related dementias has not gained general con-
sensus up to few years ago. In fact, both the “Dubois”
[5, 9] and the NIA-AA [6, 8] new diagnostic criteria have
included FDG-PET as a valid tool for biomarker measure of
neurodegeneration, by showing specific metabolic changes
that precede atrophy as detected with MRI. The basic con-
cept is that FDG-PET estimates glucose consumption at
the synaptic-astrocyte level [90] thus picking-up very early
changes already detectable even in asymptomatic subjects
at high risk for AD [113, 114]. In AD, the core of such
changes is the precuneus and the posterior cingulate cortex
[17, 19], the MTL structures that are mainly highlighted
with ROI-based than with voxel-based automatic approach,
and the association posterior lateral parietal and temporal
cortex. The same glucose utilization defect can be detected
in other regions in FTLD [115, 116]; primary progressive
aphasia (PPA) [117]; dementia with Lewy bodies (DLB) [88].
FDG-PET studies are therefore increasingly being used as
an adjunct in the initial clinical evaluation of patients with
suspected dementia, particularly to aid in early detection
[17] or when clinical diagnosis is doubtful. As shown by
the here included studies, voxel-based FDG-PET as in vivo
biomarker measure plays a key role in the identification
of early functional brain derangements. In this view, a
recently introduced term designed to define the spectrum
of cognitive function between healthy aging and dementia
is mild cognitive impairment (MCI). It was [118] who first
set out formal criteria for a diagnosis of MCI (subjective
complaint of memory loss; objective impairment of ability;
preserved general cognitive function; intact activities of
daily living; individual does not meet criteria for dementia).
People meeting these criteria are considered at higher risk
of developing AD compared to general population [119];
consequently, MCI is considered the optimal clinical stage
for both early detection and intervention of AD. More
recently, the position paper by the International Working
Group for New Research Criteria for the Diagnosis of AD [5]
further introduced new concepts and distinguished between
(i) preclinical states of AD, in which individuals are free of
symptoms, yet have either biomarker evidence of Alzheimer’s
pathology or a monogenic form of AD and (ii) prodromal
or predementia AD, referring to those clinically affected
individuals who do not have dementia yet but are diagnosed
to have AD on the basis of evidence of Alzheimer’s pathology
from biomarkers.

With regard to degenerative diseases such as AD, physi-
cians’ confidence in diagnosing dementia can be undermined
by several factors such as young age of onset, high education
level (where neuropsychological tests can fail to reveal a
subtle, despite substantial, cognitive decline), atypical presen-
tation, and presence of psychiatric or cognitive comorbidities.
The information provided by FDG-PET can therefore satisfy
a fundamental need not only as a disease confirmatory

test (high sensitivity) but also as an exclusion test (high
specificity), especially in the early stage of the disease.

On this regard, an international consortium of investiga-
tors argued that, due to its high sensitivity, a negative (i.e.,
normal) FDG-PET scan strongly favors a normal outcome at
followup [1, 10].

Two decades of 18F-FDG-PET studies in neurodegen-
erative diseases provided evidence for specific metabolic
patterns [3].

Teune and colleagues [2] in a large study focusing on
patients who had an FDG-PET scan at an early disease stage
(96 patients: 20 patients with Parkinson’s disease (PD), 21
with multiple system atrophy (MSA), 17 with progressive
supranuclear palsy (PSP), 10 with corticobasal degeneration
(CBD), 6 with dementia with Lewy bodies (DLB), 15 with
Alzheimer’s disease (AD), and 7 with frontotemporal demen-
tia (FTD)) summarized the typical metabolic dysfunction in
the different diseases. Each patient received a retrospectively
confirmed diagnosis according to strictly defined clinical
research criteria. FDG-PET images of each patient group
were analyzed and compared with healthy controls using sta-
tistical parametric mapping (SPM5). The authors concluded
that a combined method, including clinical information
and voxel-based analysis technique, can discriminate patient
groups across a spectrum of various neurodegenerative brain
diseases, also at early disease stages. This implies that an
early and more accurate diagnosis in individual patients can
be made by comparing each subject’s statistical objective
map of brain glucose metabolism with a validated disease-
specific hypometabolic pattern arising in specific brain areas,
naturally grounded in a detailed clinical frame.

In the context of initial diagnosis, the exclusionary role
of FDG-PET is especially clear in younger subjects with a
suspicion of neurodegenerative disease. The high specificity
of FDG-PET in AD, FTLD, and DLB implies that a negative,
or normal, scan in the presence of the suspicion of demen-
tia makes a diagnosis of a neurodegenerative disease very
unlikely.

Based on the specificity of functional imaging with
18F-FDG-PET that measures synaptic dysfunction in dif-
ferent networks, depending on the underlying pathology,
and on the sufficiently large body of evidence in the literature,
we strongly claim that 18F-FDG-PET should be considered an
essential component of the diagnostic workup of early onset
dementia.

With regard to amyloid-PET, its potential clinical useful-
ness is strictly based on the assumption that early cerebral
amyloidosis is virtually always detected in subjects on the
path of AD. Even if there are still controversies about the
so-called “amyloid hypothesis” in the pathogenesis of AD
[120], the fact remains that amyloidosis is practically a held
prerequisite for the diagnosis of AD. Nowadays, probably no
physician would be highly confident with the diagnosis of
AD in a patient in whom cerebral amyloidosis has not been
confirmed. According to the temporal biomarker cascade
hypothesis [52], brain amyloidosis would be a very early
phenomenon, already detectable many years before the onset
of symptoms.
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As for differential diagnosis, amyloid-PET is less use-
ful for the identification of DLB because most patients
with this disease show brain amyloidosis that cannot be
distinguished from that of AD patients [120]. In clinical
practice, when a subject is evaluated because of cognitive
symptoms, even if subtle, the demonstration of high brain
amyloid load should strongly suggest one of the two main
forms of neurodegenerative disease with amyloidosis, that
is, AD or DLB. The topographic pattern of amyloid depo-
sition is similar in these two conditions, but the pattern
of neurodegeneration harbors significant differences because
glucose hypometabolism specifically and extensively affects
the occipital lobes in DLB and just marginally in ADwhereas
MTL hypometabolism, which is the classical fingerprint
of AD, is seldom found in DLB [121]. Still in doubtful
cases, the demonstration of nigrostriatal dopamine trans-
porter deficit leads to identifying DLB with high accuracy
[122].

Further, at least in AD, brain amyloid deposition seems
to be a very early phenomenon and rather rapidly reaches
a “plateau” at the time cognitive deficits become detectable
[123], thus mirroring A𝛽 1–42 levels in cerebrospinal fluid
[124]. As such, the amount of amyloid deposition, along
with A𝛽 1–42 levels in cerebrospinal fluid, should not be
viewed as an accurate index of disease progression. As a
matter of fact, there is evidence that cognitive decline is much
more related to the markers of neurodegeneration rather
than to severity of amyloidosis, thus arguing for a higher
sensitivity of PET-FDG and CSF levels of Tau and Phospho-
Tau.

In the literature, visual inspection of amyloid burden
has been reported to parallel the accuracy by quantifica-
tion of the uptake (e.g., SUVR; see [34]). Other results,
however, reported different findings (see [29]). It is of
note that this may be true when discriminating mild to
moderate AD with conditions in which amyloid retentions
are null or nonsignificant (e.g., FTLD spectrum). When
comparing early stages of AD pathology (MCI versus AD
or even preclinical AD conditions), the methods based
on quantification or semiquantification acquire relevance
and might become mandatory. Typically, when considering
patterns of accumulations in MCI during a follow-up period,
quantitative analysis shows their power to detect changes
[125].

In addition, while the in vivo detection of A𝛽 amyloid
is gaining ground in the diagnosis of AD especially in MCI
patients, the meaning of a positive PET scan in nondemented
patients remains yet unclear. In our opinion, quantitative
amyloid-PET scans, better defining the amount of amyloid
load in these individuals, can prevent a positive amyloid
scan to become a de facto diagnosis of AD. A paper from
Mintun and colleagues [126] focused on this aspect by using
11C-PiB PET scan in 41 nondemented subjects and 10 AD
patients. Results showed that, globally, patients had greater
uptake ratios, although 4 of the controls had cortical binding
values that were comparable to those of AD patients, thus
supporting the hypothesis that amyloid imaging could be
used to detect preclinical stages of AD. A similar result has
been described more recently by Mormino and coworkers

[108] who found that the 15% of a large cohort of elderly
HC showed positive 11C-PiB uptake ratios. The clinical
significance of these observations is still unclear and only
long-term follow-up studies can clarify it. On the basis of the
data available to date, it appears that these apparently healthy
subjects with high amyloid load are likely to be on the path
of AD, although we still ignore the time span from amyloid
deposition and onset of first cognitive symptoms [46]. There
is strong debate about the fate of “healthy” controls who
displayed a positive amyloid-PET scan as we still ignore the
time needed for an asymptomatic subject with amyloidosis to
develop cognitive signs/symptoms. The time span has been
indicated in a modeling of AD in the order of 10 years [46],
but how to predict this time on an a real individual basis is
still unknown. Noteworthy, recent evidence in individuals at
risk for developing AD showed significant amyloid burden
in autosomal dominant familial AD, even 15-16 years prior
expected/predicted symptoms onset [113, 127] or 17 years
before in sporadic AD cases [128]. The “nun” study has
demonstrated that at least some individuals die with high
brain amyloid load, but without any cognitive symptom
or sign [129]. The biological evidence of amyloid load in
human brains extended to elderly health individuals. This
also implies ethical issues regarding what to communicate
to an healthy volunteer found to be amyloid positive during
clinical trials [130].

But just in this context of brain amyloidosis without
symptoms, the demonstration of early signs of neurode-
generation in specific sites using voxel-based FDG-PET
would be of great value. Starting from the observation that
FDG-PET can be positive several years before the onset of
dementia [64, 65], it would be possible to narrow the time
of uncertainty in asymptomatic subject with amyloidosis. In
other words, cognitively normal subjects showing cerebral
amyloidosis through PET amyloid tracers along with glucose
hypometabolism at specific sites would be at very high risk
of developing a dementia process within few years. On the
other hand, in a symptomatic patient with a suspicion of early
AD, it has been proposed that amyloid-PET should precede
any other evaluation just after morphological MRI [131] as
a positive scan would strongly support the diagnosis of AD,
thus avoiding most of the other diagnostic procedures, while
a negative amyloid-PET scan would lead to search for other
causes. Of utmost importance is the possibility to scan with
amyloid-PET subjects in the MCI stage which represents a
significant step toward the selection of groupswith earlier AD
for clinical trials. This would avoid including patients with
a misdiagnosis and give experimental drugs the chance to
be tested at the very onset of symptoms instead of when the
disease has been already too progressed. While the potential
of amyloid-PET is not a matter of debate in research, its
misuse in clinical sets needs a careful regulation in order to
give a proper role and a specific clinical context to this tech-
nique. That is why, recently, the Society of Nuclear Medicine
andMolecular Imaging and the Alzheimer’s Association have
jointly convened the Amyloid Imaging Task Force (AIT) and
published the AppropriateUse Criteria for amyloid-PET [132,
133].They provided the appropriate use criteria for Amy-PET
inwhich the circumstances for executingAmy-PET are listed.
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According to those, Amy-PETwill be appropriate for patients
with persistent or progressive unexplainedMCI, or satisfying
core clinical criteria for possible AD (i.e., atypical clinical
course or etiologically mixed presentation; for patients with
atypically young-onset dementia). Crucially, the AIT also
define the inappropriate use of amyloid-PET in the following
conditions: (1) in patients with core clinical criteria for
probable AD and with typical age of onset; (2) determination
of dementia severity; (3) positive family history of dementia
or presence of apolipoprotein E (APOE) 𝜀4; (4) in patients
with a subjective cognitive complaint that is unconfirmed
on clinical evaluation; (5) as an alternative to genotyping for
suspected autosomal mutation carriers; (6) in asymptomatic
individuals; (7) nonmedical uses such as (legal, insurance
coverage, or employment screening).

In conclusion, on the basis of the present survey and also
on the meta-analyses and GRADE analysis, we showed that
there is moderate quality evidence for the effects of both
modalities of PET imaging (FDG and Amyloid) in the early
diagnosis of AD and conversion prediction, and, equally,
moderate quality evidence for the differential diagnosis of
patients with AD and the other major neurodegenerative
dementia (i.e., DLB and FTLD). The three meta-analyses
conducted through the three categories of studies (early
diagnosis, disease progression and differential diagnosis), as
remarked in the Results section, yielded significant results.
Summary sensitivity effect measures were 0.86 for 18F-FDG-
PET (1322 cases), 0.91 for amyloid-PET (797 cases), and
0.90 for differential Diagnosis (1011 cases). Therefore, on the
basis of the studies included in the present survey, amyloid-
PET seems to be more sensitive than 18F-FDG-PET in early
diagnosis of AD. It is of note that our analysis included a
sample of patients investigated by 18F-FDG-PET larger than
the cohort investigated by amyloid-PET. Hence, even if the
effect measure is lower, we can interpret that result as more
robust. In addition, the grade analysis classified more 18F-
FDG-PET studies as M (moderate,𝑁 = 7) than for amyloid-
PET (𝑁 = 5) that is coherent with the previous claim. Lastly,
as anticipated in Results section, the 95% confidence intervals
for 18F-FDG-PET early diagnosis and disease progression
reveal a lower degree of uncertainty with respect to amyloid-
PET early diagnosis (see Foster plots, Figure 1). For these rea-
sons, we can definitely conclude that both the topographical
and pathological PETmarkers are very accurate and sensitive
to early diagnosis of AD, as well as to differential diagnosis
with other dementia (e.g., FTD or DLB) when appropriate
data analysis at single subject level is performed.

This survey and GRADE analysis show a good overall
quality of evidence for PET functional (FDG) and molecular
(amyloid) imaging in early and differential diagnosis of AD,
on the basis of voxel-based or parametric data quantifications.
This approach will allow net benefits in terms of diagnostic
and prognostic value of the information provided by PET
imaging considering its sensitivity and accuracy.
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Molecular Imaging Insights into Neurodegeneration:
Focus on Tau PET Radiotracers
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Neurodegenerative diseases are characterized by progressive
dysfunction and neuronal death, showing specific protein inclu-
sions at autopsy. In vivo detection of these key proteins, namely
amyloid-β, tau, α-synuclein, and trans-active response DNA-
binding protein 43 kDa, is possible by means of molecular neuro-
imaging techniques, such as PET. The development of selective
PET radiotracers targeting these proteins is critical for early and
accurate diagnosis and for the successful development of dis-
ease-modifying therapies. Selective PET radiotracers for amy-
loid-β are already available, and potential tau tracers are
emerging as new-generation biomarkers. An overview of the
tau-PET radiotracer development scenario, focusing on tracers
that are presently being examined in humans, is presented.

Key Words: PET; tau; radiotracer; neurodegeneration; Alzheimer’s
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Tubulin-associated unit, or tau, is an intracellular protein
playing a vital role by binding to and stabilizing axonal
microtubules in neurons, thereby regulating intracellular
transport. The microtubule-binding region of tau consists of
3 or 4 tandem repeats via which tau mediates additional func-
tions (1). Disease-associated posttranslational modifications,
such as hyperphosphorylation, cause tau to dissociate from
microtubules and assemble into large fibrils, referred to as
paired helical filaments. The normal functions of tau are thus
altered. The paired helical filaments and similar tau filaments,
in turn, associate to form neurofibrillary tangles, which are the
pathologic hallmark of various neurodegenerative diseases. tau
aggregates or inclusions depict different diseases depending on
the structural basis of the aberration. For instance, accumula-
tions of the 3 tandem repeats are typical of Pick disease and the
4 tandem repeats are characteristic of corticobasal degenera-
tion, progressive supranuclear palsy, and argyrophilic demen-
tias, whereas Alzheimer disease (AD) often presents a mixture
of 3 and 4 tandem repeats. Thus, in ways presently not under-

stood, structural differences within the tau protein lead to distinct
histopathology and disease phenotypes (1).

CLINICAL RELEVANCE OF TAU PET IMAGING

Diseases characterized by the presence of pathologic tau,
such as dementias and movement disorders as well as
traumatic brain injury and chronic traumatic encephalopathy,
could potentially benefit from tau PET imaging. The severity
of tau pathology is closely related to neuronal loss and cognitive
impairment in AD (2), supporting the use of tau as a biomarker
of neurodegeneration. Tau, amyloid-b (Ab), a-synuclein, and
trans-active response DNA-binding protein 43 kDa (TDP-43)
may coexist in different relative concentrations depending on
the disease (e.g., Ab predominance in AD; a-synuclein in de-
mentia with Lewy bodies), its stage (higher concentrations in
advanced disease), and its cerebral region (mesial temporal
cortex tau predominance in AD). However, pure tau pathology
in the absence of Ab plaques is characteristic of a heterogeneous
group of neurodegenerative disorders included under the term
frontotemporal lobar degeneration. About half the frontotem-
poral lobar degenerations are ubiquitinopathies with TDP-43
(e.g., amyotrophic lateral sclerosis), and the other half are tauo-
pathies, including Pick disease, progressive supranuclear palsy,
corticobasal degeneration, and frontotemporal dementia and
parkinsonism linked to chromosome 17. The familial tauopa-
thies linked to tau gene mutations have provided compelling
evidence that tau abnormalities alone could cause pathologic
protein aggregates and massive neuronal loss leading to symp-
tomatic onset (3,4). The last proposed clinical diagnosis crite-
ria for frontotemporal lobar degeneration are based on recent
advances in molecular genetics, biochemistry, and neuropa-
thology (4). Specific therapies targeting the hallmark proteins
of these pathologies are being investigated. However, it may be
challenging to accurately classify these diseases in the clinic,
particularly in the early stages, and to select appropriate
patients for specific therapies in the absence of biomarkers.
Accurate detection of pathologic hallmarks other than Ab in
vivo is therefore a current unmet need. In clinical practice, tau
PET imaging could be potentially useful in the early detection
and differential diagnosis of AD and non-AD tauopathies as well
as in identifying subjects with traumatic brain injury–chronic
traumatic encephalopathy who are at risk of developing demen-
tia. As a marker of neurodegeneration, tau PET imaging could
help in monitoring disease progression and severity. Clinical
trials of disease-modifying therapies could also benefit from
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tau PET imaging. Enriched populations of patients showing
cerebral tau accumulations early in the disease process, and

the measurement of changes in tau over time, may decrease

risks inherent in the drug development process and contribute

to the discovery of effective treatments. As opposed to non-
imaging biomarkers for tau (e.g., cerebrospinal fluid), PET

imaging offers the advantage of providing a topographic map-

ping of the amount and distribution of the tau protein in the

human brain in vivo. Hence, intensive research is currently
ongoing to develop PET radioligands that are capable of detect-

ing deposits of tau in vivo in an accurate and diagnostically

relevant manner.

IDEAL CHARACTERISTICS OF A TAU PET TRACER AND
CHALLENGES IN ITS DEVELOPMENT

The ideal radioligand for tau must share the general

characteristics required of any PET radiotracer for brain
imaging, such as the ability to cross the blood–brain barrier,

not being a P-glycoprotein substrate, having high affinity and

selectivity for the target, having suitable pharmacokinetics for

PET imaging, lacking radioactive metabolites that cross the
blood–brain barrier, and having favorable dosimetry. However,

because of the peculiarities of the tau protein, fulfilling all

these requirements may be challenging (Fig. 1) (5,6). First,

given the intracellular location of tau, the radiotracer must
be able to cross not only the blood-brain-barrier but also the

cell membrane and enter the neuron. Second, the ideal tau

radiotracer should be able to recognize and bind to deposits

of all 6 tau isoforms, allowing imaging of both AD and non-

AD tauopathies. Third, tau aggregates may also be present in
white matter; hence, an optimal tau tracer should not show

nonspecific tracer retention in this region. Also, the frequent
colocalization of various protein deposits in the brain at dif-
ferent relative concentrations requires stringent selectivity and

affinity criteria. For this reason, results from human brain
homogenates containing mixtures of proteins should be inter-
preted with caution. Lastly, a truly comprehensive tau tracer

should be able to recognize and bind to tau deposits irrespective
of the number or identity of posttranslational modifications seen
in vivo. For this reason, experiments should ideally be per-

formed on human brain slices rather than on recombinant tau
fibrils, which lack various posttranslational modifications and
other morphologic aspects of in vivo tau deposits. In conclusion,
the hunt for a tau tracer that overcomes all these challenges is

considerably more daunting than appears at first sight. Neverthe-
less, considerable progress has been made and several ligands
have entered human imaging studies.

OVERVIEW OF TAU PET TRACERS
UNDER DEVELOPMENT

18F-FDDNP was the first 18F-labeled tracer aimed at tau

PET imaging. However, binding to Ab and a-synuclein be-
sides tau has been demonstrated (7), complicating image inter-
pretation. Several molecules are being validated for use as
alternative tau tracers. These include, but are not restricted

to, 11C-N-methyl lansoprazole, 11C-PBB3, 18F-THK523, 18F-
THK5105, 18F-THK5117, 18F-T808, and 18F-T807. A summary
of the characteristics of each compound is provided in Figure 2.

11C-N-methyl lansoprazole is the 11C-la-
beled version of the Food and Drug Ad-
ministration–approved drug lansoprazole

and appears to have an exceptionally
high affinity for tau (8). However, to
the best of our knowledge no human

data have been published with this ra-
diotracer yet. 11C-PBB3 shows high
specificity for tau deposits over Ab pla-
ques (9,10). Initial human studies with

this radiotracer show limited white matter
background signal and minimal Ab detec-
tion as compared with the Ab ligand 11C-

Pittsburgh compound B (Fig. 3A). Prelim-
inary results with 11C-PBB3 have shown
that tau accumulation correlates with clin-

ical symptoms and that its localization in
the brain follows the Braak and Braak
stages, starting in the hippocampus and
limbic system in a subset of nonde-
mented elderly subjects and in subjects
with mild cognitive impairment, and
spreading to the neocortex in subjects
with AD. In addition, 11C-PBB3 appears
to detect tau pathology in diseases
other than AD, for example, corticobasal
syndrome, suggesting an ability to re-
cognize multiple isoforms of the tau

FIGURE 1. Challenges during development of tau radioligand. (A) tau aggregates
(yellow punctata) are intracellularly localized as opposed to extracellular Aβ deposits
(red punctata). (B) The 6 isoforms of tau are differentially represented in distinct
diseases. (C) tau aggregates are present in white matter. Also, tau aggregates [Tau]
colocalize with and are present in much lower concentrations than Aβ plaques [Aβ]. (D)
Diverse posttranslational modifications of tau, for example, hyperphosphorylation (P), nitration
(N), and O-GlcNAcylation (O) of multiple residues, give rise to various forms of protein.
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protein (Fig. 3B). However, 11C-labeled tracers (half-life,
20 min) are not suitable for widespread use, particularly in
clinical practice, where 18F-labeled tracers (half-life, 110 min)
are preferable.

