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Abstract
The development of Aβ-PET imaging agents has allowed for detection of fibrillar Aβ deposition
in vivo and marks a major advancement in understanding the role of Aβ in Alzheimer’s disease
(AD). Imaging Aβ thus has many potential clinical benefits: early or perhaps preclinical detection
of disease and accurately distinguishing AD from dementias of other non-Aβ causes in patients
presenting with mild or atypical symptoms or confounding comorbidities (in which the distinction
is difficult to make clinically). From a research perspective, imaging Aβ allows us to study
relationships between amyloid pathology and changes in cognition, brain structure, and function
across the continuum from normal aging to mild cognitive impairment (MCI) to AD; and to
monitor the effectiveness of anti-Aβ drugs and relate them to neurodegeneration and clinical
symptoms. Here, we will discuss the application of one of the most broadly studied and widely
used Aβ imaging agents, Pittsburgh Compound-B (PiB).

I. Introduction
Alzheimer’s disease (AD) is the most common cause of dementia in the elderly and its
prevalence is increasing at an alarming rate, with a worldwide prevalence estimated to
quadruple over the next 50 years. AD is pathologically characterized by the presence of
amyloid plaques, containing amyloid-β (Aβ), and neurofibrillary tangles (NFT), containing
hyperphosphorylated tau, as well as significant loss of neurons and deficits in
neurotransmitter systems. A growing consensus points to deposition of Aβ plaques as a
central event in the pathogenesis of AD. This “amyloid cascade hypothesis” (Hardy &
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Allsop, 1991; Hardy & Higgins, 1992) states that overproduction of Aβ, or failure to clear
this peptide, leads to AD primarily through amyloid deposition, which triggers the
production of NFT, cell death and, ultimately, the clinical symptoms such as memory loss
and cognitive impairment (Hardy et al., 1998). Further, the presence of Aβ in AD has been
associated with synaptic loss (for review see Wilcox et al., 2011), which is significantly
correlated with cognitive impairment in AD (DeKosky et al., 1996; Terry et al., 1991;). The
single, most important piece of evidence for this “amyloid cascade hypothesis” of AD is the
demonstration that at least five different mutations in the Aβ precursor protein (APP) gene
on chromosome 21, all lying in or near the Aβ peptide region, cause early-onset AD (Hardy
et al.,1998; Price & Sisodia, et al., 1998; Tanzi et al., 1996). Further genetic support for the
amyloid cascade hypothesis comes from the finding that the most common form of early-
onset, autosomal dominant, familial AD (eoFAD) (the chromosome 14 mutations) is caused
by mutations in the presenilin-1 (PS1) gene which codes for a protein that is a component of
the “γ-secretase” enzyme complex responsible for C-terminal cleavage of Aβ from APP
(Xia et al., 2000).

II. Rationale for Studying Amyloid Deposition
Definitive diagnosis of AD relies on the demonstration of sufficient amounts of Aβ plaques
and NFT in autopsy brains (Mirra et al., 1991). Imaging Aβ thus has many potential clinical
benefits: early or perhaps pre-clinical detection of disease and accurately distinguishing AD
from non-Aβ causes of dementia in patients with mild or atypical symptoms or confounding
comorbidities (in which the distinction is difficult to make clinically). From a research
perspective, imaging Aβ allows us to study relationships between amyloid, cognition, and
brain structure, and function across the continuum from normal aging to AD; and to monitor
the biological effects of anti-Aβ drugs and relate them to effects on neurodegeneration and
cognition. Here, we will discuss the application of one of the most broadly studied and
widely used agents, Pittsburgh Compound-B (PiB).

III. General Properties of the Aβ Imaging Tracer, PiB
PiB (also known as [11C]6-OH-BTA-1 or [N-methyl-11C]2-(4’-methylaminophenyl)-6-
hydroxybenzothiazole (Mathis et al., 2003)) is a thioflavin-T (ThT) derivative, a small
molecule known to bind amyloid proteins aggregated into a beta-pleated sheet structure
(Levine 1995). Figure 1 demonstrates the steps in development of PiB from ThT. The first
step removed the methyl group from the positively charged quaternary heterocyclic nitrogen
of the benzothiazolium group of ThT, yielding a compound called 6-Me-BTA-2. This
alteration produced increased brain entry of the compound and improved the Aβ binding
affinity and highly decreased the NFT binding affinity relative to the parent compound ThT.
The inhibition constant (Ki, a measure of binding affinity closely related to the Kd (Bennett
& Yamamura, 1985)) of 6-Me-BTA-2 for fibrillar Aβ was nearly ten times lower than ThT,
although it did not reach the desired binding affinity of <10 nM (Fig. 1). Additionally, the
brain clearance of 6-Me-BTA-2 from normal brain was very poor and brain levels actually
increased 2-fold over 30 min; therefore, two additional methyl groups were removed from 6-
Me-BTA-2, creating a compound known as BTA-1, which showed significantly better Aβ
affinity, brain entry, and clearance (Mathis et al., 2003). However, the 6-hydroxy derivative
of BTA-1 (6-OH-BTA-1 or PiB) had a better Aβ affinity, with a Ki of 4.3 nM (surpassing
the initial goal of 10 nM) and a better normal brain clearance, with a 2’:30’ ratio of 12
(normal brain clearance t1/2 ~7.9 min) and was used for further human studies (Fig. 1).
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IV. Early Human PiB Studies
The first human positron-emission tomography (PET) imaging studies with PiB were a
collaboration between the University of Pittsburgh and Uppsala and Karolinska Universities
(Engler et al., 2002; Klunk et al., 2004). This study included 16 AD patients, six elderly age-
matched controls, and three young controls, chosen because of the likelihood that most
would be amyloid negative. The healthy control (HC) subjects showed rapid entry and
clearance of PiB from all cortical and subcortical grey matter areas, including the
cerebellum (Fig. 2). Nearly identical uptake and clearance of PiB was seen in the cerebellum
of HC and AD groups (Fig. 2A), an area of the brain known to have few fibrillar Aβ
deposits. Subcortical white matter showed relatively lower entry and slower clearance in
both HC subjects and AD patients compared to grey matter areas (Fig. 2B). However, in AD
patients, markedly increased PiB retention was observed in brain areas known to contain
high levels of amyloid plaques when compared to HC subjects, including brain regions such
as parietal and frontal cortices (Figs. 2C–E) (Arnold H et al., 1991; Thal, Rub, Orantes, &
Braak, 2002).

The pattern of PiB retention was quite different in AD patients compared to the HC subjects
(Fig. 3). PiB retention in AD patients was generally most prominent in cortical areas and
lower in white matter areas, in a manner most consistent with postmortem studies of Aβ
plaques in the AD brain (Thal et al., 2002). PiB retention was broadly observed in frontal
cortex in AD, but also was observed in precuneus/posterior cingulate, temporal, and parietal
cortices. The occipital cortex and lateral temporal cortex were also significantly affected
with a relative sparing of the mesial temporal areas. Significant striatal PiB retention was
also observed, consistent with previous reports of extensive Aβ deposition in the striatum of
AD patients (Braak & Braak, 1990; Brilliant et al., 1997; Suenaga et al., 1990; Wolf et al.,
1999). PiB images from HC subjects showed little or no PiB retention in cortical areas, and
the accumulation of PiB in white matter was the same in AD patients and HC subjects (Fig.
2B).

In the initial PiB-PET study three AD subjects displayed cortical PiB retention at the level of
HC subjects – this is not a particularly surprising finding when one considers previous
reports from postmortem studies that some people clinically diagnosed with AD do not have
Aβ deposits at autopsy (Haroutunian et al., 1998; Price and Morris, 1999). Indeed, these
three AD patients performed well on the mini-mental status exam and showed no significant
cognitive deterioration over the 2–4 year follow-up period after the PiB study (i.e., MMSE
remained 28–29) while the AD patients with significant PiB retention showed deterioration
typical of clinical AD. Additionally, in the elderly HC group, the oldest subject (76 y/o)
consistently showed the highest cortical PiB retention, consistent with postmortem studies
identifying elderly HC subjects with significant amyloid deposits (Bennet et al., 2006). It
was recognized very early that it would be critical to longitudinally follow PiB retention in
these discordant subjects (i.e., clinical AD-absent PiB or HC-significant PiB) in order to
gain insight into the natural history of Aβ deposition and the role it may (or may not) play in
cognitive decline and clinical AD.

The initial PiB study was followed by a 2-year follow-up study which examined the clinical
history of three PiB-negative [PiB(−)] AD patients and the PiB-positive [PiB(+)] HC subject
(Engler et al., 2006). At 2-year follow-up, all three of the PiB-negative AD subjects were
reclassified as mild cognitive impairment (MCI)—although it is not clear if this was by
clinicians blinded to the PiB-PET results. The single PiB(+) HC subject showed no change
in cognition or regional cerebral metabolic rate of glucose (rCMRglc), measured with
Flurodeoxyglucose (FDG)-PET over the follow-up period, and little increase in PiB
retention. These data suggest that the PET result was either false positive, if PiB retention
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followed a fairly rapid course, or true positive if PiB retention began long before clinical
symptoms and followed a fairly lengthy course. These original studies provided a landmark
description of the natural history of Aβ deposition in living subjects, and were later
confirmed by additional studies using PiB in AD patients and cognitively normal subjects
(Archer et al., 2006; Buckner et al., 2005; Edison et al., 2006; Fagan et al., 2006; Fagan et
al., 2007; Jack et al., 2009; Kemppainen et al., 2006; Lopresti et al., 2005; Mintun et al.,
2006; Nelissen et al., 2007; Price et al., 2005; Pike et al., 2007; Rabinovici et al., 2007;
Rowe et al., 2007; Ziolko et al., 2006).

