
Vol.:(0123456789)1 3

Japanese Journal of Radiology (2019) 37:735–749 
https://doi.org/10.1007/s11604-019-00867-7

INVITED REVIEW

Neuroimaging of Alzheimer’s disease: focus on amyloid and tau PET

Hiroshi Matsuda1 · Yoko Shigemoto2 · Noriko Sato2

Received: 23 July 2019 / Accepted: 28 August 2019 / Published online: 6 September 2019 
© Japan Radiological Society 2019

Abstract
Although the diagnosis of dementia is still largely a clinical one, based on history and disease course, neuroimaging has dra-
matically increased our ability to accurately diagnose it. Neuroimaging modalities now play a wider role in dementia beyond 
their traditional role of excluding neurosurgical lesions and are recommended in most clinical guidelines for dementia. In 
addition, new neuroimaging methods facilitate the diagnosis of most neurodegenerative conditions after symptom onset and 
show diagnostic promise even in the very early or presymptomatic phases of some diseases. In the case of Alzheimer’s disease 
(AD), extracellular amyloid-β (Aβ) aggregates and intracellular tau neurofibrillary tangles are the two neuropathological 
hallmarks of the disease. Recent molecular imaging techniques using amyloid and tau PET ligands have led to preclinical 
diagnosis and improved differential diagnosis as well as narrowed subject selection and treatment monitoring in clinical 
trials aimed at delaying or preventing the symptomatic phase of AD. This review discusses the recent progress in amyloid 
and tau PET imaging and the key findings achieved by the use of this molecular imaging modality related to the respective 
roles of Aβ and tau in AD, as well as its specific limitations.
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Introduction

Alzheimer’s disease (AD) is an irreversible, progressive 
brain disorder that slowly compromises the healthy brain, 
affecting memory, cognitive skills, emotions, behavior, and 
mood. Over time, a person’s ability to carry out daily activi-
ties becomes impaired. AD is the most common form of 
dementia, accounting for around two-thirds of cases [1]. The 
2018 World Alzheimer Report [2] indicated that there were 
50 million people living with dementia worldwide, with the 
number of cases projected to almost double every 20 years. 
In Japan, a 2013 study commissioned by the Ministry of 
Health, Labour, and Welfare reported that more than 4.6 
million Japanese were living with dementia. This number is 

expected to reach 7 million in 2025, representing approxi-
mately one in five elderly people in Japan [3].

Criteria for the clinical diagnosis of AD were established 
by a workgroup of the National Institute of Neurological 
and Communicative Disorders and Stroke and the Alzhei-
mer’s Disease and Related Disorders Association in 1984 
[4]. These criteria were universally adopted, have been 
extremely useful, and have survived intact without modifica-
tion for well over a quarter of a century. However, the inter-
vening 35 years have seen advances in the understanding of 
AD and our ability to detect its pathophysiological process, 
as well as changes in conceptualization regarding the clini-
cal spectrum of the disease. The pathophysiological process 
of AD is thought to begin many years before the diagnosis 
of AD dementia. This long preclinical phase of AD could 
provide a critical opportunity for therapeutic intervention. 
However, we need to further elucidate the link between the 
pathological cascade of AD and the emergence of clinical 
symptoms. The National Institute on Aging and the Alz-
heimer’s Association convened an international working 
group to review the biomarker, epidemiological, and neu-
ropsychological evidence and to develop recommendations 
to identify the factors that best predict the risk of progres-
sion from normal cognition to mild cognitive impairment 
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(MCI) and AD dementia [5, 6]. A conceptual framework 
and operational research criteria were proposed based on 
the prevailing scientific evidence, as well as the testing and 
refinement of these models through longitudinal clinical 
research studies [7, 8].

The staging of preclinical AD was also proposed [8]. 
Stage 1 involves asymptomatic amyloidosis with high PET 
amyloid tracer retention and low cerebrospinal fluid (CSF) 
levels of the 42-amino acid-long amyloid β (Aβ) peptide 
(Aβ42). Stage 2 has both amyloidosis and neurodegeneration 
with neuronal dysfunction on 18F-fluorodeoxy glucose (18F-
FDG) PET or functional MRI, high CSF tau/phosphorylated 
tau, and cortical thinning/hippocampal structure atrophy on 
structural MRI. Stage 3 adds subtle cognitive decline to the 
amyloidosis and neurodegeneration with evidence of a sub-
tle change from baseline cognition and poor performance 
on more challenging cognitive tests but does not meet the 
criteria for MCI.

Patients who are memory impaired but have limited func-
tional impairment and do not meet the clinical criteria for 
dementia are classified as having MCI or mild neurocogni-
tive disorder as defined in the most recent Diagnostic and 
Statistical Manual of Mental Disorders V [9–11]. MCI is 
increasingly recognized as a major health care issue because 
of its association with significant morbidity, including the 
development of dementia and AD dementia. MCI is a het-
erogeneous clinical syndrome, and new criteria for MCI due 
to AD are intended to help to increase the accuracy of AD 
diagnosis in the pre-dementia stage [12]. One 5-year longitu-
dinal epidemiological study estimated the rate at which indi-
viduals with MCI progress to dementia in Nakayama, Japan 
[13]. Community dwellers aged 65 years and older were 
invited to participate over a 14-month period. Overall, the 
annual conversion rate from MCI to dementia was reported 
to be 16.1% per 100 person-years, with the conversion rate 
from MCI to AD dementia 8.5% per 100 person-years. In 
the Japanese Alzheimer’s disease neuroimaging initiative 
(J-ADNI) study [14], MCI patients (234 patients enrolled, 
232 at baseline) progressed to dementia in 12 months at a 

rate of 28.8%/year, more rapidly than in the ADNI study 
in the United States (20.2%). The significantly higher rate 
of conversion to dementia in the J-ADNI persisted until 
18 months (39.7% in the J-ADNI vs. 27.4% in the ADNI), 
whereas the rate in the ADNI caught up after 24 months, 
reaching 45.1% in the J-ADNI and 40.9% in the ADNI at 
36 months. These conversion rates are consistent with those 
described previously (7–20%) [9–13], with any variations 
likely to be related to the different measures used to define 
MCI across the studies.