From the family of arylquinolines, 18F-THK523 shows a high
affinity to and selectivity for tau fibrils in vitro (11–13). In
humans, the pattern of cortical 18F-THK523 retention does

not correlate with Ab distribution as assessed by 11C-Pitts-

burgh compound B; instead, it follows the known distribution
of tau deposits in the AD brain, thus suggesting that 18F-

THK523 selectively binds to tau in AD patients. Unfortunately,

failure to label tau-containing lesions in non-AD tauopathies
and high retention of 18F-THK523 in white matter precludes its

use in research or clinical settings (14). 18F-THK5105 and 18F-
THK5117 have been tested in vitro both on recombinant tau

fibrils and on brain homogenates from the mesial temporal cor-

tex, yielding promising affinity values (15). However, as previ-
ously mentioned, these in vitro assays should be carefully

interpreted. Although both compounds
show encouraging results in mice, fur-
ther evidence is required to confirm the
real nature of the signal observed in pre-
liminary human imaging data (Fig. 3C)
(16).

18F-T808 and 18F-T807 show strong af-
finities and selectivity for tau versus Ab in
vitro (17,18). Brain uptake and washout
values for both are favorable (Fig. 2).
Brain PET images with 18F-T808 in
humans, however, show intense bone up-
take in the skull due to defluorination,
which may hamper visual image interpre-
tation (19). Human 18F-T807 PET results
seem to be the most promising, although
the reported data come from a limited
sample of 6 subjects (20). The kinetics
appear to be slower than those of amyloid
tracers but still favorable, with clearance
from white matter. Static images do not
show defluorination, and a pattern of re-
tention consistent with Braak staging has
been reported (Fig. 3D). However, no data
are currently available on the suitability of
this radiotracer in non-AD tauopathies.

CHALLENGES AND
FUTURE DIRECTIONS

Human data currently available on tau
PET imaging are still limited. Although
it looks promising, an ideal radiotracer
meeting all the extensive criteria outlined
above has not been identified yet. Hence,
research aimed at identifying an optimal
compound is still active. Additional data
are required to further characterize the
existing tau radioligands, including quan-
titative validation toward full kinetic
modeling, test–retest studies, and human

dosimetry. Ultimately, neuropathologic correlations with PET
imaging findings will be necessary to confirm tau selectivity
against colocalized key proteins besides Ab, such as a-synu-
clein and TDP-43 (21). Head-to-head studies will allow direct
comparisons between radiotracers. Finally, evidence on impact
in patient management and outcomes should be generated. In
the meanwhile, the inclusion of tau PET imaging in clinical
trials for disease-modifying therapies could certainly contribute
to a faster and more efficient development of efficacious drugs.

CONCLUSION

The development of tau radiotracers for PET imaging
constitutes a step toward meeting the clinical needs of bio-
markers for neurodegeneration. In clinical practice, such a mo-
lecular imaging tool could help in early and more accurate
diagnosis, as well as in monitoring disease progression of AD
and non-AD tauopathies, including movement disorders and
traumatic brain injury–chronic traumatic encephalopathy. In re-

FIGURE 2. Summary of characteristics of tau PET radiotracers being tested in humans.
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search, it could provide useful insights into the pathophysiology
of these diseases and contribute to the development of potential
new efficacious therapies. Several tau radiotracers are undergo-
ing evaluation in human imaging studies and yielding encour-
aging data. Additional radioligands are also being intensely
developed, and the future of tau imaging looks full of promise.
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A B S T R A C T

Recent advances in understanding the molecular mechanisms underlying various paths toward the

pathogenesis of Alzheimer’s disease (AD) has begun to provide new insight for interventions to modify

disease progression. The evolving knowledge gained from multidisciplinary basic research has begun to

identify new concepts for treatments and distinct classes of therapeutic targets; as well as putative

disease-modifying compounds that are now being tested in clinical trials.

There is a mounting consensus that such disease modifying compounds and/or interventions are more

likely to be effectively administered as early as possible in the cascade of pathogenic processes preceding

and underlying the clinical expression of AD. The budding sentiment is that ‘‘treatments’’ need to be

applied before various molecular mechanisms converge into an irreversible pathway leading to

morphological, metabolic and functional alterations that characterize the pathophysiology of AD. In light
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of this, biological indicators of pathophysiological mechanisms are desired to chart and detect AD

throughout the asymptomatic early molecular stages into the prodromal and early dementia phase.

A major conceptual development in the clinical AD research field was the recent proposal of new

diagnostic criteria, which specifically incorporate the use of biomarkers as defining criteria for

preclinical stages of AD. This paradigm shift in AD definition, conceptualization, operationalization,

detection and diagnosis represents novel fundamental opportunities for the modification of

interventional trial designs.

This perspective summarizes not only present knowledge regarding biological markers but also

unresolved questions on the status of surrogate indicators for detection of the disease in asymptomatic

people and diagnosis of AD.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Sporadic Alzheimer’s disease (AD) is currently conceptualized as
a multifactorial neurodegenerative disease transitioning later
through a prodromal cognitive stage into a late-stage dementia
syndrome. This initially clinically ‘‘silent’’ multi-dimensional
disease cascade chronically, non-linear progressively unfolds
through the emergence and probably at some point convergence
of a yet not fully understood and characterized parallelized and/or
interrelated array of molecular mechanisms and signaling path-
ways. For many decades, the definite diagnosis of AD has relied on
the postmortem detection of senile plaques (SPs) and neurofibrillary
tangles (NFTs). There, these historic hallmark neuropathological
lesions have been extensively studied. Their molecular constituents
have been isolated (intracellular aggregation of tau protein and
extracellular accumulation of amyloid beta (Ab) peptide). The
neuropathology is now better understood in terms of amyloid and
tau pathology – as a consequence Ab and tau assays having
secondarily been developed and validated during the last two
decades to provide first ‘‘core feasible’’ cerebrospinal fluid (CSF)
biomarkers. The stereotyped progression of tau [1] and Ab
pathology [2] in the brain has been described and is the basis of
the new National Institute on Aging and the Alzheimer’s Association
neuropathological criteria [3]. The amyloid cascade hypothesis,
relying on the observation that all the mutations causing early-onset
AD involve genes that alter Ab production, has generated a theory
emphasizing the central relevance of the amyloidogenic cascade and
the Ab peptide. As a consequence, many treatment trials in AD have
been aimed at altering the abnormal production, accumulation and
deposition Ab. The optimism that reducing Ab accumulation and/or
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deposition would directly result into an improved clinical and
functional patient status, however, has not yet been fulfilled. Recent
evidence indicating that misfolding of Ab and tau could be
transmitted to normal proteins of the host through brain injections
of affected samples is hypothesis generating and opens new
translational research perspectives. A mono-linear amyloid cascade
perspective, would seem reductionistic, since it fails to recognize the
role of the many conformations that the proteins may adopt,
explaining the progression of the disease through the connections
and the transmissibility of the pathology in some experimental
conditions. Therefore, in the advent of the worldwide AD epidemic,
critical reassessment of the evidence-based significance and
limitation of prevailing as well as of emerging fundamental concepts
of AD pathophysiology seems to be necessary to foster breakthrough
advances to effectively detect, treat or even prevent AD [4].

The search for biomarkers of preclinical AD is becoming
increasingly important because pathogenesis-targeted neuropro-
tective strategies are being developed for future use in ‘‘at risk’’
populations. Advances in new neuroimaging probes and technol-
ogies, identification of new biochemical markers of AD in plasma,
blood and CSF, and breakthroughs in molecular genetics and basic
neuroscience are gradually translating into better understanding
of predisposing and preclinical factors that lead to progressive
neurodegeneration and finally cognitive and behavioral symptoms
and dementia.

At present, the combination and integration of multimodal
imaging methods, neurochemical markers, and genetic strategies
are still in their infancy. However, significant indications on the
existing state of the biomedicine on candidate markers of AD
resulting from multiple analytical platforms – encompassing (I)
structural/functional/metabolic neuroimaging modalities, (II) neu-
rochemistry methods based on CSF and blood (plasma/serum)
examination, (III) neurogenetic analyses, and (IV) procedures for
cognitive and functional assessment – have been supplied [5–13].

The next-generation of studies is required to use multicenter
data sets that exploit the large variety of affected systems to
appraise the stability of multimodal diagnostic algorithms in a
multinational multicenter setting. A growing number of national
and international platforms are following this central line of
research, among them the US Alzheimer’s Disease Neuroimaging
Initiative (US-ADNI) [14] and the European ADNI (E-ADNI) [15]
that, in conjunction with other parallel projects around the globe,
are collectively known as Worldwide ADNI (WW-ADNI) [16]. The
ADNI has been designed to validate neuroimaging, CSF, and blood-
plasma biomarker candidates for AD treatment trials, and
therefore aid and speed drug development [16]. As a result, the
approach of combining different source markers might be of help
in the identification of those subjects who will develop AD and who
are consequently potential targets for prevention as well as
symptomatic pharmacological interventions.

When employed in AD clinical trials, biomarkers can be
utilized: (I) to improve the diagnostic accuracy in trial participants,
enabling patient cohorts to be enriched with characteristic
molecular mechanisms of AD; (II) for stratification of AD patients;
(III) for safety monitoring, i.e. to assess and predict tolerability and
adverse side effects; (IV) as theragnostic markers, i.e. to identify
and monitor the biochemical effects of drugs [5,6,17]. Notably,
biomarkers provide the potential for characterization and valida-
tion of drug mechanisms of action, monitoring AD course and
progression, and evaluating therapeutic response/outcome [18].
Furthermore, since biomarker profiles reflect different stages of the
pathogenic process, they can be utilized to recruit optimal
individuals for trials of different drugs and different clinical
phenotypes at different stages of AD pathophysiology [19].

By using multimodal strategies, AD has been categorized into
different stages according to the presence of biomarkers and the
patterns of cognitive impairment. Following a pre-pathology
stage characterized by normal biomarkers and absence of
cognitive impairment, AD dimensionally (not categorically)
emerges exhibiting through an asymptomatic stage (biomarkers
abnormal, no cognitive impairment) subsequently to a symptom-
atic stage (biomarkers abnormal, cognitive impairment) that can
be further differentiated into a subjective cognitive impairment
(SCI) stage (AD-SCI), a prodromal, often categorized as a ‘‘mild
cognitive impairment’’ (MCI) stage (AD-MCI), and finally a
syndromal dementia stage (AD-dementia) [20]. Notably, these
categories are mere restrictive research or practical clinical
constructs and should not mask the true continuous dimensional
character of AD.

The present review will summarize the current knowledge on
the employment of biological markers in AD and provide
perspectives as well as future directives on major areas of AD
biomarker discovery and development emphasizing the role of
such markers for use in clinical trials. Notably, since this
manuscript is intended to raise evolving debate on the effective
discovery, development, validation, and qualification process of
biological markers resulting from all available technical modali-
ties, it represents a major complement and extension to the
antecedent perspective by Hampel et al. [7]. Current knowledge
and perspectives/future directives on the employment of biologi-
cal markers in AD are summarized in Tables 1 and 2, respectively.

2. International Work Group criteria

In 2007, an International Work Group (IWG) led by Dubois and
colleagues has provided a novel description of AD as a clinico-
biological syndrome that can be documented in vivo, prior to the
onset of dementia, by a ‘‘core’’ clinical phenotype that includes an
amnestic syndrome of the hippocampal type and indication from
biomarkers reflecting the existence of Alzheimer-type pathology
[21]. Such criteria may be used throughout any phase of the AD
spectrum after the beginning of clinical signs [22]. Moreover, a
specific terminology has been developed to resolve issues related
to AD reconceptualization [23].

The IWG proposed two new sets of diagnostic criteria requiring
the assessment of AD biomarkers. The first, covering asymptomatic
AD individuals, is defined ‘‘preclinical AD’’. Preclinical AD has been
then partitioned into the ‘‘asymptomatic at risk for AD’’ and the
‘‘presymptomatic AD’’ categories [23], the latter applying to
asymptomatic individuals who carry familial autosomal dominant
AD mutations. The second group, applying to symptomatic AD
individuals, is designated as ‘‘AD’’. Individuals reflecting these
criteria can be, in turn, categorized into ‘‘prodromal AD’’ (or
‘‘predementia AD’’) and ‘‘AD dementia’’ [23].

The most important progress inherent in the IWG criteria is the
integration of biomarkers into a diagnostic scheme that allows a
biology aided assessment of AD which is integrated with the clinical
signs and symptoms, independent of disease severity. The use of
biomarkers is integral to the diagnosis of AD in the IWG criteria;
consequently, the presence of pathophysiologic or topographic
aberrations representative of AD is strictly required. The patho-
physiologic markers encompass the molecular signatures of AD in
the CSF (low levels of the 42 amino acid-long form of the Ab peptide
(Ab1–42) plus increased concentrations of total-tau (t-tau) and/or
hyperphosphorylated tau (phospho tau, p-tau) proteins) or signifi-
cant binding of amyloid ligands using positron emission tomogra-
phy (PET). The topographic markers consist of medial temporal/
hippocampal atrophy on magnetic resonance imaging (MRI) or
bilateral parieto-temporal hypometabolism on PET [22].

Importantly, the IWG criteria have abandoned the categorical
concept of ‘‘MCI’’, which is heterogeneous in terms of AD
progression and has many different underlying causes, in favor



Table 1
Current knowledge on the employment of biological markers in AD.

Area of markers Key points

Genetics

Familial AD � ‘‘Featured genes’’ (causal genes): APP, PSEN1, PSEN2

� Currently known mutations in APP, PSEN1, PSEN2 genes do not account for all Mendelian AD cases, suggesting the existence of AD-

causing mutations in other genes

Sporadic AD � ‘‘Featured genes’’ (proposed susceptibility genes): APOE, BIN1, CLU, ABCA7, CR1, PICALM, MS4A6A, MS4A4E, CD33, CD2AP, EPHA1, TREM2

and counting

� The advent of GWAS have led to the identification of novel loci linked to mostly LOAD risk

� These genes appear to be mostly linked with three molecular pathways: (I) the amyloidogenic cascade, (II) cholesterol-lipid

metabolism, and (III) immune-inflammatory mechanisms

Cerebrospinal fluid � CSF biomarkers Ab1–42, t-tau, p-tau181, and p-tau231 have a high diagnostic accuracy for AD, and for prodromal AD in patients with MCI

� CSF levels of Ab1–42 start declining in the preclinical phase of sporadic AD, prior to any evident increase in t-tau or p-tau

� CSF biomarkers, especially Ab1–42, convert to pathologic values several years before the first appearance of clinical signs, also in the

familial form of AD

� The diagnostic accuracy for the combination of CSF Ab1–42, t-tau, and p-tau has been reported to be higher than for any biomarker

alone

� CSF biomarkers are increasingly used in clinical trials, both for enrichment of patient populations with pure AD cases at the inclusion

and to evaluate the biochemical effects of treatment (theragnostic markers)

� CSF biomarker Ab1–42 is the central CSF biomarker for Ab metabolism and deposition in clinical treatment trials.

� CSF biomarkers t-tau and p-tau are the central CSF biomarkers to monitor the intensity of cortical axonal degeneration and tau

phosphorylation state, respectively, in clinical treatment trials

Blood � Definite data regarding the association of plasma Ab1–40 and Ab1–42 concentrations with incipient AD are presently lacking

� The development of mass spectrometry-based technologies has elected proteomics as the chief platform to inspect the plasma/serum

proteome for the discovery of next-generation biomarkers showing diagnostic, prognostic, or therapeutic efficacy

� Blood-based profiles/signatures including panels of molecules related to immune regulation and inflammatory pathways have been

discovered

� Issues in plasma/serum proteomics, including pre-analytical variables, requiring standardization for specimen collection/processing,

quantitation, and setting strategies for managing biomarkers after their detection, currently exist. These markers do not seem to be

ready for clinical applications

Structural neuroimaging � Reduction in hippocampus volumetry, derived from structural MRI, has been consistently found in AD and MCI across a wide range of

mono- and multicenter studies

� Hippocampus volumetry has also been used as a secondary endpoint in clinical trials on potential disease modifiers in AD or MCI

� The EMA regulatory authorities have endorsed a qualification process for the use of low hippocampus volume for enrichment of study

samples

� Few automated protocols have already been cleared for marketing as a medical device by the FDA

� The attractiveness of MRI as endpoint in clinical trials is related to the assumption that regional brain volume can serve as in vivo

surrogate of neuronal density

� Neuropathological evidence suggests a selective involvement of specific subcortical areas, most notably the cholinergic nuclei of the

basal forebrain and noradrenergic nuclei in the locus coeruleus in AD

� Diffusion Tensor Imaging has become a leading method in investigating white matter microarchitecture and integrity and has been

widely employed in AD and MCI

Functional neuroimaging � Functional MRI, studying the neuronal activity through non-invasive means during specific cognitive states, has been able to detect

functional alterations prior to onset of cognitive impairment or AD-related structural neurodegeneration

� Functional MRI studies are focused on the ‘‘default mode network’’, i.e. the interplay between a set cortical areas and the hippocampal

memory system

In vivo molecular neuroimaging � FDG-PET has demonstrated to be of great value because it allows the detection of different patterns of neurodegeneration; it is also

highly useful in differentiating within amyloid-positive subtypes of disease which cannot be distinguished on the basis of their

amyloid PET-scan

� PiB is the current gold-standard tracer for PET amyloid-imaging. Recently, 18F-labeled compounds have been evaluated to enable

allow a more widespread application of this method. [18F]Florbetapir/Amyvid has already been approved by the FDA and the EMA

� Concerning early diagnosis, several studies demonstrated a high predictive value of a positive amyloid-scan in the stage of MCI with

regard to conversion to AD

Neurodynamics � Time-resolved EEG and MEG measures have been increasingly explored to identify predementia AD (MCI)

Resting state � Brainwave band power estimates in the delta, theta, alpha, beta and gamma frequency bands, as well as their ratios, have been used as

a major tool to demonstrate RSN changes in AD and predementia AD patients as compared to healthy controls

� Studied have shown a connection between clinical (MMSE) measures and frequency band power (alpha)

Functional � ERP/ERF markers (peak latency, amplitude, brain sources) measure task-related functional changes which are not available in resting

state. Deterioration of cognitive/episodic memory measures (P300, P600, etc.) has been demonstrated in AD and predementia AD

subjects by multiple studies

Abbreviations: AD, Alzheimer’s disease; Ab1–40, 40 amino acid-long form of the amyloid beta peptide; Ab1–42, 42 amino acid-long form of the amyloid beta peptide; CSF,

cerebrospinal fluid; EEG, electroencephalography; EMA, European Medicine Agency; ERP, event-related potentials; ERF, event-related fields; FDA, Food and Drug

Administration; FDG, [18F]Fluorodeoxyglucose; GWAS, genome-wide association studies; LOAD, late-onset AD; MCI, mild cognitive impairment; MEG, magnetoencephalog-

raphy; MMSE, Mini Mental State Examination; MRI, magnetic resonance imaging; p-tau181, hyperphosphorylated tau protein at threonine 181; p-tau231

hyperphosphorylated tau protein at threonine 231; PET, positron emission tomography; PiB, [11C]Pittsburgh-Compound-B; RSN, resting state network; t-tau, total-tau.
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of prodromal AD in subjects showing symptomatic predementia
AD. Therefore, these criteria rely on the implementation of
biomarkers to detect a specific subset of MCI individuals who
are in the predementia phase [22,24].
From a conceptual perspective, the IWG criteria foster the
perception of AD as a dimensional clinico-biological entity and
have been positively applied in clinical therapy trials approved by
the US Food and Drug Administration (FDA) [22]. They have been



Table 2
Short- to mid-term perspectives and future directives of biological markers in AD.