V. Amyloid Imaging and Apolipoprotein-E Genotype
Apolipoprotein E (ApoE) is a 299 amino-acid protein involved in lipid transport and
metabolism in the periphery and in brain. ApoE plays a key role in neuronal maintenance
and repair (for review see Mahley et al., PNAS 2006). The ApoE gene, found on
chromosome 19, has three common isoforms: ε3 (allele frequency 65–70%), ε2 (5–10%),
and ε4 (15–20%). The ε4 allele (ApoE4) is by far the strongest genetic risk factor for
sporadic AD, associated with a 3-fold increased risk in heterozygotes and up to a 15-fold
increased risk of AD in homozygotes (Farrer et al., 1997), while ApoE2 may be protective.
ApoE4 has been implicated in multiple aspects of AD pathogenesis, including Aβ
fibrillization and clearance (Mahley et al., 2006). Autopsy studies have demonstrated an
increased likelihood of AD pathology in cognitively normal individuals who are ApoE4
carriers (Kok et al., 2009). Similarly, PiB-PET studies have found that ApoE4 genotype is
associated with higher PiB retention in cognitively normal elderly in a dose-dependent
manner (Reiman et al., 2009, Morris et al., 2010), and ApoE4 carriers are more than twice as
likely to convert from PiB(−) to PiB(+) over time (Vlassenko et al., 2011). Conversely,
ApoE2 has been associated with lower PiB retention in normal elderly (Morris et al., 2010).
MCI patients who are ApoE4 carriers consistently show higher PiB retention than MCI
noncarriers, though this is at least in part because the presence of ApoE4 increases the
likelihood that MCI symptoms are due to underlying AD (Kemppainen et al., 2007; Rowe et
al., 2007). Findings in AD patients have been mixed, with some studies demonstrating
increased PiB retention in ApoE4 carriers cross-sectionally (Drezga et al., 2008) and
longitudinally (Grimmer et al., 2010), while other studies did not find differences between
ApoE4 carriers and noncarriers in AD (Klunk et al., 2004; Rowe et al., 2007; Rabinovici et
al., 2010). Similarly, ambiguous results have been reported in the AD postmortem literature
(Berg et al., 1998; Gomez-Isla et al., 1996). Amyloid imaging will be helpful in further
elucidating the links between ApoE, Aβ, neurodegeneration, and cognition across the AD
continuum.

VI. Amyloid Imaging in Normal Controls
Several studies have now demonstrated PiB retention in cognitively normal controls.
Depending on the site, reports have ranged from a proportion of 10–30% of normal elderly
subjects with significant PiB retention [i.e., PiB(+)] (Aizenstein et al., 2008; Jack et al.,
2008; Kantarci et al., 2012; Klunk et al., 2004; Mintun et al., 2006; Mormino et al., 2009;
Mormino et al., 2011; Pike et al., 2007; Reiman et al., 2009; Rowe et al., 2010; Villemagne
et al., 2008). This wide range likely depends on factors such as the age of the cohort,
proportion of subjects carrying the ApoE4 allele, definition of “cognitively normal,” and the
threshold for defining amyloid-positivity. The relationship between increased PiB retention
and cognition in the normal elderly has been difficult to define. It is apparent that among
cognitively normal subjects, significant plaque load is not related to broad differences in
cognitive performance between groups with and without significant PiB retention
(Aizenstein et al., 2008; Jack et al., 2008; Mintun et al., 2006; Rowe et al., 2010). In other
studies, an increase in PiB retention has been associated with poorer performance on
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episodic memory tests (Kantarci et al., 2012; Mormino et al., 2009; Pike et al., 2007;
Villemagne et al., 2008). More consistently, PiB(+) cognitively normal individuals show, at
a group level, “AD-like” changes in brain structure and network connectivity and activity
(see PiB and MRI section, Section XIV: B, below). Most significantly, longitudinal studies
have found that cognitively normal individuals with elevated PiB are at much higher risk for
longitudinal cognitive decline and the emergence of clinically significant cognitive
impairment than PiB(−) age and education matched subjects (Morris et al., 2010; Resnick et
al., 2010; Storandt et al., 2009; Villemagne et al., 2008; Villemagne et al., 2011a). These
data have led to the hypothesis that, at least in many older individuals, PiB-positivity is a
marker for preclinical AD (Sperling et al., 2011).

VII. Amyloid Imaging in MCI
In early studies of MCI subjects, PiB appeared to show a bimodal distribution, with 60–75%
of subjects showing a typical, AD-like pattern and burden of PiB retention, while the
remaining subjects showed levels typical of PiB(−) controls (Jack et al., 2008; Lopresti et
al., 2005; Price et al., 2005; Rowe et al. 2007). Variations in PiB retention have also been
explored when examining MCI subjects based on MCI subtype; subjects with nonamnestic
MCI were much less likely to be PiB(+) than subjects with amnestic MCI, further suggesting
that PiB may be superior to FDG in distinguishing MCI subtypes (Lowe et al., 2009; Pike et
al., 2007). These studies have suggested that the nonamnestic MCI subtype may include
depression or incipient dementia where Aβ deposition is not a feature [e.g., frontotemporal
or vascular dementia (VaD)], or they may prove to be part of the 5–10% who have stable
MCI, or the 20% who revert to apparent normality (Busse et al., 2006; Gauthier et al., 2006).

Longitudinal studies have suggested that MCI subjects with high PiB retention are much
more likely to convert to AD than subjects with low PiB retention. In a study by Forsberg
and colleagues (Forsberg et al., 2007), all 7 MCI-to-AD converters were amyloid-positive at
baseline and 9 of the 14 nonconverters were amyloid-negative. In addition, none of the
baseline PiB(−) MCI subjects converted to AD. This effect has also been observed in several
subsequent studies, with MCI subjects with increased PiB retention showing much more
frequent conversion to AD (Koivunen et al., 2011; Villemagne et al., 2011a; Wolk et al.,
2009). Therefore, amyloid PET is likely to have a prognostic role in the clinical evaluation
of MCI, by identifying subjects who have underlying AD pathophysiology and are therefore
at high risk for further clinical decline (Albert et al., 2011).

VIII. Amyloid Deposition in Early-Onset, Autosomal Dominant, Familial AD
Roughly 1% of all AD cases are caused by single gene mutations that are transmitted in an
autosomal dominant pattern with nearly 100% penetrance. Familial AD has been linked to
mutations in presenilin-1 (PS1, chromosome 14, the most commonly involved gene),
amyloid precursor protein (APP, chromosome 21) or presenilin-2 (PS2, chromosome 1). All
these mutations are thought to cause eoFAD by promoting the cleavage of APP to the
proaggregatory Aβ1–42 peptide (Hardy et al., 1998). In order to explore the natural history of
preclinical amyloid deposition in people at high risk for AD, individuals with eoFAD have
been evaluated in several studies. In the first PiB-PET study, subjects with two different PS1
mutations were explored (Klunk et al., 2005). The PS1 mutation carriers, both symptomatic
and asymptomatic, showed a strikingly similar, focal amyloid deposition that appeared to
begin in the striatum (Fig. 4). This is in contrast to early deposition of amyloid in
nonmutation carriers, typically in the frontal cortex and the precuneus/posterior cingulate
region but not in striatum.

These data have been extended to 49-year-old and 60-year-old siblings with autosomal
dominant dementia and frequent cerebral amyloid angiopathy (CAA) and intracerebral
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hemorrhages due to an APP locus duplication (Remes et al., 2004; Rovelet-Lecrux et al.,
2007). Similar to previous findings, PiB retention was highest in the striatum (up to 280% of
the control mean) and the overall pattern of increased PiB retention was different from that
seen in sporadic AD (Remes et al., 2007).

Theuns et al. (2006) reported widespread retention of PiB, typical of that observed in
sporadic AD, in a 57-year-old patient (MMSE of 18) with a novel K724N mutation in the C-
terminal intracytosolic fragment of APP. The subject showed no disproportionate PiB
retention in the striatum. However, Villemagne et al. (2009), has demonstrated increased
striatal PiB deposition in PS1 and APP mutation carriers. Further, Pittsburgh investigators
have shown a similar striatal PiB retention pattern in older nondemented subjects with Down
syndrome (Handen et al., in press), while Landt et al. (2011) showed a typical AD PiB
retention pattern in one older subject with Down syndrome. These early-onset forms of AD
all share overproduction of Aβ (particularly the 42 amino acid form) as a proposed
mechanism of Aβ deposition (Younkin, 1997), whereas decreased clearance might be more
important in late-onset AD (Whitaker et al., 2003). It may be that the cellular milieu of the
striatum is particularly prone to amyloid deposition under conditions of overproduction.

It has been reported that two genetic forms of AD, the Arctic APP mutation and the Osaka
APP mutation, were found to have little PiB retention in the brains of mutation carriers—in
contrast to subjects with late-onset AD. Interestingly, these mutations have been associated
with enhanced formation of Aβ oligomers without Aβ fibril formation (Nilsberth et al.,
2001; Tomiyama et al., 2008). The lack of PiB-PET signal in both the Arctic and Osaka
mutations suggest that oligomeric Aβ, rather than fibrillar Aβ, plays a significant role in the
cause of dementia symptoms observed in patients carrying these genetic mutations (Shimada
et al., 2011; Scholl et al., in press; Tomiyama et al., 2008).

IX. Frontotemporal Dementia
Frontotemporal dementia (FTD) refers to a family of neurodegenerative disorders that
preferentially affect the frontal and anterior temporal lobes (Rabinovici & Miller, 2010).
Clinically, FTD presents with progressive changes in behavior and social-emotional function
(in the behavioral-variant) or with decline in language in the semantic and nonfluent/
agrammatic variants of primary progressive aphasia (Gorno-Tempini et al., 2011; Rascovsky
et al., 2011). Histologically, FTD clinical syndromes are associated with a group of
pathologies collectively referred to as frontotemporal lobar degeneration (FTLD). Inclusions
in FTLD consist of tau, TDP-43, or (rarely) fused in sarcoma (FUS) proteins, but,
significantly, do not include Aβ deposits (Mackenzie et al., 2010). AD and FTD can overlap
clinically and anatomically, and misclassification rates of 10–40% are cited even at expert
centers when clinical diagnosis during life is compared to postmortem findings (Alladi et al.,
2007; Forman et al., 2006).