Due to the recent progress in biomarkers, Jack et al. [15] 
proposed an unbiased descriptive classification scheme 
for AD biomarkers. They proposed the “A/T/N” system in 
which seven major AD biomarkers are divided into three 
binary categories based on the nature of the pathophysiol-
ogy that each measures. “A” refers to the value of the Aβ 
biomarker (amyloid PET or CSF Aβ42), “T”, the value of 
the tau biomarker (CSF phosphorylated tau or tau PET), and 
“N”, biomarkers of neurodegeneration or neuronal injury 
(18F-fluorodeoxyglucose PET, structural MRI, or CSF total 
tau). Each biomarker category is rated as positive or nega-
tive. It is agnostic to the temporal ordering of mechanisms 
underlying AD pathogenesis and is a descriptive system 
for categorizing multidomain biomarker findings at the 
individual level in an easy to understand and use format 
(Table 1, Figs. 1, 2, 3, 4). Given this situation, the role of 
amyloid and tau PET is becoming increasingly important. 
This review presents the current state of these molecular 
imaging approaches in AD research.

Amyloid PET

PET ligands

One of a number of compounds that have been developed 
for the imaging of amyloid, N-methyl-[11C]2-(4′-methyl-
aminophenyl)-6-hydroxybezothiazole or simply Pitts-
burgh Compound-B (PiB) [16] is the derivative of the 

Table 1   A/T/N classification scheme for AD imaging biomarkes corresponding to NIA-AA classification

A amyloid PET, T tau PET, N FDG-PET or MRI

A/T/N score Preclinical AD MCI probable AD dementia

A−/T−/N− Not defined MCI, unlikely due to AD Dementia, unlikely due to AD
A+/T−/N− Stage 1 MCI, core clinical criteria Intermediate likelihood; probable AD dementia; based on clinical criteria
A+/T+/N− stage 2/3 MCI, core clinical criteria High likelihood; probable AD dementia; based on clinical criteria
A+/T−/N+ Not defined MCI, core clinical criteria High likelihood; probable AD dementia; based on clinical criteria
A+/T+/N+ stage 2/3 MCI due to AD, high likelihood High likelihood AD pathophysiology
A−/T+/N− Not defined Not defined Probable AD dementia; based on clinical criteria
A−/T−/N+ Not defined Not defined Intermediate likelihood; probable AD dementia; based on clinical criteria
A−/T+/N+ Not defined Not defined Intermediate likelihood; probable AD dementia; based on clinical criteria
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amyloid-binding dye thioflavin-T and the most extensively 
validated tracer. It binds to aggregated, fibrillar Aβ depos-
its, such as those found in the cerebral cortex and striatum, 
but not to amorphous Aβ deposits, such as those predomi-
nating in the cerebellum. The first 11C-PiB PET study in 
humans [17] was performed in mild AD patients, where the 
uptake pattern was consistent with the Aβ plaque deposition 
described in postmortem studies of AD brains. Postmortem 
studies of patients who showed elevated 11C-PiB deposition 
during life had high correlations between in vivo 11C-PiB 
accumulation and in vitro measures of Aβ pathology [18, 
19]. However, due to the 20-min half-life of 11C, 11C-PiB 
can only be used in PET centers with on-site cyclotron and 
radiopharmacy facilities.

18F is a more suitable radionuclide for widespread clinical 
use, because its longer half-life of 110 min allows delivery 
from radiopharmaceutical companies to multiple PET cent-
ers. Three 18F-labeled tracers have been developed, whose 
automated synthesizers are approved by pharmaceutical and 
medical device law in Japan but not reimbursed. Flutemeta-
mol [20] (Vizamyl, GE Healthcare; synthesized by FASTlab, 
GE Healthcare) is a close structural analogue of 11C-PiB, 
whereas florbetapir [21] (Amyvid, Eli Lilly; synthesized 

by NEPTIS, Eli Lilly, and MPS200Aβ, Sumitomo Heavy 
Industries) and florbetaben [22] (Neuraceq, Life Molecu-
lar Imaging; synthesized by Synthera, SCETI) are derived 
from stilbene. Marketing authorizations were granted by the 
pharmaceutical and medical devices agency for flutemeta-
mol (Vizamyl, Nihon Medi-Physics) and florbetapir (Amy-
vid, Fuji Film Toyama Chemical), which are not reimbursed 
either in Japan. These 18F-labeled tracers are approved for 
“Visualization of intracerebral amyloid β plaques in patients 
with cognitive impairment suspected of Alzheimer’s dis-
ease”. Although 11C-PiB PET images in AD usually show 
greater binding in gray matter than in white matter, this is 
not the case for the 18F-labled tracers that will be the main-
stay of clinical practice in the near future. All 18F-labeled 
tracers have high nonspecific white matter uptake, giving 
a distinctive white matter pattern in scans of amyloid-neg-
ative individuals [23]. This negative pattern resembles the 
smoothed white matter image obtained with the low spatial 
resolution of PET segmented from whole-brain T1-weighted 
MRI. In AD, the 18F-labeled tracers frequently show loss of 
the gray matter–white matter demarcation and consequent 
loss of the normal white matter pattern as the predominant 
evidence of cortical amyloid plaque and less often shows 