Area of markers Key points

Genetics � Additional AD susceptibility variants are expected to be identified in upcoming GWAS based on larger sample sizes and/or higher

resolution genetic maps

� Resequencing part (e.g. by targeting specific functional regions such as the exome) or all of the human genome using ‘‘next-generation

sequencing’’ technologies

� ‘‘Next- and third generation sequencing’’ technologies will allow efficiently extending the knowledge of AD genetics to the lower allele

frequency spectrum, down to low-frequency variants

Cerebrospinal fluid � The use of multiple longitudinal CSF specimens is necessary to detect the time point at which CSF biomarkers convert from physiologic

to pathologic values

� Substantial progresses in the exploratory ‘‘omics’’ disciplines, especially proteomics/metabolomics, will enhance the detection of

novel candidate CSF biomarkers

� Many candidate biomarkers have the potential to increase the diagnostic accuracy of the ‘‘core’’ biomarkers Ab1–42, t-tau, and p-tau

(e.g. BACE1)

Blood � Progress in blood-based biomarker discovery relies on the establishment of Standard Operating Procedures (SOPs) for the appropriate

selection of patients and specimens

� The Human Plasma Proteome Project (HPPP) is an initiative launched that will face matters related to pre-analytical variability and to

make attempts to establish SOPs

� The Blood-Based Biomarker Interest Group (BBBIG), an international working group of leading AD scientists from academia and

industry, will inspect the present scenario of biomarker discovery in blood in order to identify current needs that will enable the field

to progress

� It seems to be doubtful that a blood marker alone will be in itself adequate for the diagnosis of AD

� In contrast, it seems most likely to have combinations of markers: several proteins coupled with other blood-based or non-blood-

based markers, such as imaging

Structural neuroimaging � The EADC-ADNI hippocampal harmonization project is providing an internationally consented protocol for manual hippocampus

segmentation that will serve to validate automated hippocampus volumetry methods

� Future studies are needed to address more specifically associations between regional brain atrophy pattern and regional markers of

neuronal degeneration

� The next years will see increasing use of automated volumetry of hippocampus or regional brain atrophy pattern as secondary

endpoints in clinical trials in prodromal AD and AD dementia stages

� Structural imaging markers are being used to enrich the risk for AD in clinical samples of MCI subjects for clinical trials. In addition,

structural MRI will help to enrich study samples of asymptomatic subjects with positive molecular biomarkers of AD

� The presence of hippocampus atrophy together with amyloid positivity will help to select subjects with a high risk of conversion to AD

or MCI within a timeframe that is relevant for a clinical trial

� The effect of a novel structural imaging marker of predementia AD on care systems worldwide, that have difficulties to provide

adequate care even to patients in clinically manifest stages of disease, needs to be assessed in future studies

� Novel methods, including high-field MRI at 3 Tesla and ultra-high field MRI at 7 Tesla, will gain increasing importance to understand

the morphological/neuroanatomical basis of cognitive decline in AD

� Based on mappings of subcortical nuclei from postmortem analyses, MRI scans in cranio will help to identify early changes in

cholinergic and noradrenergic projecting nuclei in predementia and dementia stages of AD

� MRI-based detection of amyloid plaques in humans will become a major topic of research in coming years. The use of 7 Tesla MRI in

human studies may allow in vivo detection of cortical amyloid deposition in the future

Functional neuroimaging � Functional MRI will be increasingly applied in the area of novel pharmaceutical strategies, in AD and MCI. Although drug-induced

modulation of memory-related networks have been detected by functional MRI, few studies have demonstrated abnormal activation

following pharmacological treatment in MCI and AD

In vivo molecular neuroimaging � Novel imaging instrumentation such as hybrid PET/MRI scanners may offer the opportunity to merge the complementary information

from different imaging modalities into new integrated in vivo biomarkers of neurodegeneration

Neurodynamics � Design of enhanced EEG/MEG-based AD biomarkers:

- Neurodynamic measures (such as brain connectivity, global synchronization, synchronization likelihood, detrended fluctuation

analysis, approximate entropy, mutual information, source localization, and other non-linear signal features) will be used within the

framework of both the resting-state and functional biomarker paradigms to adapt better to the complex characteristics and dynamics

of progressive neurodegeneration and aging

- Future functional EEG/MEG biomarkers will rely on multidimensional (spatio-spectro-temporal characteristics) in order to handle

efficiently single-trial EEG/MEG data and increase sensitivity/specificity

- Efficient biomarker selection with the final goal to evaluate the current state of AD-related functional brain networks for each

individual subject

� Standardization and validation of selected EEG/MEG-based AD biomarkers:

- A selected battery promising neurodynamic biomarkers will pass through a rigorous multi-step and multi-center standardization/

validation process before they can be used as diagnostic aids

- Modular approach will be required for new biomarker standards. A robust review procedure will be put in place to facilitate fast

and efficient biomarker upgrades

Abbreviations: AD, Alzheimer’s disease; Ab1–42, 42 amino acid-long form of the amyloid beta peptide; CSF, cerebrospinal fluid; EADC-ADNI, European Alzheimer’s Disease

Centers-Alzheimer’s Disease Neuroimaging Initiative; EEG, electroencephalography; GWAS, genome-wide association studies; MCI, mild cognitive impairment; MEG,

magnetoencephalography; MRI, magnetic resonance imaging; p-tau, hyperphosphorylated tau protein; PET, positron emission tomography; t-tau, total-tau.

H. Hampel et al. / Biochemical Pharmacology 88 (2014) 426–449430
recognized by the European Medicine Agency (EMA) [25] for the
employment in clinical drug trials as well.

3. National Institute on Aging/Alzheimer’s Association criteria

Following the emerging development of the IWG/Dubois
criteria, the National Institute on Aging (NIA) and the Alzheimer’s
Association (AA) summoned three working parties aimed at
establishing criteria for the staging of AD [26–28]. Differently from
the IWG that use an integrated clinico-biological approach
covering all of the AD symptomatic phases, the NIA-AA employs
three different categories of criteria for cases in which biomarkers
have been measured: one for the asymptomatic phase (‘‘preclinical
AD’’), one for the AD-MCI phase (‘‘MCI due to AD’’), and one for the
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AD-dementia phase (‘‘dementia due to AD’’) [20]. Notably, the NIA-
AA criteria distinguish between amyloid and neuronal injury
markers. This distinction is based on the hypothesis that Ab
generation drives other pathophysiological changes, an idea
strongly supported by genetic evidence from familial autosomal
dominant AD, Down’s syndrome, and the recent demonstration of
a protective mutation in the amyloid precursor protein (APP) gene
[29]. The biomarkers of Ab accumulation are represented by
significant amyloid tracer retention using PET imaging and/or low
CSF concentrations of Ab1–42. The biomarkers of neuronal
degeneration or injury consist of increased levels of CSF tau (t-
tau or p-tau), reduced fluorodeoxyglucose uptake on PET in specific
areas encompassing temporoparietal cortex, and atrophy on
structural MRI primarily including medial temporal lobes and
parietal cortices [30,31].

Subjects with preclinical AD can be categorized into three
stages using cognitive markers and biomarkers. In particular,
individuals showing only anomalous amyloid markers are classi-
fied in stage 1; those with both atypical amyloid and injury
markers are considered in stage 2; those showing both unusual
amyloid and injury markers accompanied by minimal cognitive
impairments, such as SCI, are classified in stage 3. Individuals with
MCI due to AD or dementia due to AD are categorized in a risk
staging model according to amyloid and neuronal injury markers,
as follows: (I) high likelihood for AD if both amyloid and neuronal
injury markers are aberrant, (II) intermediate likelihood for AD if
only one of the two markers has been assessed and is anomalous,
(III) uninformative if one marker is atypical and the other normal,
or vice versa [20].

The IWG group considers the presence of brain amyloid
accumulation in the absence of clinical features in the sporadic
population to be indicative of an ‘‘at risk’’ group. In contrast, the
NIA-AA group considers such individuals to indeed already have
preclinical AD, suggesting that in time they would develop
cognitive decline and the clinical dementia syndrome. This
presents a fundamental hypothetical and conceptual difference
of the two approaches with practical consequences for trials which
needs to be further elucidated.

4. The genetics of Alzheimer’s disease

AD has been designated as a multifaceted pathology character-
ized by a high-degree of genetic heterogeneity. This implies both
that the same phenotype can be generated or modified by a
number of different genetic loci and alleles, and that mutations or
polymorphisms at different positions in the same gene lead to the
same clinical syndrome [32]. This situation is aggravated by the
fact that, in some instances, different mutations in the same gene
can lead to clinically distinct syndromes. Hence, AD is considered
to belong to the growing fraction of ‘‘genetically complex’’
diseases.

A peculiar feature observed in AD is the dichotomy of (I) familial
versus (II) ‘‘apparently’’ non-familial forms of disease. The former,
referred to as familial AD, accounts for less than 5% of all AD cases
and is often conferred by individual disease-causing mutations
transmitted in classic Mendelian fashion, mostly typically by
autosomal dominant transmission. Since age of onset in these
forms of AD is usually early (<65 years) or very early (�50 years), it
is often also called early-onset familial AD (EOFAD). The latter,
commonly defined as non-Mendelian, ‘‘polygenic’’, or ‘‘sporadic’’
AD, accounts for about 95% of all AD cases. It is typically
characterized by an onset age well beyond 65 years of age, and
it is also designated as late-onset AD (LOAD) [32,33]. However, it
should be highlighted that this dichotomization scheme is over
simplistic, as there are cases of EOAD without evidence for familial
clustering or Mendelian transmission while, on the other hand,
these clustering and transmission patterns are frequently observed
in LOAD [33]. In addition to these genetic causes, non-genetic (e.g.

environmental or epigenetic) factors are likely significantly
affecting an individual’s risk to develop AD. However, the exact
mechanisms underlying the possible pathogenic effects of these
non-genetic factors are still mostly elusive which is, at least in part,
owing to the fact that it is still relatively difficult to detect and
evaluate them experimentally [34].

The introduction of high-throughput DNA genotyping and
sequencing technologies, allowing to systematically screen the
genomes of a large number of individuals simultaneously, has led
to the completion of a high number of genome-wide association
studies (GWAS) in AD. These studies allow simultaneously
investigating literally millions of genetic markers (mostly so-
called single-nucleotide polymorphisms, SNPs) in one experiment
to assess their effect on disease risk, or quantitative phenotypes.
Not unexpectedly, these GWAS have led to more reproducible and
more consistent findings than three decades of candidate-gene-
driven research before [35].

4.1. EOFAD with Mendelian transmission

EOFAD is caused by rare and highly penetrant mutations in
three genes, namely: amyloid precursor protein (APP, located at
chromosome region 21q21.2), presenilin 1 (PSEN1, located at
14q24.3), and presenilin 2 (PSEN2, located at 1q42.13) [33].
Presently, more than 220 distinct disease-causing mutations have
been discovered across these genes (for an up-to-date summary,
see the Alzheimer Disease & Frontotemporal Dementia Mutation
Database (AD&FTDMDB) at http://www.molgen.vib-ua.be/ADMu-
tations/ [36]). Currently, over 30 AD-causing mutations have been
reported in APP, encoding for the precursor protein for Ab.
Interestingly, most of the APP mutations occur near the putative g-
secretase site between amino acidic residues 714 and 717,
suggesting that the g-cleavage event of APP or its (dys)regulation
are crucial for the development of AD [32]. The vast majority of
EOFAD mutations are observed in PSEN1 located on chromosome
14. PSEN1 encodes for a highly conserved polytopic membrane
protein, presenilin 1, which is involved in mediating intramem-
branous, g-secretase processing of APP to generate Ab peptides
[37]. At present, the overall number of known AD-causing
mutations in PSEN1 exceeds 180. Lastly, EOFAD is rarely caused
by mutations in PSEN2 which encodes for presenilin 2, which
represents another member of the presenilin family of proteins,
displaying substantial homology to presenilin 1, both at the
genomic and protein level [38,39]. In summary, the currently
known AD-causing mutations occur in three different genes
located on three different chromosomes. Functionally, the proteins
encoded by all three genes share a common biochemical pathway,
i.e. the altered production of the Ab peptide. Together, these
findings provide strong support for the ‘‘amyloid hypothesis’’
indicating that an abnormal production and/or regulation of Ab is
one of the main factors underlying AD pathogenesis [40]. While the
currently known mutations in these three EOFAD genes account for
a large fraction of Mendelian AD, they do not account for all cases,
suggesting that AD-causing mutations in other genes exist. The
successful identification of these hitherto unknown Mendelian AD
genes could, thus, provide entirely new insights into AD
pathogenesis [33].

Recently, a study has detected mutations in the SORL1 gene in
EOFAD patients [41]. SORL1 encodes for the protein SorLA that
belongs to a set of protein-trafficking molecules in the endocytic
and retromer pathways and is implicated in modulating the
production of Ab peptide [41]. These findings suggest that SORL1

may represent a genetic risk factor for AD, although these data
need independent replication.

http://www.molgen.vib-ua.be/ADMutations/
http://www.molgen.vib-ua.be/ADMutations/
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4.2. Sporadic AD/LOAD

In contrast to EOFAD, LOAD exhibits a significantly more
complex and intricate pattern of interplay between genetic and
non-genetic factors. This situation, combined with the fact that
each factor only exhibits exceedingly small effect sizes, has been
proven to make the identification of these factors a complicated
issue.

The earliest and by far best established genetic risk factor for
LOAD is the presence of one or two copies of the e4 allele in the
apolipoprotein E gene (APOE), located on chromosome 19q13.2
[42]. The risk effect of APOE e4 has been replicated in many studies
across various ethnic groups. Besides the increase in AD risk
conferred by the e4 allele, a less pronounced protective effect has
been reported, albeit somewhat less consistently, for the least
common e2 allele [43]. Despite its comparatively large effect size, it
is important to note that the presence of the APOE e4 allele is
neither necessary nor sufficient to actually cause AD. Instead, it
works as a bona fide genetic risk modifier, likely by diminishing the
age of onset in a dose-dependent manner. In spite of the
accomplishments of over two dozen published GWAS in AD, APOE

e4 remains to be the single most important genetic risk factor for
AD, both in terms of effect size and statistical significance [32].

Despite its well-known genetic association, the biochemical
aspects of APOE e4 in AD pathogenesis are still only incompletely
understood. The encoded protein, apolipoprotein E (apoE), is
synthesized in a large number of tissues, primarily in the liver.
Hepatic apoE accounts for roughly three-quarters of circulating
plasma levels of the protein [44,45]. The human brain is the second
most prominent site of synthesis, chiefly occurring in the
astrocytes [46] and microglia [47]. There is experimental evidence
from transgenic mice that the expression of the human e4 allele
and mutant APP promotes Ab accumulation during the course of
the disease, suggesting that amyloid may accumulate progressive-
ly with time [48]. Moreover, apoE participates in cholesterol
transport and lipid metabolism and, in addition to AD, the e4 allele
also represents a confirmed risk factor in vascular disease, likely
owing to its link to augmented plasma cholesterol levels [49].
Amyloid angiopathy involving capillaries is much more prevalent
in APOE e4 carriers [50].

After the original report suggesting APOE e4 to be a genetic risk
factor in AD, literally hundreds of genes have been investigated for
evidence of genetic association and disease risk, mostly to no avail
(for an up-to-date overview of the accumulated evidence, see the
AlzGene database at http://www.alzgene.org/ [51]). As outlined
above, this situation changed substantially with the advent of
GWAS which have led to the identification of at least ten novel loci
linked to mostly LOAD risk: BIN1, CLU, ABCA7, CR1, PICALM,
MS4A6A, MS4A4E, CD33, CD2AP, and EPHA1 [52–56]. Functionally,
these genes appear to be mostly linked with three (interdepen-
dent) molecular pathways: (I) the amyloidogenic cascade, (II)
cholesterol-lipid metabolism, and (III) immune-inflammatory
mechanisms [57]. Extending these leads, Jones et al. (2010) have
assessed the functional role of SNPs not quite reaching genome-
wide significance in AD and arrived at a very similar conclusion, i.e.

that especially pathways related to immune system response and
lipid metabolism appear to be particularly overrepresented [58].
More recently, rare amino-acid changing variants in TREM2

(encoding for the triggering receptor located on myeloid cells 2)
have been implicated as additional risk factors for LOAD [59,60].
Intriguingly, the protein encoded by TREM2 is an immune receptor
participating in the clearance of neural debris from the central
nervous system (CNS), via processes including phagocytosis and
reactive oxygen species production [61]. In all likelihood,
additional AD susceptibility variants will be identified in upcoming
GWAS based on larger sample sizes and/or higher resolution
genetic maps. Equally, efforts are already under way to resequence
part (e.g. by targeting specific functional regions such as the
exome) or all of the human genome using ‘‘next-generation
sequencing’’. Other than GWAS – which are based on microarray
technology primarily targeting common genetic variations – these
methods will allow efficiently extending our knowledge of AD
genetics to the lower allele frequency spectrum, down to low-
frequency variants such as the ones already observed in TREM2.
However, even the increasingly widespread application of these
powerful new technologies will not abolish the need for extensive
subsequent functional genetic experiments to elucidate the
pathogenic mechanisms underlying the observed genetic effects
[32].

5. Cerebrospinal fluid biomarkers

Owing to its contiguity to the brain parenchyma and the free
exchange with the brain extracellular space, the biochemical
composition of CSF is able to provide information on the brain
chemistry. The distinctive features of CSF, together with the low
incidence of complications after lumbar puncture [62] have
supported the introduction of lumbar puncture and analyses of
CSF biomarkers into routine clinical practice in some centers
[63,64]. CSF biomarkers are also increasingly used in clinical drug
trials, both for enrichment of the target population at inclusion and
to evaluate the biochemical effects of treatment [65–67].

5.1. AD dementia

In the early’ 90s, a first publication has documented elevated
CSF amounts of t-tau in patients with AD dementia [68]. After that,
augmented CSF concentrations of p-tau [69] and reduced levels of
Ab1–42 [70] have been described. A large number of studies have
replicated these findings. A decrease in CSF Ab1–42 to about 50% of
the level in cognitively normal elderly subjects has been regularly
reported, whereas an increase in CSF t-tau to approximately 300%
of the level in cognitively normal elderly subjects and a less evident
growth in CSF p-tau to about 200% have been repeatedly detected
[71]. Such biomarkers show 80–95% of sensitivity and specificity in
the dementia phase of the pathology [71,72].

The CSF concentration of these markers is within the normal
range in several differential diagnoses, including depression and
Parkinson’s disease [5,69,72]. Additionally, measurement of p-tau
in CSF is of help to distinguish AD from other dementing
pathologies, such as frontotemporal dementia and Lewy-body
dementia. Only minimal differences among immunoassays specific
for various epitopes of p-tau, including p-tau181, p-tau231, and p-
tau199, have been found [73]. The diagnostic accuracy of these CSF
biomarkers has also been substantiated in analyses in which the
diagnosis was then proven by autopsy [74,75] with comparable or
superior discriminatory power than in studies utilizing patients
with clinical diagnoses only.

5.2. Prodromal AD

CSF biomarkers exhibit a high predictive value in detecting
prodromal AD in MCI subjects [72]. A study with a protracted
clinical follow-up period has revealed that the combination of all
three core CSF biomarkers shows a sensitivity of 95% to recognize
prodromal AD in MCI [76]. Moreover, these markers are able to
predict the rate of cognitive decline in patients with MCI/very mild
AD dementia [77].

A high diagnostic accuracy of CSF biomarkers for prodromal AD
has also been corroborated in large multicenter studies, such as the
US-ADNI [75], the European Development of Screening guidelines
and Criteria for Predementia Alzheimer’s disease (DESCRIPA) study

http://www.alzgene.org/
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[78], and the Swedish Brain Power (SBP) project [79]. These findings
emphasize the role of CSF biomarkers as clinical diagnostic tools to
detect enhanced risk in MCI subjects to have prodromal AD.

5.3. Preclinical AD

The notion of preclinical AD designates cognitively normal
subjects harboring early AD pathology, not severe enough to
induce cognitive signs. The efficacy of CSF biomarkers in the
preclinical stage to recognize patients who will progress to AD
dementia has been assessed. Skoog et al. (2003) have found a
reduction in CSF Ab1–42, but normal t-tau and p-tau levels in
cognitively normal 85-year-olds who later developed dementia
[80]. These results are corroborated in a population-based cohort
of healthy elderly subjects aged 70–78 years with 8 years follow-
up [81] and in a clinical study on asymptomatic elderly subjects
aged 60–94 years [82]. According to these data, CSF levels of Ab1–42

start declining in the preclinical phase of sporadic AD, prior to any
manifest increase in t-tau or p-tau.

With reference to familial AD, Moonis et al. (2005) have
uncovered that asymptomatic subjects carrying familial AD
mutations exhibit both low CSF Ab1–42 and high t-tau concentra-
tions [83]. This finding is confirmed in an analysis by Ringman et al.
(2008) showing that mutation carriers have the full AD pattern of
CSF biomarker changes long before symptom onset [84]. Bateman
et al. (2012) have also suggested that CSF Ab1–42 may start to
decrease already 25 years before the estimated clinical onset in
familial AD mutation carriers, whereas increased CSF tau may be
observed 15 years before predicted symptom onset [85]. Altogeth-
er, these results suggest that CSF biomarkers, especially Ab1–42,
convert to positive several years before the first appearance of
clinical signs, also in the familial form of the disease. Notably,
familial AD mutation carriers – in their early 20s – may commence
at higher CSF Ab1–42 concentrations than non-mutation carriers
[84,86]. It should be noted that most of the studies published to
date are ‘‘pseudo-longitudinal’’ in their design; they relate cross-
sectional biomarker data to longitudinal clinical or neuroimaging
markers or time before expected disease onset. Longitudinal
examinations with repeated CSF samplings are required to define
when and how fast the shift to lower CSF Ab1–42 and higher tau
levels occurs, indicating onset of amyloid deposition and
neurodegeneration.

5.4. Combined analyses of Ab and tau biomarkers

Combining Ab1–42 with tau offers good discriminative value for
AD patients compared to age-matched healthy controls, with a
sensitivity of 85% and a specificity of 86%. Nevertheless, when
these ratios are employed to discriminate AD from other
dementias, a lower degree of specificity is achieved [87]. Other
examinations have used the tau x Ab1–40/Ab1–42 ratio – referred to
as the AD index – showing sensitivity 69% and specificity 88% [88]
or the combination among Ab1–42, Ab1–38, and tau to make a
diagnosis of AD [89]. In the latter analysis, increased p-tau and the
ratio Ab1–42/Ab1–38 account for accuracies higher than 80 and 85%,
respectively, to differentiate AD versus non-Alzheimer dementias
(NAD). The combination of p-tau with Ab1–42/Ab1–38 leads to a
sensitivity of 94% to identify AD and 85% specificity to exclude
NAD. The ratio Ab1–42/Ab1–38/p-tau, robustly distinguishing AD
versus NAD, is believed to satisfy the accuracy requirements for an
appropriate screening and differential diagnostic AD biomarker
[89]. When reviewing this type of sensitivity and specificity figures
for the AD CSF biomarkers, it should be noted that these figures
come from studies based on clinically diagnosed patients, which
means that a biomarker can never show a better performance than
the clinical diagnosis in such studies.
5.4.1. Progression from cognitively normal subjects to MCI

The increased ratio of tau/Ab1–42 and p-tau/Ab1–42 in normal
subjects has been related to an amplified risk of conversion to MCI.
A study has demonstrated that about 70% of those with a high ratio
versus only 10% of those with a normal ratio change to MCI over a 3-
year period [90]. Later, it has been observed that all subjects who
have converted to MCI display increased tau/Ab1–42 ratios (over a
follow-up of 42 months), while no conversions take place in the
normal ratio group [91]. In light of this, the subset of normal elderly
with high ratios seems to have already developed amyloid
deposition and neurodegeneration. This might denote a subgroup
with a diagnosis of preclinical AD.

5.4.2. Progression from MCI to AD

Numerous studies assessing the efficacy of CSF markers in
predicting the risk of progression from MCI to AD indicate that
diminished Ab1–42 and elevated t-tau and p-tau show in MCI a
sensitivity equivalent to that observed in more advanced AD [92].
Lower CSF Ab1–42/Ab1–40 ratios suggest risk of progression to AD in
subjects with very mild dementia [92]. A large longitudinal study
of MCI subjects (18 months follow-up) has allowed the detection of
a grown tau/Ab1–42 ratio in 90% of MCI subjects who have later
converted to AD compared to 10% of those who have not converted
[93]. Combining tau with the Ab1–42/p-tau181 ratio has signifi-
cantly predicted progression of MCI into more advanced AD in
another longitudinal study (average follow-up: 4–6 years) [76].