PiB-PET could be helpful in distinguishing AD and FTD, since amyloid plaques are a core
feature of AD but are not part of the FTLD pathologic spectrum. Further, patients with FTD
typically develop symptoms before age 65 (Johnson et al., 2005), when the prevalence of
AD and FTD is similar (Ratnavalli et al., 2002) and “age-related” amyloid deposits are less
common (Morris et al., 2010). Several early case series demonstrated the utility of PiB-PET
in distinguishing AD and FTD (Drzezga et al., 2008; Engler et al., 2007; Rabinovici et al.,
2007; Rowe et al., 2007). In the largest series published to date, Rabinovici et al. tested the
diagnostic performance of PiB-PET in distinguishing clinically diagnosed AD (N = 62) and
FTLD (N = 45) patients (Rabinovici et al., 2011), and compared it to the performance of
FDG-PET, which has an established diagnostic role in this scenario (Foster et al., 2007).
PET scans were rated visually (blinded to clinical diagnosis) as PiB(+) or PiB(−) and as
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consistent with the FDG patterns of AD (temporoparietal-predominant hypometabolism) or
FTLD (hypometabolism most severe in frontal or anterior temporal lobes). Scans were also
classified quantitatively based on comparisons with normal controls. PiB visual reads were
more sensitive for AD than FDG reads (89.5% vs. 77.5%) with similar specificity (83% vs.
84%). On quantitative classification, the sensitivity and specificity of PiB were essentially
unchanged compared to visual reads, whereas FDG was slightly less sensitive (73%) but
significantly more specific (98%). PiB outperformed FDG in a subset of 12 patients who
underwent autopsy or carried a known pathogenic gene mutation, with an overall accuracy
of 97% for PiB and 87% for FDG (see Section XIII for more details).

X. Dementia with Lewy Bodies and Parkinson’s Disease
Dementia with Lewy bodies (DLB) is the second most common degenerative cause of
dementia after AD (McKeith et al., 1996). Clinically, DLB is characterized by the coincident
onset of cognitive decline (often affecting executive and visuospatial function with relative
sparing of memory) and motor features of Parkinson’s disease (PD) such as tremor,
bradykinesia, rigidity, and postural instability (McKeith, 2006). Additional core features
include visual hallucinations and fluctuations in cognition and arousal. DLB has significant
clinical and pathological overlap with AD (McKeith, 2006). While pure DLB shows
extensive deposition of α-synuclein protein in the form of Lewy bodies (Dickson, 2002), but
no significant Aβ pathology, DLB with Aβ pathology (i.e., Lewy body variant of AD) is
more frequently observed (Ballard et al., 2006). Evidence from in vitro binding and in vivo
imaging studies suggests that PiB does not bind to α-synuclein deposits in detectable
amounts (Bacskai et al., 2007; Burack et al., 2010; Fodero-Tavoletti et al., 2006; Klunk et
al., 2003;), so PiB-PET can rule in or rule out the presence of significant Aβ pathology.
Rowe et al. (2007) examined whether PiB retention can distinguish different types of
dementia (AD, DLB, FTD), and found that cortical PiB retention was markedly elevated in
every AD subject regardless of clinical severity (n = 17) but was generally lower and more
variable in DLB (n = 10) and below detection in FTD (n = 6). In the DLB subjects, high
neocortical PiB retention (especially in precuneus/posterior cingulate) correlated with
shorter time between the onset of cognitive impairment and clinical manifestation of DLB,
suggesting that Aβ pathology may accelerate DLB development. Additionally, studies
support that PiB can distinguish DLB from other neurodegenerative syndromes with similar
clinical and pathological phenotypes, such as multiple systems atrophy (Claassen et al.,
2011). When compared to Parkinson’s disease dementia (PDD), another condition
associated with extensive α-synuclein pathology, DLB subjects have significantly more Aβ
deposition measured by PiB-PET (Claassen et al., 2011; Edison et al., 2008; Gomperts et al.,
2008; Kalaitzakis et al., 2011; Maetzler et al., 2008), further supporting that Aβ deposition
may have greater influence on the clinical development of DLB than PDD. However,
vascular Aβ deposition is also common in PD and Aβ plaques are often found in PDD
(Jellinger, 2003; Mastaglia et al., 2003). Johansson et al. (2007) reported that compared to
HCs, cognitively intact PD patients do not show significantly increased PiB-PET retention,
and PiB PET scan can be positive in more advanced PD patients. Indeed, higher PiB
retention was reported in subjects with PDD (Foster et al., 2010; Kalaitzakis et al., 2011)
and in two of three PiB-PET imaged PDD autopsy cases where PiB positivity was
associated with the presence of frequent Aβ plaques (Fig. 5; Burack et al., 2010).

In conclusion, PiB imaging cannot distinguish DLB from AD given the high rate of Aβ co-
pathology in DLB. This clinical distinction can be better accomplished by molecular
imaging of the dopamine system, which is deficient in DLB but not AD (Koeppe et al.,
2008). Further, a recent report has suggested that concomitant imaging of Aβ and markers of
the presynaptic dopaminergic system in the same individuals aids in the differential
diagnosis of DLB and AD (Villemagne et al., 2012). PiB imaging may have prognostic
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value, with a positive scan suggesting a more precipitous clinical course, though this needs
to be more definitively demonstrated in longitudinal studies.

XI. Cerebral Amyloid Angiopathy (CAA)
An accumulating body of evidence from clinical, epidemiological, and autopsy studies
suggest a relationship between cardiovascular disease (CVD) and Aβ pathology. Whether
cerebral vascular pathology and Aβ deposition can influence each other, and the extent to
which these changes affect cognition, is not clear. Recent autopsy studies and clinical
imaging combining MRI and PiB-PET have contributed to our better understating of this
potential relationship. CAA results from Aβ deposition in cerebral vessels’ wall. Several
postmortem studies reported high incidence of CAA (up to 98%) in AD (for review see
(Jellinger, 2002)). While CAA can be found in the absence of dementia it is often found in
association with AD. This is particularly the case in ApoE4 carriers, where CAA is
associated with a risk of blood vessel rupture and cerebral hemorrhages including strokes
(Maia et al., 2007) which can contribute to VaD. CAA-associated strokes are most
frequently located in the occipital lobe (Attems et al., 2007; Rosand et al., 2005;) which is
less severely affected with plaques when compared to frontal and parietal (precuneus)
cortices. Both plaques and CAA are detectable with PiB (Bacskai et al., 2007; Ikonomovic
et al., 2008; Lockhart et al., 2007) and contribute to PiB retention in vivo.

Johnson et al. (2007) evaluated the sensitivity of PiB-PET to detect CAA in six
nondemented subjects diagnosed with clinically probable CAA and compared them to
patients with probable AD, and HCs. They found that all of the CAA and AD subjects were
PiB(+). Global cortical PiB retention in the CAA group was significantly higher relative to
HC subjects but was lower than in AD subjects. The occipital-to-global PiB ratio, however,
was significantly greater in CAA than in AD subjects—consistent with the known
predilection of CAA for the occipital lobe. Similarly, in a 42-year-old man with Iowa-type
hereditary CAA, PiB retention was observed only in the occipital cortex, consistent with the
pathology of this type of CAA (Greenberg et al., 2008). These findings have been replicated
in additional CAA cohorts showing significantly increased occipital-to-global ratio of PiB
retention (Ly et al., 2010).

XII. Atypical Presentations of AD
While episodic memory loss is considered the clinical hallmark of AD, ~15% of AD patients
seen at academic centers have a nonamnestic presentation (Snowden et al., 2007). Two
clinical syndromes in particular—posterior cortical atrophy (PCA), a progressive disorder of
visuospatial function, and logopenic-variant primary progressive aphasia (lvPPA), a
language disorder characterized by difficulties with naming, word retrieval, and repetition—
have been strongly associated with AD pathophysiology (Alladi et al., 2007; Gorno-Tempini
et al., 2004; Mesulam et al., 2008; Tang-Wai et al., 2004). These nonamnestic presentations
have been incorporated into new AD diagnostic guidelines (McKhann et al., 2011).

Amyloid PET can be helpful in diagnosing AD in patients presenting with PCA and lvPPA
during life, particularly since these syndromes are associated with early age-of-onset, and
the alternative causative pathologies fall in the FTLD (non-Aβ) family. Indeed, a number of
studies have demonstrated that patients diagnosed with PCA and lvPPA at expert centers are
nearly always PiB(+) (de Souza et al., 2011; Formaglio et al., 2011; Leyton et al., 2011; Ng
et al., 2007a; Rabinovici et al., 2008; Rabinovici et al., 2011; Rosenbloom et al., 2011). PiB
may also be useful in diagnosing AD in patients with a dysexecutive-behavioral presentation
(frontal-variant AD) (Johnson et al., 1999) and corticobasal syndrome, a disorder of
sensorimotor integration, primary motor, and cognitive function (Lee et al., 2011), though
data on these syndromes are limited to case reports (Laforce & Rabinovici, 2011).
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Interestingly, most group-level analyses have found that the distribution of amyloid in PCA
and lvPPA is similar to the distribution in AD, though neurodegeneration patterns (as
determined by MRI and FDG-PET) are distinct, with more occipital involvement in PCA
and asymmetric left hemisphere degeneration in lvPPA (de Souza et al., 2011; Leyton et al.,
2011; Rabinovici et al., 2008; Rosenbloom et al., 2011) (Fig. 6). These findings, along with
the discordance between PiB and atrophy/hypometabolism patterns in typical AD
((Rabinovici et al., 2010), also see sections below, Section XIV), suggest that the burden and
spatial distribution of fibrillar Aβ (as imaged by PiB) do not explain the clinical and
anatomic heterogeneity of AD.

XIII. Postmortem Validation of PiB-PET Imaging
From the earliest in vivo PiB-PET imaging studies it has been suggested that PiB retention
reflects the extent of Aβ pathology in the brain (Klunk et al., 2004). However, strong, direct
evidence in support of this idea became available only recently, after some of the PiB-PET
imaged subjects came to autopsy. Autopsy studies of PiB-PET imaged brains allowed for
the first time, that correlations can be examined between antemortem PiB retention levels
and region-matched postmortem measures of fibrillar Aβ load and other neuropathology in
the same brains. To date there has been more than a dozen of PiB-PET autopsy case reports
in the literature (see Table I) that will facilitate elucidating the pathological substrates of PiB
retention in brains of cognitively normal aged people and subjects with AD or other
dementias.

