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Abstract
Purpose In 2017, the Geneva Alzheimer’s disease (AD) strategic biomarker roadmap initiative proposed a framework of the
systematic validation AD biomarkers to harmonize and accelerate their development and implementation in clinical practice.
Here, we use this framework to examine the translatability of the second-generation tau PET tracers into the clinical context.
Methods All available literature was systematically searched based on a set of search terms that related independently to analytic
validity (phases 1–2), clinical validity (phase 3–4), and clinical utility (phase 5). The progress on each of the phases was
determined based on scientific criteria applied for each phase and coded as fully, partially, preliminary achieved or not achieved
at all.
Results The validation of the second-generation tau PET tracers has successfully passed the analytical phase 1 of the strategic
biomarker roadmap. Assay definition studies showed evidence on the superiority over first-generation tau PET tracers in terms of
off-target binding. Studies have partially achieved the primary aim of the analytical validity stage (phase 2), and preliminary
evidence has been provided for the assessment of covariates on PET signal retention. Studies investigating of the clinical validity
in phases 3, 4, and 5 are still underway.
Conclusion The current literature provides overall preliminary evidence on the establishment of the second-generation tau PET
tracers into the clinical context, thereby successfully addressing some methodological issues from the tau PET tracer of the first
generation. Nevertheless, bigger cohort studies, longitudinal follow-up, and examination of diverse disease population are still
needed to gauge their clinical validity.
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Introduction

The recently proposed criteria for the in vivo diagnosis of
Alzheimer’s disease (AD) developed by an International
Working Group (IWG) [1] and the National Institute of
Aging-Alzheimer Association (NIA-AA) task force [2] under-
line the importance of biomarker assessment in increasing the
accuracy of AD diagnosis at predementia and dementia stages.

More recently, a “research framework” for observational and
interventional research has been added [3]. This framework is
based on the AT(N) model, which defines AD as a biological
construct [3] and describes subjects on the basis of AD-
specific biomarkers targeting amyloid (A) and tau (T) as well
as measures of neurodegeneration (N). As a consequence of
the lack of a formal structure to guide the development of AD
biomarkers, effort has recently beenmade in order to make the
validation of biomarkers for AD more systematic.
Specifically, a recent initiative set up a strategic research
roadmap, based upon a framework for the validation of bio-
markers used in oncology [4], with the aim of improving the
validation process required to support the adoption of bio-
markers in clinical practice [5, 6]. Previous studies with this
shared objective assessed this 5-phase framework with other
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known biomarkers: cerebrospinal fluid (CSF) assessment of
amyloid and tau pathology [7], medial temporal atrophy [8],
FDG-PET [9] and 123I-ioflupane brain single photon emission
tomography, 123I-MIBG cardiac scintigraphy [10], and epi-
sodic memory impairment [11]. The strategic biomarker
roadmap methodology has then been revised (Boccardi et al.
[12]) to incorporate the most recent theoretical advancements
as well as to accommodate biomarkers of tauopathy.

Tau-PET has recently been introduced among the T bio-
markers, and despite the promising preliminary results in the
last 5 years, its maturity for standard use in clinical practice is
still to be defined. Along with the rapid development of mo-
lecular imaging in the last decade, a number of specific tracers
targeting tau aggregates have been designed. The recent intro-
duction of tau-specific PET ligands allows evaluating the
presence of aggregates of hyper-phosphorylated tau in neuro-
fibrillary tangles in vivo, as well as its topographical distribu-
tion. The development of tau tracers has intrinsic complexi-
ties, due to the target location, the relatively low target expres-
sion, and the high concentration of competing off-target bind-
ing sites. The first study which claimed to have successfully
accomplished tau PET imaging in humans used the tracer 18F-
FDDNP [13], which however showed both specific and un-
specific (e.g., amyloid-ß) bindings. In the following, numer-
ous other tracers have been synthesized with the aim to devel-
op a tau-selective PET tracer, such as [11C]PBB3, fluorine-
labeled tracer such as T807 (AV-1451) and T808 and THK-
5351, THK-5105, and THK-5117 (see [14, 15] for reviews).
New tracers developed with the aim to reduce potential off-
target binding as seen during the validation process of the so-
called first-generation tau PET (i.e., tracer of the THK-series,
or 18F-AV-1451) have been termed second-generation tau
PET tracers. This review will systematically assess the devel-
opment of second-generation tau PET tracers (i.e., 18F-RO-
948, 18F-MK-6240, 18F-PI-2620, 18F-JNJ-311, 18F-GTP1) as
biomarkers of AD, by evaluating the achievement of the val-
idation aims defined by the strategic biomarker roadmap
(2017; 2020).