As emphasized by Blennow et al. (2012) [94], given that the
diagnostic accuracy for the combination of CSF Ab1–42, t-tau, and
p-tau has been reported to be higher than for any biomarker alone
[76,93,95,96], a multiparameter assay, utilizing the LuminexTM

xMAP technology (Luminex Corporation, Austin, TX, USA) to enable
simultaneous quantification of these CSF biomarkers, has been
developed [97]. The employment of this assay in multicenter
studies on CSF biomarkers has yielded a good diagnostic
performance [75,76,79,98].

5.5. Time course of AD biomarkers

Great consideration has been given to the hypothetical model
for the sequence of pathologic events in AD suggested by Jack et al.
(2010) according to which biomarkers reflecting Ab pathology
become positive before those reproducing neuronal degeneration
and tangle development [99]. Two recent examinations have
addressed this issue in detail. Both studies, after scrutinizing MCI
cohorts with long clinical follow-up, have identified an evident
reduction in CSF Ab1–42 along with grown levels of t-tau and p-tau.
In particular, one study has demonstrated that MCI subjects with
prodromal AD present with low CSF Ab1–42, regardless of time to
dementia, whereas t-tau and p-tau are highest in patients with
shorter time to conversion, thus indicating that Ab1–42 is
completely altered before t-tau or p-tau [100]. These data support
the hypothesis that modified Ab metabolism precedes tau-related
disease and neuronal degeneration. The other study has disclosed
that MCI subjects with elevated concentrations of injury markers –
namely, t-tau and p-tau – may develop faster, therefore presenting
shorter time to conversion [101]. Since both analyses are cross-
sectional in regards to the biomarker data, the use of multiple
longitudinal CSF specimens is necessary to detect the time point at
which CSF biomarkers convert from physiologic to pathologic
values.

5.6. CSF biomarkers variability

Substantial interlaboratory discrepancies, with reference to CSF
biomarker levels, make assessments and comparisons of data from
different laboratories problematic. As a result, globally recognized
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reference and cut-off values have not been established. For this
reason, standardization efforts have been introduced to harmonize
laboratory practices [102], define procedures on CSF collection and
handling [103], create reference materials for assay calibration
[104], and delineate reference measurement protocols [105]. In
particular, the establishment of certified reference materials is
presently executed as a concerted effort among the Alzheimer’s
Association, the International Federation of Clinical Chemistry and
Laboratory Medicine, and the Institute for Reference Materials &
Measurements [106].

A universal quality-control program to evaluate total analytical
variability of the best-established CSF biomarkers – Ab1–42, t-tau,
and p-tau – has been recently initiated by the Alzheimer’s
Association. The aim is the standardization of CSF biomarker
measurements between research and clinical laboratories to
increase the analytical precision and improve the longitudinal
stability of biomarker measurements [79].

To date, the major cause of the experimental variability for CSF
biomarkers is due to between-laboratory factors [107]. Since
global biomarker cut-off levels cannot be defined owing to the high
extent of variability, each laboratory should employ internally
validated cut-off values and guarantee longitudinal stability in its
measurements. Progresses in standardization of laboratory pro-
tocols in conjunction with the enhancement of kit performance
and the use of fully automated tools are expected to improve the
effectiveness of CSF AD biomarkers for both researchers and
clinicians [107].

5.7. Upcoming candidate biomarkers

The composition of CSF is subject to fluctuations that mirror the
complexity of AD pathophysiology, involving SPs deposition, NFTs
formation, gliosis/neuroinflammation, and synaptic and neuronal
loss. Accordingly, lots of molecules have been proposed as
potential AD biomarkers in the CSF [108]. As the power and the
complexity of the ‘‘omics’’ disciplines such as proteomics and
metabolomics – that promise to revolutionize biomedicine – has
greatly advanced over the last decade, proteins encompass the
majority of viable candidates. In this context, both hypothesis-
driven strategies – allowing the study of definite molecules
participating to Ab metabolism, neurodegeneration, neuroinflam-
mation, and oxidative stress – and unbiased as well as targeted
multianalyte profiling approaches – for instance, proteomic
screening and molecular arrays – have been employed (see Fagan
and Perrin (2012) for an exhaustive review on novel candidate CSF
biomarkers [108]). Individually, various candidates are useful to
evaluate statistical differences between cohorts of AD and control
samples, and many of these also have the potential to increase the
diagnostic accuracy of the ‘‘core’’ biomarkers Ab1–42, t-tau, and p-
tau. Certain promising molecules seem to be of help for diagnosis/
differential diagnosis, prognosis, and therapeutic monitoring
(‘‘theragnosis’’) [108].

Notably, in the framework of the ‘‘omics’’ revolution, mounting
evidence is emphasizing the role of metabolomics to determine
diagnostic biomarkers for AD. The metabolome designates a set of
small-molecule metabolites discovered within a biological sample
in a specific physiologic or developmental condition. Thus,
different disease states disturbing biochemical networks will lead
to dissimilar metabolic signatures [109]. This groundbreaking
approach recognizes metabolic disturbances by assessing the
activity of various metabolites at the same time. The discovery of
uncommon disruptions in the metabolic network could serve to
better elucidate the pathological mechanisms [110]. Notably, two
analyses have reported alterations in CSF metabolome of AD. One
study has showed the increase of the concentrations of eight amino
acids in AD versus MCI [111]. Another larger examination, after
measuring 343 analytes has also led to detect eight molecules with
statistical significance; interestingly, one of these markers, cortisol,
correlated with the advancement of the disease [112]. A
disadvantage with metabolomics as compared with proteomics
and peptidomics may be that, in contrast to several proteins, there
is no data showing an established role for small (non-protein)
molecules in AD pathogenesis.

6. Blood prospective candidate biomarkers

The attention on blood-based biomarkers for the diagnosis of
AD has rapidly developed during the past decade. Although
conventional AD biomarkers from CSF are highly accurate, barriers
to their clinical application are still present. Since blood is a
biofluid much more easily reached and manageable than CSF,
searching for consistent blood-borne biomarkers is needed. In this
connection, the Blood-Based Biomarker Interest Group (BBBIG), an
international working group of leading AD scientists from
academia and industry, has been established to scrutinize the
present scenario and to support the progress in the field (see
Henriksen et al. (2013) for a critical perspective on the status of
blood-based biomarkers for AD [13]).

Although the association of plasma Ab1–40 and Ab1–42

concentrations with incipient AD has been repeatedly investigated,
definite data are still lacking. Increased Ab1–40 or Ab1–42 levels
have been shown to predict the development of AD [113,114];
however, other analyses have revealed no associations [115,116]
or opposite [117] results. A low Ab1–42/Ab1–40 ratio is assumed to
predict future AD [113,118,119]. On the other side, an increased
ratio [114,120] or no major difference [115] in subjects with
incipient AD, compared with those that have not developed AD,
have been described. A recent meta-analysis has suggested that a
low Ab1–42/Ab1–40 ratio could predict the progression of AD, but no
such association has been observed for the single peptides [121].

With reference to tau, some studies have highlighted differ-
ences in the modulation of CSF tau levels as compared to blood. In
case of hypoxic brain damage subsequent to cardiac arrest, tau is
promptly released into the bloodstream but efficiently cleared,
within 24 h, in patients showing positive neurological outcome
[122]. In contrast, CSF tau levels remain elevated for several weeks
after an acute neurological insult [123]. In addition, tau
concentrations are significantly increased in CSF of AD patients,
but less in the equivalent plasma samples. Actually, measurements
of tau in CSF and plasma compartments are not associated [124].
More recently, the association of plasma tau concentrations with
AD has been appraised in a cross-sectional study including AD
patients, MCI subjects, and cognitively healthy controls, using a
newly developed ultra-sensitive immunoassay for the quantifica-
tion of tau protein [125]. Plasma concentrations of tau appear
increased in AD in relation to MCI and healthy controls. MCI-AD
subjects (i.e. MCI converters to AD) display tau levels comparable
to those detected in MCI-stable (i.e. MCI non-converters to AD) and
healthy subjects. This overlap among ranges is believed to
diminish the efficacy of plasma tau as diagnostic test [125].

During the last decade, the development of mass spectrometry-
based technologies has elected proteomics as the chief platform to
inspect the plasma/serum proteome for the discovery of next
generation biomarkers showing diagnostic, prognostic, or thera-
peutic efficacy [126]. Mass spectrometry-based methods, together
with innovative tools in progress, are welcomed because they will
significantly improve the ability to detect blood markers [127,128].
By simultaneously quantifying the levels of many plasma analytes,
biomarker patterns successfully distinguishing AD patients from
controls [129] or associated with MCI or AD have been disclosed
[130]. Since the activities of most molecules are connected to
immune regulation and inflammatory pathways, the existence of
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an inflammatory process in AD has been firmly proposed
[131,132]. Nevertheless, such protein panels have been hard to
reproduce in independent studies [133].

However, two analyses, utilizing large and well-characterized
clinical cohorts, have discovered that a set of inflammatory
molecules display modified expression as a function of AD
[130,134]. Moreover, both Doecke et al. (2012) [134] and O’Bryant
et al. (2011) [135] have found diagnostic accuracy across cohorts
employing biomarker algorithms/profiles. These encouraging
results provide additional support for the blood-based profiles/
signatures.

The discovery of plasma/serum biomarkers for a CNS disease as
AD meets both conceptual and practical challenges [136]. No
findings of transcripts/proteins/metabolites in blood have been
successfully replicated to be definitively approved as AD biomark-
ers. Moreover, based on the data from the literature, it seems to be
doubtful that a blood biomarker alone will be in itself adequate for
the diagnosis of AD. In contrast, it seems most likely to have a
combination of markers: several proteins coupled with other
blood-based or non-blood-based markers, as imaging [127]. It is
also uncertain the existence of only one set of biomarkers for all
conceivable uses in AD. It is probable that there will be a group of
biomarkers to support AD diagnosis, a different set of molecular
markers to predict outcome in AD patients or conversion in MCI,
and, probably, another cluster to allow monitoring the evolution of
the disease [128].

It should be also emphasized the presence of many issues in
plasma/serum proteomics, including the existence of pre-analyti-
cal and analytical variables. Consequently, there is an urgent need
for standardization of specimen collection/processing, quantita-
tion, and setting strategies for managing biomarkers after their
detection [137]. Progress also relies on the establishment of
Standard Operating Procedures (SOPs) for the appropriate selec-
tion of patients and specimens, thus decreasing the complexity of
samples to be analyzed [138]. In this regard, the Human Plasma
Proteome Project (HPPP) (see http://www.hupo.org/initiatives/
plasma-proteome-project/) is an initiative conceived and launched
by the Human Proteome Organization (HUPO) (available at http://
www.hupo.org/) to solve matters related to pre-analytical
variability and to make attempts to establish SOPs [139]. In
addition, the development of informatic tools for data manage-
ment and collaborations with other disease-related initiatives of
the HUPO to extend the area of plasma/serum biomarker discovery
should be encouraged [140].

7. Neuroimaging markers

7.1. Structural MRI markers

Reduction of hippocampus volume, derived from structural
MRI, is one of the key biomarkers of AD in the IWG [23] and NIA-AA
criteria [30]. This reflects the consistent findings of reduced
hippocampus volumes in AD and MCI subjects across a wide range
of mono- and multicenter studies (for meta-analysis, see Clerx
et al. (2012) [141]). Hippocampus volume has also been used as a
secondary endpoint in several clinical trials on potential disease
modifiers in AD or MCI, including vaccination [142], muscarinic
receptor agonists [143], and glutamate modulators [144]. Al-
though widely used since more than 20 years, standardization of
manual hippocampus volumetry has only begun in 2011 with the
European Alzheimer’s Disease Centers-Alzheimer’s Disease Neu-
roimaging Initiative (EADC-ADNI) hippocampal harmonization
project [145] that now provides an internationally consented
protocol for manual hippocampus segmentation (available at
http://www.hippocampal-protocol.net/SOPs/index.php). This pro-
tocol will serve to validate automated hippocampus volumetry
methods [146]. The EMA regulatory authorities have endorsed a
qualification process for the use of low hippocampus volume to
help enrichment of study samples (available at http://www.e-
ma.europa.eu/docs/en_GB/document_library/Regulatory_and_-
procedural_guideline/2011/10/WC500116264.pdf). Few
automated protocols have already been cleared for marketing as
a medical device by the US FDA. However, hippocampal atrophy is
not specific to AD and is found in other conditions, including
fronto-temporal dementia [147] vascular dementia [148], Lewy-
body dementia [149], and depression [150].

Another structural marker beyond hippocampus volumetry is
whole brain volume as longitudinal marker of disease progression
and treatment effects. Automated algorithms such as voxel-based
compression mapping [151] allow stable estimates of whole brain
volume over time and across centers [152]. Whole brain volume
has been used as secondary endpoint in several clinical trials
[142,153], but has become less attractive with the advent of
regionally more specific protocols. These are based on local
measures of gray matter concentration or cortical thickness at each
point of the space and on high dimensional warping of brain scans
into a common standard space [154] to estimate regional pattern
of atrophy in data driven automated analyses. Longitudinal
evaluation of these pattern of atrophy has begun to be used in
phase IIa type clinical trials [155]. In addition, multivariate
approaches such as machine learning with support vector
machines have successfully been employed to derive patterns of
brain atrophy that discriminate AD patients from healthy controls
and MCI converters from MCI-stable subjects [156–158]. By
highlighting specific topographical patterns of atrophy, these
approaches have the potential to be useful to discriminate between
different types of dementia [158]. Presently, scanner manufac-
turers are developing radiological expert systems based on these
algorithms to help the radiologist to rate the presence or absence of
AD from the pattern of atrophy derived from a single brain scan. It
is important to note that these technical devices need to be
employed in a multidisciplinary clinical setting where the
diagnostic relevance of an imaging finding is put in the context
of all other relevant clinical information by a clinical dementia
specialist.

The attractiveness of MRI as endpoint in clinical trials is related
to the assumption that regional brain volume can serve as in vivo

surrogate of neuronal number. Clinico-pathological comparison
studies have shown that hippocampus volume obtained antemor-

tem accounted for at least 50% of variability in neuron numbers
determined during autopsy [159]. The amount of variation
explained by MRI-based hippocampus volumetry was above 90%
when MRI scans was obtained postmortem [160]. Thus, hippocam-
pus volumetry can be considered as an in vivo surrogate measure of
hippocampal neuronal number. However, one should be careful to
simply interpolate these findings to in vivo measures of cortical
atrophy. In 27 antemortem cognitively intact subjects, cortical
thinning determined postmortem across age cohorts was not
associated with regional neuron numbers and density, but was
suggested to reflect changes in neuronal and dendritic architecture
[161]. Therefore, future studies need to address more specifically
associations between regional brain atrophy and regional markers
of neuronal degeneration. A platform implementing postmortem

MRI in cranio can help such an approach through access to
postmortem MRI data whose signal distribution is close to in vivo

MRI scans [162]. Moreover, hippocampal sclerosis may occur in the
absence of AD pathology and hippocampal atrophy is common in
fronto-temporal lobar degeneration related to mutation of the
progranulin (GRN) or chromosome 9 open reading frame 72
(C9ORF72) genes [163].

An explicit framework has been proposed for a specific
temporal sequence of biomarker changes during progression from
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asymptomatic AD to AD dementia [99]. A study of the Dominantly
Inherited AD Network has provided evidence supporting such a
sequence in asymptomatic mutation carriers of familial AD [85]. In
these subjects, hippocampus atrophy was estimated to follow
amyloid accumulation by 10 years and to precede onset of
dementia by up to 15 years. Findings from familial forms cannot
simply be transferred to sporadic AD. A recent study in sporadic AD
interpolated 6-year follow-up data onto a timeline from asymp-
tomatic to clinical manifest disease covering several decades [164].
This study estimated an onset of hippocampus atrophy 4 years
before onset of clinical dementia, much later than in the familial
cases. It is necessary to keep in mind that these data represent
interpolations from cross-sectional [85] or maximum 6 years
follow-up [164] data that are projected onto a timeline of disease
progression. This projection, however, relies on assumptions of
disease stages that shall actually be tested in the specific study.
Therefore, there is some circularity in testing these models that
need to be validated in further studies.

7.1.1. Future directions: application of existing methods in a new

context

The next years will see increasing use of automated volumetry
of hippocampus or regional brain atrophy pattern as secondary
endpoints in clinical trials in prodromal AD and AD dementia
stages. Regulatory authorities are seeking for biological surrogate
markers for disease modification in a situation where neuropsy-
chological endpoints require large cohorts and complex study
designs to differentiate symptomatic from disease modifying
effects [6]. Structural imaging markers will play a key role in this
respect, because they provide stable measures over time and
across scanners and are closely associated with underlying
changes of neuronal integrity [159]; moreover, the functional
relevance of regional atrophy for some specific cognitive impair-
ments has been established [165]. Therefore, the use of structural
imaging endpoints will help to reduce sample size in future clinical
trials. Due to the wide availability of structural imaging markers,
they are also being used to enrich the risk for AD in clinical samples
of MCI subjects for clinical trials. In addition, structural MRI will
help to enrich study samples of asymptomatic subjects with
positive molecular biomarkers of AD. The presence of amyloid
alone does not predict progression to cognitive decline with
sufficient accuracy, as only 25% of amyloid positive cognitively
healthy subjects progress to MCI or AD within 3 years [166].
Therefore, the presence of hippocampus atrophy together with
amyloid positivity will help to select subjects with a high risk of
conversion to AD or MCI within a timeframe that is relevant for a
clinical trial.

Use of such markers in the well-controlled setting of a clinical
trial will be in the interest of probands participating in such trials.
However, these protocols will also be increasingly used for
diagnostic purposes outside of clinical trials. If embedded into a
multidisciplinary diagnostic setting and applied to symptomatic
patients, the use of such protocols will probably help make full use
of the anatomical information in a structural MRI scan to the
benefit of the patient. The situation is different, when such
measures are employed as screening instruments. Even today,
private companies offer an analysis based on regional brain and
hippocampus volumetry to people who pay to get a confirmation
that their brain is still structurally intact. The problem with this
business model is that we are far from knowing what an atrophic
hippocampus or regional brain atrophy means in terms of risk for
AD and dementia in an asymptomatic person without further
clinical information. Moreover, there is no point in identifying a
hypothetical risk of AD without offering an intervention and
support scheme to an individual. There are still many issues to be
resolved on how to adequately communicate the negative aspects
of a screening to a client, such as the risk of false-positive findings,
the lack of a treatment option, and the probable lack of clinical
relevance of a true positive finding. The ‘‘litmus test’’ for the
usefulness of an imaging marker is its application in the ‘‘intent to
diagnose’’ population, i.e. in those patients that will be confronted
with this diagnostic test in primary care. There is almost no
evidence available on the usefulness of imaging markers, including
MRI, to support an early diagnosis of AD outside of clinically highly
selected samples. Future studies are needed to determine the
efficacy of MRI to detect AD type pattern of atrophy in the presence
of comorbidities that had usually been excluded in studies so far. In
addition, the effect of a novel structural imaging marker of
predementia AD on care systems worldwide that have difficulties
to provide adequate care even to patients in clinically manifest
stages of disease needs to be assessed in future studies [4].

7.1.2. Future directions: novel methods

Novel methods will gain increasing importance to understand
the neurobiological basis of cognitive decline in AD. The wide
availability of high-field MRI at 3 Tesla and the increasing
availability of ultra-high field MRI at 7 Tesla render subfield
measurements of the hippocampus a feasible diagnostic approach
in selected samples. Pathological evidence suggests a selective
vulnerability of hippocampal subfields in AD [167]. Manual
methods to determine hippocampal subfields are based on the
direct identification of anatomical boundaries and serve as gold-
standard to assess the performance of automated methods. Using
hippocampus subfields can significantly decrease the rate of false
positive findings in the prediction of future conversion from MCI to
AD using manual [168] or automated [169] measurement.
Sequences at 7 Tesla provide higher spatial resolution, new
contrasts and access to even finer substructures of the hippocam-
pus [170,171], but the clinical relevance of these measures needs to
be explored in future studies [172].

Neuropathological evidence suggests a selective involvement of
specific subcortical areas, most notably the cholinergic nuclei of
the basal forebrain [173,174] and noradrenergic nuclei, in the locus

coeruleus in AD. Based on mappings of subcortical nuclei from
postmortem analyses, MRI scans in cranio will help to identify early
changes in cholinergic and noradrenergic projecting nuclei in
predementia and dementia stages of AD [175,176].

MRI-based detection of amyloid plaques has been successfully
implemented in transgenic animals [177–180]. Further, a recent
study indicates that detection is also possible in non-transgenic
mouse lemur primates, in which plaques are formed naturally and
are more similar to those found in humans [181]. MRI detection of
plaques in humans will thus become a major topic of research in
coming years. Using 7 Tesla MRI in human studies may allow in

vivo detection of cortical amyloid deposition in the future, based on
susceptibility related imaging [182] or direct visualization of
amyloid plaques using intrinsic or extrinsic contrast agents. The
validity of first findings and their relevance for early diagnosis will
be explored in the coming years.

7.2. Diffusion tensor imaging

Diffusion Tensor Imaging (DTI) is a magnetic resonance (MR)
technique that measures the random thermal motion of water
molecules, i.e. Brownian motion, within tissue [183]. This modality
does not require the injection of contrast material or radiation
exposure and provide, non-invasively, unique information of the
axonal organization of the brain, which is not feasible with
standard MRI techniques. During the last decade, this technique
has become a leading method in investigating white matter (WM)
microarchitecture and integrity and has been widely employed in
AD and MCI [184–187].
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In a clinical context, modern MR high-field scanners (between
1.5 and 3.0 Tesla) allow rapid whole-brain assessment (4–10 min)
of the apparent water diffusion tensor (DT) field using echo-planar
imaging sequences. Images generated from DTI data may be
qualitatively interpreted by using directionally encoded color
(DEC) maps in which each color represents the axonal orientation
of WM tracts. By contrast, using quantitative scalar metrics, most
commonly the mean diffusivity (MD) and fractional anisotropy
(FA), tissue integrity may be inferred [188]. DT-derived rotational
invariants such as single eigen-values may be exploited in
quantifying WM tracts integrity through region of interest (ROI),
voxel- or tract-based spatial statistics approaches [185]. Further-
more, information regarding WM architecture may be quantified
through deterministic and/or probabilistic tractography algorithm
[189].

