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NDC non-demented control

NFTs neurofibrillary tangles

PD Parkinson’s disease

PET positron emission tomography
PHFs paired helical filaments

PiD Pick’s disease

PSP progressive supranuclear palsy
PSPRS PSP rating scale

PSP-RS PSP Richardson syndrome
ROls regions of interest

SPs senile plaques

TDP-43 transactivation response DNA binding protein 43

SUVR standardized-uptake-value-ratio



List of publications 6

List of publications

1.

Song, M., et al. Binding characteristics of [18F]PI-2620 distinguish the clinically pre-
dicted tau isoform in different tauopathies by PET. Journal of Cerebral Blood Flow &
Metabolism, 2021. 41(11): p. 2957-2972.

Beyer, L., et al. Early-phase ['®F]PI-2620 tau-PET imaging as a surrogate marker of

neuronal injury. Eur J Nucl Med Mol Imaging, 2020. 47(12): p. 2911-2922.



1 Contribution to the publications 7

1.  Contribution to the publications

1.1 Contribution to paper |

For the paper entitled “Binding characteristics of ['®F]PI-2620 distinguish the clinically
predicted tau isoform in different tauopathies by PET”, | retrieved data from PACS, per-
formed image pre and post-processing and all data analysis. | drafted the manuscript
together with the senior author, and contributed to the revision of the manuscript for im-
portant intellectual content. The data analysis and the study design were based on the
intellectual discussion between me and the senior author. | designed all figures and ta-

bles.

1.2 Contribution to paper Il

As a co-author of the paper entitled “Early-phase ['8F]PI-2620 tau-PET imaging as a
surrogate marker of neuronal injury” , | performed data retrieval and subsequent image
post-processing, including spatial normalization and kinetic modelling maps generation.

| drafted the manuscript and added intellectual content.



2 Introduction 8

2. Introduction

2.1 Tauopathies

With aging populations in industrialized nations, neurodegenerative disorders are grad-
ually being paid more attention. This is a worrying problem since such diseases have
both significant social and economic impact in terms of direct medical and accompanying

social care costs.

Neurodegenerative disorders are described as diseases with chronic and advancing loss
of neuronal structure or function ranges from initial synaptic dysfunction to extensive
neuron death in the central and peripheral nervous system [1]. These disorders can be
broadly classified by their clinical symptoms, with movement disorders and impaired cog-
nitive function being the most common features [2-4]. However, most patients usually
have mixed clinical features rather than a pure syndrome presentation [3]. On the other
hand, neurodegenerative diseases can also be categorized and termed according to a
variety of modified and deposited proteins which play a major role in disease neuropa-
thology [4], such as tauopathies, a-synucleinopathies, amyloid-beta (AB) proteinopa-
thies, and transactivation response DNA binding protein-43 (TDP-43) proteinopathies,
etc. [2, 3, 5]. Thus, currently there is a mixture between clinical and biomolecular defini-

tion of neurodegenerative disorders.

Disorders associated with pathological tau protein accumulation in neurons and glia are
termed tauopathies [6-11]. The pathological accumulation of misfolded hyperphosphor-
ylated tau is a hallmark of a various of neurodegenerative diseases, such as Alzheimer’s
disease (AD), Pick’s disease (PiD), some of atypical parkinsonian syndromes, subtypes

of frontotemporal dementia, etc. [12, 13].

Although current treatments are still not able to cure or change the progressive course

of tauopathies, but can only relieve the related symptoms [14], scientific research has
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achieved huge progress not only in better understanding the disease mechanisms but

also in diagnosing early stages of neurodegeneration diseases by biomarkers.

21.1 Tau protein

Tau is a microtubule-associated protein tau (MAPT) gene-encoded protein [15] which is
primarily located in nerve cell axons in neurons [16] and contribute to the formation of
the core of early assembling microtubules, as well as control microtubular stability and

regulate its transport processes [6, 17-20].

Tau isoforms are expressed by alternate splicing of pre-mRNA. In the adult human brain,
six tau isoforms with different length (from 352 to 441 amino acids) have been reported
[6, 16, 21-26]. These isoforms differ in the inclusion of an exons 2 and 3 encoded amino
acid sequence insert, as well as in the existence of an exon 10 encoded repeat segment
which serves as a microtubule-binding domain [16, 22, 27-29]. Depending on the inclu-
sion or exclusion of the exon 10 encoded microtubule-binding domain repeat, tau protein
is dived into four repeats (4R) or three repeats (3R) isoforms respectively [3, 11, 16, 21,
25-27, 30]. In normal condition, 3R and 4R tau isoforms are equal in amount in the brain.

The splicing of six different tau protein isoforms is illustrated in Figure 1.

Human MAPT gene
Chromosome 17q21

11H12H13H 14+

Tau isoforms
2N4R R3 | R4 | |
1N4R R3 | R4 | |
ON4R R3 | R4 | |
2N3R R3 | R4 | |
1N3R R3 | R4 | |
ON3R R3 | R4 | |

Figure 1. Six tau isoforms expressed in the adult human brain. Tau is encoded by

the human MAPT gene on chromosome 17g21. N1 (green) and N2 (blue) are expressed
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by the alternative splicing of exons 2 and 3 respectively, resulting different number of
inserts (0/1/2N). Depending on the inclusion or exclusion of the R2 (red) insert, tau
isoforms are thus divided into 3R- or 4R-tau, respectively. (From Park et al., BMB Rep

2016 [31])

Tau is natively unfolded and normally phosphorylated [18, 32]. Under pathological con-
ditions, however, tau is abnormally hyperphosphorylated [33]. The specific mechanisms
underlying pathologically tau aggregation are yet to be investigated, however, it is re-
ported that the hyperphosphorylation of tau debilitate its microtubules binding while raise
tau protein level in cytosol [34], resulting in protein self-aggregation and neurofibrillary
tangles (NFTs) formation [26], which are further classified as paired helical filaments

(PHFs), twisted ribbons, and/or straight filaments [33, 35].

2.1.2 Classification of tauopathies

Although all tauopathies share tau immunoreactivity in postmortem analysis, tauopathies

are heterogeneous in both biochemistry and morphology.

On one hand, tauopathies can be biochemically categorized according to the different
tau isoform compositions of their filaments, thus being subdivided into 3R tauopathies
predominantly composing of 3R tau, 4R tauopathies predominantly composing of 4R tau,

and 3R/4R-tauopathies in which NFTs contain a mixture of 3R and 4R tau [11, 36, 37].

On the other hand, tauopathies can be categorized depending on the primary driver. In
primary tauopathies, tau is the principal pathogenic protein, whereas other etiologies
contribute, even primarily, to secondary tauopathies. Primary tauopathies consist pure
3R-tauopathies (e.g., Pick’s disease), pure 4R-tauopathies (e.g., progressive supranu-
clear palsy (PSP), corticobasal degeneration (CBD), and argyrophilic grain disease
(AGD) [3, 9]), or mixed 3R/4R-tauopathies (e.g., the NFT predominant senile dementia

(NFT-dementia) [38]). In terms of secondary tauopathies, the best-known example is AD,
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which is the most common fatal neurodegenerative disease, contributing to about 60-70%
of dementia. One of the microscopical neuropathology of AD is the intracellular NFTs
which are composed predominantly of tau protein [39-42]. However, AD is also charac-
terized by the extracellular deposition of amyloid plagues, and genetic studies showed
AB to have initial or primary alterations in amyloid metabolism [43]. Biochemical evidence
consistently points to A as the primary driving force of the disease [44]. As a result, the
deposition of AR has been regarded widely as the initial pathological event of neuro-
degenerative processing in AD, which leads to senile plaques (SPs) and NFT formation,
neuronal dysfunction, and finally clinical syndromes like cognitive decline or movement

disorders [26].

Besides, tauopathies can be categorized by other neuropathological phenotypes, such
as the relative amounts of tau inclusions, the presence of varying cell types, and the

involvement of distinct neuroanatomical areas [10, 11].

2.1.3 Neuropathology of AD, PSP, and CBD

AD, as outlined above, accounts for the most prevalence of tauopathies. It is marked by
predominantly PHF of tau, which contains all six isoforms and has an approximately
equal 3R to 4R ratio in the microtubule-binding domain, mixed with straight filaments [8,
45-47]. However, tau accumulation in AD differs in distinguishable spatial and temporal
phases (Braak stages) [40, 48]. For instance, by performing immunohistochemistry with
3R and 4R tau specific monoclonal antibodies, evidence showed that the extracellular

tangles are disproportionally 3R tau immunoreactive in the medial temporal lobe [13].

In contrast, PSP and CBD tau aggregation form straight filaments of tau, which are lo-
cated mainly in subcortical nuclei and primarily composed of the 4R tau isoform [8, 49-
53]. Although they share similar tauopathy, anatomically PSP demonstrates denser
NFTs and neuropil threads mainly in the basal ganglia, cerebellum, and brainstem, with-
out much influence on the neocortex [54]. As for CBD, the pathology largely overlaps

with PSP but tended to affect a higher proportion of the cortex and also the subcortical
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white matter [7, 55]. Furthermore, CBD and PSP also vary in astroglial tau pathology:

PSP is characterized by astrocytic tufts, while CBD comprises astrocytic plaques [11].

The clinical presentation of a corticobasal syndrome (CBS) can have different underlying
neuropathological correlates. Here, the majority of AB-negative cases with a clinical phe-
notype of CBS (~50%) obtained the neuropathological diagnosis of a 4R-positive CBD
in autopsy, but 25% are characterized by AD neuropathology and 25% are non-tauopa-

thies [56].

2.1.4 Positron Emission Tomography imaging for tauopathies

Positron Emission Tomography (PET) technology demonstrates its increasing im-
portance in imaging patients with neurodegenerative disorders. "®F-fluorodeoxyglucose
(['®F]FDG), a glucose analog, is uptake in the brain where it gets phosphorylated without
the possibility of further metabolization. Thus the phosphorylated ['®F]FDG is trapped in
the cells and emits its radiation at the place of its uptake. Hence, PET imaging with
['®F]FDG has been used extensively to visualize regional glucose metabolism alterations
in neurodegenerative disorders. In tauopathies, ['®F]FDG-PET imaging enables the eval-
uation of synaptic dysfunction and neuronal injury which is accompanied by hypometab-

olism.

Apart from ['8F]FDG-PET, the continuous development of novel radiotracers facilitated
the direct detection of aggregated proteins in various neurodegenerative disorders in
recent years. For instance, by accurately identifying AR deposits, amyloid-PET facilitated
the early diagnosis for AD. Tau-PET imaging allowed in vivo imaging of the presence
and spatial extent of brain tau deposition in addition to clinical assessments, facilitating
characterization and quantification of tau in the human brain. However, the detection of
tau in the brain is more difficult when comparing to that of AB, because of the generally
lower amount of tau deposition when compared to AB, while the existence of various tau
isoforms makes the detection even complicated [57]. Tau-specific PET radiotracers for

non-invasive detection of tau inclusions in the brain have been developed in recent years
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[58, 59], which facilitates earlier diagnosis of tauopathies with higher accuracy, as well

as in disease progression tracking and therapeutic efficacy assessment [25].

Besides, some AB- and tau-tracers have also indicated their potential as surrogate mark-
ers of neuronal injury, which is included in the A/T/N classification scheme of AD diag-
nosis [60]. Preliminary data showed that the perfusion-phase images deriving from PET
with these tracers are comparable to ['®F]FDG imaging [61-68]. Such characteristic sug-
gests a potential to get two biomarkers with a one-stop-shop, allowing to reduce exami-

nation cost and radiation exposure, which holds great promise in its future application.

2.2 The first-generation tau-PET radiotracers

To date, the first-generation tau-PET radiotracers include benzothiazole derivates
["'C]PBB3, THK compounds ['®F]THK5105, ['®F]THK5117, ['®F]THK5317, and
['®F]THK5351, and ['®F]AV1451 (["®F]flortaucipir, T807). These first-generation tau-PET
radiotracers have been widely tested for NFT deposition imaging in vitro and in vivo [25,
69-72]. Autoradiography showed specific binding of the radiotracers mentioned above to
both intracellular and extracellular neurofibrillary tangles [73-76]. Furthermore, these
first-generation tau-radiotracers provided topographic distribution and quantitative esti-
mates of tau pathology closely matching the known patterns in autopsy, both in AD and

non-AD tauopathies [73, 77-81].

2.2.1 Clinical application in Alzheimer's disease

Non-invasive imaging of ['"®F]THK5105 PET demonstrated significantly higher retention
in cortical areas which are known to have more PHF-tau in AD brains, with marked tracer
retention in the inferior temporal cortex [82]. Besides, this study also observed a signifi-
cant correlation of ["®F]THK5105 retention with clinical severity of dementia or neuronal
loss. In a clinical PET study of ["®F]THK5117, Harada et al. revealed a higher tracer
binding in the temporal lobe in AD subjects when compared to healthy elderly subjects

[74]. As shown in a longitudinal PET study, the changes of regional ['®F]THK5117 binding
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correlated well with cognitive decline in AD patients, suggesting an attribution of cogni-

tive decline to the progression of neurdfibrillary pathology [83].

