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Abstract

In evaluating disease changes it is critical to have measurements that are sensitive, specific and 

reliable. Cognitive decline, particularly in the context of Alzheimer’s disease (AD), is an area that 

has attracted a large number of recent studies, and as such the proposed biomarkers used in these 

investigations need to be validated. In this review we highlight studies with important implications 

about the role of imaging biomarkers in cognitive decline and dementia as well as in 

distinguishing preclinical dementia, prior to evidence of cognitive decline. Structural changes 

determined on magnetic resonance imaging (MRI), both cross-sectional and longitudinal provide 

early prediction of dementia, particularly when combined with other measures. Molecular imaging 

using PET and SPECT tracers quantify the presence or activity of receptors, transporters, 

enzymes, metabolic pathways and proteins. The newest developments in molecular imaging will 

be described and methods compared. Distinguishing features of imaging biomarkers among 

dementias and the spectrum of preclinical AD, MCI and AD will be described. Appropriate use 

criteria for amyloid PET will be delineated. While these efforts are still in the early phase of 

development, there is great promise for further development in structural MRI and PET 

technologies.

Clinical Use of Biomarkers in Cognitive Decline

There has been a steadily growing number of studies examining cognitive decline in the 

elderly. Many of these studies have had a small number of enrollees. It is becoming 

increasingly important to determine which studies and methods have achieved sufficient 

sensitivity and specificity that they can guide diagnostic or therapeutic decisions. The papers 

included in this review were based on Pubmed searches for the terms FDG and dementia, 

amyloid PET, florbetapir, florbetaben, flutemetamol, PiB, FPCIT, ioflupane, preclinical 
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dementia and MRI, as well as through consultation with experts in the field. Studies with 

autopsy confirmation of imaging findings were given preference for inclusion.

While CSF studies have shown that decreased amyloid concentrations, increased tau or 

increased tau/amyloid concentrations are reliable biomarkers for detecting the AD 

pathophysiological process (1,2) we will focus on imaging biomarkers. We will highlight 

those studies with sufficient power to make meaningful conclusions concerning the role of 

imaging biomarkers in cognitive decline and dementia. In addition we will highlight studies 

and methods that distinguish preclinical dementia, prior to any evidence of cognitive decline 

but after pathological brain changes have occurred. In medicine, biomarkers refer to 

measurable characteristics that reflect the presence and severity of a disease process. 

Validation of a biomarker entails quantifying the measurement’s sensitivity, specificity, 

prior probability, positive predictive value and negative predictive value (3). In the case of 

AD, the Consensus Report of the Working Group on Molecular and Biochemical Markers of 

Alzheimer’s Disease recommended that a particular measurement should detect a 

fundamental aspect of neuropathology and be confirmed in postmortem cases (4). Further, 

the sensitivity should be >80% for detecting AD the specificity should be >80% for 

distinguishing other dementias. In the subsequent fifteen years since this report was issued, 

the major focus of molecular and structural imaging for dementia has been on Alzheimer-

type dementia (AD), frontotemporal dementia (FTD), and dementia with Lewy bodies 

(DLB). These three types of dementia differ in presentation, prognosis, etiology and 

response to therapeutics, although clinical overlap is not uncommon, and thus the need for 

biomarkers is apparent (5–9). Additionally, cognitive impairment is a relatively late feature 

of the pathophysiology of AD, which has important implications for developing therapies 

intended to slow or stop progression of neurodegeneration.

Traditionally, the clinical work up of dementia has focused on clinical assessment, 

neuropsychological testing, and exclusion of other etiologies. The National Institutes of 

Aging (NIA) and the Alzheimer’s Association have issued new diagnostic criteria for AD 

and mild cognitive impairment (MCI) and now suggest that the use of biomarkers and 

neuroimaging can enhance diagnostic confidence (7, 10). Specific definitions for stages of 

preclinical AD were introduced as well (11). Preclinical AD Stage I was defined as 

asymptomatic cerebral amyloidosis (the presence of increased amyloid binding on positron 

emission tomography (PET) scan or low amyloid concentrations on lumbar puncture (LP)). 