Fig. 1   Cognitively normal indi-
vidual (A−/T−/N−). 11C-PiB: 
amyloid (A). 18F-THK5351: 
tau (T). MRI: neuronal injury 
(N). All three biomarkers are 
negative
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Fig. 2   Individual with preclini-
cal AD (A+/T+/N−). Aβ load 
is present in the right temporal 
cortex and precuneus. Tau-
related pathophysiology is 
present in the basal and lateral 
temporal cortex (arrows). No 
atrophy is present in medial 
temporal areas

Fig. 3   Individual with MCI due 
to AD (A+/T+/N+). Voxel-
based specific regional analysis 
system for AD (VSRAD) shows 
mild right medial temporal lobe 
atrophy. All three biomarkers 
are positive
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the clearly intense binding in the cortical ribbon typical of 
a positive 11C-PiB scan.

Visual interpretation

A commonly used reading technique for amyloid PET 
involving visual inspection is to set a color scale with a 
good dynamic range to the cerebellar white matter or pons 
and then inspect a midsagittal slice for uptake in the medial 
orbitofrontal cortex and posterior medial parietal area (pos-
terior cingulate gyrus and precuneus). Transaxial slices 
are then reviewed for uptake in lateral temporal, parietal, 
and striatal regions. In a positive scan, five key areas—the 
medial orbitofrontal, posterior cingulate gyrus/precuneus, 
striatum, lateral temporal, and parietal gray matter—show 
increased tracer uptake. In contrast, the cerebellar gray mat-
ter shows far less accumulation. The medial temporal region, 
visual cortex, and primary sensorimotor cortex also show 
less accumulation. In a negative scan, the midline sagittal 
slice shows uptake in the corpus callosum and pons, whereas 
a typical white matter pattern is seen on the transverse side 
with more marked uptake in the perithalamic area. In addi-
tion, there is clear separation of uptake between the left and 
right hemispheres apart from the white matter connections, 
as can be seen in the medial orbitofrontal and precuneus 
areas. Striatal uptake follows cortical uptake in sporadic AD. 
For visual interpretation of amyloid PET, a three-stage PET 
classification has been proposed: low cortical; high corti-
cal + low striatal; and high cortical + high striatal [24].

Quantitative assessment

Amyloid PET tracer binding to Aβ plaque in the gray matter 
is specific and reversible, whereas its binding in the white 
matter is nonspecific and nonsaturable [25]. The relatively 
slow kinetics of amyloid PET tracer make the specific uptake 
in the gray matter prominent at later time points, which may 
impede the quantification of Aβ deposits with 11C-PiB. To 
overcome this drawback in quantification, three-dimensional 
dynamic sampling of emission data for the whole brain is 
desirable, lasting about 70–90 min after tracer injection. 
Application of the linear models developed by Logan [26] 
to these sampling data has become a standard method for 
robust quantification in 11C-PiB studies. Logan analysis is 
used to calculate the distribution volume of ligand tracers 
that have reversible binding kinetics. The selection of the 
cerebellar cortex as a reference region that has no specific 
11C-PiB deposition enables calculation of a distribution vol-
ume ratio (DVR) without arterial plasma data sampling as 
the slope of a graphical plot [27]. The DVR equals binding 
potential + 1. The pons can also be chosen as a reference area 
[28]. On the other hand, the standardized uptake value ratio 
(SUVR) [29] has been proposed as a more feasible semi-
quantitative analytical method than the DVR. The SUVR is 
calculated via computation of the region-to-cerebellum ratio 
at later timepoints. The advantages of the SUVR approach 
include large effect sizes for AD and control group differ-
ences and the possibility to obtain the required data from a 
single 20-min scan. The reliability of the SUVR is better 

Fig. 4   Individual with AD 
dementia (A+/T+/N+). 
VSRAD shows right-side 
dominant medial and lateral 
temporal lobe atrophy. All 
three biomarkers are positive. 
Cortical tau accumulation is 
prominent in areas with glucose 
hypometabolism
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with 18F-labeled tracers than with 11C-PiB because of the 
higher count rate. The disadvantages of this approach are 
the slightly lower test–retest variability than in the DVR 
approach and the potential for time-varying outcomes [29]. 
The use of a standardized volume of interest template with 
amyloid PET images spatially normalized to the same stand-
ardized space has been provided as an automated voxel-
based method for amyloid PET deposition analysis [30].

To overcome the considerable variability of the SUVR 
due to differences in the PET tracers and PET scanners used, 
standardization has been proposed for quantitative amyloid 
imaging measures by scaling the outcome of each particu-
lar analysis method or tracer to a 0–100 scale, anchored 
by young controls and typical AD patients, with the units 
called “Centiloids” [31]. Regions that share a border with 
lower- or higher binding structures are susceptible to partial 
volume effects due to a blurring caused by the low resolu-
tion of PET. Because gray matter, white matter, and CSF 
have different tracer uptake patterns, all gray matter bor-
ders undergo partial volume effects. Regional atrophy that 
increases the amount of neighboring CSF accentuates these 
partial volume effects. Application of partial volume cor-
rection to amyloid PET is expected to increase the amyloid 
PET deposition in atrophied gray matter and lead to more 
accurate quantification [30, 32–34]. Partial volume correc-
tion is usually performed using segmented gray matter from 
three-dimensional MRI coregistered to amyloid PET images.