The first PiB-PET autopsy case was described in 2007 by Bacskai and colleagues (Bacskai
et al., 2007). This subject had a clinical diagnosis of DLB with mild impairment on the
clinical dementia rating (CDR = 1) and mini-mental state examination (MMSE = 25) scales.
A PiB-PET scan was performed 3 months prior to autopsy, and it showed positive PET
retention when assessed using the reference Logan graphical analysis (Logan et al., 1996),
with distribution volume ratios (DVR) ranging between 1.30 in the parietal cortex and 1.50
in the cingulate cortex. Postmortem neuropathology evaluation of the neocortex detected
Lewy bodies in temporal and cingulate cortices, and moderate NFT in temporal, parietal,
and occipital cortices, consistent with Braak stage IV (Braak & Braak, 1991). However, Aβ
plaque pathology was surprisingly low in this case, with only rare neocortical cored plaques
and numerous diffuse plaques observed using Aβ immunohistochemistry (6F/3D antibody).
The low frequency of neuritic plaques and the NFT pathology in this case resulted in
diagnosis of “possible AD” based on the Consortium to Establish a Registry of Alzheimer’s
Disease (CERAD) (Mirra et al., 1991) and in an “intermediate likelihood of AD” based on
the National Institute on Aging-Reagan Institute (NIA-RI) criteria (Consensus, 1997).
Interestingly, both Aβ immunohistochemistry and PiB fluorescence in tissue sections
revealed severe CAA. Biochemical analyses of soluble and insoluble Aβ concentrations in
this PiB-PET positive case showed a preponderance of Aβ40 over Aβ42, supporting that
vascular amyloid was the dominant form of Aβ pathology.

Several postmortem studies of AD cases without PiB-PET scan confirmed that CAA is a
major pathologic substrate for PiB retention in the brain, and provided additional valuable
information regarding PiB retention in dementia cases (see Section XI). Ikonomovic and
colleagues (Ikonomovic et al., 2008) performed histological characterization of PiB
retention using 6-CN-PiB, a highly fluorescent derivative of PiB, on postmortem tissue
sections from multiple brain regions in 27 dementia cases from the University of Pittsburgh
Alzheimer’s Disease Research Center (ADRC). PiB retention was most prominent in
neocortical Aβ immunoreactive (6E10, 10D5, Aβ40, and Aβ42 antibodies) deposits in
cerebral vasculature and in classic cored and neuritic plaques. PiB retention to neocortical
and striatal diffuse plaques was far less prominent but still detectable, while diffuse Aβ
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plaques in the cerebellum were not detectable using 6-CN-PiB (Ikonomovic et al., 2008). A
similar observation of PiB binding to CAA and classical and diffuse plaques was reported
using [H-3]PiB autoradiography on brain tissue sections (Lockhart et al., 2007; Thompson et
al., 2009). Lockhart and colleagues also reported that PiB binds to NFT (Lockhart et al.,
2007); however, other studies did not support this idea and instead suggested that the extra-
cellular (“ghost”) type of NFT is more likely to bind PiB due to the presence of Aβ fibrils in
these extracellular tau aggregates (Ikonomovic et al., 2008; Fig. 7). Figure 7 illustrates
selectivity of PiB retention to Aβ deposits in postmortem brain tissue sections; there is a
very good correspondence between PiB retention and Aβ plaques while no binding of PiB to
intracellular NFT is detectable. Regardless, at doses of PiB used for PET imaging it is
unlikely that NFT could be detected in vivo.

It has also been of interest to determine if PiB retention reflects other types of intracellular
protein aggregates such as α-synuclein in Lewy bodies (LB). Using [H-3]PiB binding, it
was observed that PiB has very low binding affinity for α-synuclein fibrils, and no binding
was detected in homogenates of DLB brains free of Aβ deposits (Fodero-Tavoletti et al.,
2007). Collectively, these postmortem findings support that PiB retention is highly specific
for fibrillar Aβ deposits, while binding to other types of neuropathology is negligible. The
strong binding of PiB to CAA and classic cored plaques is due most likely to dense β-sheet
structure of Aβ fibrils in these lesions. In contrast, it has been assumed that diffuse plaques
lack fibrillar structure and therefore cannot bind PiB. The presence of detectable 6-CN-PiB
histofluorescence (Ikonomovic, et al., 2008) and [H-3]PiB autoradiography signal (Lockhart
et al. 2007) in diffuse plaques support that these lesions can retain PiB in vivo as a result of
fibrillar Aβ present even in diffuse plaques. This is in agreement with reports of high PiB
retention levels in familial AD (presenilin mutation) and variant AD subjects with large
amounts of diffuse striatal plaques and cortical cotton wool plaques (Klunk et al., 2007;
Koivunen et al., 2008). The absence of postmortem PiB labeling of diffuse plaques in the
cerebellum (Ikonomovic et al., 2008) justifies using this region as a reference area for in
vivo PiB retention analyses (Lopresti et al., 2005).

The first correlation analysis of region-matched antemortem PiB retention and postmortem
measures of neuropathology was reported in a PiB-PET imaged typical AD subject with
end-stage disease (Ikonomovic et al., 2008). The 64-year-old female subject examined in
that study had a clinical diagnosis of probable AD and a positive PiB-PET scan 10 months
prior to death. PiB retention was positive in all cortical regions (DVR range 1.59–2.38).
Neuropathological diagnosis was “definite AD” by the CERAD criteria (Mirra et al., 1991)
and Braak stage was V/VI (Braak & Braak, 1991). Frequent cortical plaques and mild CAA
were Aβ immunoreactive (6E10 antibody) and positive for 6-CN-PiB fluorescence. Both Aβ
immunoreactive and 6-CN-PiB positive plaque loads (% area) correlated strongly with
region-matched DVR values determined antemortem in the same subject (Ikonomovic et al.,
2008). Strong direct correlations were also observed between antemortem DVR values and
region matched postmortem biochemistry measures of total Aβ42 and Aβ40 concentration
or [H-3]PiB binding in frozen tissue homogenates from this case. Similar findings were
reported by Kadir and colleagues (2011) who examined another case of typical end-stage
AD; this 61-year-old female with severe dementia (MMSE = 5) was the first patient ever
imaged using PiB-PET. She underwent PiB-PET imaging 35 months prior to death, and
there was strong PiB-PET positivity in all regions examined. Neuropathology findings
included frequent or widespread Aβ plaques detected using a battery of different Aβ
antibodies (6E10, 4G8, 6F/3D, Aβ40, and Aβ42), neuropathology diagnosis was “definite
AD” by the CERAD criteria (Mirra et al., 1991) and Braak stage for NFT was V/VI. Strong,
direct correlations were detected between antemortem standardized uptake values (SUVs)
and region-matched measures of Aβ plaque distribution, Aβ concentration, and [H-3]PiB
binding (Kadir et al., 2011). Collectively, the results of these two studies of PiB autopsy
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brains from typical end-stage AD patients provide further support that in vivo PiB-PET
retention reflects fibrillar Aβ burden. Other PiB brain autopsy studies examined additional
cases with antemortem clinical diagnosis of DLB (Kantarci et al., 2010; Ikonomovic et al.,
2012) and cases with PDD (Burack et al., 2010). These studies led to the conclusion that in
patients with concomitant LB and Aβ pathology, it is the fibrillar Aβ burden, and not LB,
which determines PiB retention in vivo (see Table 1).

The presence of even minimal Aβ deposits in a subject with a negative PiB-PET scan brings
into question the sensitivity of this technique. Several postmortem studies reported various
amounts of Aβ pathology in brains of PiB(−) subjects. Cairns et al. (2009) reported autopsy
findings in a 91-year-old subject who had a negative PiB–PET scan (neocortical PiB
retention ranged from 0.03 to 0.19) and normal cognition (CDR = 0) when evaluated 30
months prior to death. The subject later developed very mild dementia (CDR = 0.5) and
underwent CSF analysis for Aβ/tau. Based on the neuropathology evaluation the case was
diagnosed as “possible AD” by the CERAD criteria (Mirra et al., 1991) with a low
likelihood that the mild dementia was caused by AD, based on the NIA-RI criteria
(Consensus, 1997). There were sparse to focally frequent diffuse plaques, infrequent neuritic
plaques, and mild CAA. Up to 5.4% area of neocortex was covered with Aβ
immunoreactive plaques (10D5 antibody), an Aβ1–42 ELISA detected high levels of Aβ1–
42 in cortical areas (range 687–1785 pmol/g wet tissue), and cortical [H-3]PiB binding
ranged between 116–295 pmol/g. Interestingly, CSF was sampled 1 year after the PiB-PET
scan was done, ~18 months prior to death, and it showed abnormal Aβ/tau levels, leading
Cairns and colleagues to suggest that CSF profiling is more sensitive than PiB-PET in
detecting fibrillar Aβ deposits in the brain (Cairns et al., 2009).

Ikonomovic et al (2012) reported autopsy findings in a PiB(−) subject with antemortem
diagnoses of DLB and possible AD. PiB retention was low (DVR<1.2 in all cortical
regions); however, postmortem neuropathology analysis 17 months later revealed mild to
moderate and even focally frequent neocortical neuritic plaques which allowed for a
diagnosis of “definite AD” by strict CERAD criteria (Mirra et al., 1991). Aβ
immunoreactive plaque load was up to 1.8% of total plaque load but the majority of plaques
were diffuse and they labeled weakly with PiB. While cortical Aβ1–40 concentration levels
(up to 233 pmol/g) were similar to those in a typical PiB(+) AD case (Ikonomovic et al.,
2008), Aβ1–42 concentrations were lower in all brain areas except the frontal cortex, where
values (788 pmol/g) approached those measured in a typical PiB(+) AD case. However,
[H-3]PiB binding in the frontal cortex and all other cortical regions from the PiB(−) case
was low (60 pmol/g or less). The low ratios of PiB retention to Aβ measures in both
histological and biochemical assays indicated very low fibrillar Aβ load in this PiB(−) brain
(Ikonomovic et al., 2012). It is interesting that the amount of neuritic plaque pathology in
this case was more substantial than in the PiB(−) case reported by Cairns et al. (Cairns et al.,
2009), where “definite AD” diagnosis could result only by applying Khachaturian
neuropathologic criteria (Khachaturian, 1985). Both cases were analyzed using the same
methodology; however, the Cairns’ PiB(−) case had greater cortical Aβ-immunoreactive
plaque load (up to 5.4 % area), Aβ1–42 concentration (687–1785 pmol/g wet tissue), and
[H-3]PiB binding (116–295 pmol/g). The longer PET-to-death interval in the Cairns case
(30 months) compared to the Ikonomovic case (17 months) may explain these differences.
PiB(−) scans were also reported in two autopsy cases with a diagnosis of CJD (Villemagne
et al., 2008) and in four autopsy cases with either mild (CDR = 0.5) or no cognitive
impairment (Sojkova et al., 2011). While CJD cases in the study by Villemagne and
colleagues had either absent or minimal Aβ plaques (Villemagne et al., 2008), several
[C-11]PiB negative subjects examined by Sojkova and colleagues had moderate numbers of
neocortical neuritic plaques (Sojkova et al., 2011).
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The sensitivity of PiB-PET imaging is not well understood, and this technique may not be
100% sensitive for the presence of histologically detectable Aβ even if it were determined
close to the time of the in vivo scan. On the other hand, so far there has been no report of an
in vivo PiB(+) subject who failed to show Aβ deposits at autopsy, supporting good
specificity of this technique. To-date, the most likely explanation for the few in vivo PiB(−)
cases that have detectable postmortem Aβ is a combination of the following: (1) low
amounts of Aβ that are below the in vivo threshold of the PiB-PET imaging technology and
(2) a high percentage of nonfibrillar deposits of Aβ which are not easily detected with PiB-
PET. There is some evidence that Aβ42 is more closely associated with in vivo PiB
retention than Aβ40 (Ikonomovic et al., 2008, 2012). Additional analyses of large numbers
of PiB(−) and PiB(+) cases, with short imaging-to-autopsy interval, are required to establish
a threshold level of Aβ pathology necessary for in vivo PiB-PET detection.