Stage II was defined as Stage I plus downstream neurodegeneration (the presence of 

elevated tau on LP, abnormal 2-deoxy-2-[18F]fluoro-D-glucose (FDG) metabolism on PET 

scan or abnormal volumetric loss on structural magnetic resonance imaging (MRI) scan). 

Stage III was defined as Stage II with the addition of subtle cognitive decline (9). An 

important concept introduced in these guidelines is the AD pathophysiological process (e.g. 

amyloid deposition in the brain), which includes preclinical disease prior to AD dementia. 

There are, however several important exceptions to this progression that have been reported. 

Jack et al. (12) have described suspected non-AD pathology (SNAP) subjects who had 

normal amyloid PET imaging but abnormal neurodegeneration biomarker studies. In 

addition, longitudinal ADNI data (2) found that different neuroinjury biomarkers differed in 

classifying subjects as abnormal.
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Autopsy studies have demonstrated that the accuracy of clinical diagnosis for AD is 

approximately 70–80% (13–16). In addition to limitation in accurate diagnosis, reliance on 

clinical assessment alone may not be optimal for clinical trials for therapies that slow or 

prevent the progression of dementia because some of the preclinical AD pathophysiological 

processes appear to precede clinical manifestations of dementia by many years (17–18). 

Biomarkers for the AD pathophysiological process could be used to select participants in 

clinical trials as well as to monitor response to therapies. It is important to note that these 

recent guidelines issued by the NIA and Alzheimer’s Association regarding imaging and 

CSF biomarkers thus far have been primarily limited to research applications, although some 

studies (19) discuss the clinical diagnosis of AD with biomarker support.

Structural Biomarkers

Very mild Alzheimer’s disease (AD) or mild cognitive impairment (MCI) are characterized 

by magnetic resonance imaging (MRI) volumetric decreases in medial temporal lobe 

structures, including the hippocampus (20), where hippocampal volume (HCV) is correlated 

with beta-amyloid (Aβ)-associated memory decline (21–22). Subjects with MCI who show 

abnormalities in MRI and/or CSF biomarkers are at greater risk for cognitive decline and 

progression to AD than subjects without these abnormalities (23–24). See also references 

25–26 for review articles. Furthermore, it has been suggested that the rate of hippocampal 

atrophy in MCI predicts the rate of conversion to AD. Several groups have found that small 

hippocampal atrophy rates led to slower transitions to AD, while fast conversion to AD was 

characterized by high hippocampal atrophy rate (27–30). Presymptomatic individuals who 

eventually converted to AD also had a profile of reduced cortical thickness and accelerated 

hippocampal atrophy rates (31–32). It is important to note that MRI measurements require 

careful use of computerized image processing methods, especially to detect rates of regional 

atrophy

The sensitivity for detecting within-subject changes in structure is quite high. In one study, 

predictive prognosis of MR images obtained at one time point versus combining single-

time-point measures with 1 year change measures were compared, with the latter providing 

significantly improved discrimination in prediction of AD conversion (33). Comparative 

sensitivity for detection of longitudinal atrophy changes identified entorhinal cortex and 

inferior temporal cortex as regions with greatest sensitivity (34), potentially providing 

enough power to detect treatment induced change (34).

In addition to stand-alone prediction of AD, MRI has been used to augment CSF 

biomarkers. CSF markers of increased tau, decreased amyloid, and increased tau/amyloid 

ratio predict progression to AD (see 1, 2 for reviews). In MCI subjects who were abnormal 

on both CSF and MRI measures, versus only one measure, there was a 4 times higher risk to 

progress to AD within less than 2 years (35–36). A recent study using the NIA-AA 

definition of preclinical AD found that in a one year follow up study the rates were 

significantly different across the preclinical stages (37). The rate in stage 0 was 5%, Stage I 

(amyloidosis only) was 11%, Stage II (including structural MRI abnormalities) was 21% and 

Stage III, with the addition of cognitive change was 43% (37). Thus, adding structural MRI 

to amyloid alone improved the prediction of progression. Combining gray matter structural 

McConathy and Sheline Page 3

Biol Psychiatry. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volumes, diffusion tensor imaging and CSF protein biomarkers yielded 91% accuracy, 85% 

sensitivity, and 96% specificity in predicting the conversion of MCI to AD (38).