Cognitively normal individuals

Several autopsy studies have determined the postmortem 
presence of significant Aβ deposits in more than 30% of 
cognitively normal older individuals and concluded that the 
extent of the Aβ pathology may be indistinguishable from 
that found in AD [35, 36]. In accordance with these autopsy 
results, several 11C-PiB PET studies have consistently 
detected elevated 11C-PiB binding in a subset of normal 
older volunteers, with the proportion of “11C-PiB-positive” 
cases ranging from 10 to 30% depending on the age of the 
cohort and the threshold used to define 11C-PiB positivity 
[27, 32, 37–40]. In contrast, elevated binding has not been 
reported in young normal controls. A minority of older con-
trols show a distribution pattern of 11C-PiB binding that is 
essentially indistinguishable from that seen in AD. The high 
rate of 11C-PiB positivity in normal controls suggests that a 
positive 11C-PiB scan cannot be interpreted without a care-
ful clinical evaluation and emphasizes that amyloid imaging 
alone must not serve as a surrogate for a clinical diagnosis 
of AD.

Advancing age increases the frequency of 11C-PiB-pos-
itive findings in normal controls, from 18% in those aged 
60–69 years to 65% in those older than 80 years [41]. The 
prevalence of Aβ deposition, as detected by postmortem 

in cognitively normal individuals, exponentially increases 
with advancing age. The prevalence of 11C-PiB-positive 
normal controls increases with advancing age in a similar 
exponential fashion, but precedes the postmortem study by 
10–15 years. Aβ deposition seems almost inevitable with 
advancing age. One study showed that normal controls with 
a parent affected by late-onset AD have increased 11C-PiB 
deposition in brain regions typically affected in clinical AD 
patients compared with normal controls without family his-
tory [42]. In addition, significant parent-of-origin effects on 
Aβ deposition were found. Normal controls with mothers 
affected by late-onset AD show increased and more wide-
spread 11C-PiB deposition than those with affected fathers. 
Another study showed that 11C-PiB deposition in normal 
controls correlates with the apolipoprotein E (APOE) ε4 
gene dose [43]. APOE ε4, an isoform of the APOE gene 
in humans, is the major genetic risk factor for late-onset 
familial and sporadic AD [44], which account for most AD 
cases. APOE ε4 increases the risk and decreases the age of 
onset of AD in a gene dose-dependent manner [45]. APOE 
ε4 is present in roughly 20–25% of the human population, 
and APOE ε4 carriers account for 60–75% of AD cases in 
most clinical studies [46], highlighting the importance of 
APOE ε4 in AD pathogenesis.

MCI

Amyloid imaging can potentially identify patients with 
MCI who already show Aβ aggregation, and who are thus 
in the early clinical phase of AD, and can separate them 
from patients with alternative causes of cognitive impair-
ment. The division of MCI patients into more biologically 
homogeneous groups may also facilitate their inclusion in 
clinical trials for AD-specific therapies, allowing these treat-
ments to be tested in patients earlier in the disease course. 
Perhaps, the correct use of anti-amyloid monotherapies will 
be as a prophylactic given long before the onset of symptoms 
in people at risk of AD [47]. Numerous studies of MCI have 
demonstrated that 11C-PiB uptake is intermediate between 
AD and controls. However, 11C-PiB-binding levels in MCI 
in most studies are largely bimodal, with most cases show-
ing an AD-like uptake level, a minority of cases having low 
control-level binding, and a small number falling into the 
intermediate range. Overall, 52–87% of MCI patients show 
elevated 11C-PiB binding, depending on the criteria used to 
diagnose MCI and the threshold used to define 11C-PiB posi-
tivity [29, 32, 37, 38, 48–52]. Individuals meeting criteria 
for amnestic MCI were more likely to be 11C-PiB positive 
than patients with nonamnestic MCI. Villemagner et al. [32] 
demonstrated that the progression of MCI to AD occurred 
in 67% of individuals with MCI and high 11C-PiB deposi-
tion versus 5% of those with low 11C-PiB. Forsberg et al. 
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[50] reported that 33% of individuals with MCI and elevated 
11C-PiB binding later converted to AD in clinical follow-up. 
Irrespective of MCI subtypes, longitudinal follow-up work 
determined that 5 of the 13 amyloid-positive patients, but 
0 of the 10 amyloid-negative patients converted to clinical 
AD [51].

AD dementia

The initial objective of amyloid PET was to detect Aβ 
amyloidosis in patients clinically diagnosed with AD. As 
expected, the vast majority of AD patients show elevated 
tracer deposition [17, 38, 48, 52–54]. Using clinical diag-
nosis as a gold standard, the sensitivity of amyloid PET for 
AD has been reported to be 60–100% [52, 55, 56], with most 
studies reporting sensitivities of 90% or greater. The propor-
tion of negative scans in AD is very similar to the fraction of 
patients clinically diagnosed with AD at dementia referral 
centers who are subsequently found to have an alternative 
pathology at autopsy [57], suggesting that many amyloid 
PET-negative scans in AD may represent “true” negative 
findings. A pathology-confirmed “false-negative” amyloid 
PET result has been reported [58], involving a patient with 
Aβ plaques on frontal brain biopsy who showed low amy-
loid PET binding when studied with PET 20 months later. 
Cairns et al. [59] reported an amyloid PET-negative case 
with reduced Aβ42 and elevated tau in the CSF, whose post-
mortem biochemical analysis met the neuropathological cri-
teria for AD. An inverse relationship between amyloid PET 
tracer deposition and CSF Aβ42 has also been reported [60]. 
However, low CSF levels of Aβ42 can occur in the absence of 
elevated amyloid PET tracer deposition [61], possibly due to 
concomitant Aβ oligomer formation and/or because amyloid 
PET may fail to bind to certain human amyloid conforma-
tions such as diffuse nonfibrillar plaque.