Methods

Target

The target population is represented by patients with mild
cognitive impairment (MCI) and dementia due to AD. Only
patients with sporadic (and not familial) AD were considered.
AD neuropathology or development of incidental AD demen-
tia (see AD dementia) confirmed via in vivo biomarker of
beta-amyloid pathology in cross-sectional studies or with
follow-up studies has been considered as the diagnostic refer-
ence standard (see Boccardi et al. [12]).

For the aims of the review, only the group of second-
generation tau PET tracers was taken into consideration. The
evidence for first-generation tau tracers including 18F-AV-1451
is reported elsewhere (Wolters et al. [16], Chiotis et al. [17]).

Glossary

Alzheimer’s disease

This term refers to the presence of AD pathology, character-
ized by extracellular amyloid-β plaques and aggregates of
hyper-phosphorylated tau in neurofibrillary tangles, presum-
ably leading to a specific pattern of neurodegeneration
(mediotemporal and temporoparietal regions). As such, the
term does not indicate the clinical expression or the severity
of the disease.

AD dementia

Dementia, i.e., acquired and progressive cognitive decline, is
associated to a loss of functional autonomy, as defined by the
National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA) criteria
[18]. Due to the imperfect accuracy of purely clinical criteria,
not all clinically defined AD dementia cases have AD
pathology.

Mild cognitive impairment

This term describes a population with objective cognitive im-
pairment but no functional disability. As it is solely defined
based on clinical testing, it includes cases that will progress to
AD dementia (about 50%) or non-AD dementia (about 10–
15%; [19–21]), or other causes of cognitive impairment such
as severe depression (about 35–40%). MCI cases tested pos-
itive for AD biomarkers are defined as prodromal AD in the
clinical criteria by Dubois et al. (2014) [1].

Non-AD neurodegenerative disease

This term defines a group of neurodegenerative disorders of-
ten considered for differential diagnosis. The large patholog-
ical spectrum includes hippocampal sclerosis, frontotemporal
dementia (FTD), Lewy body dementia (LBD), progressive
supranuclear palsy (PSP), and corticobasal degeneration
(CBD).

Conceptual framework

The guiding principle of the present framework was based on
the phases delineated for biomarker development in oncology
by Pepe et al. (2001), with specific adaptations to reflect the
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screening and diagnosis process for AD (Boccardi et al. [12]).
The present review assessed the maturity of the second-
generation tau PET tracers with regard to each of the follow-
ing phases and is detailed below:

Phase 1

Phase 1 studies are preclinical exploratory studies aimed at
identifying the rational of the biomarker based on pathology
findings.

Phase 2

This phase includes studies aiming to define the ability of the
biomarker to distinguish AD dementia patients from controls.
These studies focus on the definition of clinical assay for
reliable discrimination, and on the assessment of the possible
factors that may influence the threshold for biomarker positiv-
ity, such as age, gender, apolipoprotein ε4 (ApoE4) allele
carrier status, amyloid positivity, educational level, and
comorbidities.

Phase 3

Phase 3 evaluates the capacity of the biomarker in detecting
the disease in its early phase, in this framework defined by
MCI. This includes prospective longitudinal repository stud-
ies aimed to define criteria for biomarker positivity, as well as
to compare the usefulness of the biomarker with that of the
other biomarkers, and their combination in the definition of
disease positivity.

Phase 4

Studies from this phase aim to estimate the accuracy and use-
fulness of the biomarker-based diagnosis in representative pa-
tients. They consist of prospective diagnostic studies in MCI
subjects who may undergo treatment following the
biomarker-based diagnosis. They assess the beneficial effect
of the biomarker-based detection in terms of early diagnosis,
feasibility, compliance, and provide preliminary evidence
about costs.

Phase 5

Phase 5 studies aim to quantify the impact of the
biomarker-based diagnosis on costs and clinically mean-
ingful outcomes (change of management, mortality,
morbidity, and quality of life).

Evidence evaluation

For all phases, evidence was searched in the literature to eval-
uate whether each aim was considered as achieved, fully
achieved, partly achieved, presenting preliminary evidence,
or not achieved, as defined in the following list.