XIV. Amyloid Imaging Compared to Other Biomarkers
A. PiB and FDG

Decreases in cerebral glucose metabolism, measured by FDG, show a characteristic regional
pattern of posterior temporoparietal > frontal hypo-metabolism in AD (Foster et al., 2007;
Friedland et al., 1983;Herholz, Carter, & Jones, 2007; Jagust et al., 2007). Similar changes
have been reported in cognitively normal individuals at high risk for AD due to expression
of the Apo-E4 alelle (Reiman et al., 1996; Small et al., 2000). Changes in cerebral
metabolism also have been detected in MCI in many studies (Arnáiz et al., 2001; Chetelat et
al., 2003a; Chetelat et al., 2003b; Del Sole et al., 2008; Garibotto et al., 2008; Li et al., 2008;
Mevel et al., 2007; Mosconi et al., 2006; Mosconi et al., 2008 Perneczky et al., 2007). These
early changes suggest FDG could play a predictive role in detecting which normal controls
or MCI patients are most likely to convert to AD (Yuan et al., 2008). Indeed, several studies
have shown that abnormalities in FDG PET predict progression from MCI to AD (Anchisi et
al., 2005; Drzezga et al., 2005; Mosconi et al., 2004).

In the initial PiB-PET study, the largest and only significant difference in glucose
metabolism (determined with FDG PET) between AD patients and control subjects was
observed in parietal cortex. An inverse correlation between PiB retention and glucose
metabolism was observed in most cortical areas, but this trend reached significance only in
the parietal cortex. The lack of correlation between PiB and glucose metabolism in the
frontal cortex suggests that Aβ deposition is not sufficient to locally reduce cerebral
metabolism, suggesting that perhaps compensatory changes in neurotransmitter systems
(i.e., DeKosky et al., 2002; Ikonomovic et al., 2007) in the frontal cortex delay FDG
hypometabolism in frontal brain regions. Edison et al. (2006) investigated the association
between PiB and FDG PET in AD. AD subjects showed significant increases in PiB
retention in cingulate, frontal, temporal, parietal, and occipital cortical areas and levels of
temporal and parietal rCMRglc were reduced by 20% in AD. Higher PiB retention
correlated with lower rCMRglc in temporal and parietal cortices, but not in frontal areas.
While these typical negative correlations were observed in AD, subjects with MCI often
display positive correlations between PiB and FDG, reflecting increased brain reserve in
those subjects who remain at the MCI level of cognitive impairment further into the process
of Aβ deposition (Cohen et al., 2009).

Forsberg et al. explored MCI subjects with PiB and FDG PET, as well as assessment of
cognitive function and CSF sampling. The MCI subjects that later converted to AD showed
significantly higher PiB retention compared to nonconverting MCI patients. However, there
was no significant difference in rCMRglc between MCI patients and HCs in any cortical
brain region, suggesting PiB may better predict clinical conversion than FDG-PET.
However, Furst et al. (2010) demonstrated that cognitive performance in AD correlated
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strongly with FDG but not at all with PiB, and did not demonstrate any significant
correlations between PIB and FDG

Ng et al. (2007) compared a visual assessment to a quantitative assessment of PiB and FDG
PET data for detection of AD compared to cognitively intact controls. Visual agreement
between readers was excellent for PiB (kappa = 0.90) and good for FDG (kappa = 0.56).
Based on the clinical diagnosis, Ng et al. found PiB was more accurate than FDG both on
visual reading (accuracy, 90% vs. 70%) and ROC analysis (95% vs. 83%). The authors
concluded that the visual analysis of PiB images appears more accurate than visual reading
of FDG for identification of AD and had accuracy similar to quantitative analysis of a 90
min dynamic scan. Similar results were found in the Rabinovici et al. (2011) differential
diagnosis study described above; inter-rater agreement was significantly higher for PiB
(kappa = 0.96) than FDG (kappa = 0.72), as was agreement between visual and quantitative
classifications (average kappa = 0.90 for PiB, 0.66 for FDG). The authors concluded that
PiB was the superior qualitative technique in that visual assessment was both more accurate
and more precise. While PiB and FDG demonstrate high (94%) agreement in differentiating
AD from normal controls, agreement is lower in classifying MCI subjects (54%) (Li et al.,
2008). Li et al. argues that “combining the two modalities improves the diagnostic accuracy
for MCI.” In addition, when exploring the use of PiB and FDG among both AD and MCI
subtypes it was demonstrated that while PiB and FDG displayed similar diagnostic accuracy,
PiB was significantly better at separating MCI subtypes (Lowe et al., 2009). These findings
are not surprising since the two tracers provide complementary information, with PiB
quantifying molecular pathology, and FDG demonstrating neuronal dysfunction. The
complementary nature of the two techniques are reflected in the new diagnostic guidelines
for MCI and AD dementia, which require biomarker evidence of both Aβ deposition (CSF
or amyloid PET) and neurodegeneration (hypometabolism on FDG-PET or atrophy on MRI)
to diagnose AD pathophysiology with high-likelihood during life (McKhann AD criteria,
Albert MCI criteria).

B. PiB and MRI
Many studies have demonstrated hippocampal atrophy in AD and MCI (Apostolova et al.,
2006a; Becker et al., 2006; Grundman et al., 2002; Moretti et al., 2007; Morra et al., 2009).
Furthermore, several studies have shown that the rate of hippocampal atrophy may identify
those MCI patients soon to convert to clinical AD (Apostolova et al., 2006b; Apostolova et
al., 2008; Chetelat et al., 2008; de Toledo-Morrell et al., 2004; Devanand et al., 2007;
Grundman et al., 2002; Jack et al., 1999; Jack et al., 2000; van de Pol et al., 2007; Wang et
al., 2009). When PiB-PET was correlated with volumetric MRI measurements in AD, a
significant, positive correlation was observed between rates of whole brain atrophy and
cortical PiB retention (Archer et al., 2006; Chetelat et al., 2010; Fotenos et al., 2008; Frisoni
et al., 2009). In one study, PiB retention was shown to predict later decline in brain volume
(Scheinin et al., 2009). However, in cognitively normal elderly, volume decline in the
decade preceding PiB-PET is not correlated with cortical PiB retention (Driscoll et al.,
2010). However, Chetelat et al. (2012), recently showed that cognitively unimpaired PiB(+)
individuals have significantly higher rates of brain atrophy than their PiB(−) counterparts.
Further, Jack et al. (2009) explored PiB and MRI across the AD continuum and observed a
significant correlation between MMSE and ventricular atrophy, with only a weak correlation
between PiB and ventricular size, suggesting a complementary use of PiB-PET and MRI in
detection of MCI and AD, as reflected in the new diagnostic criteria (Jack et al., 2011).

C. PiB and Cerebrospinal Fluid (CSF) Aβ
Because neuritic Aβ plaques and NFT do not develop simultaneously in the brain, the
availability of lesion-specific radioligands would facilitate evaluations of AD pathology in
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vivo. Histopathology studies demonstrated that PiB retention is specific for fibrillar Aβ
pathology and that PiB binds negligibly or not at all to NFT and Lewy bodies (Fodero-
Tavoletti et al., 2007; Ikonomovic et al., 2008; Lockhart et al., 2007; Thompson et al.,
2009). Besides 2-(1-{6-[(2-[F-18] fluoroethyl) (methyl)amino]-2-naphthyl}
ethylidene)malononitrile (FDDNP) PET which has been claimed to detect both Aβ plaques
and NFT (Small et al., 2006), and some emerging tau-binding candidate radioligands such as
[F-18]THK523 (Fodero-Tavoletti et al., 2011), none of the currently used imaging
radiotracers allows for measurements of aggregated tau or phosphorylated tau (p-tau)
pathology in brain tissues in living patients. Cerebrospinal fluid (CSF) analysis of Aβ42 and
p-tau concentrations is an alternative, indirect method for quantifying both types of
pathology in the brain; it has been reported to have high accuracy for identifying individuals
with incipient AD (Mattsson et al., 2009) and for predicting the development and rate of
cognitive decline (Buchhave et al., 2012; Fagan et al., 2007; Snider et al., 2009). CSF from
AD patients contains higher concentrations of total and phosphorylated tau and lower levels
of Aβ42 which correlate with the presence of post-mortem neurofibriallary and amyloid
pathology respectively (Strozyk et al., 2003). However, the exact relationship between the
amounts of fibrillar Aβ in brain parenchyma and soluble Aβ concentration in CSF is
unclear. Based on a study in Tg2576 mice (Kawarabayashi et al., 2001) it has been assumed
that lower CSF Aβ42 reflects deposition of fibrillar Aβ in brain tissues; however, no direct
evidence from human studies is available to confirm this hypothesis and alternate
hypotheses for lowered CSF Aβ such as impairments in clearance may apply better in
humans.