However, these THK compounds exhibited non-negligible retention in the subcortical
white matter. To reduce nonspecific tracer retention in the white matter, Harada and col-
leagues at Tohuku University in Japan developed a novel tau-PET tracer, ["®F]THK5351.
The first human PET study exhibited more favorable pharmacokinetics with a faster

clearance and a sequent lower retention in the subcortical white matter [73].

Of the first-generation tau radiotracers, ['®F]JAV1451 is the most widely studied one to
date. Binding affinities of ['®F]JAV1451 to NFTs in AD have been investigated in vivo and

in vitro since the first human brain imaging publication in 2013 [84].

Evidence showed that ['®F]AV1451 has a higher binding affinity to the 3R- and 4R-tau
isoforms in PHF and a higher binding selectivity for tau than AR in AD brains [75, 84-86].
On a group level, tau-PET imaging with ['®F]AV1451 demonstrated its clinical usefulness
for discriminating AD from non-AD neurodegenerative diseases and cognitively normal
individuals. Recent clinical PET studies have shown that comparing to cognitively normal
individuals, patients with clinically diagnosed AD dementia and mild cognitive impairment
(MCI) showed markedly higher levels of ['"®F]AV1451 retention in brain regions that are
susceptible to contain an elevated burden of PHF-tau lesions, especially in the hippo-
campus, parietal lobe, as well as mesial and lateral temporal lobes [77, 78, 87-92]. Fur-
thermore, the off-target binding of ['®F]JAV1451 is lower than ["®F]THK5351 when it

comes to the thalamus, basal ganglia, and white matter [93].

Additionally, autoradiographic binding patterns of ['®F]JAV1451 were found to be con-
sistent with the predicted topographic Braak staging of NFTs in postmortem AD brains
[94]. Furthermore, evidence from in vivo studies demonstrated a significant correlation
between ['8F]AV1451 retention and AD disease severity, supported by increasing neo-
cortical tracer binding from Ap+ cognitively normal aged cases to MCI, and more ad-

vanced AD dementia [91].
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Also, the association of the tau-PET signal to cognitive performance was investigated.
Unlike the AB-PET tracer signal which is over the whole cortex, ['®F]AV1451 uptake is
limited to brain regions being associated with corresponding clinical symptoms and ar-
eas with hypometabolism [95, 96]. This is consistent with some neuropathological stud-
ies of ['"®F]AV1451 reporting the correlation between location and quantification of tracer
binding and clinical symptoms and the degree of cognitive impairment [97-102], whereas
the association between AB-PET and cognition is generally weaker and less region-spe-
cific [96, 103]. The body of evidence for excellent performance of ['®F]JAV1451 in imaging

of AD led to its FDA approval in 2020.

2.2.2 Clinical application in non-AD tauopathies

So far, most studies about tau-PET focused on AD patients, with the primary emphasis
on detecting of PHFs in the AD brain. Meanwhile, radiotracers have been shown to bind

to 4R tau in relatively rare neurodegenerative disorders including PSP and CBS.

For example, in clinically diagnosed PSP patients, significantly higher ['®F]THK5351 re-
tention was observed in the midbrain and the globus pallidus [80, 104, 105]. Quantitative
analysis indicated strong discriminations of clinically diagnosed PSP patients from
healthy controls (HCs) and Parkinson’s disease (PD) patients based on bilateral elevated
['®F]AV1451 retention in the globus pallidus, the subthalamic nucleus, the putamen, the
midbrain, and the dentate nucleus [106-109]. These clinical findings suggest a binding
affinity of ['®F]THK5351 and ['®F]AV1451 to the 4R tau aggregation in PSP. Furthermore,
some of the abovementioned studies also observed a correlation of regional tracer up-

take with the PSP rating scale (PSPRS) indicated disease severity [80, 108].

In patients with CBS, asymmetric and significantly higher accumulation of ['®F]THK5351
was seen in the frontal, parietal, and globus pallidus than in normal controls and AD

patients [110]. Similarly, compared to controls, tau-PET with ['®F]JAV1451 in CBS patients
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also exhibited increased binding in the motor-related subcortex or cortex, the corticospi-
nal tract, and the symptom-contralateral thalamus [111, 112]. Besides, previous longitu-
dinal tau imaging observations demonstrated that the tracer binding increases during
disease advancement in CBS patients [113, 114]. Furthermore, in an autopsy-diagnosed
CBD patient, the regional ['®F]JAV1451 tau-PET uptake correlated with 4R-tau burden
assessed by histopathological assay, indicating a high affinity of ['®F]AV1451 to 4R-tau
deposits in CBD [115]. Some other postmortem studies for ["®F]THK5351 and

['®F]AV1451 also confirmed the in vivo binding in CBD patients [110, 111, 114, 116].

2.2.3 Limitations and challenges

Although many breakthroughs have been achieved in the diagnosis of tauopathies using
the first-generation tau-PET radiotracers, a certain amount of the signal from the first-
generation tau-PET tracers was proven to be off-target binding. For instance, beside
binding to tau, both ['®F]THK5351 and ['®F]AV1451 were reported to show affinity to the
monoamine oxidases (MAO) A or B -- ['"®F]AV1451 was found to bind to MAO-A with a
similar affinity when compared to its affinity to tau fibrils [117, 118] while the high binding
affinity of ['®F]THK5351, especially in the thalamus, was attributed to MAO-B [119-121].
Furthermore, several studies found a decreased in vivo uptake of ["®F]THK5351 upon

MAO-B inhibitor treatment [121, 122].

Besides, ["'C]PBB3 and ['®F]AV1451 were reported to bind to vascular structures (cho-
roid plexus for both, and dural venous sinuses for ['"'C]PBB3) [123, 124]. These findings
weaken the clinical validity of the above tau tracers, especially in detecting tau aggrega-
tions in deeper brain regions or the limbic cortex. Furthermore, off-target binding to neu-
romelanin has been described for all mentioned tau tracers, especially for ['®F]AV1451
[75, 94, 124]. This can affect image assessment and quantification especially in the mid-
brain (substantia nigra) with a physiologically high concentration of neuromelanin [125].

Furthermore, age-related increases of ['®F]JAV1451 binding have been found in the basal



2 Introduction 17

ganglia of aged patients independent with clinical diagnosis. This finding was associated

with the accumulation of iron in these areas [85, 87, 126-128].

As a lot of regions of interest (ROIs) in both PSP and CBS overlap with the off-target
binding areas, it suggests off-target binding possibly be responsible at least partially for
the in vivo retention. Off-target binding of tau-PET tracers obscures visual interpretation
of tau-PET images and complicates the diagnoses and differentiation from other dis-
eases, and is therefore one of the major challenges and limitations in the development

of novel tau radiotracers.

On the other hand, these first-generation tracers bind mostly to AD-typical 3/4R tau
isoforms of PHFs compared to other isoforms and filaments. Binding to different tau
isoforms and folds would allow tau-PET tracers to detect various tauopathies [129]. Thus,
the development of new radiotracers with more sensitivity and, more importantly, speci-
ficity for other tau isoforms would contribute to a better diagnosis and understanding of
tauopathies. For example, Rosler et al. suggested to develop novel tau tracers more
specific for 4R-tau, which would allow the discrimination of 4R-tauopathies from HCs and
non-tauopathies, as well as offer early inter-tauopathies discrimination at a single-patient

level [11].

2.3 ['®F]PI-2620, a second-generation tau-PET radiotracer

These abovementioned factors made the clinical application of first-generation tau-PET
tracers challenging, which accelerated the continuous development of second-genera-
tion tau-PET tracers. The primary aims in the development of second-generation tau-
PET tracers were to minimize off-target binding and therefore improve the binding spec-
ificity. Based on the efforts of several academic and commercial groups, several second-
generation tau-PET ftracers, such as ['®FJRO6958948 (R0-948), ['®F]MK-6240,
['®F]GTP-1, and ['®F]PI-2620 emerged. Chemical structures of the several widely-inves-

tigated tracers for tau-PET are shown in Figure 2. The in vitro autoradiography and first-
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in-human studies of most of the abovementioned second-generation tracers demon-
strated a high binding affinity to NFTs in AD, with absent and significantly lower off-target
binding to Ap and MAO-A/B [130-133]. Among the second-generation tracers, ['®F]PI-
2620, showed especially promising results in preclinical experiments and first-in-human

studies in tauopathies.

First-generation tau radiotracers
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Next-generation tau radiotracers
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Figure 2. Chemical structures of several widely-investigated tracers for tau-PET

(From Beyer and Brendel, Semin Nucl Med 2020 [134]).

2.3.1 Preclinical study of ['®F]PI-2620

A series of compounds were tested in a preclinical study to select a leading candidate
for clinical validation [130]. Taken all the in vitro and in vivo results together, ['8F]PI-2620
(compound 7), which is structurally similar to FTP, was finally chosen for further clinical

evaluations with superior properties.

To evaluate the binding properties of ['®F]PI1-2620 to pathological tau aggregates, self-
competition experiments using isolated PHFs, K18 fibrils (depicting 4R pathology), and
brain homogenates of AD, PSP, and PiD subjects were performed. The result displayed
superior binding properties to not only both 3R and 4R tau, but also to various tau ag-

gregate folds in both AD and non-AD tauopathies. Besides the above mentioned binding
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assays, selective binding of ['®F]PI-2620 to pathological tau was confirmed on AD and
PSP brain sections. Furthermore, observations of the very low background binding on
the non-demented control (NDC) brain section without pathological tau verified its high
binding specificity. Overall, ['®F]P1-2620 displayed a high selectivity for tau without rele-

vant off-target binding to AB or MAO-A and -B .

2.3.2 Clinical application of ['8F]PI-2620

To confirm the suitability of ['"®F]PI-2620 for detecting pathological tau aggregates, sev-

eral clinical studies of ['®F]PI-2620 are currently ongoing worldwide.

The first-in-human ['®F]P1-2620 PET studies in AD subjects showed significantly higher
tracer uptake in temporal and parietal lobes, precuneus, and posterior cingulate cortex,
and fast washout from non-target regions when compared to NDC [135-138]. Besides,
Mueller et al. also observed a strong correlation of ['®F]PI1-2620 uptake in neocortical
regions with the severity of cognitive disablement [135]. Another human study of ['®F]PI-
2620 PET indicated fast tracer kinetics with a tolerable effective dose and low test-retest

variability [139].

These studies confirmed that ['®F]P1-2620 is a promising noninvasive tool to image tau
deposition in AD. However, previous studies applied various acquisition protocol in clin-
ical practice of ['®F]PI-2620 PET. In both Muller et al. ‘s and Bullich et al.’s studies [135,
139], time-standardized-uptake-value-ratio (time-SUVR) curves reached a plateau at
around 40 min post-injection (p.i.) for most subjects whereas SUVR continued to in-
crease during the whole scan in some AD subjects, and static PET scans between 45
and 75 min robustly discriminated AD subjects from HCs. Other studies of ['®F]PI-2620

PET proposed equilibrium time at 60 to 90 min p.i. [140] and 80 to 90 min p.i. [138].

To study the potential of ['®F]PI-2620 as a biomarker in clinically diagnosed PSP patients,

our group performed the first large-scale multicenter observational study [141]. Postmor-
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tem autoradiography assay demonstrated the ['®F]-PI-2620 binding in the unblocked ba-
sal ganglia and the frontal cortex of PSP Richardson syndrome (PSP-RS, classic sub-
type of PSP) patients to colocalized with AT8 positive tau aggregation. As for in vivo
binding, significant difference was observed between the PSP group and the control
groups in PSP target regions, especially in the basal ganglia. Semiquantitative analyses
and visual read yielded high sensitivity (85% and 80%) and specificity (77% and 83%)
for detection of PSP-RS individuals, which further demonstrated the potential of ['8F]-PI-

2620 for a more reliable diagnosis of PSP at the single-patient level.

Exemplary cases of ['®F]PI-2620 PET images in AD and non-AD tauopathies are illus-

trated in Figure 3.
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Figure 3. Exemplary axial ['®F]PI-2620 PET images of patients with AD and non-AD
tauopathies (PSP and CBS). AD, Alzheimer’s disease; PSP, progressive supranuclear

palsy; CBS, corticobasal syndrome; HC, healthy control; DVR, distribution volume ratio.
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3. Summary (English)

The aim of this doctoral thesis was to study the application of the novel tau radiotracer
['®F]P1-2620 in clinically diagnosed neurodegenerative diseases. During the research
period, we investigated whether the detailed binding characteristics of ['®F]PI-2620 by
PET are able to distinguish the clinically predicted tau isoform in different tauopathies.
Furthermore, we assessed the potential of early-phase of ['®F]PI-2620 tau-PET imaging

for neuronal injury diagnosis.

To address if ['®F]PI-2620 binding characteristics are able to distinguish different tau
isoforms in a variety of tauopathies, kinetic modeling parameters and binding magnitude
of 3/4R tauopathy (AD) and 4R tauopathy (PSP, CBS) were calculated and compared.
We found that cortical ['®F]PI-2620-positive regions of 4R-tau cases showed higher de-
livery, higher efflux, and lower retention when compared to the 3/4R-tau group. Further-
more, we established a model using different kinetic and binding characteristics to dis-
criminate 3/4R tauopathies from 4R tauopathies, which shows a stronger prediction of a

3/4R tauopathy when compared to the pure binding magnitude.