Normal human brain exhibits higher hindrance to water motion
(diffusion) perpendicular to the long axis of WM bundles than
parallel. This restriction is mostly attributed to macromolecules
and cellular barriers (cell membrane) [190]. Neuronal damage,
because of loss of the barriers, causes an increase in MD and a
decrease FA.

Increased MD and decreased FA values have been reported in
AD and MCI in parietal and temporal areas, including the
hippocampal region, suggesting unspecific bundle degeneration
[191,192]. Abnormal DT derived indices have also been demon-
strated in frontal region, and specifically in the cingulum posterior,
corpus callosum, fasciculus longitudinalis superior, and fasciculus

uncinatus [193–195].
A recent study including both AD and MCI subjects [196]

demonstrated a circumscribed increase in FA. These findings were
aided by examining variations of a third tensor invariant, tensor
mode [197] allowing to differentiate the type of anisotropy (planar,
e.g. in regions of crossing fibers versus linear, in regions with one
predominant orientation). Using this method, authors postulated a
selective degeneration of only one of two crossing fibers suggesting
a relative sparing of motor-related projection fibers crossing the
association tracts of the fasciculus longitudinalis superior. In
addition, DTI has been able to track the age-related WM
degeneration in AD and, in agreement with the retrogenesis
model (regions that mature late are more vulnerable to age- and
disease-related degeneration), WM changes have been shown to
appear earlier in specific areas such as temporo-parietal regions,
the fasciculus longitudinalis inferior, and prefrontal regions
[186,198,199].

Importantly, the reproducibility and robustness play a major
role in DT data acquisition; this is a delicate point as tensor
techniques employ extremely noisy echo-planar sequences,
requiring strict quality control and quality assurance routines
[200]. A recent meta-analysis highlights the high variability in both
the anatomy of regions studied and DTI metrics [201]. Also, a
recent European multicenter study, the European DTI Study in
Dementia (EDSD) [202], revealed significant center-related effect
in DT-derived measures.

One shortcoming of conventional DTI methods is related to the
use of the simplistic model of a Gaussian propagator, which is not
sufficiently accurate in regions where mixed tissue types can give
rise to significant partial volume effects and/or where two or more
WM fiber cross [203]. To this aim, more advanced methods such as
Kurtosis Imaging [204–207], Diffusion Spectrum Imaging [208],
higher-order tensor models [209], compartment models [210,211],
and anomalous diffusion [212,213] have been introduced in order
to augment their suitability in a clinical setting [214]. These
upcoming techniques have been succesfully used in some
pathologies, including AD, to enhance information of earlier
microstructural tissue alterations linked to disease progression
[215,216]. Among these, Kurtosis Imaging seems to be the most
promising developing modality in relation of its easy setup/
optimization and relatively short time acquisition in clinical MR
scanners.

7.3. Functional MRI markers

Functional MRI (fMRI) represents an extraordinary technique
that can study the neuronal activity through non-invasive means
during specific cognitive states. This technique exploits the blood-
oxygen-level-dependent (BOLD) contrasts in the vascular capillary
network around the cerebral cortex. The regional metabolic
demand, due to cortical activity (specific tasks/paradigms),
determines an increase in local capillary hemodynamic and in
the oxygenated/deoxygenated blood ratio. The increase of local
deoxyhemoglobin concentration, because of its paramagnetic
properties, generates an increase in local signal intensity. This
technique has a relatively high spatial and temporal resolution and
can be acquired along with structural MR images during the same
scan session.

Several fMRI studies have been able to detect functional
alterations prior to onset of cognitive impairment or AD-related
structural neurodegeneration [217–219]. Task-based fMRI has
been employed to study memory-related activation in the
hippocampus and medial temporal lobe, typically reporting a
decrease in hippocampal or parahippocampal activity during
information encoding [220–224]. Also, several other studies have
reported a decreased activation in the medial temporal lobe in MCI
subjects [225–227].

A growing body of fMRI studies have focused on the ‘‘default
mode network’’ (DMN), i.e. the interplay between a set cortical
areas and the hippocampal memory system [228], the activity of
which is thought to be reduced during memory intensive tasks to
favor encoding and to be increased during retrieval [229]. Several
studies have found dysfunctional modulation of encoding-related
network activity in AD [227,230–233] or abnormal default mode
pattern activity in AD and MCI patients using resting-state fMRI
[234–238]. Interestingly, these results in MCI subjects have been
correlated with a higher risk of progressing to AD-related dementia
[239].

A bright future of fMRI or resting-state fMRI in AD and MCI
might come in the area of novel pharmaceutical strategies, to date
underexploited. Although drug-induced modulation of memory-
related networks have been detected by fMRI [240], only few
studies have demonstrated abnormal activation following, for
example, long-term treatment with cholinesterase inhibitors in
MCI and AD [241–244]. Therfore, additional studies are needed to
test the potential role of fMRI as biomarker in clinical trials [245].

The speed of the innovation and the optimization of all these
emerging modalites will be strictly related to stronger and faster
MR gradients. Also, the integration of complementary information
through a multimodal approach will be very useful to overcome
the shortcomings of each single protocol, requiring advanced
analysis tools which are able to integrate information from
different protocols into the same processing pipeline. Similar
approaches are likely to aid in better discrimination and staging of
AD [8,246–248]. In this context, information from different
modalities may be simultaneously combined using the support
of machine learning algorithms enabling the classification of a
single subject into a predefined group while dealing with any type
of input features (e.g. genetic, clinical, and neuropsychological
imaging data). Importantly, the classification performance is not
significantly degraded if same-modality data are collected in
different centers [249]. Recent results based on multimodal
approaches have achieved encouraging results in discriminating
AD and MCI subjects [250,251]. In the coming years, machine
learning algorithms will be incorporated into scanner software to
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enhance the semi-automated detection of prodromal AD stages
based on high-dimensional pattern recognition.

7.4. Amyloid PET and fluorodeoxyglucose-PET markers

7.4.1. Fluorodeoxyglucose-PET

PET imaging biomarkers represent highly valuable tools for
non-invasive assessment of molecular and functional pathologies
which are considered to be early phenomena in the development of
AD. [18F]Fluorodeoxyglucose (FDG) is a well-established tracer,
which allows the imaging of cerebral glucose metabolism, known
to be tightly associated with neuronal function. Synaptic activity
leads to an increased energy demand, which is covered by glial
cells surrounding the synapse by increased glucose uptake from
the blood [252]. Inversely, synaptic/neuronal dysfunction results
in a decreased energy demand which is mirrored in regional
metabolic decline.

Typical patterns of hypometabolism have been described in AD,
including posterior parietal regions, precuneus, and also frontal
cortical regions, sparing sensorimotor and visual cortex. These
characteristic findings have been demonstrated to be superior to
neuropsychological testing, regarding early and differential
diagnosis of AD, even when postmortem histopathological analysis
of brain tissue served as a gold-standard [253–255].

Numerous studies were able to demonstrate that early
abnormalities particularly in posterior cingulate/precuneus corti-
cal regions have a high positive and negative predictive value with
regard to prediction of conversion to AD in the stage of MCI
[256,257]. Even in some subjects with subjective memory
impairment changes in metabolism have been observed, poten-
tially reflecting early AD-typical pathological changes in the brain
[258]. Interestingly, Reiman et al. (1996) were able to demonstrate
abnormalities even in APOE e4-positive subjects in younger age
without any cognitive symptoms, underlining the high sensitivity
of this method [259].

Regarding differential diagnosis, FDG-PET has demonstrated to
be of great value because it allows the detection of different
patterns of neurodegeneration, which are specific for various non-
AD (amyloid-negative) forms of neurodegeneration. This includes
the subtypes of frontotemporal lobar degeneration (frontotem-
poral dementia, progressive aphasia, semantic dementia) as well as
subtypes of Parkinson-plus syndromes such as multiple system
atrophy, corticobasal degeneration, and progressive supranuclear
palsy [260]. Most importantly, FDG-PET is also highly useful in
differentiating within amyloid-positive subtypes of disease which
cannot be distinguished on the basis of their amyloid PET-scan.
This includes Lewy-body dementia, posterior cortical atrophy, and
the logopenic variant of progressive aphasia [255,261].

A tight correlation between the level of metabolic decline with
the degree of cognitive impairment has been demonstrated
consistently [262], which qualifies this method for follow-up
and therapy control studies [263]. This correlation can, however,
be somewhat influenced by cognitive reserve effects, expressed in
variable magnitude [264]. It has also been demonstrated that FDG-
PET is capable to capture therapy effects of cognitive as well as
pharmacological intervention trials [265,266].

Regarding the plethora of data underlining the clinical value of
FDG-PET for early and differential diagnosis of neurodegenerative
disorders, as well as its complementary features as compared to
amyloid-imaging, it can be expected that this method will remain
an important biomarker in the coming years. Suitable MR-
procedures such as resting-state fMRI or arterial spin labeling
may generally bear the potential to provide information on
neuronal dysfunction relatively similar to FDG-PET findings.
However, the individual clinical value of these methods remains
to be established in the future.
7.4.2. Amyloid-PET imaging

Today, several tracers for PET amyloid-imaging have been
evaluated successfully, including clinical phase I–III studies in
humans. The greatest overall number of studies has been
performed with the tracer [11C]Pittsburgh-Compound-B (PiB),
which can be considered as the current gold-standard [267]. More
recently, several 18F-labeled compounds have been evaluated
which would allow more widespread application of this method.
One of these compounds ([18F]Florbetapir/AmyvidTM) has already
been approved by the FDA and the EMA for commercial
distribution and several others will follow in the near future.
For a comprehensive review, see Rowe and Villemagne (2011)
[268].

Consistently, in the great majority of all studies, a distinct
uptake of the amyloid tracers has been observed in AD-patients
throughout the cerebral cortex, including frontal, temporoparietal
regions, and the precuneus. Whereas the basal ganglia are also
regularly affected, sensorimotor and visual cortical regions show
less uptake and the cerebellum is free of any relevant gray matter
tracer accumulation. In young healthy control subjects, no gray
matter binding of the amyloid tracers is observed but only non-
specific tracer uptake in the white matter has been demonstrated.
In general, this white matter uptake has been described to be less
pronounced for [11C]PiB as compared to the 18F labeled com-
pounds, which may somewhat decrease the sensitivity of the 18F-
labeled versions of amyloid tracers. The tracer 18F-AZD4694 may
form an exception, because it has been demonstrated to show
comparably lower white matter retention [269]. The apparent
differences in tracer distribution between different types of
amyloid tracers have raised concerns about the comparability/
standardization of amyloid-PET results. In this context, different
initiatives are underway, trying to define a common standard for
quantification of different amyloid-imaging results [270]. This may
be particularly important with regard to clinical studies.

In vivo versus postmortem histopathological cross-evaluation
studies have been performed, in general confirming that increased
cortical tracer-uptake corresponds to amyloid aggregation in the
brain [271,272]. The tracers are also considered to be specific for
amyloid deposition with the exception of [18F]FFDNP, which has
been demonstrated to bind also to tau aggregates [273]. Although
the tracers are specific for the protein aggregation (i.e. amyloid-
plaques), the protein aggregation is not specific for AD. For
example, it is known from histopathological studies that in Lewy-
body dementia, amyloid plaques aggregation will be found in the
brain in addition to the pathognonomic synuclein deposits, in most
cases [274]. Thus, amyloid-imaging may not be able to differenti-
ate between Lewy-body dementia and AD. Furthermore, amyloid-
imaging alone may not be helpful with regard to distinguishing
between amyloid-positive subtypes of AD (typical AD, logopenic
variant of progressive aphasia, and posterior cortical atrophy)
[261].

With regard to early diagnosis, a number of studies demon-
strated a high predictive value of a positive amyloid-scan in the
stage of MCI with regard to conversion to AD [275,276]. Even in
subjects with subjective memory impairment, increased levels of
amyloid deposition have been described [277] and Reiman et al.
(2009) were able to demonstrate elevated amyloid-levels in
asymptomatic carriers of the APOE e4 allele [278]. Furthermore, in
a relevant proportion of elderly subjects without any cognitive
complaints elevated cortical tracer-uptake was observed consis-
tently. The meaning of these findings is not definitely clear so far,
but a number of findings indicate that these subjects may indeed
suffer from early AD-pathology, potentially leading to dementia
later in life. This includes relatively worse performance in cognitive
tests [279,166] as well as abnormal findings in other imaging tests
such as resting-state connectivity [280]. In addition, recent trials in
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autosomal dominantly inherited forms of AD were able to
demonstrate cerebral amyloid deposition decades ahead of the
expected onset of disease, using amyloid-PET. However, currently
the expected time to a potential conversion to AD cannot be
estimated on the basis of a positive amyloid-scan alone. Further-
more, it has to be taken into account that amyloid-imaging is not
suitable to detect soluble amyloid oligomers, which have been
discussed to potentially represent the most toxic species [281].

Only a limited correlation has been observed between in vivo

measured amyloid burden and cognitive decline. This may
particularly depend on the stage of disease: (I) in cognitively
healthy elderly subjects amyloid pathology may not yet have
induced neurotoxic effects downstream from amyloid aggregation
sufficient enough to have an impact on cognition; (II) in patients
with manifest Alzheimer’s dementia, a plateau of amyloid deposi-
tion has been observed, indicating that amyloid deposition reaches
saturation, whereas subsequent neurodegeneration (and cognitive
decline) continues [282]. As for FDG-PET, in the presence of cerebral
compensation mechanisms, expressed to different degree in
different subjects, it may also lead to a discrepancy between cortical
amyloid load and symptomatic appearance. These factors do not
necessarily limit the value of amyloid-imaging for therapy trials.
First, the value of amyloid-imaging with regard to patient selection
is undoubted. Second, amyloid-imaging may allow the measure-
ment of the increase in amyloid deposition over time particularly in
early stages, i.e. ahead of a plateau phase. Finally, it has been
demonstrated that the response to anti-amyloid therapy may be
quantified at least in a group based evaluation [283].

Regarding the commercial availability of amyloid-imaging
tools, appropriateness of use criteria have recently been published
in the Journal of Nuclear Medicine and Molecular Imaging [284].
These criteria suggest a useful application of amyloid-imaging in
patients with MCI, in AD with atypical presentation (e.g. early-
onset) and when the diagnosis is uncertain after evaluation by a
dementia expert. Without doubt, amyloid-imaging may represent
one of the most important biomarkers for scientific and clinical
assessment of AD in the future. The establishment of this
sophisticated method for in vivo assessment and quantification
of a molecular neuropathology will certainly also depend on
reimbursement issues and on the question if anti-amyloid therapy
trials will be followed further and yield in first promising
pharmacotherapeutic approaches.

7.4.3. Complementary value of FDG-PET and amyloid-PET and order

of abnormalities

As mentioned above, recently introduced guidelines recom-
mend the integration of biomarkers into the classification/
estimation of likelihood of preclinical, prodromal, and manifest
stages of AD. According to these guidelines, both FDG-PET and
amyloid-PET are suited to play an important role as diagnostic
biomarkers in all stages of disease. In short, the proof of amyloid
pathology (as possible with amyloid-PET) accompanied by proof of
neuronal injury (as possible with FDG-PET) and finally proof of
cognitive impairment sum up to an increasing probability for AD
[25–27]. All these guidelines are based on the assumption that
amyloid pathology is the first biomarker to become positive,
followed by neuronal injury/tau-pathology and finally cognitive
decline. Some recent data from a study in subjects with inherited
AD in presymptomatic stages seems to confirm this notion in
principle [85]. On the basis of the currently available information,
it seems that amyloid-PET and Ab1–42-changes in the CSF behave
relatively similar with regard to early detection of ongoing AD-
pathology. Bateman et al. (2012) were able to demonstrate a very
early decline in CSF Ab1–42-levels in mutation carriers but coming
from a higher preexisting overall Ab1–42-level [85]. Thus, an early
detection of ongoing disease on the basis of single time-point
absolute Ab1–42 CSF levels would not be possible. A significant
difference in Ab1–42-levels between carriers and non-carriers was
detected relatively later as compared to the onset of significant
abnormalities detected with amyloid-PET.

The mentioned guidelines and recent models of biomarker time
courses treat CSF tau, FDG-PET, and structural MRI as equivalent
markers of neuronal injury, appearing subsequently to amyloid
pathology [285]. However, this assumption may represent an
oversimplification for several reasons. First, it is known that FDG
mirrors neuronal dysfunction and, from a pathophysiological point
of view, it appears obvious that functional changes should be
detectable ahead of neuronal loss/brain atrophy. In fact, studies
were able to demonstrate higher sensitivity of FDG-PET as
compared to structural MRI with regard to prediction of AD in
the stage of MCI. FDG-PET may also be able to monitor changes in
neuronal function in response to therapy, which may not be
detectable with MRI or CSF tau measurements.

Furthermore, several recent findings are challenging the classic
amyloid-hypothesis. This includes imaging studies demonstrating
the presence of neuronal injury in absence of any proof of amyloid
pathology [286,287]. Thus, further studies are required to gain
deeper insights into the actual order of appearance of the
pathologies and the threshold of their detectability. In this context,
novel PET-tracers for tau-imaging may be of extraordinary
importance. Fortunately, first successful experiments to establish
such novel imaging biomarkers are currently on their way [288].

As mentioned above, the advantage of imaging biomarkers as
compared to CSF biomarkers can be found in the provision of
information not only on the presence of a certain pathology but
also about the topography and the actual extent in the brain. This
may be an important advantage with regard to disease staging,
follow-up/therapy control, and differential diagnosis. Novel
imaging instrumentation such as hybrid PET/MR scanners may
offer an additional opportunity to merge the complementary
information from different imaging modalities into new integrated
in vivo biomarkers of neurodegeneration.

8. Neuroelectrical and neuromagnetic markers

The full potential of neurodynamic time-sensitive biomarkers
using electroencephalography (EEG) [289] and magnetoencepha-
lography (MEG) [290] for quantification of degenerative brain
changes during various stages of AD has yet to be realized. Subtle
but consistent deviations in the electromagnetic neuronal
dynamics have been shown to precede explicit cognitive mani-
festations in AD [291] which could enable a future role of EEG/MEG
biomarkers not only as a clinical diagnosis and treatment option,
but also as a new mode for AD stage discovery. Dramatic
progresses in dense-array active-EEG and MEG sensor technology,
as well as in advanced signal processing techniques [292] have
generated a recent surge of interest to use these promising
capabilities in the context of improved clinical AD diagnosis. The
added value of the EEG/MEG markers as an inexpensive, fast, and
time-resolved tool is set to be explored rigorously both as a
standalone approach and as a complementary measure together
with other biomarker modalities.

8.1. Resting-state neuroelectrical/neuromagnetic markers

The spontaneous activity of the brain’s resting-state networks
(RSN), while the subject is idle with eyes closed or open, can be
characterized by quantitative EEG/MEG measures (qEEG/qMEG),
often using frequency band power or time-frequency estimates.
Brainwave components of the resting EEG could be altered in the
early stages of AD. There is evidence that EEG power in the alpha
band declines with AD-related cognitive impairment [293]. Other
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studies have shown enhanced low-frequency brain oscillation in
the theta [294] and delta bands in temporal and occipital areas as
well as reduction of beta power in temporal and occipital areas in
MCI [295]. However, frequency band-power methods need to
address some current limitations, notably regarding the necessity
to adjust band limits depending on task and individual, as well as
to study more completely each band’s significance in relation to
neuronal phenomena.

A next generation of more sophisticated resting-state signal
analysis approaches [292] is set to improve upon and to replace
band-power markers in the next decade by capturing better the
complex characteristics and dynamics of progressive neurodegen-
eration and aging. Promising methods involve brain connectivity
[296], global synchronization, synchronization likelihood [291],
detrended fluctuation analysis, approximate entropy, mutual
information, source localization, and a host of further non-linear
signal features. This will open new possibilities and raise new
questions such as a recent study showing in AD not only that an EEG
synchronization marker was suppressed in the 10–30 Hz range
(upper-alpha and beta bands) but also that the temporal fluctuations
of this synchronization measure carry additional diagnostic value in
the lower alpha and beta bands [297].

8.2. Functional neuroelectrical/neuromagnetic markers

Functional neuroelectrical/neuromagnetic biomarkers repre-
sent an emerging candidate for a diagnostic tool in AD clinical
practice, created to evaluate specific functional activities of the
brain, as opposed to resting-state. Their main purpose is the
dynamic detection of cognitive-task-related deviations in brain
function following the onset of AD due to impairment of neuronal
connections or neuronal components participating in the func-
tional response. Such deviations are not always manifested during
the resting-state due to the targeted activation of task-related
pathways and areas of the brain. Although existing topographical
and pathophysiological biomarkers have shown substantial
capabilities for identification or follow-up of AD [298], functional
neurodynamic measures provide differential information that is
advantageous and complementary in relation to cognitive
impairment and progression of the disease [299]. AD biomarkers
of pathophysiological type using amyloid-imaging can expose
early changes in cognitively normal individuals leading to
dementia, yet the subsequent structural brain changes during
the various stages of the disease are more optimally followed using
topographical biomarkers such as MRI and FDG-PET [300]. There is
a clear need to bridge the drawbacks of these biomarker
approaches in view of the challenging tasks of detection and
follow-up of subjects on the way to convert to clinical AD [301].

Currently, most functional EEG biomarkers [302] are based on
spatio-temporal features such as the peak amplitude or latency of
event-related potentials (ERPs) [303] (e.g. the N400/P600 ERPs
which are cognitive indicators of episodic memory encoding [304]).
Yet, the event-related potential/event-related field (ERP/ERF)
approach is in need to address further some well-known usability
issues [305]. Similarly to resting-state measures, in the future a
wider application of new biomarkers based on evoked spatio-
spectro-temporal measures and task-related dynamic synchrony
methods will be needed to bring in additional capability for handling
single-trial EEG/MEG data more reliably, and to reflect the state of
the functional brain networks for each individual subject.

8.3. Future steps toward establishing the neuroelectrical/

neuromagnetic markers

The main challenge for establishing the EEG/MEG biomarkers as
an AD diagnostic instrument is the diversity of approaches in
existing studies. While this richness of possibilities is quite
promising, a first practical step would be to select a first battery of
neurodynamic biomarkers based on existing results and to initiate
proposals for full standardization and implementation in practice.
A modular approach would ensure that future advances can be
efficiently integrated. Possible standardization modules could
include data recording procedures, specific guidelines on suppres-
sion of signal noise interferences, as well as recommendations on
feature extraction and diagnostic decision-making. Special atten-
tion is necessary to ensure an adaptive approach as a prerequisite
for success, including the integration of individual biomarker
baselines for the subjects. The goal to recognize reliably each AD
stage using EEG/MEG biomarkers is particularly challenging since
it is necessary to overcome known brain plasticity effects due to
compensatory mechanisms in the preclinical and prodromal stages
of AD as neurodegenerative and cerebrovascular lesions impose
progressive impairment. The final steps would involve an
extensive multi-step, multi-center validation of the biomarker
standards, as well as a modality integration with other measures (a
compatibility study).