1. Fully achieved: Scientific evidence is available and repli-
cated in adequately powered samples in studies without
major methodological faults.

2. Partly achieved: Scientific evidence is available but not
yet sufficiently replicated, or samples are not adequately
powered, or other significant methodological limitations
can be found in the available literature.

3. Preliminary evidence: Only preliminary evidence is
available.

4. Not achieved: No evidence was found at all, and no stud-
ies are known to be ongoing at the time of the writing of
the present review.

5. Unsuccessful: Available scientific evidence shows a fail-
ure for the biomarker in achieving the aim. Findings in the
subsequent roadmap phases should be interpreted with
caution.

The fulfillment of each validation step from phase 1
to phase 5 has been assessed consistently with the 2017
Biomarker Roadmap [6]. However, in this initiative, we
have performed a data extraction that summarizes the
available data, thus allowing the reader to make its
own appraisal of aim compliance and provide a sounder
evidence assessment. To that end, for each primary and
secondary aim of each study, we have extracted data
consistent with formal evidence assessment as previous-
ly described [26] . Tables with data extraction are ac-
cessible online (https://drive.switch.ch/index.php/s/
4reUTSuqNZHyIC8).

Papers search and selection

The PubMED database was used to search for relevant litera-
ture. The search was conducted on October 10 of 2019 and
repeated onMay 15 of 2020 by author GNB and replicated on
17 September 2020 by CF.

Keywords used to identify research articles utilizing
second-generation tau PET tracers are detailed in the online
material (accessible via this link: https://drive.switch.ch/
index.php/s/4reUTSuqNZHyIC8).

Abstracts and titles of all relevant studies were screened,
and articles from other sources, such as references from se-
lected papers or personal knowledge, were added. We report
the number for screened, excluded, and finally included arti-
cles according to PRISMA guidelines.
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Results

Current clinical validity of tau-PET imaging

Phase 1. Preclinical exploratory studies

Primary aim: To identify and prioritize leads for potentially
useful biomarkers Significant off-target binding of first-
generation tau PET tracers to monoamine oxidase B (MAO-
B) has been shown in basal ganglia and thalamus for all tracers
of the THK series, 11C-PBB-3, and 18F-AV-1451 [22, 23].
Additionally, neuromelanin binding in the substania nigra
and binding to biondi ring tangles in the choroid plexus was
shown for 18F-AV-1451 [24]. Thus, a primary goal for the
studies aiming to identify a potential lead for the second-
generation tau PET tracers was screening potential candidates
against off-target binding while showing high affinity to both
3R and 4R tau deposits. Following the examination of multi-
ple probes, the further development of 18F-RO-948 finally
showed significant binding to 3R-4R tau isoforms in human
brain tissue of AD patients compared to healthy controls,
preferable kinetics, and significant brain uptake in a baboon
model [25]. Importantly, negligible levels of MAO-B binding
[26] and significantly less off-target binding in the choroid
plexus compared to 18F-AV-1451 could be established [27].

In an elegant design screening for potential tau ligands to
significantly reduce binding to both MAO-B and monoamine
oxidase A (MAO-A), 18F-7, later coined 18F-PI-2620, was dis-
covered [26]. Displacement assays with the selective, reversible
MAO-A binder fluorethylharmine and the selective, reversible
MAO-B deprenyl binder showed non-measurable affinity of
18F-PI2620 towards MAO-A and MAO-B, excellent binding
to tau pathology in AD brain tissue of different Braak stages,
and favorable kinetics in rhesus monkey models [26].

In the preclinical characterization study for 18F-MK-6240,
binding to phosphorylated tau in human AD brain tissue could
be established [28]. While self-block studies in the rhesus
monkey with unlabeled MK6240 did not alter the volume
distribution (VT) of 18F-MK-6240 in cortex, midbrain, stria-
tum, or thalamus, unlabeled AV1451 showed a marked reduc-
tion in VT between baseline and self-block indicative of the
known off-target binding [28]. Additionally, 18F-MK-6240
does not seem to bind significantly to tau aggregates in non-
AD tauopathies, such as progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), or FTD [29].

The Genentech Tau Probe 1 18F-GTP1 provided similar
characteristics of no measurable binding to MAO-B in AD
tissue, with high affinity to tau pathology in human brain
tissue of several AD patients [30].

Finally, in a competitive binding assay, 18F-JNJ-311 was
showing highly displaceable binding to tau-rich regions par-
ticularly in AD, while no specific binding in PSP or CBD was
found [31].