Besides, to study the early-phase of ['®F]PI-2620 tau-PET imaging for neuronal injury
diagnosis, dynamic ['8F]PI-2620 tau-PET (0-60 min p.i.) and static ['®F]FDG PET (30—
50 min p.i.) were performed in 26 subjects with neurodegenerative disorders. Semiquan-
titative and visual analyses of ['®F]PI-2620 PET were correlated with that of ['F]FDG
PET using two normalization approaches (scaling by the global mean and cerebellar
normalization). By VOI-based comparison, we found 0.5-2.5 min p.i. to be an optimal
time window for ["®F]PI-2620 PET early-phase imaging. Furthermore, early-phase
['®F]P1-2620 PET approaches were observed to strongly correlate with ['®FJFDG PET in
all cortical target regions, especially when it came to global mean normalization. Further-
more, the visual assessment revealed that the regional pattern of hypoperfusion of early-
phase ['®F]PI1-2620 PET to be consistent with the hypometabolism pattern of ['®F]FDG

PET, indicating moderate to high regional agreements between them.
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In conclusion, the research work of this doctoral thesis revealed that ['®F]P1-2620 PET is
able to distinguish the clinically predicted 3/4R- from 4R-tauopathies. Furthermore, the
established early-phase perfusion imaging can serve as a surrogate biomarker of neu-
ronal injury. These findings demonstrate a promising perspective of ['®F]PI1-2620 as a
novel second-generation tau-PET tracer, likely facilitating to contribute to a better under-

standing of tauopathies.
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4. Zusammenfassung (Deutsch)

Ziel dieser Promotionsarbeit war die Anwendung des neuen Positronen Emissions
Tomographie (PET) Tau-Radiotracers ['®F]PI-2620 bei klinisch diagnostizierten
neurodegenerativen Erkrankungen zu untersuchen. Es wurde untersucht, ob sich die
Bindungseigenschaften von ['®F]PI-2620 fir klinisch vorhergesagte Tau-Isoformen bei
verschiedenen Tauopathien unterscheiden. Zudem wurde das Potenzial der Frihphase
der ['®F]PI-2620 Tau-PET Bildgebung fiir die Erfassung des neuronalen Schaden

evaluiert.

Um festzustellen, ob ['®F]PI-2620 in der Lage ist, verschiedene Tau-lsoformen in einer
Vielzahl von Tauopathien zu unterscheiden, wurden kinetische Modellierungsparameter
und die Bindungsgrofie von 3/4R-Tauopathien (AD) und 4R-Tauopathien (CBS, PSP)
berechnet und verglichen. Wir fanden heraus, dass kortikale ['®F]PI-2620-positive
Regionen von 4R-Tau-Fallen im Vergleich zur 3/4R-Tau-Gruppe durch eine hdhere
Abldésung des Tracers von der Zielstruktur gekennzeichnet waren. Weiterhin zeigte sich
fur die 4R-Tau-Gruppe eine hoéhere Anflutung und eine geringere Retention. Dartber
wurde ein Modell erstellt, welches die unterschiedlichen Bindungseigenschaften
verwendete, um 3/4R-Tauopathie von 4R-Tauopathie zu unterscheiden. Hier zeigte sich
eine starkere Vorhersage einer 3/4R-Tauopathie fir die Gesamtheit der Parameter im

Vergleich zur alleinigen Betrachtung der BindungsgroRie.

Um die Frihphase der ['®F]PI-2620 Tau-PET Bildgebung fir die Erfassung des
neuronalen Schadens zu untersuchen, wurden dynamische ['®F]PI-2620 Tau-PET (0—
60 min p.i.) und statische ["®F]FDG-PET (30-50 min p.i.) Messungen jeweils bei 26
Patienten mit neurodegenerativer Erkrankung durchgefihrt. Semiquantitative und
visuelle Analysen der ['®F]PI1-2620 Tau-PET wurden mit denen von ['®FJFDG-PET unter
Verwendung von zwei Normalisierungsansatzen (globaler Mittelwert und
Kleinhirnnormalisierung) korreliert. Durch einen regionen-basierten Vergleich fanden wir

heraus, dass 0,5-2,5 min p.i. ein optimales Zeitfenster fir die ['®F]PI-2620-PET
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Frihphasenbildgebung zu sein scheint. Dartber hinaus wurde festgestellt, dass die
Quantifizierung der ['8F]PI1-2620-PET Friihphase in allen kortikalen Zielregionen stark
mit der Quantifizierung der ['®F]FDG-PET korrelierte, insbesondere bei Normalisierung
mittels dem globalen Mittelwerts geht. Die visuelle Bewertung ergab, dass das regionale
Bild der Hypoperfusion in der ['®F]PI-2620-PET Friihphase dem Hypometabolismus
Muster in der ['®F]FDG-PET ahnelte. Hier zeigte sich eine moderate bis hohe regionale

Korrelation zwischen den beiden Modalitaten.

Zusammenfassend kann die ['®F]P1-2620-PET die klinisch vorhergesagten 3/4R- und
4R-Tauopathien unterscheiden und die Anwendung der Friihphasenbildgebung kann als
Ersatzbiomarker fur die Detektion des neuronalen Schadens verwendet werden. Diese
Ergebnisse zeigten eine vielversprechende Perspektive von ['®F]PI1-2620, einem neuen
Tau-PET-Tracer der zweiten Generation, um zu einem besseren Verstandnis von

Tauopathien beizutragen.
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Abstract

The novel tau-PET tracer ['®F]PI-2620 detects the 3/4-repeat-(R)-tauopathy Alzheimer's disease (AD) and the
4R-tauopathies corticobasal syndrome (CBS) and progressive supranuclear palsy (PSP). We determined whether
['®F]PI-2620 binding characteristics deriving from non-invasive reference tissue modelling differentiate 3/4R- and 4R-
tauopathies. Ten patients with a 3/4R tauopathy (AD continuum) and 29 patients with a 4R tauopathy (CBS, PSP) were
evaluated. ['®F]PI-2620 PET scans were acquired 0-60 min p.i. and the distribution volume ratio (DVR) was calculated.
['®F]PI-2620-positive clusters (DVR > 2.5 SD vs. | | healthy controls) were evaluated by non-invasive kinetic modelling.
RI (delivery), k2 & k2a (efflux), DVR, 30-60 min standardized-uptake-value-ratios (SUVR3p.¢0) and the linear slope of
post-perfusion phase SUVR (9-60 min p.i.) were compared between 3/4R- and 4R-tauopathies. Cortical clusters of 4R-
tau cases indicated higher delivery (Rlsgrm: 0.92+0.21 vs. 0.83 £0.10, p=10.0007), higher efflux (k2sprm: 0.17/min £
0.21/min vs. 0.06/min £ 0.07/min, p < 0.0001), lower DVR (1.1 £0.1 vs. 1.4+ 0.2, p <0.0001), lower SUVR30.40 (1.3 £
0.2 vs. 1.8 0.3, p<0.0001) and flatter slopes of the post-perfusion phase (slopeg_go: 0.006/min 4-0.007/min vs. 0.016/
min 4 0.008/min, p < 0.0001) when compared to 3/4R-tau cases. ['®F]PI-2620 binding characteristics in cortical regions
differentiate 3/4R- and 4R-tauopathies. Higher tracer clearance indicates less stable binding in 4R tauopathies when

compared to 3/4R-tauopathies.

Keywords
Tau, PI-2620, binding, affinity, kinetic modelling
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Introduction

Accumulation of hyperphosphorylated microtubule-
associated tau protein (MAPT, tau) in neurons and
glia is a hallmark of a wide range of neurodegenerative
diseases.' Disorders associated with the accumulation
of MAPT are thus termed tauopathies, which include
Alzheimer’s disease (AD) as well as progressive supra-
nuclear palsy (PSP), corticobasal degeneration (CBD),
and Pick’s disease (PiD) among the non-AD tauopa-
thies. Accumulation of tau protein is closely associated
with neurodegeneration and cognitive impairment.”*

The neuropathology of different tauopathies exhib-
its varying isoform composition of their filaments as
well as distinct neuroanatomical distribution and rela-
tive amounts of tau inclusions.” Six molecular isoforms
of tau are generated by alternative pre-mRNA splicing
of a single gene transcript and classified according to
the number of repeats of the microtubule binding
domains as 3-repeat (3R) and 4-repeat (4R) tau pro-
teins.”® Equal amounts of 3R and 4R tau isoforms
exist in the normal brain. In tauopathies, tau is abnor-
mally hyperphosphorylated and accumulates intracel-
lularly, forming tangles of paired helical filaments
(PHF), twisted ribbons and/or straight filaments.

AD accounts for the majority of tauopathy cases
and is marked by predominantly PHF of tau with an
approximately equal 3R to 4R ratio in the microtubule-
binding domain, mixed with straight filaments.” ® In
contrast, PSP and CBD tau aggregation forms straight

filaments of tau, which are primarily composed of the
4R isoform 7113

Positron emission tomography (PET) emerged for
non-invasive detection of tau inclusions in the brain
during the recent years."*'S Tau-PET tracers allow
imaging of the presence and spatial extent of brain
tau deposition, lacilitating characterization and quan-
tification in humans. First generation tau-radiotracers
have already provided topographic distribution and
quantitative estimates of tau pathology in AD and
non-AD tauopathies closely matching the known pat-
terns in autopsy.'®?' However, relevant amounts of
the signal of first generation tau-PET ligands prove
to be non-specific’>** which accelerated the develop-
ment of next-generation tau PET ligands with reduced
off-target binding.'*** 2

For tau-PET tracers, binding to both 3R and 4R tau
isoforms and different tau-folds would allow the detec-
tion of various tauopathies.™ In vitro pharmacological
studies and autoradiography of the novel second gen-
eration tau-PET tracer [*F]PI-2620 demonstrated its
potential to bind to both 3R and 4R aggregated tau
isoforms as well as to different tau aggregate folds in
AD and non-AD tauopathies using AD and PSP brain
sections as well as brain homogenates of PSP and PiD
paticnts.25 First in human results suggest that [ISF]PI—
2620 is able to visualize the predominantly 3/4R-
tauopathy AD**" and the mainly 4R-tauopathies
corticobasal syndrome (CBS)*' and PSP*? by PET,
but likely with a different magnitude of affinity
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among them (pIC30 8.5+0.1 for AD brain tissue
versus pIC50 7.740.1 for PSP brain tissue).” The
majority of Af-negative cases with a clinical phenotype
of CBS obtained the neuropathological diagnosis of a
4R-positive CBD in autopsy.™ The lower binding
affinity of ["®F]P1-2620 to 4R tau in virro could cause
faster clearance from the target when compared to 3/
4R tau in vivo. Although 3/4R and 4R tauopathies have
obvious topographical differences in the majority of
cases, a regional overlap exists among them. For
instance, patients with AD-CBS (predominant 3/4R)
and 4R-CBS (predominant 4R) are characterized by
involvement of the motor cortex and patients with typ-
ical AD (predominant 3/4R) and argyrophilic grain
disease (predominant 4R) comprise tau accumulation
in parietal-temporal cortices.™ Thus, detection of dif-
ferences in ['*F]P1-2620 binding characteristics among
different tau isoforms would potentially facilitate a
more reliable differential diagnosis.

The aim of this study was to determine whether,
["*F]PI-2620-positive cortical and subcortical clusters
have different binding characteristics as assessed by
non-invasive reference tissue modelling. Finally, we
performed a receiver operating curve analysis to deter-
mine if clinically diagnosed 3/4R and 4R tauopathies
can be differentiated by the tracer kinetics and binding
characteristics of ['*F]PI-2620.