Familial AD

Familial AD with different autosomal dominant mutations 
shows higher striatal and somewhat lower cortical tracer 
uptake than sporadic AD. Striatal amyloid deposition may 
be an early feature of familial AD [62, 63]. The pattern and 
degree of tracer uptake are not associated with mutation 
type or cognitive status. Because the cerebellum also shows 
somewhat higher uptake in familial AD than in sporadic AD, 
the pons is the preferred reference region for the quantifica-
tion of amyloid burden in familial AD. Similar to autosomal 
dominant AD, adults with down syndrome are genetically 
predisposed to increased amyloid burden, because they carry 
three copies of the amyloid precursor protein gene, located 
on chromosome 21. In individuals with down syndrome, 
amyloid tracer uptake becomes evident from around 40 years 

of age and increases in spatial extent in an age-dependent 
manner [64]. The first brain region for increased tracer 
uptake is the striatum, followed by the rostral prefrontal–cin-
gulo–parietal regions.

Suspected non‑AD pathophysiology

Amyloid PET introduced a new biomarker-based concept, 
suspected non-AD pathophysiology (SNAP) [65–67]. The 
term SNAP applies to individuals with normal levels of Aβ 
biomarkers in the brain but abnormal levels of neurode-
generation biomarkers, similar to AD, such as hypometab-
olism in the temporoparietal area on 18F-FDG PET, medial 
temporal lobe atrophy on MRI, and an elevated total CSF 
tau (Fig. 5). It has been applied to clinically normal indi-
viduals and to those with MCI, but is applicable to any 
amyloid-negative, neurodegeneration-positive individual 
regardless of clinical status, except when the pathology 
underlying the neurodegeneration can be reliably inferred 
from the clinical presentation. SNAP is present in about 
23% of clinically normal individuals aged above 65 years 
and in about 25% of individuals with MCI. APOE ε4 is 
underrepresented in individuals with SNAP compared 
with amyloid-positive individuals. Clinically normal and 

Fig. 5   Individual with suspected non-AD pathophysiology (A−/N+). 
11C-PiB: amyloid (A). 18F-FDG: neuronal injury (N). Hypometabo-
lism in the bilateral parietal cortex (arrows) is suggestive of AD but 
no Aβ load is present
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mildly impaired individuals with SNAP have worse clini-
cal and/or cognitive outcomes than individuals with nor-
mal levels of neurodegeneration and Aβ biomarkers. The 
AD-like hypometabolism is found in non-AD conditions, 
such as corticobasal degeneration, primary progressive 
aphasia, and cerebrovascular disease. The pattern is found 
even in cognitively normal individuals with increased fast-
ing plasma glucose levels [68]. Hippocampal atrophy is a 
prominent feature of hippocampal sclerosis, TAR (transac-
tive response DNA-binding protein of 43 kDa (TDP-43) 
pathology, argyrophilic grain disease, and anoxic-ischemic 
injury. TDP-43 proteinopathy in limbic brain structures is 
commonly observed in subjects past 80 years of age. This 
proteinopathy has been associated with substantial cogni-
tive impairment that mimicked AD clinical syndrome. A 
new terminology: limbic-predominant age-related TDP-43 
encephalopathy (LATE) has been recently proposed [69]. 
LATE is probably an important contributor in this group 
of subjects. The etiological nonspecificity of atrophy and 
hypometabolism observed by MRI and 18F-FDG PET in 
areas of the brain associated with AD has given rise to the 
concept that the brain networks in these areas can be vul-
nerable to a variety of insults associated with AD, non-AD 
disorders, and aging.

Clinical impact

The question arises whether the use of amyloid PET is 
associated with a subsequent change in the management 
of patients with MCI or dementia of uncertain etiology. 
Recently, Rabinovici et al. [70] presented the first results 
of the Imaging Dementia-Evidence for Amyloid Scanning 
(IDEAS) study [71]. The study had its origins in the 2013 
conclusion by the US Centers for Medicare & Medicaid 
Services (CMS) that the current evidence was insufficient 
to warrant coverage of amyloid PET scanning for routine 
clinical care. However, in that decision, the CMS agreed 
to provide coverage with evidence accumulation in stud-
ies examining whether amyloid PET improved health out-
comes in Medicare and Medicaid beneficiaries. Given that 
no disease-modifying treatments have yet been approved, 
health outcomes that can be assessed at this time are those 
related to diagnostic test ordering, symptomatic treatment 
decision, or counseling. The longitudinal IDEAS study 
[70, 71] that included 11,409 participants with MCI or 
dementia of uncertain cause found a change in patient 
management 90  days after amyloid PET in 60.2% of 
patients with MCI and 63.5% of patients with dementia. 
Amyloid PET was associated with changes in the subse-
quent management of diagnostically challenging patients 
with cognitive disorders. Leurzy et al. [72] also reported 
the clinical impact of amyloid PET among memory clinic 

patients with an unclear diagnosis. Amyloid PET changed 
diagnosis in a high percentage of patients with MCI and 
with dementia not otherwise specified. Cholinesterase 
inhibitor treatment significantly increased after amyloid 
PET.