In sum, advances in the development of tau PET tracers of
the second-generation have overcome significant shortcom-
ings with respect to the known off-target binding sites [32]
of the first tau-PET tracer generation. Importantly, these de-
velopments allow a better assessment of the utility of these
tracers to detect secondary and/or primary tauopathies.
Although not all potential off-target binding sites for the
second-generation tau PET tracers have been examined, it
appears, however, that skull and meningeal uptake is more
prevalent across this group of tracers [27, 33]. For some
second-generation tau PET tracers, this specific pattern of
off-target binding does not influence the diagnostic accuracy,
when sampling tau pathology from different Braak regions to
dissociate AD from healthy controls as it was exemplary
shown for 18F-RO-948 [27]. However, studies examining
18F-MK-6240 reported that off-target meninges binding may
spill into adjacent cortical areas [33].

We conclude that the primary aim of phase 1 has been fully
achieved (see Fig. 1) as enough scientific evidence has been
produced to identify potential leads for the second-generation
tau PET tracers.

Phase 2. Clinical assay development for Alzheimer’s disease
pathology

Phase 2. Primary aim: To estimate true-positive and false-
positive rates, or receiving operating characteristics curves
(ROC) for the assay and to identify the discrimination accura-
cy between subjects with and without the disease To date,
only data for 18F-RO-948 are published [34], as multicenter
studies with sufficient sample sizes for the majority of
reviewed compounds are underway. This study included
healthy controls (N = 257), patients diagnosed with MCI
(N = 154) and AD (N = 100), and a group of non-AD patients
(N = 100) including patients with behavioral variant of FTD
and semantic variant of primary progressive aphasia, dementia
with Lewy bodies, multiple system atrophy, vascular demen-
tia, and patients on the Parkinson spectrum with and without
dementia and PSP. 18F-RO-948 signal retention was sampled
from regions reflecting Braak stages I–II, Braak stages III–IV,
Braak stages I–IV, and Braak stages V–VI. The area
under the curves (AUCs) for discriminating AD (N =
100) from healthy controls (N = 257) for the summary
measure of regions compromising Braak stages I–IV
equaled 0.98 (0.96–0.99), whereas the AUC for AD vs
non-AD patients was 0.97 (0.95–0.99). Of note, this
study did not provide pathological confirmation for the
observed pattern of 18F-RO-948 which is the desired
reference standard for phase 2 on clinical validity.
Nevertheless, this is the first and biggest study to date,
providing accuracy estimates for the discrimination of
individuals with and without the disease.
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Phase 2. Secondary aim 1: To optimize procedures for
performing the assay and to assess its reproducibility
within/between laboratories Several groups have examined
in vivo kinetics and different quantification strategies for 18F-
MK-6240 [35–38]. They all included patients with a diagnosis
of probable AD, patients with MCI, and healthy controls who
underwent dynamic PET imaging between 120 and 180 min.
Arterial blood sampling to further evaluate kinetic modeling
was provided only for a subset of patients [35, 37, 38].
Overall, the majority of studies concluded that 18F-MK-6240
demonstrated high affinity for neurofibrillary tangles in MCI
and AD subjects with a dynamic and wide range. Static stan-
dardized uptake value ratios (SUVRs) corresponded well with
kinetic modeling-derived readouts. Interestingly, different
static time windows have been suggested for SUVR-based
methods varying between 90 to 110 min [35] and 70 to
90 min [36, 37]. Additionally, and as previously observed
with the set of first-generation tau PET tracers, 18F-MK-
6240 SUVR measurements did not reach equilibrium in high
binding regions [38], which could influence quantitative inter-
pretation especially in longitudinal studies or treatment trials.
Only one appropriate test-retest design has been performed
with 18F-MK-6240, where both arterial blood sampling and
dynamic scanning were repeated between 3 days and 3 weeks
following the baseline scan [39]. Study results suggest that
SUVR measurements of 90–120 min were least affected by
test-retest variability (~ 6%), which is somewhat higher than
variability values reported for SUVR measurement of 18F-
AV1451 ((~ 3%), for details see Wolters et al. [16]).