Material and methods

Cohort and study design

The subjects were either recruited and scanned at the
Ludwig-Maximilians-University of Munich (LMU),
Department of Nuclear Medicine or took part at the
first in human study of ["*FJPI-2620 at Invicro (New
Haven, U.S.A.) between December 2016 and
September 2020. Patients were diagnosed to belong to
the AD continuum (total n = 10: mild cognitive impair-
ment (MCI), n=35; dementia due to AD, n=135) as 3/4R
tauopathy or PSP (n= 15)/CBS (n= 14) as 4R tauopa-
thies according to current diagnostic criteria.® 3 In
particular, the AD continuum patients were required
to meet criteria for typical AD with MCI or dementia
according to the diagnostic criteria of the National
Institute on Aging and Alzheimer’s Association.”
Diagnosis of 4R-tauopathies was made according to
the revised Armstrong Criteria of probable CBS* or
the Movement Disorders Society criteria of possible/
probable PSP or possible PSP with predominant
CBS.* TInclusion criteria were age>45years at the
time of inclusion, and stable pharmacotherapy for at
least one week before the PET examination. Exclusion

criteria were severe neurological or psychiatric disor-
ders other than AD-continuum or 4R-tauopathies.
Regional quantification in predefined regions of inter-
est in AD continuum and PSP patients as well as in
healthy controls (comprising 59% of the current
sample) was previously published.** Healthy controls
had no evidence of cognitive impairment following a
neuropsychological battery which included the ADAS-
Cog, a CDR score of 0, no family history of AD or
neurological disease associated with dementia and no
objective motor symptoms. PET data analyses were
approved by the local institutional review board of
the LMU Munich (application numbers 17-569 & 19-
022) under consideration of the Helsinki Declaration of
1975 (and as revised in 1983). All participants provided
written informed consent prior to the PET scan. The
p-amyloid status was obtained by PET (['"®F]florbeta-
ben or ["*F]flutemetamol) or cerebrospinal fluid assess-
ment. f-amyloid-positive clinical PSP/CBS as well as
f-amyloid-negative clinical AD cases were excluded
from the analysis since the clinically predicted tau iso-
form would have been uncertain in these cases. To
allow comparison of 3/4R and 4R tauopathies in
matching brain regions, only visually rated ['*F]PI-
2620-positive cases in cortical brain areas were included
into the analysis of patients. One expert reader assessed
the ['"*F]P1-2620 distribution volume ratio (DVR) maps
in 3D mode using standardized settings (lower/upper
DVR threshold 1.0/1.5; cold color scale, overlay on an
MRI standard template in the Montreal Neurology
Institute (MNI) space. The reader evaluated binding
in the frontal, parietal, temporal and occipital cortex
with knowledge of the pattern in healthy controls. The
intention of conservative judgement of cortical binding
in DVR maps was to avoid inclusion of any artificial
clusters. The reader was aware of the clinical diagnosis.
Subcortical ["*F]PI-2620-positivity was no prerequisite
for inclusion. Figure 1(a) illustrates the selection
process.

Acquisition, reconstruction and image harmonization

['®F]P1-2620 PET imaging was performed in a full
dynamic setting (0-60 min p.i.) on different scanners
(Munich: Siemens Biograph True point 64 PET/CT &
Siemens mCT, Siemens, Erlangen, Germany; New
Haven: Siemens ECAT EXACT HR4, Siemens,
Erlangen, Germany; Melbourne: Philips Gemini TF
64 PET/CT, Eindhoven, The Netherlands) at three spe-
cialized neuroimaging sites using the established stan-
dard scan protocol of each center for brain PET
imaging. The injected bolus dose was 217 £+ 53 MBq
(range: 178-334 MBq). Details on all scanners, as well



5 Paper |

29

2960

Journal of Cerebral Blood Flow & Metabolism 41(11)

a
@ Eni patients with ["*F]PI-2620 !au#%
3

4’{ 30-60 min scan ‘
\ s

»| MNon-tauopathies
and uncertain cases

69 patients with tauopathies

| 4 h|

23 patients with 3/4R lauwalhlesj [45 patients with 4R tauopathies 1

AD[T21 patients i‘ 1 Cow
4
Visually cortical | »| Visually cortical

S

Amyloid (+)
CBS patients

["FIPI-2620-negative | [*FIPI-2620-negative

. S Y

I

0 patients with 3/4R quupﬂhie% [2! patients with 4R lauunathhlw

Y h 4

Cortical target regions: frontal, parietal, temporal, and occipital lobes
Subcortical target regions: putamen and pallidum

N

clusters exceeding 20 voxels (volume: 160 mm®) of

Y Y
[""F]PI-2620 positive clusters:
elevated DVR (2 2.5 SD vs. eleven healthy controls)

SR

Figure |. (a) Study flowchart. Only patients with a dynamic scan, clinical confidence on the diagnosis and a cortical ['®F]PI-2620-
positive PET scan were included. (b) Examples of cortical (frontal cortex) and subcortical target region definition by z-score maps in
patients with clinically diagnosed 3/4R (upper panel) and 4R (lower panel) tauopathies. Clusters above a threshold of mean

value 4 2.5 standard deviations (black) were defined as ['®F]PI-2620-positive assuming tau-positivity. CTX: cortex; BG: basal ganglia;

AD: Alzheimer’s disease; CBS: corticobasal syndrome.

as acquisition and reconstruction parameter are pro-
vided in the Supplement of our previous study.™
Dynamic emission recordings were framed into 6x30s,
4x60s, 4x120s and 9x300s. Data from Hofmann phan-
toms were used to obtain scanner specific filter func-
tions which were then consequently used to generate
images with a similar resolution (FWHM:
9 x 9 x 10 mm), following the ADNI image harmoniza-
tion procedure.*” All dynamic datasets were visually
inspected for motion (~5mm threshold) and automat-
ically corrected for motion of more than Smm using
the motion correction tool in PMOD (V3.9 PMOD
technologies Basel, Switzerland). In brief, this tool per-
forms coregistration of individual PET frames to each

other to guarantee a precise regional overlap of all
frames in a multi-frame dataset.

Image post-processing

['®FIPI-2620 template generation. An ['*F]P1-2620 PET
template was generated independently of this investiga-
tion*? to allow inclusion of patients not eligible to an
MRI (i.e. pacemaker, metal implants). In brief, 20 ran-
domly chosen datasets of PSP patients, disease controls
and healthy controls, which all had a TIw 3D MRI
sequence were automatically processed by the
PNEURO pipeﬁnezu to obtain ["*F]PI-2620 images in
the MNI space. Frames between 30 and 60 minutes p.i.
were summed and scaled by the global mean, followed
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by averaging all 20 cases to an ['*F]PI-2620 template in
the MNI space. The template already showed robust
performance in cases with high and low ["*F]PI1-2620
positivity due to the well-defined landmarks of the
tracer in the 30-60 minutes p.i. window.*

Spatial normalization. All 50 dynamic ['*F]P1-2620 PET
datasets (39 patients and 11 healthy controls) were
transformed to the MNI space using the non-linear
brain normalization of the summed 30-60 min frames
to the established [**F]PI-2620 PET template as
described previously.* In brief, automatized brain nor-
malization settings in PMOD included nonlinear warp-
ing, 8§mm input smoothing, equal modality, 16
iterations, frequency cutoff 3, regularization 1.0, and
no thresholding. The transformation was saved and
applied to the full dynamic ['*F]PT-2620 PET datasets
to assure a minimum of interpolation.

Quantification. In preparation of the cluster-based anal-
ysis by various kinetic models, ["*F]PI-2620-positive
clusters had to be defined by a standardized approach.
Thus, we applied the previously established quantifica-
tion approach for generation of parametric irrlages_'v‘2
The multilinear reference tissue model 2 (MRTM2*)
was used to calculate distribution volume ratios (DVR;
DVR =BPND + 1) images of each full dynamic data-
set. The previously evaluated cerebellar reference
tissue™ (detailed illustration in Supplemental Figure
1), excluding the dentate nucleus and the central cere-
bellar white matter as well as the superior and the pos-
terior cerebellar layers (d =1.5cm each), served as a
reference region.

Generation of Z-score maps. MRTM?2 images of eleven
healthy controls were used to calculate average and
standard deviation maps of controls. All MRTM2
maps of the 39 patients were processed by the following
formula using the PMOD image algebra tool to gener-
ate Z-score maps of individual patients:

Patient MRTM?2 DV R map
— Average HC MRTM?2 DV R map
Standard deviation HC
MRTM2 DVRmap

Patient Z score map =

Data analysis

Definition of cortical and subcortical ['®FJPI-2620-positive
clusters. The rationales of a cluster-based analysis
were robust kinetic modeling in volumes large enough
in relation to the resolution of the PET system and
evaluation in regions that likely comprise tau in the
patient. Thus, we set conservative thresholds for the

cluster size and ['*F]PI-2620-positivity. Furthermore,
we used predefined brain volumes (defined by lobes
and basal ganglia compartments) for anatomical clus-
ter definition. Predefined regions of the Hammers atlas
and the atlas of the basal ganglia®™® were used for
tissue classification in Z-score maps. We defined fron-
tal, parietal, temporal, and occipital lobes as cortical
target regions as well as the putamen and the globus
pallidus as subcortical target regions. Within each
target region, clusters exceeding 20 voxels (volume:
160mm>, corresponding to a 5.0 x 5.0 x 6.4 mm
sphere) of elevated DVR (>2.5 SD vs. eleven healthy
controls) were classified as ['"*F]PI-2620-positive. The
strict threshold was used to avoid inclusion of voxels
with artificially high values, caused by spillover from
compartments adjacent to the brain (i.e. venous
sinuses). The cluster volume was recorded. Figure |
(b) illustrates the definition of these assumed tau-
positive clusters. All further analyses were based on
['*F]PI-2620 binding in these clusters.

Kinetic modeling and extraction of ['°F]P-2620 binding
parameters. We evaluated different kinetic modeling
approaches to test for robustness of similar parameters
among these models. Non-invasive kinetic modelling
approaches (simplified reference tissue modeling
approaches 1 & 2 (SRTM & SRTM2) and MRTM?2)
were separately ran for all ['*F]PI-2620-positive clus-
ters with the cerebellar reference tissue by PMOD. R1
values as a surrogate of delivery as well as k2 & k2a
efflux rate parameters as surrogate of dissociation from
the target were extracted from SRTM and SRTM2. A
lower limit of 0.006/min and an upper limit of 0.6/min
were set for k2a and clusters reaching these limits were
excluded. DVR values as a parameter for overall bind-
ing magnitude were extracted from all models and
reported for MRTM2. A lower limit of 0 and an
upper limit of 5 were set for DVR and clusters reaching
these limits were excluded. Delivery, efflux rate and
DVR deriving from different models were correlated
with each other to test for their robustness. k2’ and
t* (equilibration time) were fixed across models. In
addition, late binding phase uptake as a surrogate for
the binding magnitude was obtained from static images
between 30 and 60minutes p.a. (SUVRj3p40). The
cluster-to-cerebellum SUVRs were computed in each
frame for a model-independent evaluation of the
signal kinetic. Linear functions were calculated for all
intervals i-60 min p.i. starting at 9 min p.i. (i.e. 9-60 min
p.i., 11-60min p.i., etc.) and the slopes were used for
characterizing the post-perfusion binding phase.
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Statistics

A sample size of 6 patients per group (3/4R and 4R)
gave a power of >0.8 when using previous DVR data 3
for sample size estimation (z= 0.05; cortex 3/4R: mean
1.17 SD 0.20; cortex 4R: mean 0.89 SD 0.07) by
G*Power (V3.1.9.2, Kiel, Germany). Regional cluster
volumes, Rl-values, k2 & k2a values, DVR,
SUVR;0.60, and the slope were compared between 3/
4R and 4R tauopathies by a two-sample t-test. For
comparisons between different tau-positive regions, a
one-way analysis of variance was applied (>2 compar-
ison groups). All analyses were conducted using SPSS
25 (V25, IBM, Ehningen, Germany) and GraphPad
Prism 8 (GraphPad Software, San Diego, USA).
Receiver operating characteristics (ROC) were used
to calculate the area under the curve (AUC) for dis-
criminating 3/4R vs. 4R tauopathy by the above read-
outs. Furthermore, a principal component analysis
(PCA) of five parameters (Rl with highest AUC, k2
& k2a with highest AUC, DVR., SUVR;.4. slope with
highest AUC) was performed in SPSS and also subject
to ROC evaluation. Linear relationship of the data was
tested by a correlation matrix and items with a corre-
lation coefficient <0.3 were discarded. The Kaiser-
Meyer-Olkin (KMQO) measure and Bartlett’s test of
sphericity were used to test for sampling adequacy
and suitability for data reduction. Components with
an Eigenvalue > 1.0 were extracted and a varimax rota-
tion was included.

Data availability

Data of this manuscript are available through contact-
ing the corresponding author upon reasonable request.

Results

Demographics and ['°F]PI-2620-positive clusters in
clinically diagnosed 3/4R and 4R tauopathies

10 patients with a clinically diagnosed 3/4R tauopathy
(10 AD continuum) and 29 patients with a clinically
diagnosed 4R tauopathy (14 CBS, 15 PSP) according
to current diagnostic criteria, all with a discernible ['*F]
PI-2620 cortical signal in visual evaluation, were
enrolled for this evaluation. 3/4R tauopathy patients
(65.7=10.1y; 70% female), 4R tauopathy patients
(71.0£7.2y; 38% female) and healthy controls
(67.5+6.7y; 73% female) did not differ significantly
in age.

Suitability of the reference tissue was validated by
similarity of time-activity-curves, SUV (3/4R: 0.36 &
0.07g/ml; 4R: 0.37+£0.09g/ml; healthy controls:
0.38 +0.08 g/ml), and their coefficients of variation
(3/4R: 18%; 4R: 25%: healthy controls: 21%) in the
study groups (Supplemental Figure 2). The frequency
and regional volumes of cortical and subcortical ['*F]
PI1-2620-positive clusters in 3/4R and 4R tauopathies
are shown in Table 1. The 3/4R tauopathy group
showed ['*FJPI-2620-positive clusters in nearly all cor-
tical regions, whereas the frequency of [*F]PI-2620-
positive clusters in cortical regions was lower in 4R
cases. The 4R tauopathy group showed a higher per-
centage of [lRF]PI-262{)-positivc subcortical clusters
when compared to 3/4R cases (77% vs. 35%.,
p<0.0001).