Tau PET

First‑generation PET ligands

2-(1-{6-[(2-[Fluorine-18]fluoroethyl)(methyl)amino]-
2-naphthyl}-ethylidene) malononitrile (FDDNP) is the first 
PET tracer to visualize AD pathology in living humans [73]. 
It binds to both neurofibrillary tangles (NFTs) and amyloid 
plaques in the brain. In the first longitudinal PET study 
comparing the tracer binding of 11C-PiB and 18F-FDDNP 
among AD patients, MCI patients, and healthy controls, 
18F-FDDNP successfully discriminated between AD and 
healthy controls but with a ninefold lower specific bind-
ing signal versus 11C-PiB, which was thought to be due 
to both amyloid and tau. Interestingly, the development 
of 18F-FDDNP opened the door to both amyloid and tau 
PET imaging in AD, as well as other tauopathies. It was an 
important milestone because postmortem histopathological 
studies have consistently demonstrated that NFTs are a better 
index of disease severity and progression than Aβ.

One of the earliest agents specifically for tau imaging 
was 11C-labeled PBB3, a pyrinated phenyl- and pyridinyl-
butadienyl-benzothiazole with a 50-fold higher affinity for 
tau over Aβ deposits [74]. 11C-PBB3 is a PET tracer clini-
cally used for in vivo detection of tau inclusions in AD 
as well as non-AD tauopathies in the human brain. How-
ever, its utility is hampered by high white matter uptake, 
a low target-to-white matter ratio on autoradiography in 
AD tissue, fast in vivo metabolism, photo-isomerization 
upon exposure to fluorescent light, and a dominant brain-
penetrant metabolite that complicates the quantification of 
ligand uptake [75]. It also shows high retention in dural 
venous sinuses. Finally, 11C labeling, with its short half-
life, limits the potential use of any PET ligand compared 
with 18F labeling. To address these issues, the 18F ana-
logues AM-PBB3 and PM-PBB3 were developed, but lim-
ited data have been published to date.

A series of quinolone derivatives have been devel-
oped at Tohoku University, 18F-THK5117 [76] and 18F-
THK5351. Of these two, 18F-THK5351 has favorable 
imaging characteristics, generally demonstrating higher 
gray matter and lower white matter uptake but lower lipo-
philicity [77]. It shows high affinity for the tau protein 
isoform with four repeats in the microtubule-binding 
domain (4R-tau). However, high off-target binding of 18F-
THK5351 was observed, especially in the thalamus, and 
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blocking studies with the monoamine oxidase (MAO) B 
inhibitor selegiline showed a dramatic 40% reduction in 
thalamic 18F-THK5351 uptake [78]. Cortical uptake was 
also significantly reduced due to this off-target binding. 
This demonstrates that 18F-THK5351 cannot be used to 
accurately quantify tau levels in humans in vivo.

The radioligand 18F-flortaucipir (18F-AV1451, T807), 
a benzimidazole pyrimidine derivative, is by far the most 
widely studied tau PET tracer [79]. It binds with high 
affinity to 3R and 4R tau isoforms in AD patients. Auto-
radiography studies using human brain tissue samples 
from multiple neurodegenerative disorders have largely 
confirmed the specific binding of 18F-flortaucipir to paired 
helical filaments, tau-containing NFTs, and dystrophic 
neurites in AD brains. In comparison, 18F-flortaucipir 
binding is absent or very low in tau aggregates composed 
of straight filaments as well as in alpha-synuclein or TDP-
43 deposits [79, 80]. Off-target binding is observed in the 
choroid plexus [81, 82]. This finding is of particular inter-
est because of the close proximity of the choroid plexus 
to the hippocampus, a region that is crucial in the study 
of AD tauopathy, because it is thought to be involved at a 
critical stage of AD tauopathy progression. The choroid 
plexus consists of a dense collection of capillaries in an 
ependymal stroma surrounded by a layer of epithelium. 
The choroid plexus of the lateral ventricles contains sev-
eral materials that could possibly bind to 18F-flortaucipir, 
including melanin, supported by the fact that Black/Afri-
can American individuals show higher tracer accumulation 
in the choroid plexus than White American individuals 
[83]. Other materials found in the choroid plexus include 
calcification/mineralization [81], Biondi rings [84], and 
iron deposits [85]. This off-target binding mainly affects 
hippocampal 18F-flortaucipir measurements, which should 
be interpreted with caution.

MAO has also been cited as a source of off-target bind-
ing in 18F-flortaucipir PET. Vermeiren et al. [86] reported 
that 3H-AV1451 binds in the human brain, depending on 
the region examined, with high affinity either to MAO-A 
or MAO-B. In the temporal cortex, the binding of 3H-
AV1451 is sensitive to clorgyline but not selegiline, indi-
cating that most binding is to MAO-A, whereas the pic-
ture is reversed in the thalamus and subthalamic nucleus, 
where 3H-AV1451 is equally highly sensitive to selegiline 
and clorgyline, indicative of substantial binding to MAO-
B, in line with the known relative distribution and rela-
tive abundance of these two enzymes in the human brain. 
Although 3H-AV1451 has about tenfold lower affinity 
for MAO-B than MAO-A, the levels of MAO-B in the 
human brain are two–tenfold higher than those of MAO-
A, offsetting its lower affinity for MAO-B. On the other 
hand, no significant 18F-flortaucipir uptake differences 
were observed between Parkinson’s disease patients who 

received MAO-B inhibitors and those who did not [87]. 
Thus, the use of MAO-B inhibitors at pharmaceutical lev-
els does not significantly affect 18F-flortaucipir binding. 
Thus, MAO-B does not appear to be a significant binding 
target of 18F-flortaucipir in clinical studies.