The existing record of neuroelectrical/neuromagnetic bio-
marker performance in the scientific literature suggests a
promising potential in enhancing the reliability and specificity
of AD prognosis while circumventing technical, experimental,
financial and logistic limitations of other biomarker measure-
ments [306].

9. Regulatory perspectives

Despite remarkable progress in understanding the molecular
underpinnings of AD during the last three decades, there are no
effective interventions for altering the progression of the disease.
Even those few medicinal products approved for symptomatic
treatment of mild to moderate stages the disease are inadequate
for long term amelioration of symptoms in more severe cases. The
positive results of pre-clinical studies aimed at rescuing synaptic
dysfunction or preventing behavioral impairment in animal
models [307] have yet to be translated into disease-modifying
compounds in humans. The latest clinical trial failure of
bapineuzumab and the very modest results from two major phase
III studies for solanezumab raises several questions regarding: (I)
prevailing ideas-theories about the pathogenesis of the disease, (II)
the appropriates of the therapeutic targets, (III) selection or
inclusion criteria of subjects into clinical trials, e.g. pre-clinical
subjects versus mild-moderate, and (IV) study design. US and EU
regulatory agencies are facing these questions as well recent
recommendations of various task forces for clinical trials in AD.

Recently, the FDA has proposed a draft guideline for Industries
(available at http://www.fda.gov/downloads/Drugs/GuidanceCom-
plianceRegulatoryInformation/Guidances/UCM338287.pdf) allow-
ing alternative targeting of intervention at the early stages of AD.
According to this new guidance FDA suggests potential approaches
to clinical trial design and execution that allow for regulatory
flexibility and innovation [308]. There they cover the selection of
patients for trials at early stages of AD and for this there is a
consensus within the AD research community that clinical diagnosis
of early cognitive impairment might be coupled with specific
appropriate biomarkers of disease. Diagnostic criteria have been
established and are under validation by various working groups [6].
Such biomarkers include brain Ab load, as measured by PET and CSF
levels of Ab and tau proteins [309] as outlined earlier in this article.

However, adequate validation of these biomarkers is still
lacking despite over 19,000 published papers. Approximately 150
longitudinal studies related to the biomarkers of interest were
identified which included subjects who had objective cognitive
impairment but no dementia at baseline. The authors report that

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM338287.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM338287.pdf
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the body of evidence for these imaging and CSF biomarkers is still
limited and variable across the different types of biomarkers [310].
As far as the CSF biomarkers are concerned, it was recently
reported that the overall variability of data coming from a total of
84 laboratories remains too high to allow the validation of
universal biomarker cut-off values for the specific intended use
[107], which underscores the urgent need for better harmonization
and standardization of these methods.

The use of biomarkers as endpoints in earlier stages of drug
development is well established for regulators, and there are
examples to approve medicinal products on the basis of their
effects on validated surrogate markers, e.g. antihypertensives, or
cholesterol-lowering products. However, these examples have
been considered as validated surrogate markers as they allow
substitution for a clinically relevant end point. In their validation
a link between a treatment-induced change in the biomarker and
long-term outcome of the relevant clinical measure was
undoubtedly established. Therefore, the regulatory requirements
on biomarkers used as endpoints in clinical trials are high as
outlined earlier [309]. In consequence EU regulators help
applicants in their research and development by issuing opinions
on the acceptability of using such biomarkers or a distinct
methodology in clinical trials. Since 2011, EMA’s Committee for
Medicinal Products for Human Use (CHMP) has adopted and
published four of these qualification opinions for use in the
development of medicines for AD. Three of these qualification
opinions are for biomarkers to help identify and select patients at
the pre-dementia stage of the disease. The fourth one is for a
biomarker to be used to select patients for clinical trials in mild
and moderate AD. In August 2013, a public consultation ended on
a qualification opinion for a novel model of disease progression
and trial evaluation in mild and moderate AD. The simulation
tool is intended to provide a quantitative rationale for the
selection of study design and inclusion criteria for the recruit-
ment of patients.

In the diagnostic area, the approval of the first radiopharma-
ceutical for PET imaging of Ab neuritic plaques in the brain by the
European Commission, in January 2013, on the recommendation of
the CHMP has been another step forward. This diagnostic agent can
be used in patients who are being evaluated for AD and other
causes of cognitive decline. Two other diagnostic radiopharma-
ceuticals for AD ([18F]Florbetaben and [18F]Flutemetamol) are
currently under evaluation by the CHMP. However, interpretation
of amyloid scans is not without hurdles: amyloid positivity does
not reliably distinguish between clinical diagnoses, so that
neuropsychiatric normal people as well as those with MCI, AD,
and other neurodegenerative diseases can all be ‘‘amyloid
positive’’. Therefore, a positive amyloid scan must be considered
in the full clinical picture of a patient, on the other hand a negative
amyloid scan indicates that the likelihood of cognitive impairment
due to AD is low [311,312].

Another issue in future clinical trials is the appropriate choice of
clinical endpoints. In established AD the CHMP guidance requires
co-primary endpoints in cognition (mandatory) together with
functional or global outcome measures; moving now to earlier
asymptomatic or prodromal stages of AD might change this
requirement. Thus, the FDA suggests for clinical trials focusing on
patients in whom overt dementia seems imminent the use of a
single scale that combines assessment of both cognition and
function such as the score on the Clinical Dementia Rating Sum of
Boxes (CDR-SB) [308]. For patients whose disease is at an even
earlier clinical stage, it might be possible to approve a drug through
an accelerated procedure pathway on the basis of assessment of
only cognitive symptoms in the US. The accelerated approval
mechanisms will allow drugs that address an unmet medical need
to be approved on the basis of a surrogate endpoint or an
intermediate clinical endpoint (i.e. a sensitive cognitive measure).
In the EU, a similar approach is possible via a ‘‘conditional’’
approval, which implies that the applicant accepts after such an
preliminary approval the obligation to carry out further long-term
clinical studies to confirm clinical efficacy and safety. Only after the
approval and long-term treatment, it would be possible to properly
follow the amelioration of cognitive and behavioral disorders as
well as the slowing of the progression of neurodegenerative lesions
as shown by neuroimaging techniques [309]. Pharmaceutical
industry is encouraged to seek scientific advice on their develop-
ment program as soon as possible with the regulators, if they
intend to use new methods to define the patient population or
specific study designs and assessment tools. For instance, Richard
et al. (2013) have proposed a new memory test for improving the
diagnostic accuracy in patients with mild cognitive impairment
recently. In particular, the Net Reclassification Improvement (NRI),
followed by MRI and CSF analysis, might be an attractive and easy
way to interpret certain measures for clinicians [313]. The
development and validation of such new assessment tools is
encouraged by regulators.

By the end of 2013, CHMP will decide whether or not there is a
need to revise the guideline on the clinical investigation of
medicines for the treatment of AD on the basis of new knowledge
obtained from the use of biomarkers in clinical evaluation and
new trends in research and development. It has already been
acknowledged that AD is more a ‘‘continuum’’ of different stages
and that the focus of new drug development has shifted to earlier
stages. It is desirable that regulators and all involved stake-
holders work together to decide the best design at the various
stages of disease of the new clinical trials for AD prevention and
treatment.

10. Conclusions

According to the new diagnostic criteria of AD recommended by
the IWG [21,23] and the revised NIA-AA [26–28] initiatives,
biomarkers are expected to play a prominent role in future
development-validation of technologies-algorithms for: (I) accu-
rate detection of people in the early stage of the disease, (II) more
reliable diagnosis, and (III) accurate prognosis or prediction of
asymptomatic people at elevated risk. This will be also possible in
equivocal cases with unusually presenting clinical symptoms and
problematic classification/differential diagnosis [314]. As argued
by Visser et al. (2012), the IWG and the NIA-AA criteria display
both commonalities and important differences [20]. Notably, they
concur in recognizing the onset of AD prior to dementia [24] and
highlight the employment of biomarkers as critical and supportive
data for the early diagnosis of prodromal AD. In clinical trials,
biomarkers can be utilized to enrich early or asymptomatic AD,
thus decreasing both the extent of heterogeneity within diagnostic
groups and the number of individuals necessary to detect
statistically significant group differences. As a result, the statistical
power will be increased [315].

Besides their diagnostic significance, biomarkers may contrib-
ute to the progress in the development of novel drugs for the
treatment of AD related molecular mechanisms. They may be
employed for the in vitro monitoring of drug discovery plans
intended to identify new molecules inhibiting amyloidogenic
mechanisms and to provide surrogate measures assessing
treatment efficacy of novel Ab-targeting drugs, which would
decrease the time and cut the costs of clinical trials [94]. In
addition, biomarkers may help demonstrate the usefulness of a
certain therapy in a specific patient, thus assisting the physician to
find the proper medication. Intriguingly, Lu et al. (2013), employ-
ing solid-state nuclear magnetic resonance (NMR) approach, have
reported the existence of an original structural model of Ab fibrils
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from AD brain, characterized by significant differences from in vitro

fibrils [316]. These novel structural data can be utilized to
construct novel structure-specific PET radioligands for in vivo

amyloid-imaging and conceptualize more selective small molecule
inhibitors, and therapeutic antibodies [317]. These unique
structure-specific PET radioligands, once validated by future
follow-up studies, might be used in cooperation with CSF and
blood biomarkers to help refining patient stratification [317].

Controlled and observational longitudinal studies utilizing
combinations of biofluid markers in conjunction with other types
of diagnostic and therapeutic approaches are required. In the
absence of such studies, it is challenging to recommend exhaustive
diagnostic algorithms that integrate fluid biomarkers. Moreover,
the paucity of standardized procedures to quantify the existing
biomarkers impedes the use of validated biomarker cut-off values
to guide and monitor clinical decision-making. Attaining the
validation of these cut-off points is one of the key objectives of
present research performed into biomarker discovery both for AD
and for other neurological disorders [318].

Finally, the standardization of the methodologies and the
development of external control assays/tools/methodologies are
compulsory requirements to enable the successful use of
biomarkers in the diagnosis and management of AD [6,319].

At present, trials aiming at exploring early AD have been
developed. In this regard, an umbrella group–the Collaboration for
Alzheimer’s Prevention (CAP), sponsored by Fidelity Biosciences
Research, Inc., and the Alzheimer’s Association – has been
established which incorporates three separate, but interconnected,
long-term prevention initiatives [18]: the Dominantly Inherited
Alzheimer’s Network (DIAN) [85], the Alzheimer’s Prevention
Initiative (API) [320], and the Anti-amyloid Treatment of Asymp-
tomatic Alzheimer’s (A4) trial [321]. CAP has been promoted to
harmonize the studies and encourage data sharing: it exists as a
setting for DIAN, API, and A4 to keep a systematic discussion
among them as they plan and execute their preclinical treatment
trials [18]. All of the three trials will focus on the concept that AD
pathological mechanisms initiate long before the onset and
progress of dementia and that amyloid is critically involved in
the disease pathogenesis [322].

The paradigm shift toward early AD detection/characterization/
diagnosis is essential to redefine and launch successful interven-
tional trials. Such a paradigm embraces both secondary prevention
(i.e. preventing the progression of pathological mechanisms and
subsequent symptoms) and primary prevention (i.e. preventing
the beginning of molecular and cellular mechanisms/signaling
pathways). This objective may be attained by integrating the
clinical trial approach to disease into a public health model, using
long-term longitudinal databases that include large populations
[323]. In this connection, significant initiatives showing a
worldwide perspective are: the Organization for Economic Co-
operation and Development (OECD) Task Force on AD (available at
http://www.oecd.org/), the EU/US Task Force on Clinical Trial
Development in AD [18,324], and the non-profit corporation
Prevent Alzheimer’s Disease 2020 (PAD2020) (available at http://
www.pad2020.org) [17], all stressing that a world-wide database
should be established by integrating/expanding existing cohorts
and registries [323].

Given the vibrant and as of yet relatively unexploited future
potential of the multimodal biomarker development, the current
status of the integration of biomarkers in clinical trials seems only
the beginning of the evolving paradigmatic ‘‘systems biology and
neural network’’ era of AD [7,12]. This seems to be the most
promising road ahead to breakthrough advances in this highly
complex scientific arena. It is recognized that we can learn much
from existing research in early asymptomatic populations as well
as in familial autosomal dominant AD. However, it will be
necessary to chart the full spectrum biomarker map in complex,
non-linear sporadic AD [7,12] to progress and improve effective
treatment perspectives.

Systems biology is an emerging interdisciplinary approach to
AD research [12] that allows the integrated examination and
assessment of interrelated biological pathways where structur-
ally/functionally different biomolecules are simultaneously
measured over time in cells, networks of cells, organs, or whole
organisms [325]. Systems biology, embracing a large set of
divergent methodological approaches, has become realistic
owing to multiple high-throughput ‘‘omics’’ technologies,
namely genomics/epigenomics, transcriptomics, proteomics,
and metabolomics/lipidomics. These platforms, in association
with accurate bioinformatic analyses using powerful computa-
tional and statistical modeling tools, will permit the investiga-
tion of various types of molecular interactions [325], such as
transcriptional modules [326], gene-interaction networks [326],
protein–protein interaction networks [327], and signaling net-
works [327]. Studying these network models will help unveil
previously unknown molecular network properties of AD as well
as identify genes, proteins, and cellular pathways critically
involved in AD mechanisms. This, in turn, will be of support for
the detection of the most appropriate gene and protein targets
for AD treatment.
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Abstract The National Institute on Aging and the Alzheimer’s Association charged a workgroup with the
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task of revising the 1984 criteria for Alzheimer’s disease (AD) dementia. The workgroup sought to
ensure that the revised criteria would be flexible enough to be used by both general healthcare pro-
viders without access to neuropsychological testing, advanced imaging, and cerebrospinal fluid mea-
sures, and specialized investigators involved in research or in clinical trial studies who would have
these tools available. We present criteria for all-cause dementia and for AD dementia. We retained
the general framework of probable AD dementia from the 1984 criteria. On the basis of the past
27 years of experience, we made several changes in the clinical criteria for the diagnosis. We also
retained the term possible AD dementia, but redefined it in a manner more focused than before. Bio-
marker evidence was also integrated into the diagnostic formulations for probable and possible AD
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dementia for use in research settings. The core clinical criteria for AD dementia will continue to be
the cornerstone of the diagnosis in clinical practice, but biomarker evidence is expected to enhance
the pathophysiological specificity of the diagnosis of AD dementia. Much work lies ahead for vali-
dating the biomarker diagnosis of AD dementia.
� 2011 The Alzheimer’s Association. All rights reserved.
Keywords: Alzheimer’s disease; Dementia; Diagnosis; Magnetic resonance brain imaging; Positron emission tomography;
Cerebrospinal fluid
1. Introduction

In the fall of 1983, a group was convened by the National
Institute of Neurological and Communicative Disorders and
Stroke (NINCDS) and the Alzheimer’s Disease and Related
Disorders Association (ADRDA) to establish criteria and to
describe the clinical diagnosis of Alzheimer’s disease (AD).
The group addressed issues of medical history, clinical
examination, neuropsychological testing, and laboratory as-
sessments and then produced a report, which was published
in July 1984 [1]. The criteria in this report, commonly re-
ferred to as the NINCDS-ADRDA criteria, have been quite
successful, surviving for over 27 years. These criteria have
been reliable for the diagnosis of probable AD, and across
more than a dozen clinical pathological studies have had
a sensitivity of 81% and specificity of 70% [2]. They have
been widely used in clinical trials and clinical research.

However, now 27 years later, these criteria require revi-
sion. Therefore, the National Institute on Aging and the Alz-
heimer’s Association charged a workgroup with the task of
revising the 1984 criteria for AD dementia. Details of the
charge to the workgroup are described in the Introduction
that accompanies this article [3]. The characterization of
the preclinical [4] and mild cognitive impairment (MCI)
[5] phases of the AD pathophysiological processes is de-
scribed in the companion articles.

Our knowledge of the clinical manifestations and biology
of AD has increased vastly. The features of the original
criteria that required revision include the following:

1. The fact that the histological pathology of AD (or
surrogates for this pathology) may be found across
a broad clinical spectrum (including individuals who
are cognitively normal, those with MCI, and those with
dementia) [6,7]. Therefore, throughout this article, we
use the term AD patho-physiological process to
encompass the antemortem biological changes that
precede the postmortem neu-ropathological diagnosis
of AD as well as the neuropathological substrate. AD
dementia refers to the clinical syndrome that arises as
a consequence of the AD pathophysiological process.

2. Lack of acknowledgment of distinguishing features of
other dementing conditions that occur in a similarly
aged population, which were not completely recog-
nized decades ago. For example, Dementia with
Lewy bodies [8], vascular dementia [9], behavior var-
iant frontotemporal dementia [10–12], and primary
progressive aphasia [13] have been characterized ex-
tensively.

3. No inclusion of results of magnetic resonance imag-
ing, positron emission tomography (PET) imaging,
and cerebrospinal fluid (CSF) assays (that we will re-
fer to subsequently as biomarkers) in decision-
making. Initial efforts to incorporate biomarkers into
the diagnosis of AD dementia and MCI [14] need to
be coupled with a more comprehensive approach to
the diagnostic process.

4. The implication that memory impairment is always
the primary cognitive deficit in all patients with AD
dementia. Experience has shown that there are several
nonamnestic presentations of the pathophysiological
process of AD, the most common ones being the syn-
drome of posterior cortical atrophy [15] and the syn-
drome of logopenic-primary progressive aphasia [16].

5. Lack of information about genetics of AD. Mutations
in three genes––amyloid precursor protein, presenilin
1, and presenilin 2––cause an early onset, autosomal
dominantly inherited AD [17].

6. Proposed age cutoffs for the diagnosis of AD demen-
tia. Work over the past decades has established that
AD dementia in those aged ,40 years, although
rare, does not differ in its pathophysiology from older
persons [18]. AD dementia in persons aged.90 years
is also part of that same spectrum as that of younger
persons, even though clinical–pathological correla-
tions are attenuated [19].

7. Extreme heterogeneity of the “Possible” AD demen-
tia category, including a group of patients who would
now be diagnosed as “Mild cognitive impairment
(MCI).”

The objective of our committeewas to focus on the criteria
for AD dementia, that is, dementia secondary to the patho-
physiology of AD. It was our intention to first review the
NINDS–ADRDAcriteria and then to update them, incorporat-
ing moremodern innovations in clinical, imaging, and labora-
tory assessment.Wewill first propose (1) Criteria for all-cause
dementia and then, (2) Criteria for dementia caused by AD.
We set ourselves the goal of ensuring that the revised criteria
would beflexible enough to be used byboth general healthcare
providers without access to neuropsychological testing, ad-
vanced imaging, and CSFmeasures, as well as specialized in-
vestigators involved in research or in clinical trial studies who
would have these measures available.
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2. Criteria for all-cause dementia: Core clinical criteria

In this section, we outline core clinical criteria to be used
in all clinical settings. Because there are many causes of
dementia, we will first outline the criteria for all-cause
dementia.

The diagnosis of dementia is intended to encompass the
spectrum of severity, ranging from the mildest to the most
severe stages of dementia. The methodology for staging of
dementia severity was beyond the charge of the workgroup.
Dementia is diagnosed when there are cognitive or behav-
ioral (neuropsychiatric) symptoms that:

1. Interfere with the ability to function at work or at usual
activities; and

2. Represent a decline from previous levels of function-
ing and performing; and

3. Are not explained by delirium or major psychiatric
disorder;

4. Cognitive impairment is detected and diagnosed
through a combination of (1) history-taking from
the patient and a knowledgeable informant and (2)
an objective cognitive assessment, either a “bedside”
mental status examination or neuropsychological
testing. Neuropsychological testing should be per-
formed when the routine history and bedside mental
status examination cannot provide a confident diag-
nosis.

5. The cognitive or behavioral impairment involves
a minimum of two of the following domains:
a. Impaired ability to acquire and remember

new information––symptoms include: repetitive
questions or conversations, misplacing personal
belongings, forgetting events or appointments,
getting lost on a familiar route.

b. Impaired reasoning and handling of complex tasks,
poor judgment––symptoms include: poor under-
standing of safety risks, inability to manage fi-
nances, poor decision-making ability, inability to
plan complex or sequential activities.

c. Impaired visuospatial abilities––symptoms in-
clude: inability to recognize faces or common ob-
jects or to find objects in direct view despite good
acuity, inability to operate simple implements, or
orient clothing to the body.

d. Impaired language functions (speaking, reading,
writing)––symptoms include: difficulty thinking
of common words while speaking, hesitations;
speech, spelling, and writing errors.

e. Changes in personality, behavior, or comportment––
symptoms include: uncharacteristic mood fluctua-
tions such as agitation, impaired motivation,
initiative, apathy, loss of drive, social withdrawal, de-
creased interest in previous activities, loss of empa-
thy, compulsive or obsessive behaviors, socially
unacceptable behaviors.
The differentiation of dementia from MCI (see compan-
ion article [5] on the diagnosis of MCI) rests on the determi-
nation ofwhether or not there is significant interference in the
ability to function at work or in usual daily activities. This is
inherently a clinical judgment made by a skilled clinician on
the basis of the individual circumstances of the patient and
the description of daily affairs of the patient obtained from
the patient and from a knowledgeable informant.
3. Proposed classification criteria for AD dementia

We propose the following terminology for classifying
individuals with dementia caused by AD: (1) Probable AD
dementia, (2) Possible AD dementia, and (3) Probable or
possible AD dementia with evidence of the AD pathophysi-
ological process. The first two are intended for use in all clin-
ical settings. The third is currently intended for research
purposes.
4. Probable AD dementia: Core clinical criteria

4.1. Probable AD dementia is diagnosed when the patient

1. Meets criteria for dementia described earlier in the
text, and in addition, has the following characteristics:

A. Insidious onset. Symptoms have a gradual onset over
months to years, not sudden over hours or days;

B. Clear-cut history of worsening of cognition by report
or observation; and

C. The initial and most prominent cognitive deficits are
evident on history and examination in one of the fol-
lowing categories.

a. Amnestic presentation: It is the most common

syndromic presentation of AD dementia. The defi-
cits should include impairment in learning and
recall of recently learned information. There should
also be evidence of cognitive dysfunction in at least
one other cognitive domain, as defined earlier in the
text.

b. Nonamnestic presentations:
� Language presentation: The most prominent def-

icits are in word-finding, but deficits in other
cognitive domains should be present.