The volume of combined cortical ["*FJPI-2620-posi-
tive clusters was larger for the 3/4R tauopathy
group when compared to the 4R tauopathy group

Table I. Frequency and regional volume of target clusters in 3/4R (10 patients) and 4R tauopathies (29 patients).

3/4R tauopathy

4R tauopathy

Volume (mean £ SD (ccm)) n Volume (mean = SD (ccm)) n P-value (volume)
Cortical 544+5].6 79 48+ 11.1 167 <0.0001
Frontal L 76.2+854 10 6.4+ 145 26 0.0002
Frontal R 79.2+920 10 87193 25 0.0007
Occipital L 41.8+27.1 10 6.4+102 15 0.0001
Occipital R 38.14+307 10 4.7 +89 18 0.0002
Parietal L 45.2 +34.7 10 34470 20 <0.0001
Parietal R 50.0+350 9 3.0+66 20 <0.0001
Temporal L 55.2+18.1 10 3.0+57 21 <0.0001
Temporal R 48.8 1344 10 22442 22 <0.0001
Subcortical 1.8+1.9 14 20+ 1.7 89 0.6871
Putamen L 1.3£1.3 4 28418 24 0.1245
Putamen R 25+24 7 28118 7 0.6802
G. Pallidus L - 0 08+03 17 -
G. Pallidus R 09+08 3 1.0+0.6 21 0.8076

Note: P values derive from an unpaired t-test for the comparison of regional cluster volumes between 3/4R and 4R tauopathies. L: left; R: right; SD:

standard deviation.
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(54.4+51.6mm* vs. 48=11.1mm°, p<0.0001),
whereas there was no volume difference between both
groups for combined subcortical clusters (1.8 +
1.9mm® vs. 2.0+ 1.7mm?, p=0.687).

Kinetic modeling parameters in comparison between
3/4R and 4R tauopathies

To estimate kinetic properties of ['*F]PI-2620, R1 and
k2 & k2a-values were compared between groups of 3/
4R and 4R tauopathies and between cortical and sub-
cortical brain regions (Table 2). 88% of the MRTM2
defined ["F]PI-2620-positive clusters resulted in
modeling parameters within the defined threshold
ranges for the applied kinetic models. Delivery, efflux
and binding parameters of different models correlated
highly with each other (delivery: all R > 0.9; k2 & k2a:
all R >0.99).

In cortical regions, ['8F]PI-2620—positive clusters of
4R tauopathy cases had higher R1 (all p<0.05) and k2
& k2a (all p<0.0001) values when compared to 3/4R
tauopathy cases, suggesting a faster tracer delivery and
efflux from the target in the presence of 4R tau
(Figure 2(a)). Subcortical clusters did not show differ-
ences of R1 and k2 & k2a values between 4R and 3/4R
tauopathies, indicating similar delivery and efflux of
['"*F]PT-2620 to subcortical regions for both types of
tau (Figure 2(b)).

Next, we asked whether ["*F]PI-2620 binding char-
acteristics are different between cortical and subcortical
brain regions. 3/4R tauopathy subjects had elevated R1

and elevated k2 & k2a values in subcortical areas, when
compared to ['“FJPI-2620-positive cortical clusters
(Figure 2(c)). Within 4R-tauopathies, R1 of SRTM2
was lower in cortical clusters when compared to sub-
cortical clusters (0.88 £0.20 vs. 0.96 £0.14, p=0.0018;
Figure 2(d)). We observed the lowest k2 & k2a values
in cortical clusters of 3/4R tauopathy cases.

Binding magnitude in comparison between 3/4R and
4R tauopathies

['|F]PI-2620 binding was assessed for the full 60-
minutes scan (DVR) and a binding surrogate was
obtained for the late uptake phase (SUVR;0.60). 3/4R
tauopathy cases showed significantly higher DVR
values in all cortical ['*F]PI-2620-positive clusters
when compared to 4R tauopathies (Table 3).
SUVR.q0 were consistently higher in ['**F]PI-2620-
positive cortical clusters of 3/4R tauopathy patients
when compared to 4R tauopathy patients.
Subcortical areas indicated a higher binding magnitude
for ['"*F]PI-2620-positive clusters in patients with 4R
tauopathies when compared to 3/4R tauopathies.

Slope of binding during the post-perfusion phase

["*FJPI-2620 time-SUVR curves of both diagnostic
groups clearly separated over time for all cortical
brain arcas but not for subcortical regions (Figure 3
(a) and (b)). Time-SUVR curves of 3/4R subjects
showed a continuous increase in all cortical areas

Table 2. Delivery (R1) and efflux (k2 & k2a) parameters of ['®F]PI-2620-positive clusters in cortical and subcortical brain areas.

SRTM R1 SRTM2 RI SRTM k2 SRTM k2a SRTM2 k2a
(unitless +SD) (unitless +=SD) (I/min £ SD) (I/min £SD) (I/min+SD)
Cortical PI-2620-positive clusters
3/4R 0.83+0.10 0.83+£0.10 0.06 -+ 0.07 0.05+0.07 0.05+0.07
4R 0.92-+0.21 0.88+0.20 0.17£0.21 0.15+0.19 0.15+0.19
p value (3/4R vs. 4R) 0.0007 0.0380 <0.000]1 <0.0001 <0.0001
HC 0.87+0.11 0.834£0.08 0.17£0.23 0.194+0.26 0.07 £0.17
Subcortical PI-2620-positive clusters
3/4R 1.02£0.15 1.0240.15 025+0.20 0.19+0.16 0.19£0.16
4R 096+0.14 0.96 +0.14 021+0.14 0.16+0.11 0.16£0.11
p value (3/4R vs. 4R) 0.1515 0.1431 0.3657 0.2924 0.2698
HC 0.77+0.10 0.77 £0.09 0.14+0.14 0.16 +£0.17 0.07£0.10
3/4R tauopathies
Cortical 0.83+0.10 0.83+0.10 0.06 = 0.07 0.05+0.07 0.05+0.07
Subcortical 1.02+0.15 1.024+0.15 0.25+0.20 0.19+0.16 0.19+£0.16
p value (cortical vs. subcortical) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
4R tauopathies
Cortical 0.92+0.21 0.88+0.20 0.17 +0.21 0.15+0.19 0.15+0.19
Subcortical 0.96+0.14 0.96 £0.14 021 £0.14 0.16 +0.11 0.16 £0.11
p value (cortical vs. subcortical) 0.1019 0.0018 0.1545 0.8293 0.8293

Note: Values of healthy controls (HC) were extracted from atlas regions and serve for an orienting comparison, whereas values of 3/4R and 4R

tauopathies were derived from ['®F]PI-2620 positive clusters.



5 Paper |

33

2964

Journal of Cerebral Blood Flow & Metabolism 41(11)

(a) Cortical
1.5
s . m 3/4R
M 3 = 4R
1.0 = HC
0.5 . Tig I

(©) 3/14R
1.5+ ;
- . mm Cortical
. ) M Subcortical
1.0
kb ek kR Rk
0.5 i i [

(b) Subcortical
1.5
. 3/4R
H 4R
1.04 N HC
0.54
0.0-
& & g
Q{‘* ,\@"' «\" «*"‘ﬁa «é,‘:t-
& & 2 & §f
(d) 4R
1.5+
” mm Cortical
1 B Subcortical
1.0
0.5+
0.0~
P S
& & & § ,\é"@?
) & L) & &£

Figure 2. Kinetic modelling parameter of delivery and efflux of ['®F]PI-2620 in comparison of clinically diagnosed 3/4 R (n = 10) and
4R (n=29) tauopathies. Delivery and efflux of 4 R tauopathy patients were higher in ['®F]PI-2620-positive cortical clusters (a) but not
different in subcortical clusters (b). Subcortical clusters showed higher delivery and/or efflux parameters when compared to cortical
clusters regardless of the patient group (c, d). Data of healthy controls (HC) were extracted from atlas regions and serve for an
orienting comparison. Error bars represent standard deviation of study groups. *p < 0.05, *¥p < 0.01, *¥p < 0.001, and

¥ < 0.0001 indicate significant differences between 3/4R and 4 R tauopathies as assessed by an unpaired Student’s t-test.

over nearly all frames, whereas cortical time-SUVR
curves of 4R subjects reached a plateau at 30min
after injection for parietal cortex or even decreased
from 30min after injection for frontal cortex
(Supplemental Figure 3). In subcortical regions, time—
SUVR curves of 3/4R subjects did not separate from
those of 4R subjects in both putamen and globus pal-
lidus and showed a similar decrease from 30 to 60 min
p.1. (Supplemental Figure 3).

Based on these findings we plotted single frame ['*F]
PI-2620 SUVR as a linear function of time between 9 to
60 min and extracted the slope of the equation for each
single cluster to enable a quantitative comparison
between 3/4R and 4R tauopathies. The slope was
nearly exclusively positive in cortical regions and
nearly exclusively negative in subcortical regions for

all evaluated time intervals, regardless of the assumed
tau isoform (Figure 3(a) and (b)). Strikingly, in cortical
regions the slope of 3/4R tauopathy cases was much
steeper when compared to 4R tauopathy cases for all
time intervals, also discernible by visual interpretation
of single cases (Figure 3(c¢)). The strongest discrimina-
tion of the slope between 3/4R and 4R tauopathies was
observed for the time interval between 9 and 60 min
(slopeg.go:  0.016/min £ 0.008/min  vs. 0.006/min £
0.007/min, p<0.0001, AUC: 0.824; Figure 4(a)). In
the direct contrast to cortical areas, subcortical regions
only indicated minor differences of the slope between 3/
4R and 4R tauopathies, comprising stronger negative
values in 4R tauopathies for late time intervals (i.e.
slopegg.eo: —0.002/min £ 0.008/min vs. —0.010/min £
0.011/min; p=0.010).
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Figure 3. (ab) Time-SUVR curves in the comparison of clinically diagnosed 3/4R (n=10), 4R (n=29) tauopathies, and healthy

controls (HC) together with the slope of different time intervals during the post-perfusion phase. Time-SUVR values of HC were
extracted from atlas regions, whereas time-SUVR values of 3/4R and 4R tauopathies were derived from ['®F]PI-2620 positive clusters.
(c) Native ff~amyloid-PET images together with tau-PET SUVR images of cortical areas for exemplary cases ofé:;atients with 3/4R and

4R tauopathies and a healthy control in different time frames of the post-perfusion phase. Axial slices show ['

FJPI-2620 SUVR upon

an MRI atlas. Error bars represent standard error (SEM) of single frame values and intervals in study groups.

Merged value of all kinetic modeling parameters for
the discrimination of 3/4R and 4R tauopathies

A comparison of kinetic modeling parameters, DVR,
SUVR, and slopes of 3/4R and 4R tauopathies were
conducted to estimate the feasibility of predicting a 3/
4R tauopathy by [**FJPI-2620 PET. To this end we
performed a ROC analysis and computed AUC of all
evaluated parameters.

AUCs of the different slope intervals were highest
for the longest interval (slopeg.qy. AUC: 0.824) and
decreased with elapsed scan duration (slopess.eo.

AUC: 0.714; Figure 4(a)). AUCs for delivery and
efflux parameters from different kinetic models were
similar (Figure 4(b)). ROC of DVR (AUC: 0.922)
and SUVR3q4 (AUC: 0.906) resulted in a stronger
prediction of a 3/4R tauopathy in cortical ['*F]PI-
2620-positive clusters when compared to the best
slopeggy (AUC: 0.824), the best delivery (AUC:
0.654) and the best efflux discriminations (AUC:
0.716; Figure 4(c)).

The principal component analysis resulted in a
KMO sampling adequacy of 0.539 and Bartlett’s test
of sphericity was significant (p < 0.001). We found two
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Figure 4. ROC comparison for differentiation of 3/4R (n= 10) tauopathies from 4R (n = 29) tauopathies. ROC curves are shown
for (a) slopes in different intervals of the post-perfusion phase, (b) delivery and efflux parameters deriving from different modelling
approaches, (c) in contrast of all single study read outs, and (d) for the principal component | of all read outs. Only read outs of

cortical clusters were used for the ROC analysis.

principal components with an Eigenvalue > 1.0 (princi-
pal component 1: 2.729, principal component 2: 1.491)
which explained 84.4% of the variance. The compo-
nent matrix for the principal component 1 was 0.980
for SUVR3.60, 0.908 for DVR and 0.901 for slopeg._g0.
The component matrix for the principal component 2
was 0.879 for RISRTM and 0.877 for kzaSRTM- AUC
for the discrimination of 3/4R and 4R tauopathies by
principal component 1 was 0.899 (Figure 4(d)) and
0.669 for principal component 2.