Second‑generation tau PET ligands

18F-RO-948 (Roche) is reported to have low lipophilicity 
and a rather low plasma-free fraction. Low nonspecific 
binding was shown using autoradiography in tissue from 
healthy controls, as well as a high gray/white matter ratio 
in tissue samples from AD patients with tau pathology cor-
responding to Braak stage V. No significant binding was 
observed in vitro in progressive supranuclear palsy, cor-
ticobasal disease, and Pick disease tissue samples. Thus, 
autoradiographic studies indicate that 18F-RO-948 binds 
with high affinity to tau aggregated in AD brain sections, 
whereas lower reactivity is observed in non-AD tauopa-
thies, suggesting that 18F-RO-948 primarily recognizes a 
mixture of 3R and 4R tau isoforms [88]. In contrast to 
18F-flortaucipir, 18F-RO-948 has excellent kinetic proper-
ties and appears to be free of off-target retention in the 
basal ganglia, thalamus, and choroid plexus. In addition, 
it lacks affinity for MAO-A and -B. However, off-target 
18F-RO-948 retention was observed in the substantia nigra 
and in the cerebellar vermis in two young control individu-
als [89]. The former could be ascribed to its binding to 
neuromelanin deposits.

18F-MK-6240 (Merck) has a two–fivefold higher binding 
potential compared with 18F-flortaucipir [90]. Nonhuman 
primate blocking studies showed no apparent off-target bind-
ing [89]. Recent studies have determined that the binding 
patterns of this ligand are associated with NFT deposition 
[91–93]. 18F-MK-6240 displays favorable kinetics with rapid 
brain delivery and washout. The cerebellar gray matter has 
low binding across individuals, showing its potential use 
as a reference region. A reversible two-tissue compartment 
model well described the time-activity curves across individ-
uals and brain regions. Off-target binding regions included 
the ethmoid sinus, clivus, meninges, substantia nigra, but 
not the basal ganglia or choroid plexus [92].

18F-GTP1 (Genentech) exhibits high affinity and selec-
tivity for tau pathology with no measurable binding to 
Aβ plaques or MAO-B in AD tissues or binding to other 
tested proteins at an affinity predicted to impede image data 
interpretation. In humans, 18F-GTP1 exhibits favorable 
dosimetry and brain kinetics and no evidence of defluori-
nation. 18F-GTP1-specific binding is observed in cortical 
regions of the brain predicted to contain tau pathology in 
AD and exhibits low (< 4%) test–retest variability [94]. 
Furthermore, in a cross-sectional population, the degree of 
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[18F]-GTP1-specific binding increased with AD severity and 
could differentiate diagnostic cohorts.

18F-PI2620 (Life Molecular Imaging) is structurally 
similar to 18F-flortaucipir, suggesting similar binding pref-
erences to 3R/4R tau. No binding to Aβ or MAO-A/B has 
been reported. Good brain uptake and fast washout have 
been observed in healthy mice and nonhuman primates [95].

Cognitively normal individuals

Tau imaging has consistently shown ligand retention to be 
largely restricted to the medial temporal lobe, with cortical 
findings variable and relatively low or even absent [96]. This 
pattern in the medial temporal lobe is consistent with the 
neuropathological literature and may reflect an age-related 
tauopathy that causes hippocampal atrophy and mild amnes-
tic deficits that are Aβ independent. Sperling et al. [97] 
recently reported that higher cortical levels of Aβ and tau 
were both associated with greater memory decline in cogni-
tively normal old individuals. Both Aβ and tau are necessary 
for memory decline in the preclinical stages of AD.

Mild cognitive impairment

Individuals with MCI with positive amyloid PET show sig-
nificantly greater cortical tau PET tracer retention than cog-
nitively normal individuals [98]. Other studies have reported 
that the tau PET tracer retention best discriminates MCI 
patients from cognitively normal individuals in the parahip-
pocampal cortex and entorhinal cortex [99, 100].

AD dementia

Patients with AD have significantly higher levels of tau 
tracer retention than cognitively normal individuals in the 
inferior lateral temporal, posterior cingulate, and lateral pari-
etal regions, as well as other areas, with binding matching 
the known regional deposition of tau pathology reported 
in histopathological studies. Early onset AD patients have 
greater tau tracer cortical retention than late-onset AD 
patients [101, 102]. Differences in tau patterns have also 
been detected according to APOE ε4 status. AD patients 
that carry the APOE ε4 risk allele have lower overall cortical 
18F-AV-1451 binding, especially in the parietal and occipi-
tal cortex, but relatively higher binding in the entorhinal 
cortex compared with APOE ε4-negative AD patients, with 
corresponding differences in atrophy patterns [103]. There 
is also interest in the relationship between the patterns of 
tau deposition assessed in vivo and the symptomatology of 
clinical variants of sporadic AD, such as posterior cortical 
atrophy, the behavioral/dysexecutive variant, and the logo-
penic variant of primary progressive aphasia. Case series 
describe the retention of 18F-AV-1451 in these variants of 

AD, with 18F-AV1451 retention most prominently in the 
clinically affected regions, where there is a negative asso-
ciation between 18F-AV-1451 and 18F-FDG uptake [104].