Quantification strategies have been explored for 18F-PI-
2620 with dynamic scanning protocols up to 180 min and
arterial blood sampling in AD patients and healthy controls,
but not patients with MCI [40, 41]. Earlier time windows (i.e.,
p.i. 40–75 min) for static imaging have been suggested for
18F-PI-2620 compared to other second-generation tau PET
tracers. Additionally, secular equilibrium around 40 min was

observed even in tau-rich regions suggesting that quantitative
interpretation may overall be easier with 18F-PI-2620. Only
for a small proportion of subjects (N = 3 HC; N = 4 AD), test-
retest variability measures were analyzed and 3.5% (30–
60 min) and 4.3% (45–75 min) variability for the respective
time windows was observed [41].

Only one study reported on quantification approaches for
18F-RO-948 using a dynamic scanning protocol up to 200 min
and arterial blood sampling in AD, MCI, and healthy control
subjects [42]. Homogeneous radioactivity distributionwas ob-
served 60–90 min p.i., in healthy control subjects, whereas
AD cases showed a heterogenous pattern of tracer retention.
Similar to 18F-MK-6240, SUVR equilibrium in some AD
cases was not reached until 150 min. The majority of groups
has decided on a 70–90 min p.i. time window for static 18F-
RO-948 scanning protocols [27, 34].

Detailed quantification approaches have been provided for
almost all tau PET tracers of the second-generation, except
18F-JNJ-311 and 18F-GTP1. Due to the partial lack of appro-
priate test-retest designs to evaluate reproducibility and vari-
ability of tracer retention, this aim has only been preliminary
achieved (see Fig. 1).

Phase 2. Secondary aim 2: To determine the relationship be-
tween biomarker measurements made on brain tissue and
the biomarker measurements made on the non-invasive clin-
ical specimen End-of-life studies examining the correspon-
dence of antemortem tracer retention and postmortem tau pa-
thology have yet to be provided for any of the second-
generation tau tracers. Investigations from the first-
generation tau PET tracer 18F-AV1451 indicate an increasing
complexity when detecting earlier than later Braak tau stages
[43, 44] and should be considered in the respective study
designs. As evidence is potentially underway for the second-
generation tau PET tracers, this aim has not yet been achieved
(see Fig. 1).

Fig. 1 Current state of second-generation tau PET tracers in the context of the strategic biomarker roadmap (adapted from Frisoni et al., 2017)
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Phase 2. Secondary aim 3: To assess factors (e.g., sex, age,
etc.), associated with biomarker status or level in control sub-
jects Assessments on possible sex differences in the uptake
patterns of the second-generation tau PET tracers have been
provided for 18F-MK-6240 only [45]. The analysis was per-
formed in a subset of cognitively healthy subjects comparing
retention patterns between 50 Hispanic females and 25
Hispanic males. The authors reported that tau pathology in
middle/inferior gyri was significantly higher in females than
males in addition to higher global amyloid burden for females
compared to males. It is noteworthy that the study design
included adults with a mean age of 64.0 (SD = 3.43) who were
all from the Hispanic community in the USA as the authors
focused on investigating the prevalence of AD pathology in
younger Hispanic age groups.

Associations of retrospective cognitive decline and elevation
of retention of 18F-MK-6240 were performed in a larger sample
(N = 167) of healthy middle-aged adults (mean age of enroll-
ment = 54 years) with a parental history of AD [46].
Importantly, the authors adopted a biomarker-based definition
of AD [6] and categorized all individuals in the sample into
amyloid positive/negative and tau positive (as determined as 2
STD above the mean of enthorinal tau of the amyloid negative
group)/negative and examined the trajectories on a summary
cognitive measure retrospectively. The authors observed that
amyloid-positive/tau-positive individuals (N = 15) showed the
most precipitous cognitive decline compared to the other
groups. Importantly, sensitivity analysis either using different
thresholds for tau positivity or examining different tau-relevant
regions (e.g., hippocampus, amygdala) underscored the robust-
ness of their main finding. Additionally, age-related correlation
of 18F-MK-6240 was small and disappeared when controlled
for amyloid status [46]. Further evidence provided from the
same cohort underscored the importance of amyloid deposition,
showing that amyloid chronicity, a measure of exposure to
significant amyloid burden over time, was associated with re-
tention of 18F-MK-6240 in the entorhinal cortex [47].

In addition to sex, ethnicity, amyloid status, and cognition,
other covariates may influence signal retention of tau pathol-
ogy in cognitively healthy subjects (i.e., education, APOE
status). If healthy controls will be used to establish thresholds
of positivity for diseased populations, it will be of importance
to further understand the synergy of these effects. Complete
inferences cannot yet be drawn from the very preliminary
evidence produced on this topic (see Fig. 1).