The most recent frontier in neuroimaging prediction is conversion to MCI in non-

symptomatic individuals (pre-symptomatic). Several studies of normal controls found that 

the volume of restricted parts of the hippocampus (the CA1 and subiculum) were more 

closely associated than total HCV with conversion to MCI (39–42). Similarly using 

localized components analysis to identify 7 independent patterns of hippocampal atrophy 

Carmichael et al (29) found that multiple measures of localized hippocampal atrophy were 

significantly associated with CSF amyloid concentrations while total hippocampal volume 

was not. Recently, early structural abnormalities in the neocortex have also aroused growing 

interest. Decreased gray matter volume in the parietal lobe, especially in the angular gyrus 

(30) and in prefrontal cortex (43) were described in advance of development of MCI. A 

previously determined AD-like pattern applied to asymptomatic individuals predicted 

conversion to MCI (44). Notably atrophy in these preselected regions preceded loss of 

hippocampal volume, was detectable more than 10 years before clinical onset of the disease 

and correlated with CSF Aβ42/tau ratio and amyloid load measured by Pittsburgh 

Compound B (PiB) binding (44–45).

fMRI Biomarkers

Because fMRI is significantly less established as a potential clinical tool we refer the reader 

to review articles on the significant literature on fMRI measures as potential biomarkers in 

preclinical dementia. These include task-based changes in hippocampal activity (primarily 

during encoding (46), especially hippocampal hyperactivation early in the course of the 

disease process (47) and alterations in resting state functional connectivity (reviewed in 48).

PET and SPECT Biomarkers

Molecular imaging uses tracers whose in vivo uptake patterns and kinetics indicate and 

quantify the presence or activity of specific biochemical processes including receptors, 

transporters, enzymes and metabolic pathways. Currently, positron emission tomography 

(PET) and single photon emission computed tomography (SPECT) which both use 

radiolabeled tracers are the primary molecular imaging techniques employed for imaging in 

dementia in humans. PET has higher spatial and temporal resolution and is more easily 

quantified than SPECT and will be the primary focus in this review.

Molecular imaging has established utility for neuroimaging in dementia, particularly AD 

(49–50). The glucose analogue 2-deoxy-2-[18F]fluoro-D-glucose (FDG), 11C- and 18F-

labeled tracers that bind fibrillary beta-amyloid (Aβ), and the dopamine transporter ligand 

[123I]FPCIT (also known as ioflupane) will be discussed in this section as biomarkers for 

specific dementias. [18F]FDG has been evaluated in each of these types of dementia, while 

Aβ imaging has focused primarily on AD. FPCIT has been used primarily to differentiate 

dementia with Lewy bodies (DLB) from AD. Other tracers and targets such as PET agents 

for tau imaging (51–53) are under investigation, but there is currently not enough evidence 

to support their use as clinical imaging biomarkers in dementia and cognitive impairment.
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Pathologic analysis of brain tissue obtained at autopsy is considered the gold standard for 

establishing the sensitivity, specificity and accuracy of biomarkers in dementia. There are 

several considerations unique to PET and SPECT biomarkers for dementia. The methods 

used for image acquisition, reconstruction and analysis can affect the diagnostic 

performance of these imaging modalities, particularly when quantitative data analysis is 

performed. Because of spatial resolution limitations of PET and SPECT, brain atrophy can 

artifactually decrease measured tracer uptake and can be a potential confound to visual and 

quantitative analysis. Correction for atrophy can be performed based on anatomic imaging 

with CT or MRI.

Alzheimer’s disease (AD)

1) [18F]FDG

[18F]FDG-PET is the most widely used PET tracer in the United States for both oncologic 

and dementia imaging, and the regional uptake and retention of the PET tracer FDG in the 

brain can provide a quantitative measure of brain glucose metabolism. Numerous studies 

have demonstrated progressively decreasing brain uptake of FDG in AD patients over time, 

thought to reflect neuronal injury and loss occurring predominantly in the parieto-temporal, 

frontal and posterior cingulate cortices. Currently, FDG-PET studies are reimbursed by the 

Centers for Medicare and Medicaid Services (CMS) for differentiating suspected AD from 

FTD. The clinical interpretation of FDG-PET studies for the diagnosis of dementia can be 

performed by qualitative visual analysis of the relative levels of FDG uptake in relevant 

regions of the brain. Quantitative analysis of regional FDG uptake can also be performed 

through comparison with normative databases, and there is data suggesting that this type of 

analysis can improve diagnostic accuracy, particularly with less experienced readers (54–

55).