Several clinical studies examined the relationship between Aβ changes in the brain and CSF
by measuring in vivo PiB-PET retention and CSF Aβ42 concentration in the same subjects.
A strong inverse correlation was observed between the two biomarkers, both in a mixed
cohort of cognitively normal and demented subjects (Fagan et al., 2006) and in a
homogeneous population of cognitively intact individuals (Fagan et al., 2009). While these
associations were initially modeled as linear correlations, it has become increasingly
recognized that the relationship between PiB retention and CSF Aβ42 is better modeled by a
nonlinear approach. As expected, there was no correlation between PiB retention and CSF
tau levels (Fagan et al., 2006). Similar associations between amyloid imaging and CSF Aβ
were observed in cohorts of cognitively healthy (Storandt et al., 2012), MCI (Forsberg et al.,
2007; Koivunen et al., 2008), and AD subjects (Grimmer et al., 2009). In a longitudinal
study by Forsberg et al. (2007), all MCI subjects that converted to AD had high PiB
retention, but <50% had pathological levels of Aβ42 in the CSF, suggesting that amyloid
imaging may be more sensitive than CSF Aβ42 concentration in identifying MCI subjects
who will develop AD (Forsberg et al., 2007). Observations by Koivunen et al. (Koivunen et
al., 2008) lent further support to this idea; high PiB retention was detected in 87% of MCI
patients while only 53% of MCI subjects had pathological levels of CSF Aβ42. The reason
why some PiB(+) MCI subjects have normal Aβ42 concentration in the CSF is unknown.
Grimmer and colleagues also reported an inverse correlation between overall [C-11]PiB
retention in the brain and CSF Aβ42 levels in their cohort of AD subjects (Grimmer et al.,
2009)—particularly in paraventricular regions, and more recently the same group reported
that BACE1 activity in the CSF correlates with PiB-PET retention levels in the
parahippocampal gyrus, thalamus, and pons (Grimmer et al., 2012).

In a cohort representing an entire spectrum of cognitive decline, Tolboom and colleagues
(Tolboom et al., 2009a) compared CSF biomarkers to both PiB and [F-18]FDDNP. After
adjusting for potential confounding variables, increased global or regional PiB retention was
associated with low CSF Aβ42 (Tolboom et al., 2009). No association was observed
between PiB and CSF tau, in agreement with some (Fagan et al., 2006; Forsberg et al., 2008)
but not other (Storand et al., 2012) studies. Collectively, these studies support that PiB
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retention specifically reflects Aβ plaque pathology in the brain. In contrast, high
[F-18]FDDNP retention was associated with high CSF tau, but no correlation was found
with CSF Aβ42, suggesting that this radiotracer is more associated with NFT pathology in
AD brains (Tolboom et al., 2009).

Cairns and colleagues studied a cognitively normal subject (CDR = 0) who had a negative
PiB-PET scan; however, 12 months after the PET scan CSF analysis showed decreased
Aβ42 and slightly increased tau and p-tau concentration, 18 months after the PET scan there
were clinical signs of a very mild dementia (CDR = 0.5), and 30 months after the PET scan
the subject died and neuropathology examination found evidence of primarily diffuse
neocortical Aβ plaques (NIA-RI low likelihood AD) (Cairns et al., 2009). These
observations may suggest that CSF Aβ42 may be a more sensitive bio-marker for detection
of AD pathology when compared to PiB-PET. Additional studies in large numbers of
subjects are needed to determine if amyloid imaging of fibrillar Aβ load or CSF Aβ
concentration is a more sensitive biomarker and which one is better at predicting progression
from MCI to AD.

C. PiB and Neuroinflammation
It is well known that inflammatory processes contribute to pathogenesis of AD. Activation
of microglia appears to be an early reactive mechanism in response to amyloid deposition,
and brain inflammation may even precede amyloid plaques and tangles in AD brain (for
review see McGeer & McGeer, 2010). Studies in transgenic mice demonstrated that anti-
inflammatory therapies are capable of reducing both microglia/cytokine reaction and Aβ
load as determined by percent area and ELISA measurements (Lim et al., 2000). Thus, PET
imaging of activated microglia, using radioligands that can specifically bind to peripheral
benzodiazepine receptors expressed by these cells, is a valuable tool for evaluating the
extent of inflammatory processes in living patients with chronic neurodegenerative disorders
including AD (Venneti et al., 2009).

Several in vivo imaging studies examined both amyloid deposition and microglial activation
using PET. Wiley and colleagues (2009) examined potential associations between amyloid
pathology and microglial activation using PiB and (R)-PK11195 ([1-(2-chlorophenyl)-N-
methyl-N- (1-methylpropyl)-3-isoquinoline carboxamide], a PET radiotracer for imaging
peripheral benzodiazepine binding sites), respectively, in six mild-moderate AD, six MCI,
and five cognitively normal subjects. There was no association between increased (R)-
PK11195 uptake and positive PiB PET retention, suggesting that microglia activation occurs
only during specific stages of amyloid deposition, and (R)-PK11195 may lack sensitivity to
detect such changes. Similarly, in a study of amnestic MCI, Okello and colleagues (2009)
found that not all of their PiB positive subjects had increased uptake of (R)-PK11195.
Therefore, using this specific radioligand for measuring activated microglia in vivo,
inflammatory process can be detected only in a subset of patients with increased amyloid
burden. The same group examined 13 AD subjects and reported concomitant increases in
(R)-PK11195 and PiB signal in multiple brain areas from AD brains. Interestingly, increased
[C-11](R)-PK11195 uptake, but not PiB retention, correlated with impaired cognition in this
AD cohort (Edison et al., 2008).

Collectively, these studies indicate that imaging brain inflammation is a valuable approach
in evaluating AD pathology in vivo; however, more sensitive radioligands need to be
developed. Furney et al., (2011) reported that compared to in vivo brain structural imaging
alone, a combination of MRI imaging and inflammation (cytokine) biomarkers is a better
predictor of a conversion from MCI to AD. PiB-PET imaging is particularly useful for
monitoring changes in amyloid load in response to anti-amyloid therapies. While Aβ
immunization appears to be effective in reducing amyloid pathology in AD patients, this
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intervention has been observed to activate microglia reaction in the brain and it can result in
severe side effects (Boche et al., 2010). Therefore, combining in vivo PiB-PET imaging with
biomarkers of inflammation will be of a particular importance when evaluation AD patients
undergoing such therapies.

XV. Amyloid Imaging in AD Drug Development
Amyloid imaging will likely have two complimentary roles in clinical trials of future AD
therapies. At the level of subject selection, amyloid PET will help ensure that patients
enrolled in AD treatment trials truly have underlying Aβ deposits. This should increase the
efficiency of AD-specific trials at the MCI phase (by eliminating the 25–40% of patients
with non-AD causes of MCI who are unlikely to respond to the biological intervention)
(Lorenzi et al., 2010), and ultimately by enabling primary prevention trials at the pre-clinical
stage (Bateman et al., 2011; Reiman et al., 2011). Second, amyloid PET may be useful for
demonstrating a biological effect of anti-Aβ therapies in early stages of drug development.
Two studies thus far have illustrated this potential application of amyloid imaging. In a
phase 2 trial of bapineuzumab, a humanized monoclonal antibody targeting Aβ, 19 patients
receiving active treatment, and 8 receiving placebo underwent PiB-PET at baseline and
following 18 months of treatment (up to six infusions) (Rinne et al., 2010). Mean cortical
PiB SUVr values increased by an average of 16.9% from baseline in the placebo group, but
decreased by an average of 8.5% from baseline in the active treatment group, resulting in an
observed treatment effect of ~25%. Similar results were reported in a trial of gantenerumab,
another human anti-Aβ monoclonal antibody, where patients receiving the drug at 60 mg (N
= 6), 200 mg (N = 6), or placebo (N = 4) underwent PiB-PET at baseline and posttreatment
(up to 7 monthly infusions) (Ostrowitzki et al., 2012). Mean PiB SUVr posttreatment was on
average +11.0% of baseline in the placebo group, +2.1% in the low-dose treatment group,
and −9.4% in the high-dose treatment group. While small and laden with caveats, these
studies illustrate proof-of-concept for a very important translational application of amyloid
PET. Ultimately, lower fibrillar Aβ burden will need to be linked to improved cognitive and
functional outcomes for amyloid PET to be adopted as a true surrogate outcome measure in
AD drug development.

XVI. F-18 Compounds
PiB is the most widely studied amyloid imaging agent and the first Aβ selective radiotracer
to differentiate AD patients from HCs by in vivo PET imaging (Klunk et al., 2004).
However, the short radioactive half-life of carbon-11 (about 20 min) limits the use of PiB
only to those PET imaging centers with onsite capability to synthesize this radiotracer.
Fluorine-18 (F-18) labeled PET tracers are longer lived (about 110 min) so they can be
distributed to distant PET imaging sites. Several new [F-18]-labeled amyloid ligands have
been developed recently for in vivo imaging of Aβ pathology. These radioligands include
[F-18]flutemetamol, [F-18]AV-45 (florbetapir), [F-18]AV-1 (florbetaben), [F-18]AZD4694,
and [F-18]FDDNP, and currently several are under development for use as clinically
approved Aβ-imaging radiopharmaceuticals.

A. [F-18]Flutemetamol
[F-18]Flutemetamol is a 3’-fluoro analog of PiB (3’-F-PiB) currently being examined in
Phase III FDA clinical trials. Being structurally similar to PiB, [F-18]flutemetamol was
expected to demonstrate comparable brain uptake and clearance. Indeed, initial PET imaging
studies show that compared to PiB [F-18]flutemetamol has similar retention characteristics
although somewhat more pronounced retention in white matter. A phase I clinical study of
eight mild AD patients (MMSE 20–26) and eight HCs reported that [F-18]flutemetamol
regional standardized uptake value ratios (SUVRs) were significantly higher in the
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neocortex and striatum of AD patients, while the values measured in white matter,
cerebellum, and pons were not different from HCs (Nelissen et al., 2009). ). In a multicenter
phase II trial of [F-18]flutemetamol, Vanderberghe and colleagues studied 27 early AD, 20
amnestic MCI, 15 controls >55 years of age, and 10 controls <55 years of age, and reported
93.1% sensitivity and 93.3% specificity for AD (Vanderberghe et al., 2010). The same study
reported a strong correlation (0.89–0.92) between [F-18]flutemetamol and PiB regional
SUVRs in 20 AD and 20 MCI subjects (Vanderberghe et al., 2010). These data indicate that
[F-18]flutemetamol is comparable to [C-11]PiB in its ability to detect brain fibrillar Aβ
pathology in living subjects. In further support of this, Wolk et al. (2011) provided
histopathological evidence in seven subjects who had a frontal cortical biopsy (as part of a
clinical work-up for suspected normal pressure hydrocephalus) and later underwent
[F-18]flutemetamol PET imaging, similar to previous reports of brain biopsy using PiB
(Leinonen et al., 2008). They reported that a higher [F-18]flutemetamol uptake in frontal
cortex correlated with amyloid plaque load determined using Aβ immunohistochemistry or
thioflavin S staining in the frontal biopsy samples, further supporting that
[F-18]flutemetamol is sensitive in detecting fibrillar Aβ plaques in vivo (Wolk et al., 2011).