Phase 2. Secondary aim 4: To assess factors associated with
biomarker status or level in cognitively impaired subjects—in
particular, disease characteristics such as stage, molecular
features and prognosis Cross-sectional evidence on the asso-
ciation of 18FGTP1 retention and cognitive scores was recent-
ly shown for a mixed sample of cognitively normal adults
(N = 10), prodromal (N = 27), mild (N = 19), and moderate

(N = 15) AD cases [48]. Interestingly, signal retention of glob-
al measures of 18F-GTP1 (whole cortical gray matter) was
associated with global cognitive measures such as MMSE,
CDR-SB, ADAS-COG13, and RBANS, but not measures of
beta-amyloid burden. Additionally, regional sensitivity of tau
burden sampled from temporal regions was shown by nega-
tive correlations with these measures and delayed memory
performance (i.e., story recall). Further research using this
compound in cognitively normal adults (N = 11), prodromal
(N = 15), mild (N = 13), and moderate (N = 10) AD cases
showed a significant association of CSF measure, including
p-tau, t-tau, and CSF tau368 fragment, and GTP-1 retention in
a temporal region of interest [49]. Importantly, these associa-
tions remained significant after accounting for age differences
but were somewhat reduced. As more studies are underway,
we conclude that preliminary evidence on the possible vari-
ables influencing or associated with signal retention at various
clinical stages has been provided (see Fig. 1).

Phase 3. Retrospective/prospective longitudinal repository
studies

Phase 3. Primary aim 1: To evaluate the capacity of the bio-
marker to predict conversion to AD dementia in the prodro-
mal stage (MCI) as a function of time To date, only one study
[34] investigated the ability of a second-generation tau PET
tracer to detect significant tau pathology early in the disease
cascade. Specifically, signal retention of 18F-RO-948 showed
an AUC = 0.80 (0.75–0.85), when compared in patients diag-
nosed with MCI and positive on CSF-markers of beta-
amyloid (N = 96) to healthy controls (N = 257), whereas the
AUC for the comparisons with the non-AD patient group was
somewhat lower (AUC= 0.73 (0.66–0.80)). It is noteworthy
that sensitivity measures in all comparisons with amyloid-
positive MCI patients varied substantially depending from
which Braak stage regions signal retention was sampled from
(Range: 13.0–47.0). In conclusion, preliminary evidence has
been provided for 18F-RO-948 and its ability to discriminate
between healthy and diseased population. To date, there are
no longitudinal studies available examining the ability of
second-generation tau PET tracers to predict the conversion
from MCI to AD dementia.

Phase 3. Primary aim 2: Define criteria for a positive diagnos-
tic test for MCI due to AD, in preparation of phase 4A desired
goal in the current research field that assesses in vivo tau
pathology using PET biomarker is the definition of an accu-
rate threshold for tau positivity. The goal, however, is not
trivial as in vivo measures of tau pathology appear to be much
more vulnerable to various covariates, and these relationships
are not always linear [50], and they change as the disease
progresses. Although different initial approaches have been
suggested for both first- and second-generation tau PET
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tracers such as sampling from multiple regions constituting
different Braak stages [34], or sampling from early tau-rich
regions such as temporal regions [51] in comparison to low
tracer retention from a young healthy control cohort, such
efforts have yet to mature for the group of second-generation
tau PET tracers (see Fig. 1).

Phase 3. Secondary aim 1: To explore the impact of relevant
covariates on the biomarker discrimination abilities before
the clinical diagnosis This aim has not been successfully
achieved for any of the current available tau PET tracers if
considering evidence from the first- or the second-generation
compounds. However, the currently available data [34] on the
lower discrimination performance of 18F-RO-948 between
positive MCI patients and AD or non-AD patients (compared
to high discrimination between HC vs. AD) suggests that that
the influence of covariates needs to be further explored.