The sensitivity of FDG-PET for the diagnosis of early AD is approximately 90% although 

the specificity for distinguishing AD from other types of dementia is lower (71–73%) in 

studies that used autopsy confirmation as the reference standard (55–56). There is also data 

supporting the use of FDG-PET to predict which healthy individuals will develop MCI and 

which individuals with MCI will progress to clinical AD (57–58). Some studies suggest that 

FDG may be a better marker for progressive cognitive decline compared to amyloid imaging 

and CSF measures of Aβ levels (59). There is also growing evidence that abnormal brain 

accumulation of tracers targeting Aβ occurs before changes in FDG uptake (17, 60).

A few studies have examined the ability of FDG to discriminate patients with AD from 

those with FTD or DLB. In FTD, the typical pattern of FDG hypometabolism predominantly 

involves the anterior aspects of the frontal and temporal lobes, often asymmetrically. In 

studies of subjects with AD and FTD, high specificities have been reported (93–98%) with 

more variable sensitivities (53–95%) (61–63). Some of this variation is likely due to 

differences in patient population, methods and reference standard (pathologic confirmation 

versus clinical diagnosis). In a study of 31 patients with autopsy-confirmed AD and 14 with 

FTD, FDG-PET was more accurate than clinical assessment and differentiated AD from 

FTD with a specificity of 98% and sensitivity of 86% (55). The pattern of glucose 

hypometabolism is similar in AD and DLB, but occipital hypometabolism typically is 
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present in DLB but not in AD, which can be used to distinguish these dementias. In studies 

of subjects with AD and DLB, the reported sensitivities and specificities are variable with 

ranges of values of 75 –83% and 72–93%, respectively (64–65).

2) Amyloid imaging

Abnormal homeostasis and aggregation of beta-amyloid (Aβ) is a hallmark of the pathologic 

diagnosis of AD and is thought to play a central role in the pathogenesis of AD (66–67). The 

deposition of Aβ in the brain appears to precede the development of AD by up to 10–15 

years (18, 68). A number of small molecule PET tracers suitable for measuring fibrillary Aβ 

in the living human brain have been developed over the past decade. One of the first was the 

PET tracer [11C]Pittsburgh compound B (PiB), and this tracer has been used extensively for 

research in subjects with AD and other dementias. More recently, several 18F-labeled 

amyloid imaging agents have been developed and evaluated for Aβ imaging including 

florbetapir (AV-45), (69) flutemetamol, (70) florbetaben,(71), and NAV4694 (also known as 

AZD4694 (72). These tracers are better suited to routine clinical use due to the longer half-

life of F-18 compared to C-11 (110 min vs. 20 min). These tracers are similar in terms of 

mechanism of action by binding to the fibrillary form of the Aβ protein that is present in 

neuritic amyloid plaques (73).

The most rigorous evaluations of the correlation between imaging findings and pathologic 

confirmation of AD at autopsy are currently available for florbetapir, flutemetamol, and 

florbetaben, all of which have been approved by the FDA for use in patients with cognitive 

impairment. Comparison with autopsy results demonstrated that positive florbetapir-PET, 

flutemetamol-PET and florbetaben-PET studies corresponded to moderate or frequent Aβ 

plaques on neuropathology. The properties of these tracers are summarized in Table 1, and 

similar high median sensitivities and specificities for the detection of Aβ plaques were 

observed with all 3 tracers. However, there was substantial variability in the performance 

between readers, emphasizing the need for reader training prior to clinical interpretation. In 

addition to reader error, other factors including brain atrophy, patient movement during the 

scan, and image acquisition too soon or too late after tracer injection could lead to false 

negative and false positive amyloid-PET studies. The tracer NAV4694 is currently in late 

phase clinical trials and appears to have similar diagnostic properties based on the available 

published data (72). Small studies comparing the brain uptake of PiB and Aβ plaques on 

histopathologic analysis have yielded mixed results, and sensitivity and specificity 

measurements cannot be provided based on this limited data. Test-retest measures of SUVR 

with [11C]PiB, [18F]florbetapir, [18F]florbetaben and [18F]flutametamol have shown good 

test-retest reliability with average differences of on the order of 1–6% between repeated 

imaging sessions (74–77).