� Visuospatial presentation: The most prominent
deficits are in spatial cognition, including object
agnosia, impaired face recognition, simultanagno-
sia, and alexia. Deficits in other cognitive domains
should be present.

� Executive dysfunction: The most prominent def-
icits are impaired reasoning, judgment, and prob-
lem solving. Deficits in other cognitive domains
should be present.

D. The diagnosis of probable AD dementia should not
be applied when there is evidence of (a) substantial
concomitant cerebrovascular disease, defined by
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a history of a stroke temporally related to the onset or
worsening of cognitive impairment; or the presence
of multiple or extensive infarcts or severe white
matter hyperintensity burden; or (b) core features of
Dementia with Lewy bodies other than dementia
itself; or (c) prominent features of behavioral variant
frontotemporal dementia; or (d) prominent features of
semantic variant primary progressive aphasia or non-
fluent/agrammatic variant primary progressive apha-
sia; or (e) evidence for another concurrent, active
neurological disease, or a non-neurological medical
comorbidity or use of medication that could have
a substantial effect on cognition.

Note: All patients who met criteria for “probable AD” by
the 1984 NINCDS–ADRDA criteria [1] would meet the
current criteria for probable AD dementia mentioned in
the present article.

4.2. Probable AD dementia with increased level of
certainty
4.2.1. Probable AD dementia with documented decline
In persons who meet the core clinical criteria for probable

AD dementia, documented cognitive decline increases the
certainty that the condition represents an active, evolving
pathologic process, but it does not specifically increase the
certainty that the process is that of AD pathophysiology.

Probable AD dementia with documented decline is
defined as follows: evidence of progressive cognitive decline
on subsequent evaluations based on information from infor-
mants and cognitive testing in the context of either formal
neuropsychological evaluation or standardized mental status
examinations.

4.2.2. Probable AD dementia in a carrier of a causative AD
genetic mutation

In persons who meet the core clinical criteria for probable
AD dementia, evidence of a causative genetic mutation (in
APP, PSEN1, or PSEN2), increases the certainty that the
condition is caused by AD pathology. The workgroup noted
that carriage of the 34 allele of the apolipoprotein E genewas
not sufficiently specific [20] to be considered in this cate-
gory.
5. Possible AD dementia: Core clinical criteria

A diagnosis of possible AD dementia should be made
in either of the circumstances mentioned in the following
paragraphs.

5.1. Atypical course

Atypical course meets the core clinical criteria in terms of
the nature of the cognitive deficits for AD dementia, but
either has a sudden onset of cognitive impairment or demon-
strates insufficient historical detail or objective cognitive
documentation of progressive decline,

Or
5.2. Etiologically mixed presentation

Etiologically mixed presentation meets all core clinical
criteria for AD dementia but has evidence of (a) concomitant
cerebrovascular disease, defined by a history of stroke tem-
porally related to the onset or worsening of cognitive impair-
ment; or the presence of multiple or extensive infarcts or
severe white matter hyperintensity burden; or (b) features
of Dementia with Lewy bodies other than the dementia
itself; or (c) evidence for another neurological disease or
a non-neurological medical comorbidity or medication use
that could have a substantial effect on cognition

Note: A diagnosis of “possible AD” by the 1984
NINCDS-ADRDA criteria [1] would not necessarily meet
the current criteria for possible AD dementia. Such a patient
would need to be re-evaluated.
6. Probable AD dementia with evidence of the AD
pathophysiological process

The rationale for including biomarkers for the pathophys-
iological process of AD in the diagnostic criteria is summa-
rized in the Introduction to this series of articles [3]. The
major AD biomarkers that have been widely investigated
at this time (see [21] for review) may be broken into two
classes based on the biology which they measure.
Biomarkers of brain amyloid-beta (Ab) protein deposition
are low CSF Ab42 and positive PET amyloid imaging
[22,23]. The second category is that of biomarkers of
downstream neuronal degeneration or injury. The three
major bio-markers in this category are elevated CSF tau,
both total tau and phosphorylated tau (p-tau); decreased
18fluorodeoxyglucose (FDG) uptake on PET in temporo–
parietal cortex; and disproportionate atrophy on structural
magnetic resonance imaging in me-dial, basal, and lateral
temporal lobe, and medial parietal cortex. Total tau and
p-tau are treated equivalently in this study, although p-tau
may have more specificity for AD than other dementing
diseases.

In persons who meet the core clinical Criteria for probable
ADdementia biomarker evidencemay increase the certainty
that the basis of the clinical dementia syndrome is the AD
pathophysiological process. However, we do not advocate
the use of AD biomarker tests for routine diagnostic purposes
at the present time. There are several reasons for this limita-
tion: (1) the core clinical criteria provide very good diagnostic
accuracy and utility in most patients; (2) more research needs
to be done to ensure that criteria that include the use of bio-
markers have been appropriately designed, (3) there is limited
standardization of biomarkers from one locale to another, and
(4) access to biomarkers is limited to varying degrees in com-
munity settings. Presently, the use of biomarkers to enhance
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certainty of AD pathophysiological process may be useful in
three circumstances: investigational studies, clinical trials,
and as optional clinical tools for use where available and
when deemed appropriate by the clinician.

Biomarker test results can fall into three categories–clearly
positive, clearly negative, and indeterminate.We envision that
application of biomarkers for the AD pathophysiological
process would operate as outlined in the Table 1.

7. Possible AD dementia with evidence of the AD
pathophysiological process

This category is for persons who meet clinical criteria for
a non-AD dementia but who have either biomarker evidence
of AD pathophysiological process, or meet the neuropatho-
logical criteria for AD. Examples would include persons
who meet clinical criteria for dementia with Lewy bodies
or for a subtype of frontotemporal lobar degeneration, but
who have a positive AD biomarker study or at autopsy are
found to meet pathological criteria for AD. In the biomarker
table, we indicate that both categories of biomarkers must be
positive for an individual who presents clinically with a non-
AD phenotype tomeet criteria for possible AD. This is a con-
servative approach that may change as more information is
gained concerning the long-term outcomes of different com-
binations of biomarker findings. A diagnosis of possible AD
dementia with evidence of AD pathophysiological process
does not preclude the possibility that a second pathophysio-
logical condition is also present.

8. Considerations related to the incorporation of
biomarkers into AD dementia criteria

As described in the two companion articles on the pre-
clinical [4] and MCI [5] phases of the AD pathophysiologi-
cal process, AD dementia is part of a continuum of clinical
and biological phenomena. AD dementia is fundamentally
a clinical diagnosis. To make a diagnosis of AD dementia
Table 1

AD dementia criteria incorporating biomarkers

Diagnostic category

Biomarker probability

of AD etiology

Probable AD dementia

Based on clinical criteria Uninformative

With three levels of evidence

of AD pathophysiological

process

Intermediate

Intermediate

High

Possible AD dementia (atypical

clinical presentation)

Based on clinical criteria Uninformative

With evidence of AD

pathophysiological

process

High but does not rule

out second etiology

Dementia-unlikely due to AD Lowest

Abbreviations: AD, Alzheimer’s disease; Ab, amyloid-beta; PET, positron em

MRI, magnetic resonance imaging.
with biomarker support, the core clinical diagnosis of AD
dementia must first be satisfied.

According to their nature, CSF biomarkers rely on a quan-
titative interpretation in comparison with normative stan-
dards. Imaging biomarkers can be interpreted in both
a qualitative or quantitative manner. In many cases, bio-
marker results will be clearly normal or abnormal. In these
cases, a qualitative interpretation of a biomarker test will un-
equivocally identify “positive” findings that imply the pres-
ence of the underlying AD pathophysiological process, or
negative findings that unequivocally imply absence of an
AD pathophysiological process. However, in some cases,
ambiguous or indeterminate results will be obtained. This
is inevitable given that all biomarkers are continuous mea-
sures, and the diagnostic labels of “positive” or “negative”
require that cutoff values be applied to continuous biological
phenomena. Although sophisticated quantitative and objec-
tive image analysis methods do exist, at present, accepted
standards for quantitative analysis of AD imaging tests are
lacking. Standard clinical practice in diagnostic imaging is
qualitative in nature. Therefore, quantification of imaging
biomarkers must rely on local laboratory specific standards.
The same holds true for CSF biomarkers, although standard-
ization efforts are more advanced for CSF biomarkers than
for the imaging tests. Quantitative analytic techniques are,
and will continue to be in evolution for some time. There-
fore, practical use of biomarkers must follow best-practice
guidelines within laboratory-specific contexts, until stan-
dardization has been fully accomplished.

A sequence of events has been described with Ab patho-
physiological processes becoming abnormal first and down-
stream neuronal injury biomarkers becoming abnormal later
[6,7]. This might imply a hierarchical ranking of Ab
biomarkers over downstream neuronal injury biomarkers for
diagnostic purposes. However, at this time, the reliability of
such a hierarchical scheme has not been sufficiently well
established for use in AD dementia. Given the number of
Ab (PET or CSF)

Neuronal injury (CSF tau,

FDG-PET, structural MRI)

Unavailable, conflicting,

or indeterminate

Unavailable, conflicting,

or indeterminate

Unavailable or indeterminate Positive

Positive Unavailable or indeterminate

Positive Positive

Unavailable, conflicting,

or indeterminate

Unavailable, conflicting,

or indeterminate

Positive Positive

Negative Negative

ission tomography; CSF, cerebrospinal fluid; FDG, 18fluorodeoxyglucose;
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different AD biomarkers, it is inevitable that different com-
binations of test results can occur. For example, individual
cases might be encountered with a positive Ab and negative
neuronal injury biomarker, or a positive FDG PET and ne-
gative tau measure, and so on. At present, the data are
insufficient to recommend a scheme that arbitrates among
all different biomarker combinations. Further studies are
needed to prioritize biomarkers and to determine their value
and validity in practice and research settings.
9. Pathophysiologically proved AD dementia

The diagnosis of pathophysiologically proved AD
dementia would apply if the patient meets the clinical and
cognitive criteria for AD dementia outlined earlier in the
text, and the neuropathological examination, using widely
accepted criteria [24], demonstrates the presence of the
AD pathology.
10. Dementia unlikely to be due to AD

1. Does not meet clinical criteria for AD dementia.
2. a. Regardless of meeting clinical criteria for probable

or possible AD dementia, there is sufficient evidence
for an alternative diagnosis such as HIV dementia, de-
mentia of Huntington’s disease, or others that rarely, if
ever, overlap with AD.
b. Regardless of meeting clinical criteria for possible
AD dementia, both Ab and neuronal injury bio-
markers are negative (see section 6, earlier in the text).
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Human in vivo molecular imaging with positron emission tomography (PET) enables a new kind of ‘precision pharmacology’, able to
address questions central to drug development. Biodistribution studies with drug molecules carrying positron-emitting radioisotopes
can test whether a new chemical entity reaches a target tissue compartment (such as the brain) in sufficient amounts to be
pharmacologically active. Competition studies, using a radioligand that binds to the target of therapeutic interest with adequate
specificity, enable direct assessment of the relationship between drug plasma concentration and target occupancy. Tailored radiotracers
can be used to measure relative rates of biological processes, while radioligands specific for tissue markers expected to change with
treatment can provide specific pharmacodynamic information. Integrated application of PET and magnetic resonance imaging (MRI)
methods allows molecular interactions to be related directly to anatomical or physiological changes in a tissue. Applications of imaging
in early drug development can suggest approaches to patient stratification for a personalized medicine able to deliver higher value
from a drug after approval. Although imaging experimental medicine adds complexity to early drug development and costs per patient
are high, appropriate use can increase returns on R and D investment by improving early decision making to reduce new drug attrition
in later stages. We urge that the potential value of a translational molecular imaging strategy be considered routinely and at the earliest
stages of new drug development.

Introduction

Development of the first human positron emission tomog-
raphy (PET) scanner was reported in 1975 by Michael Ter-
Pogossian and Mike Phelps of Washington University in St
Louis, USA. Over the next decade, applications to new
therapeutics development were limited, but from the late
1980s applications began to grow at a rapid rate. Almost
3500 papers or online radiopharmaceutical reports now
are accessible within PubMed (searched at http://
www.ncbi.nlm.nih.gov/sites/entrez), using terms PET AND
drug AND (biodistribution OR target occupancy OR phar-
macodynamics).1 with almost 400 reports from 2010 alone!

Molecular imaging using PET enables a new kind of
‘precision pharmacology’able to address questions central
to drug development in humans in vivo: Does a new drug

molecule reach the tissue of interest in potentially phar-
macologically active concentrations? Is it interacting with
the target of interest? What is the quantitative relationship
between the extent of this interaction and the adminis-
tered dose? What are the consequent pharmacological
effects and how long do they last? Extension of answers to
the latter two questions can suggest ways of stratifying
clinical populations, either to speed clinical trials or to
deliver higher value in the use of a new drug following
registration (Table 1).

Principles of PET
PET imaging is based on the principle that an emitted
positron collides with a local electron, resulting in a mutual
annihilation and the production of a pair of photons that
travel at 180° to each other. The photons can be detected
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as coincident events by g-detectors surrounding the
subject. Knowledge of which detector pairs sense the coin-
cident events and their precise timing enables localization
of the annihilation events and reconstruction of the spatial
distribution of the emitting radio-labelled molecule. Quan-
titative measurements of absolute concentrations of the
labelled molecule over time can be made with dynamic
acquisition of data, corrections to normalize sensitivity to
emissions across the region of interest and application of
appropriate tracer kinetic models to these data for estima-
tion of the rates of delivery of the radiotracer and the
amount retained in tissues of interest.

PET relies on the design and manufacture of radiola-
belled tracers or ligands which interact selectively with a
target of interest. Ligands will have the characteristics to
enable the quantification of a specific binding signal,
such as a suitably high ratio of specific to non-specific
binding and favourable tissue kinetics. Most commonly
used positron emitting radioisotopes decay with a rela-
tively short half-life (e.g. about 20 min for 11C and 110 min
for 18F), allowing administration of doses high enough to
provide a strong imaging signal without substantially
increasing long-term health risks associated with the ion-
izing radiation. However, a short half-life imposes the limi-
tation that radiotracer production needs to be performed
close enough to the PET scanner to allow injection within
a few half-lives. Only microdoses of radioligands or other
radio-labelled molecules need to be used. PET is exquis-

itely sensitive (even only picomoles of labelled material
can be detected), and thus can be conducted under con-
ditions in which the ligand occupies <5% of the target
and has no pharmacologically relevant activity (‘tracer
conditions’).

PET data can be co-registered with structural data from
computed tomography (CT) or magnetic resonance
imaging (MRI) to aid in anatomically localizing any signal.
However, the spatial resolution of PET, even in modern
tomographs, is lower (typically about ~4 mm) than that
achieved by CT or MRI.

Biodistribution studies applying PET
molecular imaging
Pharmacological activity of a new chemical entity depends
directly on the free concentration that can be achieved in
the relevant tissue. Establishing the tissue free concentra-
tion with confidence can be a critical starting position for
early phase development and difficult to establish confi-
dently using conventional approaches, especially for a
‘privileged’ tissue compartment such as the central
nervous system (CNS). Bengt Langstrom and colleagues
including Mats Bergstrom introduced the powerful
concept of determining molecule distribution and concen-
tration in vivo in humans using PET after labelling the mol-
ecule with a positron-emitting isotope that does not
change the chemical structure or properties [1].

The principles of a PET biodistribution study are
straightforward. A dynamic PET scan measures the
concentration–time course of the radiolabelled compound
in the tissue of interest.In conjunction with associated mea-
surements of the concentration in blood,it is possible to use
bio-mathematical kinetic models to derive estimates of the
clearance from plasma to tissue (a function of the blood
flow and the tissue extraction of the molecule from the
blood) and the ratio of the concentration of labelled drug
(and drug metabolites) in tissue to blood that would be
achieved at equilibrium (the tissue : blood partition coeffi-
cient). Associated HPLC analysis of blood samples ex vivo
allows additional consideration of any metabolism of the
radiolabelled compound.

To varying extents, different compounds will distribute
in the tissue, where they will be either ‘free’ or ‘bound’ to
tissue components.This binding can be either displaceable
(high affinity, low capacity binding, e.g. to a receptor) or
non-displaceable (low affinity, high capacity binding, as
with lipophilic interactions). However, the calculation of
the tissue ‘free’ concentration from the total tissue concen-
tration is typically not feasible from PET data alone. Accu-
rate estimation of the fraction of the non-displaceable
compartment which is attributable to ‘free’ drug is per-
formed by combining the PET estimates of the total blood :
tissue partition coefficient with in vitro equilibrium dialysis
assays that account for any non-specific binding in the
tissue [2]. Combination of PET and equilibrium dialysis

Table 1
Selected applications of imaging in drug development

Early phase development
• Molecule biodistribution studies confirming molecule reaches the

target tissue and does not accumulate in non-target sites of potential
toxicity

• Target PK (dose–target occupancy) measurements guiding dose
selection

• Pharmacodynamic biomarkers for proof of pharmacology, stronger
‘reasons to believe’ or contributing key rationale for proof of concept

• Translational preclinical imaging to identify or validate new imaging
biomarkers and or provide early differentiation between candidates
based on target PK or PD responses

• In vivo measures for monitoring safety or toxicity
Late phase development

• Surrogate markers of response more sensitive than clinical measures
• Stratification of patients based on potential for treatment efficacy

• Pharmacological differentiation of asset from marketed drugs or new
competitor compounds

Marketed drugs
• Differentiation between available treatments

• Earlier detection of disease or associated pathology:
• Improved disease classification/diagnosis

• Diagnosis of pre- symptomatic or minimally symptomatic disease
• Improved identification of chronic disease exacerbation/recurrence

• Patient stratification based on disease sub-phenotype or early
treatment response
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data can also allow one to infer whether the tissue uptake
is by passive diffusion or by active (or facilitated) transport
[3].

If it can be assumed that tissue uptake occurs by
passive diffusion, the ‘free’ tissue concentration can be cal-
culated from measurements of the ‘free’plasma concentra-
tion of the labelled molecule at equilibrium [4]. Target
occupancy (O) then can be estimated by assuming that the
in vitro and in vivo KD are equivalent.

O Kfree plasma free plasma D= +( )C C

The passive diffusion assumption can be explored
further by measuring changes in the tissue concentration

of the drug after administration of relevant transporter
inhibitors (e.g. P-glycoprotein [P-gp] antagonists [3, 5]
(Figure 1) or by pre-treatment with large doses of the unla-
belled compound [6].

While the most common application of PET biodistri-
bution studies thus far has been to the development of
drugs targeting the central nervous system (CNS), they also
can play an important role in other areas, e.g. in optimizing
anti-cancer drugs [7], as up-regulation of pumps that
exclude drugs from tumours is well described [8]. PET bio-
distribution studies can be integrated with conventional
stable isotope DMPK studies [9] or with pharmacodynamic
measures [10].
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Effect of increasing doses of the competitive P-gp substrate cyclosporine A (CsA) on [11C]-loperamide uptake in porcine brain. Increasing doses of CsA lead to
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It is important to recognize, however, that it is the dis-
tribution of the radionuclide, not the molecule, that is
directly measured in the PET experiment. A creative exten-
sion of the traditional biodistribution experiment that pro-
vided information on drug metabolism directly from the
PET study illustrates this well [11]. Temozolomide, an alky-
lating agent used in cancer chemotherapy, undergoes
decarboxylation and ring opening in the 3–4 position to
produce the highly reactive methyldiazonium ion (which
then can alkylate DNA for pharmacological action of the
molecule). To evaluate this directly in vivo in humans, a
dual radiolabelling strategy was employed in which [11C]-
temozolomide was radiolabelled separately both in the
3-N-methyl and 4-carbonyl positions (Figure 2A,B,
respectively). 11C in the C-4 position of [4-11C-carbonyl]-
temozolomide was converted to [11C]-CO2 and an inactive
metabolite. Paired studies were performed with the two
labelled forms of [11C]-temozolomide in a small number of
patients with gliomas. A third PET scan was performed
with 11C-radiolabelled bicarbonate to provide data allow-
ing quantitative modelling of the labelled CO2 release.Data
were obtained on activities of [11C]-temozolomide and
[11C]-metabolites in plasma collected during scanning and
[11C]-CO2 was measured in the expired air. Greater amounts
of [11C]-CO2 in the plasma and exhaled air and lower
tumour [11C]-temozolomide signal with the [4-11C-
carbonyl]-temozolomide relative to that labelled in the
3-N-methyl position confirmed ring-opening as a mecha-
nism for metabolic activation of temozolomide.

A new extension of the above techniques is being pio-
neered with first efforts to characterize the biodistribution
behaviours of monoclonal antibodies and other biophar-
maceuticals. A range of methods are available for labelling
such large molecules [12]. Because of the much slower
approach to an equilibrium biodistribution (typically
expected to be days to weeks) for these large molecules,
long-lived positron emitters such as 89Zr, 64Cu or 124I have
been used. Considerable information is potentially avail-
able from such experiments,but confounds arising from the
slow approach to steady-state, the need to account for

physical barriers to free diffusion and different kinds of
non-specific interactions (e.g. with molecule uptake into
the reticuloendothelial system) make these studies techni-
cally more challenging than those with small molecules.
Although promising, this area is still in an early stage of
development.

Assessing target interactions with PET
Demonstration of interaction of a drug molecule with its
target in a tissue also provides direct evidence of biodistri-
bution into that tissue. If possible, it should be considered
the approach of choice for defining drug–target pharma-
cokinetics.

Target interaction studies are most informative if there
is a strong hypothesis regarding the extent of target inter-
action needed for a pharmacological effect. In such cases,
data relating plasma concentration to target occupancy
can guide dose selection directly. For example, for inhibi-
tors of G-protein coupled receptors, preclinical (and clini-
cal) studies typically suggest that free concentrations
sufficient to provide above 70% receptor occupancy are
needed (see e.g. [13, 14]). If information concerning the
relationship between plasma concentration and target
interactions is available before dose ranging studies, the
range of doses that need to be explored in early phase
studies can be deduced.