Phase 3. Secondary aim 2: To compare the different bio-
markers in order to select those that seem most promising
There are currently two studies [27, 34] that directly or indi-
rectly compared a second-generation tau PET tracer (i.e., 18F-
RO-948) to other biomarkers assessing the same pathology
(e.g., CSF measures of phosphorylated tau (p-tau) or to a
first-generation tau PET tracer 18F-AV1451).Whereas region-
al summary measures of 18F-RO-948 sampled from regions
associated with Braak stages outperformed measures of p-tau
181 in distinguishing AD, healthy controls and non-AD pa-
tients, ratio measures of both CSFAbeta 40/Abeta 42 and CSF
Abeta 42/p-tau 181 showed better discrimination performance
for the comparison of MCI (amyloid positives) vs. non-AD
disorders. Head-to-Head comparison between 18F-RO-948
and 18F-AV-1451 was primarily designed to assess differ-
ences in off-target binding of the two compounds. The authors
showed that the amount of off-target binding observed for 18F-
RO-948 was significantly reduced in choroid plexus, basal
ganglia, and thalamus. 18F-RO-948, however, showed signif-
icantly more uptake in skull and meninges than 18F-AV-1451,
particularly in cases where there is little tracer retention in
cortex. Comparing diagnostic accuracy by removing individ-
uals with elevated off-target uptake in skull and meninges
showed that discrimination performance between healthy con-
trols and AD patients was not significantly affected. It is im-
portant to note here that the sample size (AD N = 18, MCI-
AD N = 3, and controls N = 4) was not primarily designed to
assess discrimination performance between diseased and
healthy population on a larger scale. Together, biomarker
comparison studies are still scarce, and it is feasible to assume
that different types of biomarker assessments will have differ-
ent accuracy in the prognostic and diagnostic process.

Phase 3. Secondary aim 3: To develop algorithms for the
biomarker-based diagnosis of MCI in preparation of phase 4

As there are no longitudinal studies at the moment for any tau
PET tracer, the development of algorithms that allows an ac-
curate prediction of the cognitive deterioration of patients with
MCI is still in progress. In the context of the assessed frame-
work, this goal has not been achieved.

Phase 3. Secondary aim 4: To determine an interval able to
detect a meaningful change of biomarker status or level in
progressing MCI While longitudinal studies for the first-
generation tau PET tracer have been examined up to f4 year
follow-up inMCI patients [52, 53], longitudinal studies for the
second-generation tau PET tracers including prodromal dis-
ease stages are still underway.

Discussion

Here, we adopted a strategic biomarker roadmap originally
proposed for the biomarker development in oncology [4] to
assess the maturity of second-generation tau PET tracers to
diagnose AD in view of their translation to the clinical context.
The guiding principles allowed to state which stages of the
roadmap have been successfully achieved, and the results al-
low for clear recommendation where more research is needed
in order to move the second-generation tau PET tracers into
the clinical context.

Whereas the progress of the group of tracers as a whole is
by far less advanced compared to the first-generation tau PET
tracer 18F-AV1451, the major goal of developing new molec-
ular ligands to reduce off-target binding has been achieved by
the majority of the presented compounds here. In the follow-
ing, we will elaborate on the here identified areas in need of
urgent programs of research and which methodological chal-
lenges should be considered with high priority to move for-
ward with the translation of the second-generation tau PET
tracers into the clinical context.

The primary aim of phase 1 of the roadmap has been suc-
cessfully achieved. Importantly, as the search for novel mole-
cules was guided by lower affinity to other enzyme targets
such as MAO-A and MAO-B, the published evidence vali-
dates the successful effort in significantly reducing off-target
binding properties of the second-generation tau PET tracers
[26, 28]. These achievements should, in principle, translate
into higher sensitivities to detect early stages of both second-
ary and primary tauopathies, as there is less or virtually no
correspondence between off-target and target signal.

For example, currently 18F-MK-6240 has been shown to
present strong affinity to 3R/4R tauopathy in AD, whereas
affinity to tau filaments prevalent in FTD, CTE, or PSP was
low [29]. On the other hand, in vivo studies in both 3R/4R
tauopathy in AD [41] and 4R tauopathies in patients with PSP
[54] using 18F-PI-2620 showed that this ligand can be
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successfully utilized to discriminate both patient populations
(AD and PSP) from healthy controls.

The gold standard for in vivo tracer validation is studies
comparing antemortem tracer retention with postmortem his-
topathological quantification. During the development of the
first-generation tau PET tracers [55], reliable confirmation
from gold standard studies was widely missing, despite their
application into the clinical and research context.