Amyloid-PET is not currently reimbursed by the CMS, which limits the widespread 

availability for routine clinical use. Coverage with evidence development (CED) to provide 

reimbursement for amyloid-PET as part of clinical research studies is planned but not 

currently implemented at the time of the writing of this article. CED is expected to provide 

reimbursement for amyloid-PET studies performed for patients that are enrolled in a clinical 
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trial and/or registry that will provide outcomes data needed for CMS to reconsider the 

coverage decision for amyloid-PET.

With this class of tracers moving from the research to the clinical setting, their proper use 

will require both referring health care providers and imaging physicians to understand which 

patient populations will benefit from β-amyloid imaging as well as the implications of both 

positive and negative imaging studies. For florbetapir, florbetaben, and flutemtamol, a 

negative study (no abnormally increased cortical tracer uptake) is inconsistent with the 

diagnosis of dementia due to AD but does not exclude other dementias or neurological 

disorders that are not associated with β-amyloid pathology. In contrast, a positive study with 

florbetapir indicates the presence of abnormal levels of amyloid but does not by itself 

establish the diagnosis of AD dementia. As with PiB, positive florbetapir PET studies occurs 

in 20–30% of cognitively normal older people, (78), the percentage expected for any reliable 

amyloid biomarker based on autopsy reports of amyloid plaques, and consistent with 

preclinical AD. Additionally, Aβ deposition has been reported in DLB, and AD pathology 

can potentially coexist with neurological conditions causing cognitive decline. Because 

abnormal amyloid PET and CSF studies are currently the earliest known phenotypic marker 

of the AD pathophysiological process and appear to precede clinically detectable cognitive 

decline, these agents may be particularly useful if disease-modifying therapies become 

available.

In January 2013, a joint report from the Society of Nuclear Medicine and Molecular Imaging 

and Alzheimer’s Association issued appropriate use criteria for amyloid PET (79). The 

recommendations are based primarily on a literature review combined with expert 

consensus. These guidelines consider amyloid PET to be appropriate in certain clinical 

scenarios for individuals who meet the following criteria:

1. Objectively confirmed cognitive complaint

2. Possible etiologies include AD but the diagnosis remains uncertain after full 

evaluation by a dementia expert

3. Diagnostic certainty and management are expected to be affected by the amyloid 

PET results

The following clinical scenarios are considered appropriate by these guidelines for the 

clinical use of amyloid PET for individuals who meet the above criteria:

1. Progressive or persistent unexplained MCI

2. Atypical course or mixed presentation in patients meeting the core clinical criteria 

for possible AD

3. Early age of onset of progressive dementia, typically less than 65 years of age

The following scenarios are considered inappropriate for the clinical use of amyloid PET:

1. Probable AD with typical age of onset

2. To assess severity of dementia
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3. Positive family history, presence of APOE_4 or suspected carrier of autosomal 

dominant as the sole reason for amyloid PET

4. No objective confirmation of cognitive impairment on clinical exam

5. Asymptomatic individuals

6. Legal, insurance coverage, employment screening and other non-medical uses

Frontotemporal dementia (FTD)

1) [18F]FDG-PET

[18F]FDG has shown utility in distinguishing AD from FTD based on different patterns of 

decreased regional brain glucose metabolism. Unlike AD, the brain regions with the most 

marked relative decreased in [18F]FDG uptake are in the frontal and/or anterior temporal 

cortices in FTD. Overall, studies of subjects with AD and FTD, high specificities have been 

reported (93–98%) with more variable sensitivities (53–95%) (61–63). The largest study 

assessing the ability of [18F]FDG to distinguish AD (n=31) from FTD (n=14) with 

pathologic confirmation found sensitivity of 86% and specificity of 98% (62).

2) Amyloid agents

There is currently insufficient data to define the role of amyloid imaging agents as a 

biomarker to distinguish FTD from AD, although the different pathophysiologies and 

several small studies suggest that Aβ imaging may be useful to distinguish FTD from AD. 