Discussion

This is the first study investigating the kinetic and bind-
ing characteristics of ['"F]PI-2620 in different brain
regions of clinically diagnosed 3/4R and 4R tauopa-
thies by non-invasive reference tissue modelling. We
demonstrate that ["®F]PI-2620-positive clusters of

clinically diagnosed 4R tauopathy cases have higher
delivery and efflux parameters when compared to sim-
ilar clusters in clinically diagnosed 3/4R tauopathies.
This finding was also reflected by lower slopes of
time-activity-ratio curves between 9 and 60 minutes
after tracer injection for cortical clusters in 4R tauopa-
thies when compared to 3/4R tauopathies. We consider
this effect as the in vivo correlate of the reported lower
[""F]P1-2620 affinity to 4R tau in virro. Binding char-
acteristics in subcortical brain regions are dominated
by higher delivery and efflux when compared to corti-
cal regions. Ultmately, the assumed presence of 3/4R
and 4R tau in the individual brain can be differentiated
by the kinetic and binding characteristics of [*F]PI-
2620.

In this study, we report kinetic modeling results for
dynamic 0- to 60-min ['®F]PI-2620 PET scans in
patients with 3/4R and 4R tauopathies. We observed
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enhanced R1 and k2 & k2a values in cortical ['*F]PI-
2620-positive clusters of the 4R tauopathy group com-
pared to the 3/4R tauopathy group (Table 2). The
stronger efflux of the tracer from the target in 4R tauo-
pathies was visually confirmed by clearly separated
cortical time-SUVR curves of 3/4R- and 4R-tau cases
with increasing scan duration and the visual inspection
of single frame images. In particularly, SUVR of all
cortical regions of 3/4R-tau cases kept increasing over
time, while time-SUVR curves of parietal and frontal
cortices of 4R tau-cases reached a plateau or had a
slight decrease in the late phase (Supplemental Figure
3). This indicates that 4R-tau cases have a slightly
higher delivery rate from blood to assumed tau-
positive cortical target regions and a significantly
higher clearance rate to blood. The higher efflux
parameters suggest a less stable binding of ['*FIPI-
2620 to 4R tau in comparison to 3/4R tau which is in
line with the lower alTinity of this tracer to synthetic 4R
tau fibrils when compared to 3/4R fibrils.”® The radio-
ligand [“*Flflortaucipir, aka ['*F]AV-1451, is the by far
most widely studied tau-PET tracer to date. Similar to
our study, one previous study clearly demonstrated
that AV-1451 has unique in vivo binding properties
for assumed AD-like tau pathology among MAPT
mutation carriers.** Besides the consistent in vivo reten-
tion of ['*FJAV-1451, in vitro autoradiography suggest
that ['F]AV-1451 displays strong binding affinity to
paired helical filaments tau in Alzheimer’s disease,
but exhibits low affinity to tau aggregates primarily
made of straight tau filaments in these non-Alzheimer
tauopathies.>*4¢ Similarly, another study has shown
poor binding of ["*F]JAV-1451 to non-AD tauopathies
that have an accumulation of either 3R or 4R tau.*’
The reasons for the binding differences of ['*F]PI-2620
and ["®F]JAV-1451 for 3/4R and 4R tau isoforms are
not yet understood. A potential explanation could be
based on a different configuration of tracer binding
pockets in the different forms of tau aggregates.
Cryo-electron microscopy (cryoEM) studies recently
showed that paired helical filaments and straight
filaments of 3/4R tau from AD contained the same
C-shape protofibril structure whereas the 4R tau-
strueture obtained from CBD was distinctly different.*®
Detailed analysis of the tracer binding sites at the ultra-
structure level using cryoEM could potentially eluci-
date the mechanisms behind the different specificity
of [""F]PI-2620 and other tau tracers to different iso-
forms and filaments of tau. Kroth and coworkers
recently described the preclinical comparison of ['°F]
AV1451 and ['""FJRO948 with other fluoropyridine
regioisomers.>® They found that different regioisomers
gave rise to a remarkably diverse set of characteristics
with regard to their binding affinity for AD and PSP
tau, off-target binding to beta-amyloid and

monoamine oxidases A or B as well as global brain
uptake and washout in mice. Based on this preclinical
comparison, [""F]P1-2620 was selected as clinical can-
didate with optimized binding to AD but also to PSP.

Tracer kinetics and binding characteristics of ['*F]
PI-2620 in clusters of subcortical areas were not differ-
ent between clinically diagnosed 3/4R and 4R tauopa-
thies, Since inverted U-shape time-SUVR curves of
["®F]PI-2620 were also observed in healthy controls,*
we speculate that the effect of binding affinity to tau
deposition is dominated by the general tracer kinetics
in subcortical regions. Our findings of higher initial
uptake and much faster clearance in the putamen and
the globus pallidus in comparison to cortical regions
are similar to reports on kinetic characteristics of ['*F]
AV-1451.* *' Keeping in mind that our ["*F]PI-2620
study analyzed assumed tau-positive clusters and carli-
er [""FJAV-1451 studies used predefined brain regions,
the increasing time-SUVR curves [or AD subjects and
the inverted U-shape of time-SUVR curves for 4R tau-
opathy subjects of our study correspond well with the
aforementioned studies. Similar to our obtained deliv-
ery parameter R1, kI of ['""F]JAV-1451 was highest in
the putamen and lower for cortical regions.”® Another
study on ['*F]AV-1451 showed that the putamen of
AD subjects has a higher SUVR at the initial wash-in
stage, reaching a steady-state condition at 40-50 min
post-injection.”® Generally, lower subcortical SUVR
of ["*F|P1-2620 in comparison to ['*F]JAV-1451 might
suggest lower off-target binding in the basal ganglia,
which would be an improvement of next-generation
tau-PET imaging.'®*? These findings indicate that
some subcortical binding of both tracers is probably
caused by yet unknown mechanisms potentially involv-
ing a secondary binding site with different kinetics or
extra off-target binding in addition to the specific bind-
ing to tau aggregates. Another potential mechanism
could rely on different capillary permeability between
brain regions, supposing a higher capillary permeabil-
ity in subcortical areas, which implies an increased
extraction through the blood-brain barrier, in the puta-
men and the globus pallidus but not in the cerebral
cortex.” Although we cannot rule out non-specific
binding or off-target binding, the clear basal ganglia
[""F]PI-2620 binding pattern of some AD cases
(~30%) could be explained by a recent Japanese autop-
sy study, which reported on the presence of tau in the
basal ganglia of AD cases.”® Our current data support
the hypothesis that even low deposition of 3/4R tau in
the basal ganglia of AD could cause a higher PET
signal when compared to strong 4R tau deposition in
the basal ganglia of PSP cases.

The main focus of our study was to translate non-
invasive kinetic modelling of ['*F]P1-2620 PET data
into an application for differential diagnosis.
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The differentiation of tauopathies is important since
there are overlapping clinical syndromes in presence
of different tau isoforms. for example, there is an
underestimated overlap of the phenotype (amnestic
mild cognitive impairment) between AD and argyro-
philic grain disease at early stages™ and AD-CBS and
4R CBS both manifest in motor areas of the frontal
lobe.”> As an internal validation of our data, we
applied different non-invasive approaches of simplified
and multilinear kinetic modelling and observed highly
similar parameters of binding characteristics between
them. We suggested earlier that the development of
selective 4R tracers could facilitate the differentiation
of 4R-tauopathies not only from healthy controls but
also from AD cases with predominant presence of 3/4R
tau.”! Despite the different magnitude and spatial
extent of brain tau deposition, ['F]PI-2620 binding
properties were already able to differentiate 3/4R
from 4R tauopathies. Importantly, this was not only
true for regions exclusively assumed tau-positive in
either of 3/4R or 4R tauopathies but also in overlap-
ping regions, i.e. the frontal cortex. Thus, although
["*FIPI-2620 is likely not specific to 3/4R- or 4R tau,
the AUC of kinetic modeling parameter and binding
characteristics suggest feasibility of differential diagno-
sis between 3/4R and 4R tauopathies. We implemented
a principal component analysis which did not indicate
higher AUC values for discrimination when compared
to single parameters of binding magnitude. This is
probably related to the composition of our patient
cohort, which includes a high proportion of severe
cases in the 3/4R group. Thus, a potential additive
value of assessing the principal component of all
parameters or the slope of the late binding phase
needs to be explored by future cases with similar bind-
ing magnitude. The rationale for the assessment of the
slope in the late binding phase was based on the pos-
sibility to assess this parameter also in a late imaging
window between 30 and 60 minutes p.i. While the slope
between 9 and 60 minutes p.i. separated better between
3/4R and 4R tauopathy patients, the discrimination
was still present for the slope between 30 and
60 minutes p.i., providing an alternative when econom-
ic reasons or patient compliance do not allow dynamic
scanning. The methodology could be of interest for
target engagement when future anti-tau treatments
are specific for 3/4R tau or 4R isoforms. The assess-
ment of the early phase as a surrogate biomarker of
neuronal injury *® adds another part to the toolbox of
this tracer when dynamic imaging is performed. The
current dataset was too small to evaluate multi-
parameter classification approaches or artificial intelli-
gence for prediction of 3/4R and 4R tauopathy cases
but such methods are likely interesting when larger
["*F]PI-2620 cohorts will be available.

Among the limitations of the study we focused on
non-invasive kinetic modeling and our data are lacking
full quantification by arterial blood sampling. Thus, we
are not able to test for effects of different tracer plasma
levels and tracer metabolism of [®FJP1-2620 in the
investigated subjects. Furthermore, our assumptions
of modeling parameters rely on simplified reference
region methodology which can be subject to bias and
variability when compared to arterial input measures.
However, due to the rare incidence and severe disability
of 4R tauopathy patients our current dataset likely
provides a good compromise between clinical feasibil-
ity and accuracy. To account for the prerequisites of
reference tissue modeling we chose the previously
established cerebellar reference tissue excluding the
dentate nucleus to generate a compartment with
assumed negligible specific binding in 3/4R and 4R
tauopathies.”? We used a simple linear fit for the
slope of the late binding phase and we note that this
fit is imperfect for cases with an inverted U-shape of
their time-activity-curve. While more flexible fits could
further improve the methodology, the proposed
approach will more likely be transferable to clinical
scenarios. Clinical applicability was also the reason to
not apply partial volume effect correction in the cur-
rent study design. This is a limitation, as atrophy is
related to lower fit values of R1 and lower ['*F]PI-
2620 binding. We used the slope of the time-activity-
ratio-curve to characterize the late binding phase and
also found a strong discrimination between 3/4R and
4R tauopathies. This index should be less affected by
atrophy since atrophy would affect all frames of the
late binding phase at a similar magnitude. Future stud-
ies should investigate the impact of atrophy on kinetic
modeling parameters by comparison of patients with
mild and strong neurodegeneration. Future work
should also investigate the impact of factors associated
with tau binding (such as A POE) on kinetic modeling
parameters in larger cohorts. We note that diagnoses ol
the heterogeneous patient cohort were built on clinical
diagnosis criteria, but they were lacking postmortem
validation. Therefore, clinical misdiagnosis could bias
the primary outcome measures of this study. Because
clinical 3R tauopathy patients were not enrolled in this
study, we were not able to investigate the kinetic and
binding characteristics of ['*FJP1-2620 to 3R tau
in vive.

In conclusion, ["*F|PI-2620 binding characteristics
in cortical regions differentiate between 3/4R- and
4R-taunopathies and might serve as a supportive read-
out in the diagnostic workup of neurodegenerative dis-
orders. Higher tracer clearance in 4R tauopathies
indicates less stable binding when compared to 3/4R-
tauopathies, deserving attention when performing
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comparative studies between patients with presence of
different tau isoforms.
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Abstract

Purpose Second-generation tau radiotracers for use with positron emission tomography (PET) have been developed for visual-
ization of tau deposits in vivo. For several 3-amyloid and first-generation tau-PET radiotracers, it has been shown that early-
phase images can be used as a sutrogate of neuronal injury. Therefore, we investigated the performance of eatly acquisitions of
the novel tau-PET radiotracer [lgF]PI—E()EO as a potential substitute for [lgF]ﬂuomdcoxyglucose ( [lgF]FDG).

Methods Twenty-six subjects were referred with suspected tauopathies or overlapping parkinsonian syndromes (Alzheimer’s disease,
progressive supranuclear palsy, corticobasal syndrome, multi-system atrophy, Parkinson’s disease, multi-system atrophy, Parkinson's disease,
frontotemporal dementia) and received a dynamic ["*F]PI-2620 tau-PET {060 min p.i.) and static ["*FJFDG-PET (3050 min p.i.). Regional
standardized uptake value ratios of eatly-phase images (single frame SUVr) and the blood flow estimate (R,) of ["FIPI-2620-PET wete
cotrelated with coesponding quantification of [**FIFDG-PET (global mean/cerebellar normalization). Reduced tacer uptake in cortical
target regions was also inferpreted visually using 3-dimensional stereotactic surface projections by three miore and three less experienced
readers. Spearman rank correlation coefficients wete calculated between early-phase [*F]PI-2620 tau-PET and ["*FJFDG-PET images for all
cortical regions and frequencies of disagreemment between images were cotnpared for both more and less expetienced readers.

Results Highest agreement with ['*FJFDG-PET quantification was reached for ['*F]PI-2620-PET acquisition from 0.5 to 2.5 min
p.. for global mean (lowest R =0.69) and cerebellar scaling (lowest R =0.63). Correlation coefficients {(summed 0.5-2.5 min
SUVr & R,) displayed strong agreement in all cortical target regions for global mean (Rguy: 0.76, Rry =0.77) and cerebellar
normalization (Rguv, 0.68, Rgy = 0.68). Visual interpretation revealed high regional correlations between early-phase tau-PET
and ["®*F]FDG-PET. There were no relevant differences between more and less experienced readers.