B. [F-18]Florbetapir
[F-18]Florbetapir {(E)-4-(2-(6-(2-(2-(2-[F-18]-fluoroethoxy)ethoxy)eth-oxy)pyridin-3-
yl)vinyl)-N-methyl benzenamine; [F-18]AV-45; or amyvid} has proven to be effective in
imaging Aβ fibrillar pathology in vivo (reviewed by Lister-James et al., 2011). Preclinical
studies characterized postmortem binding of [F-18]florbetapir to Aβ plaques and
demonstrated prominent in vitro labeling in brain tissue sections from AD patients but not in
sections from control brains (Choi et al., 2009; Lin et al., 2010). A clinical trial performed
on 18 mild-moderate AD patients (mean MMSE = 19.3) and 16 HCs showed that cortical
regions had a higher [F-18]florbetapir retention, while white matter and cerebellar retention
were not different between AD and control subjects (Wong et al., 2010). An analysis of
multicenter PET data from 210 participants, pooled from four registered phase I and II trials
of [F-18]florbetapir imaging, reported that positive PET scans indicative of fibrillar Aβ
pathology were observed in 85% of 68 subjects with clinically probable AD, 47% of the 60
MCI subjects, and 28% of the 82 cognitively HCs >55 years old (Fleisher et al., 2011).
[F-18]florbetapir PET scans were negative in all young subjects aged <50 years (n = 74) and
there was a good correlation between [F-18]florbetapir retention in vivo and postmortem
measures of Aβ immunoreactive and neuritic plaques in a cohort of 29 terminally ill patients
with mixed diagnoses who were evaluated with [F-18] florbetapir PET and later came to
autopsy (Clark et al., 2011). However, there was a substantial variability in ratings of PET
scans by independent readers in that study. Neuropathological confirmation of increased
[F-18] florbetapir uptake in areas of neocortex, striatum, and thalamus which contained
heavy loads of fibrillar Aβ deposits was also reported in a [F-18]florbetapir imaged patient
with Down syndrome and AD (Sabbagh et al., 2011). New preliminary data demonstrate
high sensitivity (92%) and specificity (91%) using quantitative assessment of global cortical
SUVr to differentiate AD subjects from HCs, and indicate that [F-18]florbetapir PET is
suitable biomarker for routine clinical use (Camus et al., 2012).

C. [F-18]Florbetaben
[F-18]Florbetaben {(E)-4-(2-(4-(2-(2-(2-[F-18]fluoroethoxy)ethoxy)eth-oxy)phenyl)-
vinyl)-N-methyl-benzenamine; [F-18]AV-1 or BAY-94-9172} is another [F-18]-labeled
radioligand that is one atom chemically different from [F-18]florbetapir and in early PET
brain scan clinical studies proved to be able to discriminate a group of 15 AD patients with
significantly higher neocortical retention from 15 HCs and 5 FTLD cases (Rowe et al.,
2008). A large multicenter phase II study of [F-18]florbetaben was conducted in 81 clinical
probable AD patients and 69 HC subjects, and it showed 80% sensitivity and 91%
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specificity for distinguishing the AD group from controls (Barthel et al., 2011a). An
exploratory, open-label, nonrandomized, single-center phase 0 study of [F-18]florbetaben
PET imaging in 10 clinically probable AD and 10 HCs reported 90% sensitivity and 90%
specificity (Barthel et al., 2011b). A recent review of three clinical studies involving 109
subjects with clinical diagnoses of AD, MCI, and various non-AD dementias (FTLD, VaD,
DLB, PD) who were imaged with [F-18]florbetaben revealed that AD patients had
significantly higher gray matter retention values (SUVRs), indicating higher Aβ burden,
compared to other disease groups (Villemagne et al., 2011b). Florbetaben findings in DLB,
PD, and MCI were similar to those previously described for PiB.

D. [F-18]FDDNP
[F-18]FDDNP (2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-2-naphthyl}
ethylidene)malononitrile) is a lipophilic tracer which binds in histological and
autoradiography assays not only to aggregated Aβ in plaques but also to NFT (Agdeppa et
al., 2001). PET imaging studies demonstrated that regional increases in [F-18]FDDNP
uptake correlate with greater brain atrophy (i.e., lower MRI volumes) and reduced brain
glucose metabolism (lower FDG-PET) in brain areas containing both Aβ plaques and NFT
(Shoghi-Jadid et al., 2002; Small et al., 2006). Several subsequent in vivo imaging studies
compared [F-18]FDDNP to PiB retention in cognitively impaired subjects and HCs. Using
both radiotracers, Shin et al. imaged 10 clinical AD and 10 HCs, and demonstrated that
[F-18]FDDNP and PiB retention patterns were similar in the neocortical regions; however,
in the mesial temporal lobe structures, known to contain large amounts of neurofibrillary
pathology in AD (Braak & Braak, 1991), [F-18]FDDNP binding was strongest while PiB
retention was minimal (Shin et al., 2008). Tolboom and colleagues examined 14 clinical
probable AD, 11 amnestic MCI, and 13 HCs with both PiB and [F-18]FDDNP PET scans
performed on the same day for most of the subjects (Tolboom et al., 2009). Global cortical
uptake values of PiB and [F-18]FDDNP correlated directly but there were different regional
binding patterns and PiB was better in detecting differences among clinical groups; although
with both tracers, AD and MCI groups had higher global cortical uptake when compared to
control values, only PiB showed no overlap between AD and control groups. These
observations suggested that PiB and [F-18]FDDNP detect different but related pathology in
the brain (Tolboom et al., 2009), in agreement with the idea that [F-18]FDDNP is valuable
in detecting NFT pathology in addition to aggregated Aβ (Shin et al., 2011).

Preclinical characterization of the novel fluorinated PET radioligand candidates AZD2184
and AZD4694 demonstrated their high specificity for Aβ plaques in brain tissue sections
from AD cases and transgenic APP mice (Johnson et al., 2009; Juréus et al., 2010). Full
reports of the properties of these two radiotracers in detecting and assessing Aβ plaque
deposits in PET human imaging studies have not been published to date.

Further studies in large numbers of subjects representing different clinical categories are
required to characterize the existing radiotracers and develop new radiotracers for imaging
the distribution and quantity of AD lesions in living subjects. Single or multiple tracer
imaging studies using [F-18]-labeled PET radioligands will be extremely important and will
complement clinical neurocognitive testing, making possible earlier and more sensitive
detection of AD pathology as well as for monitoring disease progression and effects of new
drug treatments.

XVII. Detection of the Earliest Signs of Amyloid Deposition
Since the initial PiB-PET studies, the focus of many research studies has shifted away from
the robust signal seen in symptomatic AD and toward detection of the earliest signs of
fibrillar Aβ pathology in cognitively normal individuals (see above, Section VI). This shift
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toward initial detection has generated a need for reliable methods that can distinguish brains
free of fibrillar Aβ from brains that have early-stage fibrillar Aβ deposition. It is important
that such methods can be standardized and applied across many centers.

It should be noted that PiB retention is a continuous measure and need not necessarily be
dichotomized into PiB(+) and PiB(-). Many studies have used PiB retention as a continuous
variable, correlating PiB retention to a variety of cognitive or biochemical measures
( Bourgeat et al., 2010; Forsberg et al., 2010; Furst et al., 2010; Mormino et al., 2009; Pike
et al. 2007; Rentz et al., 2010; Resnick et al., 2010). This approach may be preferred for
some applications; however, in other applications it is necessary to dichotomize subjects into
PiB(+) and PiB(−). This may be most important in the cognitively normal subjects when
attempting to disentangle the effects of normal aging from the effects of preclinical AD
(Sperling et al., 2011).

A variety of ad hoc objective approaches have been presented to define an amyloid-positive
cutoff using amyloid imaging. These methods include using one or two standard deviations
above the mean of the control data (Edison et al., 2008; Kemppainen et al., 2007; Klunk et
al., 2004 Okello et al., 2009); inspection of quantitative PET data for natural breakpoints in
the distribution of tracer retention in combinations of young controls, elderly controls and/or
AD patients (Edison et al., 2008; Gomperts et al., 2008; Hedden et al., 2009; Jack et al.,
2008; Maetzler et al., 2009; Mintun et al., 2006; Mormino et al., 2011; Morris et al., 2010;
Rowe et al., 2007; Roe et al., 2008); the low end of the range of tracer retention in clinically
(Sperling et al.,2009) or pathologically (Fleisher et al., 2011) defined AD patients; receiver
operating characteristic (ROC) analyses of PET data from control and AD subjects
(Devanand et al., 2007; Mormino et al., 2009; Ng et al., 2007; Pike et al., 2007); visual reads
(Engler et al., 2007; Gomperts et al., 2008; Johnson et al., 2007; Ng et al., 2007; Rabinovici
et al., 2007; Suotunen et al., 2010; Tolboom et al., 2009); and cluster analysis methods using
both PiB(+) and PiB(−) elderly control subjects (Bourgeat et al., 2010). Each approach has
advantages and shortcomings. Most of these approaches involve subjective choices such as
the number of standard deviations above the control mean, the exact location of the natural
breakpoints and the interpretation of the visual read. Others, like ROC analysis or using the
low end of the AD range, rely on the composition of the AD group, which can vary widely
depending on the nature of the particular control or AD population utilized. Methods that
rely on analysis of the entire control group can result in cutoffs that are unduly affected by
the amyloid-positive high outliers in the control group (e.g., control mean + standard
deviations). While many of these methods yield similar results, further study will be
required to identify a widely applicable and standardized method to identify both the earliest
signs of Aβ deposition and Aβ deposition that is clinically meaningful, or “AD-like.”