This also translates to the group of second-generation
tracers alike, where validation from postmortem studies for
the correspondence of tangle pathology and antemortem mea-
sures of tracer retention are still being awaited. Specifically,
programs of research for the quantification of tau positivity in
early and advanced cases of AD need to receive immediate
attention as resulting evidence would potentially guide proper
scanning protocols, the validation of visual reading guide-
lines, and improved estimation of tau load as a function of
disease. This gold standard has recently been provided for
18F-AV1451 [43], which addressed some challenges associat-
ed with the translation of neuropathological staging to mea-
surement of continuous in vivo tau pathology into an accurate
visual reading protocol. As noted already, we assume that
these challenges will be adequately considered in the future
gold standard studies of the group of second-generation tau
PET tracers.

As proposed in the updated guidelines of the strategic bio-
marker roadmap (Boccardi et al. [12]) and discussed in the
workshop held in Geneva, November 11–12, 2019, the defi-
nition of an appropriate standard for diagnostic biomarkers is
a critical step in the validation process. Pathology studies are
necessary to demonstrate analytical validity. Since the access
to this gold standard is a main hurdle in the research on tau
PET ligands, other reference standards have been admitted.
These are, for example, studies assessing longitudinal progres-
sion of tau PET biomarkers and subsequent cognitive decline.
Nonetheless, the analytical validity primarily rests on patho-
logical confirmation which is regarded as a major limitation
for the group of second-generation tau PET tracers and iden-
tified as the most urgent research priority in the field. The
evidence reviewed here on the second-generation tau PET
tracers do suggest (a) that signal retention of the tau PET
compounds in combination with amyloid positivity, particu-
larly in asymptomatic subjects, conveys a significant risk for
precipitous cognitive decline and (b) elevated signal retention
tracks cognitive deterioration in mild und advanced symptom-
atic cases. Therefore, despite the lack of gold standard studies,
in vivo measurements with the second-generation tau PET
tracers provided some convincing evidence of these ligands
to serve as a valid diagnostic biomarker in the future.

The overall lack of longitudinal data on the second-
generation tau PET tracers complicates the interpretation of
individual prediction of elevated tau pathology and subse-
quent cognitive decline or conversion to prodromal or more

advanced disease stages. Initial longitudinal evidence on the
first-generation tau PET tracers is promising if they can be
translated similarly for the tau PET tracer of the second-
generation [50, 52, 56] . Nevertheless, the missing evidence
prevents us from interpreting the majority of aims formulated
in the strategic biomarker roadmap for phase 3. Additionally,
similar studies as presented for 18F-RO-948 [34] are needed
for other second-generation tau PET tracers and hopefully will
provide part of the missing evidence highlighted here.

Several methodological challenges complicate the translat-
ability of the second-generation tau PET tracers into the clin-
ical context: One challenge is the comparability among the
second-generation tau PET tracer. Specifically, as head-to-
head studies are needed, radiation safety and practical issues
may prevent collecting enough data points that ensures an
appropriate comparison among the group of compounds.
Possibly a careful matching between datasets by clinical se-
verity and multiple demographic variables would be an alter-
native approach that allows a fair comparison. Such an ap-
proach would be particularly suitable for tracer groups that
have a high molecular structural resemblance such as 18F-
RO-948, 18F-PI-2620, and 18F-GTP1.

The interpretation of longitudinal studies/therapeutic trails
to test disease-modifying interventions is challenged by the
fact that some AD cases with tau rich regions do not show
tracer equilibrium within a comparable time frame [38, 42].
Therefore, SUVR measurements will be inaccurate in such
cases, and potential disease progression or treatment efficacy
may be masked by this inaccuracy. It is important to adhere to
strict timing regimens or employ dynamic scanning protocols
as it has been suggested for 11C-PIB [57] in studies with lon-
gitudinal designs or therapeutic trails [58].

Conclusion

Here we examined the research evidence on all known
second-generation tau PET tracers within the context of the
updated strategic biomarker roadmap. Whereas the specimen
identification (phase 1) was considered successfully achieved,
assay definition (phase2) was only addressed by a fraction of
the available research evidence. Consequently, assessments
that assist in interpreting the clinical validity (phase 3: early
disease stage) was mostly not achieved. Several clinical trials
have been registered for various compounds of the second-
generation tau PET tracers (i.e., 18F-GTP1, 18F-MK-6240,
18F-PI-2620; Accessed https://clinicaltrials.gov/ 07/06/2020),
and fast progress on the strategic biomarker roadmaps is
expected (phases 4 and 5). Additionally, our work has
identified several areas of much needed research that would
assist in advancing the translatability of the second-generation
tau PET tracers into the clinical context.
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