Conclusion Early-phase imaging of ["*F]PI-2620 can serve as a surrogate biomarker for neuronal injury. Dynamic imaging or a
dual time-point protocol for tau-PET imaging could supersede additional ["*F]JFDG-PET imaging by indexing both the distri-
bution of tau and the extent of neuronal injury.

Keywords Tau - PET - ['*F]PI-2620 - Perfusion - Neuronal injury

This article is part of the Topical Collection on Neurology

Introduction
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/800259-020-04788-w) contains supplementary . ; ; y ;
material, which is available to authorized users. Tauopathies consist of neurodegenerative diseases in-
cluding, among others, Alzheimer’s disease (AD),
B2 Matthias Brendel frontotemporal dementia and atypical parkinsonian syn-
matthias.brendel @med.uni-muenchen.de dromes such as progressive supranuclear palsy (PSP)

. . i . and corticobasal syndrome (CBS), with the connective
Extended author information available on the last page of the article
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characteristic of misfolded and accumulated tau protein
in different parts of the brain [1, 2]. Visualization of tau
deposits in vivo has become possible with various tau-
targeting ligands for use with positron emission tomog-
raphy (PET) [3, 4]. While first-generation tau tracers
suffered from off-target binding [5, 6] and a resulting
large inter- and infra-case variability [7], second-
generation tau-PET tracers showed promising first re-
sults in vivo with specific binding in affected regions
in patients with mild cognitive impairment and AD
compared to healthy controls [8-11].

Tau-PET imaging complements an important biomarker
for the characterization of neurodegenerative diseases. For
AD, it has been proposed to classify the disease according
to the biomarkers for amyloid, tau and neuronal injury by
the A/T/N scheme [12]. In this classification scheme, neu-
ronal injury in the pathological definition can be deter-
mined in vivo by three different diagnostic approaches.
Atrophy in structural magnetic resonance tomography and
total tau in cerebrospinal fluid are considered as well as
hypometabolism in '*F-fluorodeoxyglucose (['*FJFDG)-
PET. This is underpimmed by a combined study in prion
disease, indicating that metabolic imaging via ['*FJFDG
correlates with neuropathologic changes including neuronal
loss [13].

For first-generation tau fracers and several tracers for
amyloid-PET imaging, it has been shown that the
perfusion-phase images as obtained by these tracers is
comparable to glucose metabolism as assessed by
["*F]JFDG-PET and can therefore be used as surrogate
biomarker of neuronal injury [14-21]. With respect to
cost and radiation exposure, such “one-stop-shop™ pro-
tocols have the opportunity to examine two important
biological markers with one procedure.

In contrast to amyloid imaging where the subjects
can only be classified as amyloid-positive or amyloid-
negative, tau-PET imaging shows characteristic patterns
for several different neurodegenerative entities [3].
Therefore, tau-PET imaging could probably also be used
to discriminate a range of tauopathies beyond AD. Due
to the lack of specificity of first-generation tau tracers,
it is of great interest whether and how the perfusion-
phase images as obtained by second-generation tracers
can be used as a marker of neuronal injury.

Thus, we aimed to investigate the potential of the second-
generation tau-PET ligand ["®F]PI-2620 [22] as an additional
{(in addition to detecting tau pathology) biomatker of neuronal
injury. We validated early-phase [‘*F]PI-2620 data against
[**F]JFDG-PET and focused on optimizing dynamic or coffee
break acquisition protocols for tau-PET imaging with dual
biomarker information.

€1 Springer

Materials and methods
Study design and patient enrolment

Patients with different suspected tauopathies were referred by
dementia or movement disorder experts to ['*F]PI-2620 tau-
PET imaging. We selected all subjects with an additional
["*F]FDG-PET acquired <12 months before/after tau-PET
imaging. The cohort consisted of patients with different
suspected clinical diagnoses and represented a true clinical
cross-section in a tertiary centre with a focus on dementia/
movement disorders. The most likely clinical differential di-
agnosis was recorded before ['*F]PI-2620 tau-PET imaging.
All patients provided informed written consent to PET imag-
ing. The study was conducted in accordance with the princi-
ples of the Deelaration of Helsinki, and approval for scientific
data analysis was obtained from the local ethics committee
(application number 17-569).

PET imaging
Radiosynthesis

Radiosynthesis of ['*F]PI-2620 was achieved by nucleophilic
substitution on a BOC-protected nitro precursor using an au-
tomated synthesis module (IBA, Synthera). The protecting
group was cleaved under the radiolabelling conditions. The
product was purified by semipreparative HPLC.
Radiochemical purity was 99%. Non-decay corrected yields
wete about 35% with a molar activity of 8-10¢ GBg/mmiol at
the end of synthesis. [**FJFDG was purchased commercially.

PET acquisition and preparation

All patients were scanned at the Department of Nuclear
Medicine, LMU Munich, with a Biograph 64 or a Siemens
mCT PET/CT scanner (both Siemens, Erlangen, Germany). A
low-dose CT scan preceded the PET acquisition and served for
attenuation correction. [lgF]PI—2620-PET was performed in a
full dynamic 0—60-min setting initiated upon inttavenous in-
jection (~ 10 s) of 185 + 10 MBq of the ligand. [‘SF]PI-2620-
PET data were reconstructed in a series of 23 frames (6

0.5 min, 4 x 1.0 min, 4 2.0 min, 9 x 5.0 min). [**F}-FDG-
PET was acquired after injection of 125 + 10 MBq ["*F]JFDG
according to the EANM protocol [23]: fasting conditions > 6 h
with a blood glucose < 120 mg/dl (6.7 mm) at time of scan-
ning, silent room with dimmed light, headphones and blind-
fold 20 min prior and after injection. [ *FJFDG-PET data was
reconstructed in a static 30-50-min frame. PET data were
reconstructed iteratively (4 iterations, 21 subsets, 5.0-mm
Gauss/3 iterations, 24 subsets, 5.0-mm Gauss) with a matrix
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size of 336 % 336 % 109/ 400 ¥ 400 = 148, a voxel size of
1.018 % 1.018 % 2.027/1.018 x 1.018 * 1.500 mm® and a slice
thickness of 2.027/1.500 mm. Standard corrections with re-
gard to scatter, decay and random counts were used. Both
reconstruction algorithms resulted in images with equal spatial
resolution (8 » 8 » 7 mm) as validated by Hofinann phantom
measures.

Image processing

All image data were processed and analysed using PMOD
(version 3.5, PMOD Technologies Ltd., Zurich,
Switzerland). For spatial normalization, tracer-specific tem-
plates in the MNI space were created for [SF]PI-2620 (30—
60 min) and [**F]-FDG as described previously [14].
Dynamic [ *F]PI-2620 images were coregistered to the MNI
space by applying the 30-60-min transformation (brain nor-
malization settings: nonlinear warping, 8-mm input smooth-
ing, equal modality, 16 iterations, frequency cut-off 3, regu-
larization 1.0, no thresholding). All images were analysed in
MNI space. The regional cerebral blood flow estimate Ry was
computed from the dynamic [18F]P[-2620 images by applying
the simplified reference tissue model 2 (SRTM2) as described
previously [24, 25], using the cerebellum (excluding the den-
tate nucleus and superior layers) as a reference region. A total
number of ten predefined cortical volumes (bilateral frontal,
central region, parietal, temporal, occipital) of interests (VOIs)
deriving from the Hammers atlas [26] were delineated in the
MNI space and standardized uptake value ratios (SUVr) of all
VOIs were extracted for the different images {and different
time frames) used for the analysis.

In preparation for visual analyses of all images (after selec-
tion of the appropriate time frame), dynamic data frames
#2-#5 (0.5-2.5 min) were summed. To account for the lower
count statistics of the early-phase images, an additional 6.0-
mm Gaussian filter was applied for both ([18F]P[-26200_5,
2.5main & [ “FIPLI-2620g1).

PET data evaluation

Correlation of single frames of ['®FIPI-2620-PET versus ['®F]
FDG-PET

The optimal early time window for [**F]P1-2620 early-phase
imaging in terms of maximal comelation to ['*FJFDG-PET
was determined. To this end, ['*F]PI-2620-PET SUVrs for
the ten cortical VOIs were extracted and correlated with the
SUVis of the corresponding ['*FIFDG-PET data after normal-
ization of uptake to global mean (GBM) or by use of a cere-
bellar reference region (CBL). Pearson’s correlation coeffi-
cients (R) were compared between different time frames and

the selection of the optimal early-phase time window was
based on the extent and significance of single frame
agreement.

Regional comparison of optimized early-phase ['®F]
PI-26204 5 3 5min and ['*FIPI-2620g, versus ["®FIFDG

The SUVr values of the optimized summed ['*F]PI-2620
early-phase image (0.5-2.5 min), the [18F]PI-2620 R, image
and the [mF]FDG image were correlated for all ten cortical
regions to investigate the regional relationship between tau-
PET perfusion and glucose metabolism.

Visual analysis of stereotactic surface projections

For visual interpretation of early-phase [18F]PI-26200 5.3, Smins
[**FIPI-2620g, and ["*F]FDG-PET images, three-dimensional
stereotactic surface projections (3D-SSP) [27] were generated
using the software Neurostat (Department of Radiology,
University of Washington, Seattle, WA, USA). Voxel-wise Z-
scores were calculated in Neurostat by comparing the individ-
ual tracer uptake ([**F]PI-26200 5 5 5min, [ FJPI-2620g, and
["*FIFDG) to a historical ["*F]FDG-PET database {cognitively
healthy individuals, age-matched, N'=18).

Three more experienced nuclear medicine physicians
(H.B., Tv.E,, M.B.) and three less experienced nuclear
medicine interns (L.B., M.U., J.S.) visually assessed the
3D-SSP images using the Z-score maps (GBM scaling)
and rated cortical regions used in the clinical routine
(bilateral frontal, parietal, temporal, occipital cortex
areas) from 0 to 3 (0=no reduction, 1 =low reduction,
2 = intermediate reduction, 3 = severe reduction 0.5 steps
were allowed). Furthermore, whole-brain 3D-SSP im-
ages were rated binary (0/1) and according to the sever-
ity of present neurodegeneration (0=no/l =mild/2 =in-
termediate/3 = severe neurodegeneration; 0.5 steps were
allowed). A significant neuronal injury of the patient
(A/T/N: N+) was defined by the majority read of
binarized [”‘F]FDG—PET evaluation by the three more
experienced physicians. Readers had access to the pre-
PET clinical diagnosis. All 3D-SSP images ([wF]P[-
2620052 5mine | "F]PI-26205; and ['*F]FDG) were ran-
domly and blindly (with regard to the type of image)
presented to the readers.

Statistical analysis

Correlations of regional SUVr between early-phase
g y-p

["*F]PI-2620 and ["*F]FDG images were evaluated using

Pearson’s correlation coefficient (R) and R values were
compared using Fisher’s Z-transformation. Quantitative
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Table 1  Demographics of the study population

All Most likely AD  Most likely 4R-tauopathy ~ Other
Number of subjects 26 & 13 6
Age (mean 4+ SD) 660107  674:9.1 70.7=6.8 5422116
Gender (3/ %) g9 17 44193 3499 AUes
Time mnterval between P1-2620- and FDG-PET (months, mean = SD) 1 2=ET1F 13+18 12+16 1.0+£2.0
Significant neuronal injury [JSF]FDG (%, visual) 63 71 77 33

AD, Alzheimer’s disease; 4R, 4R-tauopathies (progressive supranuclear palsy, corticobasal syndrome); Other (frontotemporal dementia, multi-system
atrophy, Parkinson’s disease, unclear phenotype); SD, standard deviation. Significant neuronal injury in FDG-PET was defined by the majority read of

more experienced readers

variables were reported as mean + standard deviation.
Comparison of R values for different normalization ap-
proaches was also performed by Fisher’s Z-transforma-
tion. For visual analysis and the specification of the most
likely PET diagnosis, the intra-reader agreement between
["F]P1-2620¢ < 5 smins [\CF]P1-2620y, and ['*F]FDG was
calculated using Spearman’s rank corrclation cocfficients.
The disagreement between visual ratings of ['*F]PI-
26200 5 5 smin OF | “*F|P1-2620g; and [ '®F[FDG was calcu-
lated and cvaluated as frequency of all brain regions. A
significance level of p <0.05 was applied in all analyses.
All statistical analyses were performed using SPSS (ver-
sion 25.0, IBM, Armonk, New York, USA).