XVIII. Limitations, Validity, and Unresolved Questions
While amyloid imaging represents a major advance in AD research, the field is still young
and there are a number of unresolved questions and limitations. The dynamic range,
threshold and ceiling effects, binding interactions as well as the relative selectivity of
amyloid tracers for different tertiary structures of Aβ deposits remain works in progress.
Roughly 10–20% of clinically diagnosed AD patients are amyloid-negative (Fleisher et al.,
2011; Rabinovici et al., 2011; Rowe et al., 2010; Vandenberghe et al., 2010; Villemagne et
al., 2011b), and while some of these may have been clinically misdiagnosed, a case report of
deficient in vitro PiB retention to an otherwise typical AD postmortem brain (Rosen et al.,
2010) suggests that there are factors other than low Aβ burden that can lead to a negative in
vivo study. Methodologically, the fundamental factors impacting white matter binding are
incompletely understood (Fodero-Tavoletti et al., 2009). Furthermore, the relative benefit
and optimal methodology for implementing partial volume correction are actively being
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debated. Partial volume effects are important to consider when quantifying binding in the
atrophic brain, where low counts in enlarged CSF spaces can dilute signal from gray matter.
This is a particularly relevant issue for quantifying amyloid in longitudinal studies, when
progressive brain atrophy can be expected (Jack et al., 2009). Partial volume effects from
white matter may be an issue for F-18 tracers, for which the dynamic range in white matter
is similar to or even exceeds the dynamic range of gray matter (Baker et al., 2012). While
most studies have employed cerebellar gray matter as the reference region for normalizing
counts across subjects, some argue for inclusion of white matter (to account for the
variability of white matter binding across subjects) (Clark et al., 2011) or even for a
combined cerebellum-pons region that would be less susceptible to mis-registration errors
when defined on a structural MRI (Koeppe, 2012).

In terms of translational applications, the relative advantages of qualitative visual versus
quantitative classification are still being weighed. Visual interpretations may be easier to
implement on a broad scale in the clinical arena. Quantitative methodologies are more
objective, but also more prone to misclassification due to partial volume effects or errors in
automated processing. The optimal threshold for defining a scan as positive (visually or
quantitatively) is a moving target, as discussed in detail above, and will likely differ
depending on whether the goal is early detection (more liberal threshold) or ruling-in AD as
the cause of cognitive impairment (more conservative threshold). Whether and how the
threshold should be adjusted for patient variables such as age, sex, education, and ApoE
genotype is an open question. It is still not clear whether dichotomizing scans as positive or
negative will be sufficient for clinical purposes, or whether there is additional information to
be attained from the degree and spatial distribution of tracer binding. Only limited studies
have directly compared the relative merit of amyloid PET to CSF biomarkers, MRI, FDG, or
clinical measures in common clinical scenarios. Further, the data that are available about the
clinical utility of amyloid imaging are almost entirely derived from highly selected research
cohorts, and it is not yet clear how the technique will perform in typical clinical populations.
Finally, even in scenarios where amyloid imaging will very likely yield helpful diagnostic
and prognostic information (e.g., MCI, atypical dementia in a young patient), it is not at all
clear that third party payers will cover the cost of PET unless a clear benefit in clinical
outcome can be demonstrated.

XIX. Conclusion
PiB-PET and Aβ imaging mark a major advancement in the study of the pathology and
treatment of AD. One facet of Aβ deposition that has become clear from PiB-PET studies is
how early in the spectrum of AD the full burden of amyloid plaques begins to develop.
Therefore, a major challenge of amyloid imaging is and will be how to determine the earliest
signs of amyloid accumulation, its association with cognitive impairments and, ultimately,
whether or not this early amyloid deposition will invariably lead to clinical dementia in a
high percentage of individuals. This will likely require the field to focus on cognitively
normal elderly and detection of the earliest signs of amyloid deposition, in order to
determine the clinical significance of presymptomatic pathology. As anti-amyloid therapies
are developed, it will be critical to effectively identify the earliest changes in amyloid
deposition and the clinical significance of such changes. Further, as has been reflected in the
new diagnostic criteria for AD, MCI, and “preclinical AD,” the use of amyloid imaging,
alone or in conjunction with other biomarkers, will likely be critical to the identification of
subjects at risk for AD and future decline.
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List of Abbreviations

[F-18] fluorine-18

[F-18]FDDNP 2-(1-{6-[(2-[F-18] fluoroethyl) (methyl)amino]-2-
naphthyl}ethylidene)malononitrile

[F-18]florbetaben (E)-4-(2-(4-(2-(2-(2-[F-18]fluoroethoxy)ethoxy) ethoxy)phenyl)-
vinyl)-N-methyl-benzenamine; [F-18]AV-1 or BAY-94-9172

[F-18]florbetapir (E)-4-(2-(6-(2-(2-(2-[F-18]-fluoroethoxy)ethoxy) ethoxy)pyridin-3-
yl)vinyl)-N-methyl benzenamine; [F-18]AV-45; or amyvid

[F-18]flutemetamol 2-{3-[18F]fluoro-4-(methylamino)phenyl}-6-
hydroxybenzothiazole; or 3’-Fluoro-PiB

[F-18]THK523 2-(4-aminophenyl)-6-(2-fluoroethoxy)quinoline)

[H-3] hydrogen-3 (Tritium)

6-CN-PiB 6-cyano-PiB

AD Alzheimer’s Disease

ApoE apolipoprotein E

APP Aβ precursor protein

Aβ amyloid-β

BACE1 beta-secretase 1

CAA cerebral amyloid angiopathy

CDR clinical dementia rating

CERAD Consortium to Establish a Registry of Alzheimer’s Disease

CJD Creutzfeldt–Jakob disease

CSF cerebrospinal fluid

CVD cardiovascular disease

DLB dementia with Lewy bodies

DVR distribution volume ratios

ELISA enzyme-linked immunosorbent assay

eoFAD early-onset familial Alzheimer’s disease

FDG fludeoxyglucose

FDG-PET FDG-positron-emission tomography

FTD frontotemporal dementia

FTLD ftrontotemporal lobar degeneration

FUS fused-in sarcoma

HC healthy control
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Kd dissociation constant

Ki inhibition constant

LB Lewy bodies

lvPPA logopenic-variant primary progressive aphasia

MCI mild cognitive impairment

MMSE mini-mental status exam

MRI magnetic resonance imaging

NFT neurofibrillary tangles

NIA-RI National Institute on Aging and Reagan Institute

PCA posterior cortical atrophy

PD Parkinson’s disease

PDD Parkinson’s disease dementia

PET positron-emission tomography

PiB Pittsburgh compound-B ( [N-methyl-11C]2-(4’-
methylaminophenyl)-6-hydroxybenzothiazole; or [11C]6-OH-
BTA-1)

PiB(−) PiB-negative

PiB(+) PiB-positive

PiB-PET PiB-positron-emission tomography

PS1 presenilin-1

p-tau phosphorylated tau

rCMRglc regional cerebral metabolic rate of glucose

ROC receiver operating characteristic

SUV standardized uptake value

SUVr standardized uptake value ratio

TDP-43 TAR DNA-binding protein 43

ThT thioflavin-T

VaD vascular dementia
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FIGURE 1.
Chemical structures, lipophilicity (logPoct), Aβ binding affinity (Ki), and brain entry
[%Injected Dose Index (%IDI) or (%ID × g body weight)/g brain weight] and brain
clearance (2’:30’ ratio) of thioflavin-T, PiB and intervening derivatives. Numbers in
parentheses indicate targets for each parameter.
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FIGURE 2.
Standardized uptake values (SUV; 1.0 SUV = 0.10 %IDI) demonstrating brain entry and
clearance of PiB in varying brain regions. For color version of this figure, the reader is
referred to the online version of this book.
(from Klunk et al., 2004)
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FIGURE 3.
PIB standardized uptake value images demonstrate a marked difference between PIB
retention in AD patients and HC subjects. For color version of this figure, the reader is
referred to the online version of this book.
(from Klunk et al., 2004)
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FIGURE 4.
Detailed regional distribution of PiB retention in an asymptomatic PS1 carrier compared
with a subject with sporadic AD. For color version of this figure, the reader is referred to the
online version of this book.
(from Klunk et al., 2007)
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FIGURE 5.
PiB-PET images from Parkinson’s dementia cases with autopsy confirmed amyloid plaque
pathology (A, B), a Parkinson’s case without amyloid plaque pathology (C), and a control
participant (D). For color version of this figure, the reader is referred to the online version of
this book.
(from Burack et al., 2010).
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FIGURE 6.
Patterns of FDG and PIB binding in amnestic (AD), language (lvPPA) and visual (PCA)
variants of AD compared with HCs. Shown are t-maps after correction for multiple
comparisons (family-wise error correction at p < 0.05). Red in the FDG maps indicates
significantly more hypometabolism in the patient groups compared with controls, whereas
blue in the PIB maps indicates significantly more amyloid deposition in the patient groups.
FDG patterns are distinct and correlate with the clinical deficits, while PIB binding is diffuse
and indistinguishable across variants. For interpretation of the references to color in this
figure legend, the reader is referred to the online version of this book.
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FIGURE 7.
Double-histofluorescence staining of a single section of an AD entorhinal cortex, using
BTA-1 (1 μM, A and C; U filter) and X-34 (100 μM, B and D; V filter) histofluorescence.
Tissue autofluorescence (lipofuscin) is seen as bright bleed-through signal in A and C.
Boxed areas in A and B delineate areas of higher magnification in C and D, respectively.
Subpial diffuse Aβ plaques, and a single cored plaque (C and D, double-arrows) in lamina I
are seen with both compounds. In lamina II, BTA-1 labels only a few isolated structures (A,
arrows), while X-34 also labels abundant NFTs and neuropil threads (B). BTA-1 labeled
structures inside layer II islands (C, arrows) with X-34 histofluorescence (D, arrows),
similar to the neighboring cored plaque (D, double arrow); this makes them distinct from the
surrounding NFTs that are seen with X-34 histofluorescence (B, D). Scale bar = 100 μm (A,
B), 50 μm (C, D). For color version of this figure, the reader is referred to the online version
of this book.
(from Ikonomovic et al. 2008)
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