Target interaction studies require a radioligand that
binds selectivity to the target of interest with a high enough
affinity to provide useful signal-to-noise in a PET study.The
usual outcome measure of interest from a radioligand study
is the ‘binding potential’ (BP), which is proportional to the
specific binding divided by the free concentration of the
radioligand [15]. If the PET study is performed after admin-
istration of an unlabelled (drug) molecule that binds to the
same target,the measured radioligand BP will vary with the
local free drug concentration.Conducting such studies over
a range of doses, allows binding affinity of the unlabelled
molecule to be estimated the variation in radioligand BP
(Figure 3). Characterization of the relationship between
plasma concentration and target interaction for alternative
candidate molecules can be important particularly if there
are dose limiting toxicities (Figure 4).

PET studies are expensive and there is an ethical impera-
tive to minimize exposure of volunteers to even the low
additional radiation exposure of PET studies. Adaptive
designs that use information gained from each single
observation to improve the selection of the subsequent
dose can optimize the efficiency of a study [16]. The less
prior knowledge concerning dosing that is available, the
greater the potential efficiency gains with adaptive designs
[16].

Human in vivo target interaction studies can reduce
sources of substantial uncertainty in drug development.For
example,in some cases the affinity of a molecule in humans
in vivo is very different from that measured in isolated tissue
in ex vitro or in preclinical models. A histamine H3-receptor
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Chemical structures of 3-N-[11C-methyl]-temozolomide (A) and [4-11C-
carbonyl]-temozolomide (B)
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antagonist we have studied, for example, was shown to
have an in vivo human affinity a full order of magnitude
higher from that measured in preclinical studies [17]. This
observation had a substantial impact on the drug develop-
ment programme, as it gave rationale and confidence for a
major reduction in dosing into a range that was well-
tolerated by patients.The study also defined unexpectedly
slow receptor ‘off’ rates for the molecule, leading to a
re-estimation of the optimal dosing frequency. This
example thus also highlights that, in general, the time
course for target interaction does not reflect plasma phar-
macokinetics except for the limiting case of molecules with
fast equilibrium binding properties that diffuse passively
between compartments. An interesting variant of this
application of target occupancy studies is to the ‘reverse
engineering’ of empirically established treatments to
define better those interactions that may be driving thera-
peutic efficacy [18].

Target interaction studies have typically been con-
ducted as single dose studies for experimental conve-
nience. Repeat dose occupancy studies may induce
changes in target expression, in which case application of
single dose occupancy measures will be inaccurate.
However, if the pharmacokinetic model appropriate to the
drug can be estimated, repeat dose brain target occupancy
can be estimated based on the basis of the combined
occupancy data obtained after administration of a single
dose and plasma pharmacokinetic data [19]. Theoretical
arguments show that the models used in these analyses

can predict repeat dose occupancy even when the rela-
tionship following single dose is not described by a simple
direct model dependent on the instantaneous plasma
concentration.

Applications of PET to studies
of pharmacodynamics
Some radiotracers (e.g. [18F]-fluorodeoxyglucose (FDG),
[18F]-6-fluoro-L-3,4-dihydroxyphenylalanine (FDOPA), [18F]-
3′-fluorothymidine (FLT)) can be used to assess specific
metabolic or synthetic rates, allowing inferences concern-
ing the functional state or integrity of a tissue.Radioligands
can be used to measure the concentration of specific recep-
tor or transporter sites, allowing for the assessment of the
integrity or distribution of a specific target that may corre-
spond to its expression.Quantitative compartmental analy-
sis methods can be used to take account of the potential
confounds from differences in blood flow (and, thus, avail-
ability of the radioligand) between tissues.

Two applications illustrate the complementary ways in
which radiotracers and radioligands can be used for phar-
macodynamic studies. FDG has been used as a PET
radiotracer for defining brain metabolic activity in Alzhe-
imer’s disease (AD) and its pharmacological modulation.
For example, effects of treatments expected to enhance
metabolism or slow rates of its impairment with the pro-
gression of neurodegeneration can be assessed with serial
FDG PET scanning [20]. By contrast, [11C]-PIB has been used
as a radioligand to provide specific information concerning
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the deposition of amyloid, which is thought to be related
directly to mechanisms of neurodegeneration and is a
current target for AD therapy. A number of pharmaceutical
companies are developing anti-amyloid antibodies
intended to provide a ‘peripheral sink’ which binds blood
amyloid and thus reduces brain amyloid concentrations.
The radioligand [11C]-PIB, which has a high affinity for the
beta sheet structure of the deposits, can be used to localize
and estimate changes in relative concentrations of
amyloid, as demonstrated in a recent phase IIa study of
bapineuzumab [21].

Similar considerations hold for applications of pharma-
codynamic PET to development of therapeutics in oncol-
ogy. For example, use of FDG PET as a radiotracer provides
an index of the enhanced glucose transport and phospho-
rylation in many tumours (the ‘Warburg’ effect). Qualitative
assessment of the FDG PET signal is used routinely in the
clinic as a diagnostic marker for tumours. Quantitative
measurements before and after treatment can define
pharmacodynamic effects expressed as changes in
glucose transport, glycolytic enzyme activity or cell viabil-
ity [22] (Figure 5). An atypical but illustrative example of
this for drug development came with the demonstration
of dramatic FDG PET responses to imatinib within 24 h of
dosing for gastrointestinal stromal tumours in some
patients [23]. Complementary information comes with use
of specific radioligands. An 18F-tagged peptide dimer of
arginine-glycine-aspartate (E[c(RGDyK)]2) that binds to the
avb2 integrin that is up-regulated with tumour angiogen-
esis defines integrin-positive tumours more specifically, for
example [24]. A growing ‘toolkit’ of radiotracers able to
assess the activity of biological processes commonly
altered by many therapies and specifically-targeted radio-
ligands is available (Table 2).

While the major applications of PET in drug develop-
ment thus far have been to CNS or oncology therapeutics,
there is potential for much wider applications of PET in
drug development. One of the most promising new
general areas of application is to inflammatory diseases
[25]. The best characterized radioligand target has been
the 18 kDa translocator protein (TSPO, previously known
as the peripheral benzodiazepine receptor), expression of
which is increased with macrophage or microglial activa-
tion, to provide a molecular marker of innate immune
responses [26]. The most widely used radioligand thus far
has been [11C]-PK11195 [18], but interpretation of studies is
limited by its relatively poor signal-to-noise ratio [23].

Figure 5
[18F]-FDG PET study of a patient with an abdominal ovarian tumour (arrow). A significant decrease in [18F]-FDG uptake (SUVmax) together with volumetric
tumour reduction was observed at the second visit. Images courtesy of Dr A. Saleem, GSK Clinical Imaging Centre

Table 2
Selected positron emission tomography radiotracers well characterized
for pharmacodynamic studies (adapted from [43], but see also http://
www.ncbi.nlm.nih.gov/books/NBK5330/)

PET radiotracer Clinical application

[13N]-ammonia Myocardial perfusion
[18F]-fluorodeoxyglucose FDG) Glucose uptake and phosphorylation

[11C]-methionine Protein synthesis
[18F]-fluoromizonidazole Tumour hypoxia

[11C]-acetate Oxidative metabolism
[18F]-DOPA Presynaptic dopaminergic function

[18F]-fluoride Bone scintigraphy
[82Rb]-rubidium Myocardial perfusion

[18F]-fluorotyrosine Amino acid uptake, protein synthesis
[11C]-thymidine DNA synthesis

[18F]-fluorothymidine (FLT) Tumour cell proliferation
[64Cu]-ATSM or [18F]MISO Hypoxia
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While several alternative radioligand candidates have
been evaluated in humans, differences in their binding
affinity between subjects raised concerns about whether
studies with them can be interpreted quantitatively [27].
However, identification of a genetic polymorphism in the
TSPO gene that is responsible for this behaviour now
promises to make quantitative studies possible after
simple genetic testing [28].

Integration of data from PET target occupancy studies
and functional MRI (fMRI) methods provides a novel
strategy for directly relating information on drug–target
interactions directly with a measure of functional effects in
the brain. Recent studies illustrating this approach have
related the extent of binding of an antagonist to its
m-opioid target with modulation of fMRI reward responses
to the administration of a palatable food stimulus [29] or a
dopamine receptor occupancy to reward responses in a
gambling task (Figure 6). The study simultaneously pro-
vided direct evidence validating the target as a modulator
of satiety responses in humans and suggested a pharma-
cological dose range based both on the measures of target
interaction and pharmacodynamic effect. New potential
for extension of this kind of work has come with advances
in detector technology that have made possible a first gen-
eration of fully integrated human PET/MRI systems [30, 31].
Integrated acquisition of data will increase the precision of
registration of the MRI and PET data particularly for appli-
cations outside of the head.

Development of target-specific radioligands
for PET
Availability of appropriate radioligands is a major chal-
lenge for PET molecular imaging in applications to drug
development.Target interaction studies demand availabil-
ity of a radioligand that has good affinity for the target, and
binds with high specificity and selectivity [32]. There are
many examples of such molecules, particularly for targets
in the CNS [33], but novel drug targets will demand novel
radioligands and the discovery of radioligands for new
targets is a complex and resource-intensive undertaking
requiring highly specialized and skilled staff.

Typically, the first steps in the discovery of a novel
radioligand involve screening relevant compounds (e.g.
from a library of molecules with some selectivity for
binding to the target of interest) for feasibility of introduc-
tion of a positron-emitting radioisotope label (e.g. 11C or
18F) and for chemical parameters such as lipophilicity (e.g.
log P or log [solubility in octanol]/[solubility in aqueous
solution at pH 7.4]) and affinity and selectivity for the
target (e.g. through measures of Ki, IC50, EC50). Additional
pharmacological criteria include plasma clearance, meta-
bolic fate, plasma protein binding and the potential to
access the target tissue. For applications in the brain,
assessment of the potential for crossing the blood–brain
barrier is critical. Compounds need to be sufficiently lipo-
philic to allow passive diffusion across cell membranes

while not being so lipophilic that a substantial fraction
interacts non-specifically with membranes. As a ‘rule of
thumb’, initial consideration is given to compounds with a
measured log P of 1–3.

The affinity of a radioligand for its target and the
amount of target available are fundamental parameters
that will determine the observed signal. The desired affin-
ity range for radioligand candidates therefore depends on
the expected target density. The signal-to-noise ratio can
be approximated by the BP (BP = (Bmax – B) ¥ (kon/koff), where
Bmax is the concentration of the target of interest and B is
the concentration of the target occupied by the ligand).
The ratio of first order kinetic rate constants for radiolig-
and binding and release from the target, kon/koff, can be
expressed as 1/KD. Under true tracer conditions (B < < Bmax),
the equations can be simplified as BP = Bmax/KD. A practical
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range for the binding potential, when allowing for non-
specific binding in the tissues of interest, is between 0.5
-15. Values less than 0.5 or greater than 15 suggest that a
candidate radioligand may suffer from either undesirably
high variability or low precision, respectively.

Target selectivity is governed by the relative affinity,
density and tissue distribution of potentially competing
interactions. Under usual circumstances, adequate target
specificity is expressed with a similar density in the same
tissue demands at least an order of magnitude difference
in affinity. However, for applications in which receptors
have known distributions and are not anatomically
co-localized, similar affinities for receptors can be allowed.

The potential for a compound to access the tissue of
interest also should be carefully considered. Our personal
experience in discovery efforts for radioligands targeting
the brain has been that the brain : blood ratio observed in
preclinical rodent or porcine biodistribution studies should
be >1 for practical utility. Invasive, equilibrium dialysis mea-
surements of the fraction of ligand free in plasma (fP) and
tissue proteins (fND) can provide even in vitro data that pre-
dicts brain penetration; the ratio fP : fND correlates well with
the non-specific volume of distribution (VND) [3, 15].

Care should be taken to ensure the ligand is not subject
to fast active transport from the target tissue back into the
blood. Examples of such active transport systems are P-gp,
the organic anion transporters (OATP), lung cancer resis-
tant protein (LRP), brain cancer resistant protein (BCRP)
and multidrug resistant proteins (MRP) [8]. In brain the
most prominent of these is P-gp. In silico or in vitro
methods can be used to screen out compounds that may
be substrates for this transporter [2, 34]. However, weak to
moderate substrates can still be useful radioligands, e.g.
[11C]-carfentanil and [18F]-4-(2′-methoxyphenyl)-1-[2′-(N-
2-pyridinyl)-p-fluorobenzamido]-ethyl-piperazine ([18F]-p-
MPPF) [35].

In order to optimize signal-to-noise, encourage rapid
tracer kinetics and facilitate equilibrium between plasma
and tissue concentrations within the period of the scan
(typically 90–120 min), clearance of the ligand from plasma
should be relatively fast. This is usually challenging with
chemical structures derived directly from molecules devel-
oped as drugs, because most therapeutics are designed for
dosing no more frequently than once or twice daily. The
compounds with high plasma clearance that are preferred
for radioligands are typically not seen as viable drug can-
didates, so the drug development process actively screens
against them.

Radioisotope labelling is perhaps the most flexible part
of initial candidate screening, as there is a well-developed
arsenal of chemistry methodology for both 11C and 18F
chemistries.Work with 18F has focused primarily on nucleo-
philic substitution reactions (both aliphatic and aromatic).
Nonetheless, feasibility of the chemistry can be challeng-
ing for 11C syntheses. As a rule of thumb, a PET radiophar-
maceutical should be available for clinical use within three

half-lives of receiving the radioactivity from the cyclotron.
For 11C, this means that the entire process, including quality
control release testing to specification, should ideally take
less than 1 h. As a result, most chemistry with 11C involves
introduction of the label as a single, final step to limit loss
of product as a result of radioactive decay [36].

Finally, the position of labelling should be carefully con-
sidered with regard to the known or probable metabolic
fate of the PET radioligand. Where possible, the ligand
should be labelled in a position which, upon oxidation or
hydrolysis, leads to a labelled hydrophilic fragment, as
these are less likely to enter tissues. An example illustrating
this is provided by the 5-HT1A receptor radioligand, [11C]-
WAY 100635. Initially, this compound was labelled in the
O-methyl position (Figure 7A) to achieve similar criteria
based on the reported primary route of metabolism in rat.
Rodent preclinical studies supported the potential suit-
ability of this radioligand with demonstration of a high
signal in the hippocampus and a very low signal in the
cerebellum, tissues known to have high and very low
5-HT1A receptor expression, respectively [37]. However,
translation to humans gave a surprising result: the
observed medial temporal cortex (MTC) : cerebellum
signal ratio was more than five-fold lower than expected
[38]. Contrary to the experience with rats, it was found that
in man the primary route of metabolism in humans is
through hydrolysis of the amide bond (Figure 7B). The
hydrolysis product ([11C]-WAY 100634) readily enters the
brain and has a high affinity for a1-adrenergic receptors,
reducing the specific signal-to-noise for the 5-HT1A recep-
tor. Subsequent labelling in the carbonyl position gener-
ated a radioligand (11C-carbonyl]-WAY 100635) that gave a
much more specific signal (as supported by the much
improved MTC/cerebellum signal ratio) [39].

Despite an apparent thorough knowledge of critical
physicochemical parameters that define the boundaries
the overall rate of discovery of new PET tool compounds
compared with the effort invested by the field is low.
Recent advances in design-based biomathematical mod-
elling [40], better understanding of factors predicting non-
specific binding [41] and new approaches to medicinal
and PET chemistry promise opportunities for more effi-
cient development in the future.

Conclusions

PET allows a new ‘precision pharmacology’ that can have
an important role in drug development. While imaging
experimental medicine can add complexity to planning
clinical development and increase the cost per patient
studied, well-designed studies can answer key questions
earlier and with smaller numbers of subjects for more
confident decision-making. In the future, applications of
molecular imaging to the development of drugs can
add further value with their translation to clinical use as a
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companion diagnostic for patient stratification enabling
higher efficacy and value. More responsive patient popu-
lations can be identified not just to enable smaller, more
informative clinical trials, but also to direct medicines to
patients who will experience the greatest benefit [42]. We
urge that the potential value of a translational molecular
imaging strategy be considered routinely and at the earli-
est stages of planning for the development of new drugs.
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Greer, Leslie

From: Lazarus, Steven
Sent: Tuesday, February 24, 2015 2:44 PM
To: Veyberman, Alla
Cc: Riggott, Kaila; Greer, Leslie
Subject: FW: 14-31965 PET-CT 

Alla, 
 
Please see the email below from DSS regarding your CON application. 
 
Thank you, 
 
Steve 
 
Ps. Leslie, please add to the original file. 
 
 
 
 

From: Wysocki, Richard  
Sent: Tuesday, February 24, 2015 2:38 PM 
To: Lazarus, Steven 
Cc: Martone, Kim; Lavigne, Christopher A.; Riggott, Kaila; Hansted, Kevin 
Subject: RE: 14-31965 PET-CT  
 
Steve:  
 
DSS has reviewed the Applicant’s information as provided by OHCA, and based on this information, the applicant states 
“all individuals undergoing PET imaging at MNI facility do so as a participant in a research study. Under no circumstances 
does MNI or its physicians provide fee for service imaging or participate in any health care reimbursement programs or 
clinical care to the population being served”.  
 
Based on this information,  it appears that there should not be any impact to the Medicaid program.  Thanks. 
 
 

Wysocki, Richard 
rich.wysocki@ct.gov 
 
DSS 
25 Sigourney St. 11th Flr. Rate Setting & CON unit 
Hartford, CT  06106 
860-424-5103 Direct 
 
www.ct.gov/dss 

CONFIDENTIAL INFORMATION: The information contained in this e-mail may be confidential and protected from general disclosure. If the recipient or reader of this e-mail is 
not the intended recipient or a person responsible to receive this e-mail for the intended recipient, please do not disseminate, distribute or copy it. If you received this e-mail in 
error, please notify the sender by replying to this message and delete this e-mail immediately. We will take immediate and appropriate action to see to it that this mistake is 
corrected.[*LD*] 
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From: Lazarus, Steven  
Sent: Tuesday, February 24, 2015 9:20 AM 
To: Wysocki, Richard 
Cc: Martone, Kim; Lavigne, Christopher A.; Riggott, Kaila; Hansted, Kevin 
Subject: FW: 14-31965 PET-CT  
 
Good morning again Rich, 
 
Please see the information below for another (new) CON application. Please let me know of the impact of this proposal 
on the Medicaid program. 
 
Thank you, 
 
Steve 
 
 
 

Steven W. Lazarus 
Associate Health Care Analyst 
Division of Office of Health Care Access 
Connecticut Department of Public Health 
410 Capitol Avenue 
Hartford, CT 06134 
Phone: 860‐418‐7012 
Fax:        860‐418‐7053 
 

From: Veyberman, Alla  
Sent: Tuesday, February 24, 2015 9:16 AM 
To: Lazarus, Steven 
Subject: 14-31965 PET-CT  
 
Steve,  
Please see the information below. 
 
 
14‐31965‐CON   Purchase of a Positron Emission Tomography – Computed Tomography Scanner  
 
 
Molecular NeuroImaging, LLC (MNI) is a neuroimaging services company specializing in the efficient application of 
scintigraphic biomarkers in drug development and research for neurodegenerative and neuropsychiatric disorders. 
Molecular Neuroimaging, LLC (MNI) is proposing to acquire a PET/CT camera to meet the increasing demands for PET 
imaging in its research‐dedicated facility. he proposed scanner will be used in research focusing on developing new 
therapies for neurodegenerative conditions such as Alzheimer disease (“AD”), Parkinson and Huntington diseases, and 
other neurologic and psychiatric disorders including Schizophrenia, Depression, Multiple Sclerosis, and Fragile X 
syndrome.  
The proposed scanner, Reconditioned Siemens Biograph HI‐REZ 6 PET/CT, is a 64 slice PET and 6 slice CT scanner 
 
The current and target population to complete PET imaging at MNI are study participants involved in research trials of 
new therapies for neurodegenerative disorders. As a research‐dedicated imaging center, all individuals undergoing PET 
imaging at MNI facility do so as a participant in a research study. Under no circumstances does MNI or its physicians 
provide fee for service imaging or participate in any health care reimbursement programs or clinical care to the 
population being served.  
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Patients are not served using the imaging cameras at MNI; the proposed camera is for research only. 
 
Current and Projected Patient Population Mix 

 
TABLE 7 

APPLICANT’S CURRENT & PROJECTED PAYER MIX 
 

Payer 

Most Recently 
Completed 

FY2013 

Projected 

FY2014 FY2015 FY2016 

Volume % Volume % Volume % Volume % 

Medicare* N/A N/A N/A N/A N/A N/A N/A N/A 
Medicaid* N/A N/A N/A N/A N/A N/A N/A N/A 
CHAMPUS & 
TriCare 

N/A N/A N/A N/A N/A N/A N/A N/A 

Total Government N/A N/A N/A N/A N/A N/A N/A N/A 
Commercial 
Insurers 

N/A N/A N/A N/A N/A N/A N/A N/A 

Uninsured N/A N/A N/A N/A N/A N/A N/A N/A 
Workers 
Compensation 

N/A N/A N/A N/A N/A N/A N/A N/A 

Total Non-
Government 

N/A N/A N/A N/A N/A N/A N/A N/A 

Total Payer Mix N/A N/A N/A N/A N/A N/A N/A N/A 
 
 
Question: 
For the Medicaid population only, provide the assumptions and actual calculation used to determine the projected 
patient volume. 
 

Applicant’s response: N/A 
 

Question: 
If the proposal fails to provide or reduces access to services by Medicaid recipients or indigent persons, provide 
explanation for good cause for doing so. Note: good cause shall not be demonstrated solely on the basis of differences in 
reimbursement rates between Medicaid and other health care payers. 
 

Applicant’s response: N/A 
 
Question: 

Please elaborate on each of your responses of "N/ A" for application questions 6( a)-( d)~ 

regarding your current and projected patient population mix. In particular, clearly explain why the 
Applicant states that Medicaid issues are '"not applicable" to the proposed scanner. 
 
Applicant’s response: 
MNI has responded that the Medicaid issues are not applicable to this proposed camera, as we 
are not a Medicaid reimbursable or POS entity. MNI conducts research only and neither MNI 
nor its researchers are registered to receive payment from Medicaid or any other insurers for any 

clinical services, including PET Imaging that would be conducted on the proposed camera. 
 
 
Thanks, 
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Alla Veyberman 
CT Department of Public Health 
Office of Health Care Access (OHCA) 
Phone: 860.418.7007 
Fax: 860.418.7053 
Email: Alla.Veyberman@ct.gov 
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