Primary age‑related tauopathy

Primary age-related tauopathy (PART) is a recently 
described entity that can cause cognitive impairment, char-
acterized by NFTs and tau lesions without Aβ plaques in 
old individuals [105]. Many autopsy studies have reported 
brains with NFT that are indistinguishable from those of 
AD, in the absence of Aβ plaques. For these "NFT+/Aβ−" 
brains, for which formal criteria for AD neuropathological 
changes are not met, the NFTs are mostly restricted to struc-
tures in the medial temporal lobe, basal forebrain, brainstem, 
and olfactory areas. We recently revealed negative correla-
tion between 18F-THK5351 accumulation and gray matter 
volume in the bilateral medial temporal lobes of amyloid-
negative cognitively normal older adults [106]. Symptoms 
in persons with PART usually range from absent to amnestic 
cognitive changes, with only a minority exhibiting profound 
impairment. Compared with AD patients, individuals with 
PART show significantly slower rates of decline on measures 
of memory, language, and visuospatial performance [107]. 
They also have a lower APOE ε4 allele frequency (4.1% vs. 
17.6%). PART is almost universally detectable at autopsy 
in elderly individuals. However, tau PET has made it pos-
sible to identify this pathological process pre-mortem. There 
are several congruencies between PART and SNAP. These 
similarities include association with normal cognition or 
MCI, neurodegeneration of mesial temporal lobe structures, 
absence of Aβ deposits, and underrepresentation of APOE 
ε4 allele relative to AD. Tau PET scanning in conjunction 
with other imaging approaches such as amyloid and vascu-
lar imaging should allow further delineation of PART as a 
subset of SNAP.

Clinical impact

Interestingly association was hardly found between gray 
matter atrophy and 18F-THK5351 accumulation even after 
partial volume correction in AD [108, 109]. This discrep-
ancy between 18F-THK5351 deposits and gray matter atro-
phy suggests that 18F-THK5351 load precedes atrophy. 
A longitudinal study on tau accumulation and atrophy in 
AD demonstrated 18F-Flortaucipir increase in the frontal 
regions and atrophy predominating posterior regions [110]. 
This spatial difference may reflect temporal lag between tau 
pathology and subsequent neurodegeneration that widens 
in the clinical phase of the disease as tau accumulation and 
spread accelerate. These results suggest that tau PET appears 
to provide important information earlier in therapeutic trials 



745Japanese Journal of Radiology (2019) 37:735–749	

1 3

of AD than MRI. In addition, tau PET imaging is also an 
attractive imaging tool for the study of non-amnesic clini-
cal MCI/dementia syndrome which can be established using 
molecular biomarkers as atypical subtypes of AD such as 
primary progressive aphasia, posterior cortical atrophy, 
and corticobasal syndrome. Tau PET accumulation closely 
links to clinical phenotype and better co-localized to glucose 
hypometabolism compared to amyloid PET [104].

Tau PET and brain connectivity

Topographical similarities between tau pathology and 
functional brain networks have recently been explored. 
In the study by Hannson et al. [111], the AD-related tau 
PET signal primarily overlapped with the dorsal attention 
network and, to a lower extent, with higher visual, limbic, 
and default mode network components. Tau pathology may 
not exclusively distribute along one particular network. 
Schutz et al. [112] showed an interactive effect of global 
Aβ and neocortical tau PET measures on functional con-
nectivity. While hyperconnectivity in default mode and 
salience networks was seen in the condition with high Aβ 
but low levels of inferior temporal tau, hypoconnectiv-
ity was present when both global Aβ and neocortical tau 
were high. This finding could be interpreted as support 
for a phase of hyperconnectivity in Aβ-positive aging, 
followed by a loss of connectivity with spread of tau to 
neocortical regions in the progression of AD. To support 
this finding, connectometry measured by diffusion tensor 
imaging showed opposite responses to elevated global tau 
deposition between the amyloid-negative cognitively nor-
mal group, which showed increased tract connectivity, and 
the amyloid-positive AD-spectrum group, which showed 
decreased tract connectivity [113]. This finding indicates 
that tau affects structural connectivity even in cognitively 
normal individuals. Moreover, coexisting amyloid may 
be chiefly related to alterations in structural connectivity 
responses to tau deposition.

Conclusion

Current amyloid and tau PET findings provide further 
evidence to support the hypothesis that both amyloid 
and tau pathologies of AD are required for rapid cogni-
tive decline during the preclinical stages of AD. Thus, the 
selection of individuals with evidence of higher levels of 
both pathologies might provide greater power in clinical 
trials to detect a therapeutic effect on the rate of cogni-
tive decline, particularly over a relatively short time frame 
[97]. Given the association between Aβ and tau and the 

observation that elevated levels of neocortical tau are pri-
marily observed in the high Aβ group, it is possible that 
decreased Aβ accumulation might slow memory decline 
by preventing further accumulation of tau. This hypothesis 
is being tested in several ongoing secondary prevention 
trials in both biomarker-at-risk [114] and genetic-at-risk 
[115, 116] cohorts. Amyloid and tau PET have played a 
crucial role in the detection and tracking of the preclinical 
and clinical stages of AD.
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