Together, these studies demonstrate that 11–25% of patients with clinically diagnosed FTD 

have abnormally increased cortical Aβ deposition as measured with [11C]PIB or 

[18F]florbetaben (80–82). None of these studies had autopsy confirmation, and the 

significance of the Aβ deposition in the FTD subjects is unclear. This result may be due to 

incorrect clinical diagnosis of FTD with AD as the actual cause of dementia, but 

alternatively a small percentage of patients with FTD and abnormal cortical Aβ deposition 

may have co-morbid AD pathophysiology.

Dementia with Lewy bodies (DLB)

1) [18F]FDG-PET

[18F]FDG has shown utility in distinguishing AD from DLB based on different patterns of 

decreased regional brain glucose metabolism (83–84). The pattern of decreased brain 

[18F]FDG uptake in DLB is similar to AD with the exception of involvement of occipital 

cortex, particularly the primary visual cortex, in DLB but not AD. In studies of subjects with 

AD and DLB, the reported sensitivities and specificities are variable with ranges of values of 

75 –83% and 72–93%, respectively (64–65, 83). In a study combining both clinical and 

histopathologic confirmation of diagnosis, [18F]FDG-PET was found to have a 90% 

sensitivity and 80% specificity for distinguishing AD from DLB (84).

2) Dopamine transporter (DAT) imaging

The SPECT agent [123I]FPCIT (ioflupane) has been used to discriminate DLB from other 

dementias based on the loss of dopaminergic neurons which in turn leads to decreased DAT 
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density in the striatum. This agent has also been used to study the loss of dopaminergic 

neurons in Parkinson’s disease and related syndromes and is approved for clinical use in 

Europe and the U.S. to distinguish Parkinsonian syndromes from essential tremor (85). A 

2007 multicenter trial in Europe with 326 subjects demonstrated that FPCIT has a sensitivity 

of 78% and specificity of 90% for distinguishing DLB from other dementias, primarily AD, 

using clinical diagnosis as the reference standard (86). A smaller retrospective study (n=44) 

demonstrated lower sensitivity (63%) but higher specificity (100%) based on consensus 

diagnosis after 12 month follow up as the reference standard (87). A small prospective study 

that included 20 patients with dementia and pathologic analysis at autopsy, FPCIT was 88% 

specific and 100% specific for differentiating DLB from other dementias compared to lower 

values of 75% and 44%, respectively, based on initial clinical diagnosis (88).

3) Amyloid agents

There is insufficient data to use amyloid imaging agents to distinguish DLB from AD. The 

available data suggests that Aβ deposition occurs frequently in DLB and may correlate with 

cognitive deficits (89–90).

Summary

In recent years there have been rapid changes in imaging of patients with suspected 

cognitive decline. Most striking have been the emergence of amyloid imaging methods that 

detect increased brain amyloid binding with high sensitivity and specificity. While negative 

scans are helpful in ruling out cases of suspected Alzheimer’s disease, a positive scan is 

more complicated to interpret, as other diseases besides AD have increased amyloid, and 

increased amyloid binding also appears in cognitively normal elderly, years before clinically 

symptomatic disease occurs. A joint report from the Society of Nuclear Medicine and 

Molecular Imaging and Alzheimer’s Association has issued appropriate use criteria for 

amyloid PET. Other imaging modalities that may help to distinguish among etiologies for 

cognitive decline include FDG-PET to distinguish both FTD and DLB from AD. Structural 

markers augment the diagnosis among dementing disorders but as of yet are not diagnostic 

by themselves. All of these methods now have reliability and repeatability measures and 

thus have an objective basis in aiding in diagnosis. Further, improvements in imaging 

technology have now pushed the frontier back for distinguishing presymptomatic AD from 

MCI. While these efforts are still in the early phase of development, there is great promise 

for further development in structural MRI and PET technologies.
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Figure 1. 
The three amyloid-binding ligands currently approved by the FDA and representative PET 

scan images (adapted from 93). The minus (−) sign indicates a negative scan while a plus 

sign (+) indicates a positive scan for amyloid-containing neuritic plaques. Table 1 shows the 

corresponding diagnostic performance characteristics for each ligand.
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