Results
Demographics

A total of 26 subjects (age =66~ 11 years, 17 female) were
included in the analysis. The cohort consisted of seven sub-
jects with a most likely diagnesis of AD, 13 subjects with
movement disorders and most likely diagnosis of PSP or
CBS, one case with most likely frontotemporal dementia,
two cases with most likely multi-system atrophy, two cases
with most likely Parkinson’s discase, and one case with cog-
nitive impairment of unknown reason. The mean time interval
between both PET investigations was 1.2+ 1.7 months. For

Fig. 1 a Averaged (across all a 7o
study subjects) time-activit ]
curvye of []] *FIPI-2620 in a c{mical o2 :%Q
composite volume of interest > 504 9 o=iCariical mean
during the dynamic data 8 °
acquisition. b Correlation o et °
coefficients (R) between single o 30 4 <, °
frames of [ISF]PI-Z(JZO-PET and oh ©
["*FIFDG-PET (30-50 min p.i.). L o2p e
GBM, global mean scaling; CBL, s o . -
cerebellar reference region. The 0% Py
time-window used for further 00
analyses is highlighted in grey 0 10 20 30 40 50 60
b Time (min)
g 08
] oF )
LDL 06 o—GBM
o 08 % -&-CBL
o 04 K
@ 03 o
o |\
g 02 '\qo
é o.;- gNe
3 =3 ——f—n— —i’——-l-,,—a*— — 85— 8
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Table 2 Correlation coefficients

between single frames of [SFJpL-  Time frames (min post-injection) R Prmax R

2620-PET and [ISF]FDG—PET Global mean normalization Cerebellar normalization
0-05 0413 0.684 0445 0278
0.5-1.0 0.740 0.002%* 0.650 0.036%
1.0-15 0.744 0.007%* 0.679 0.019%
1520 0.721 0.027* 0.665 0.021%
20-2.5 0.706 0.018* 0.667 0.041%
2530 0.690 0.024* 0.610 0.073
3040 0.677 0.042% 0.620 0.045%
4.0-5.0 0.599 0.071 0.550 0.225
5.0-6.0 0.573 0.225 0.519 0.086
6.0-7.0 0506 0.520 0.452 0.140
7.0-9.0 0405 0.493 0.309 0.294
9.0-11.0 0322 0.692 0.184 0.954
11.0-13.0 0.190 0.984 —0.005 0.895
13.0-15.0 0.155 0983 —0.018 0.995
15.0-20.0 0.040 0.968 —0.082 0.912
200-25.0 0.009 0.621 —0.110 0.875
25.0-30.0 —0.047 0970 —0.149 0.873
30.0-35.0 —0.021 0.909 -0.137 0.961
35.0-40.0 -0.039 0911 -0.136 0.850
40.0-45.0 —0.055 0.748 —0.144 0.702
45.0-50.0 —0.082 0961 —-0.139 0.937
50.0-55.0 —-0.070 0.683 —-0.126 0.983
55.0-60.0 -0117 0.955 -0.162 0.804

FDG, fluorodeoxyglucose; R, correlation coefficient (Pearson, two-sided. Fisher’s Z-transformation of all re-
LIONSY, Prmax, Maximum p value of all ten cortical regions. *p < 0.05, **p <0.01

details of the study population see Table 1. Visual binary in-
terpretation (majority read of more experienced readers) re-
vealed a significant neuronal injury to [lsF]FDG-PET in 65%
of all cases.

Optimal time window for ['*FIPI-2620-PET
early-phase imaging

The VOI-based comparison of single frames of [1SF]PI—2620L
PET (6 % 0.5 min, 4 ¥ 1.0 min, 4 ¥ 2 min, 9 % 5.0 min} and
I gF]FDG-P‘ET (3050 min p.i.) revealed the highest agree-
ment for the frames #2—#35 lasting from 0.5-2.5 min after
injection for both global mean scaling (Rggp=0.728) and a
cerebellar reference region (Repr = 0.665; Fig. 1). The cotre-
lation was statistically significant for all cortical regions for
frames #2-#7 for global mean scaling (0.5-4 min after injec-
tion), but frames #6-#7 showed overall lower correlation co-
efficients compared to frames #2-#5 (especially with a cere-
bellar reference region). Because of the fast wash-out and
sufficient count statistics for frames #2-#35, the mean values
ofthe 0.5-2.5 min p.i. time window {frames #2-#5) were used
for further semiquantitative and visual analyses. This was as
they represented the optimal trade-off between correlation

with the [18F]FDG—PET data and count statistics. The correla-
tion coefficients between the early ['*F]PI-2620 and
[ gF]FDG-PEJT data and their degree of significance for all
frames are shown in Table 2. The correlations coefficients
between both normalization approaches were not significantly
different (p = 0.301).

Semiquantitative VOI-based comparison
of early-phase ['®F]PI-2620-PET and [*FIFDG-PET

The PET parameters in all cortical brain regions showed high-
ly significant cortelations with ['"*F]JFDG-PET for both early-
phase [**F]PI-2620-PET approaches (0.5-2.5 min and R1).
There was no significant difference in the correlation coeffi-
cients of ["*FIPI-2620p s_5 smin and [*F]PI-26205, with
["*F]FDG-PET (Rg 55 smin = 0.762, Ry, =0.766, p=0.487)
for global mean normalization. The highest degree of correla-
tion was found in the right patietal cortex (Rgs 5 smin = 0.872,
Rg1 =0.884) and the weakest correlation was observed in the
left central region (Ry 5.5 smin = 0.585, Rg; =0.586). The
semiquantitative comparison of [lgF]PI—26200.5,2_5min and
[**FPI-2620g, with ['*FJFDG-PET and cerebellar scaling al-
so showed significant, but overall weaker correlations when
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«Fig. 2 Correlation charts of early-phase [‘*FJPI-26204 5_5 smin and
['*F]P1-2620%; with ['*F]JFDG-PET SUVr (all global mean
normalization). SUVr, standard-uptake-value-ratio; FRO, frontal;
CENT, central; PAR, parietal; TEMP, temp; OCC, occipital

compared to global mean normalization for all cortical regions
(Ro52.5min = 0.683, Ry = 0.683, p = 0.472). Correlation plots for
["¥*FJP1-26200.5 5 smin and [*FJPI-2620g; with [**FJFDG-PET
(all global mean normalization) are shown in Fig. 2.
Corresponding regional values and correlation coefficients deter-
mined by comparing regional ["*FJPI-2620; 5_ sy and [SF]PI-
2620g, with [mF]FDG-PET SUVr (global mean and cerebellar
normalization) are shown in Supplementary Table 1.

Visual 3D-SSP comparison of early-phase ['®F]
PI-2620-PET and ['°FIFDG-PET

After identification of the optimal time window, visual assess-
ment was performed by evaluating 3D-SSP images of early-
phase ([**FIPI-26204 5 5 smin and ['*FIPI-2620g,) and
["*FJFDG-PET (global mean normalization). Representative
images of early-phase [*SFIPI-2620p 55 smim [ FIPI-2620g,
and ["*F]JFDG-PET 3D-SSP and exemplaty summed 0.5-2.5-
min section images for three different most likely diagnoses of
neurodegenerative disorders are shown in Fig. 3. In all cases,
the regional pattern of hypoperfusion in ["F]PL-26204 5 5 s
and [18F]Pl-2620m 3D-SSP resembled the hypometabolism
pattern in [lgF]FDG-PET. Furthermore, exemplary distribu-
tion volume ratio images of those cases with the specific
tau-PET binding pattern are shown in Supplementary Fig. 1.

Visual interpretation revealed moderate to high regional
correlations for the majority of regions between early-phase
tau-PET {both PI-26204 5 3 s5m;in and PI-2620g,) and
["*F]FDG-PET (see Table 3).

The frequency of no or only minor disagreement was far
higher (0-0.5; 73-83%) when compared to the frequency of
moderate (1.0-1.5; 17-25%) or high disagreement (>2.0; 1—
2%) regardless of using PI-26204 5 5 5min OF PI-2620g, for
early-phase assessment (Fig. 4). Frequencies of disagree-
ment were similar for more and less experienced readers
(compare Fig. 4a, b).

Discussion

Tau-PET imaging is of great interest as tauopathies make up
the majority of neurodegenerative diseases [28]. However, not
only information on tau-positivity but also on the presence of
neuronal injury is considered in current diagnosis or research
criteria of AD [12, 29] and non-AD tauopathies [30]. In ac-
cordance with previous amyloid-PET studies [14-18, 21], and
considering the known limitations of first-generation tau

radiotracers [19, 31], we aimed to evaluate the potential of
the early-phase of the second-generation tau-PET radiotracer
["*FIPI-2620 [11] as a potential surrogate biomarker of neu-
ronal injury. Our results demonstrate a strong quantitative and
visual agreement between reduced perfusion in tau-PET and
reduced glucose metabolism in [ISF]FDG-PET imaging.
Theretore, early-phase tau-PET images may potentially elim-
inate the need for an additional ['*FJFDG-PET. The ability to
obtain two different biomarkers reduces costs, time and radi-
ation exposure, and enables improved differential diagnosis
through a one-stop-shop procedure, which is especially im-
portant for disabled patients.

The semiquantitative comparison of [ *F]PI-2620-PET sin-
gle frames with individual [lsF]FDG-PET images tevealed the
highest agreement at 0.5-2.5 min after injection and decreased
steadily until it was no longer significant for all cortical re-
gions later than 4 min after injection. Previous studies evalu-
ating the agreement between early-phase amyloid-PET acqui-
sitions and ["*F]JFDG-PET suggested time frames up to 10 min
after injection, often sparing the first minute after injection
[14, 15, 17]. Compared to these studies, we can conclude that
the acquisition of early-phase ['*FJPI-2620 must include a
very eatly and relatively short time frame to achieve a high
agreement between tau-PET and [“*F]FDG-PET, likely related
to the fast washout of ["*F]PI-2620 (Fig. 1a). Although the
frames between 0.5 and 4.0 min p.i. indicated a significant
correlation with [mF]FDG-PET_. we recommend the use of
0.5 to 2.5 min p.i. for early-phase [MFJPI-2620 acquisition
as this time window was more robust across different scaling
methods. For implementation in study or clinical routine
workflows, dynamic or coffee break protocols {(included break
between early- and late-image acquisitions with the possibility
for the patient to rest) could be considered. In this regard,
dynamic protocols will have the advantage of being able to
perform non-invasive kinetic modelling for the tau-PET read-
out, which will be important to account for blood flow chang-
es in longitudinal studies [32]. We also propose to exclude the
first half minute of acquisition, which showed more variabil-
ity, likely related to variance in blood flow (i.e., reduced car-
diac ejection fraction), site of injection, and variance of man-
ual injection. Therefore, we additionally calculated the region-
al cerebral blood flow estimate R, of [*FIPI-2620 to take
such individual differences into account and found similar
results by this approach. The VOI-based semiquantitative re-
gional correlation of both the summed early-phase (0.5—
2.5 min) and R, of ['*FIPI-2620 showed a highly significant
correlation in all assessed cortical regions and no significant
advantage for one of the methods. For clinical implementa-
tion, the reconstruction of a summed image seems fo be more
suitable as it can be easily added to conventional reconstruc-
tion algorithms of common PET systems.

All semiquantitative analyses were performed with global
mean normalization and whole cerebellum scaling. In
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<« Fig.3 Representative 3D-SSP images (Z-score maps) of [ *FJFDG-PET,
early-phase [ *FIPI-26200 55 smin and [FFIPI1-2620g for three different
most likely diagnoses of neurodegenerative disorders: a Alzheimer’s
disease, b frontotemporal dementia, ¢ progressive supratuclear palsy
(Richardson syndrome). Surface projections from R, right; L, left; LAT,
lateral; SUP, superior; INF, inferior; ANT, anterior; POST, posterior;
MED, medial

accordance with our previous investigation on early-phase
amyloid-PET [14], the cerebellar normalization approach
showed lower correlations for all investigated cortical regions.
Since cerebellar perfusion tends to be highly variable, e.g., as
a consequence of significant gender differences [33], a global
mean normalization is likely superior to cerebellar scaling for
interpretation of early-phase tau-PET images at the level of
individual patients. Nevertheless, in subjects with an overall
high load of neuronal injury or other reasons of a reduced
whole brain perfusion (e.g., after ischemic stroke), the
cerebellar scaling proved to be a viable alternative ap-
proach for normalization.

Based on the semiquantitative results, the visual anal-
ysis of summed ["*F]PI-2620 perfusion-like images was
also performed with 3DSSP images generated by global
mean normalization. Both tau-PET early-phase images
(summed 0.5-2.5 min and R,) showed an overall high
visual agreement for the detection of neuronal injury
with the corresponding metabolic imaging. Less and

more experienced nuclear medicine physicians had no
or only minor disagreement between early-phase
["FIPI-2620-PET and metabolic images in the majority
of cases, indicating broad clinical applicability. Different
patient preparation prior to injection of [18F]FDG (eye
patch and noise cancelling according to the EANM pro-
tocol [23]) and ['SF]PI-2620 (room noise, no eye patch)
needs to be considered as a limitation.

In our population of subjects referred with suspected
taunopathies, half of all patients showed a significant neu-
ronal injury pattern. This highlights the potential of this
dual-phase protocol for evaluating two different bio-
markers with one examination. While the detailed addi-
tive value of early-phase tau-PET imaging ultimately
needs to be evaluated in larger samples, we already ob-
tained promising results in individual cases. The patient
with a final clinical diagnosis of frontotemporal demen-
tia shown in Fig. 3 was initially referred with suspected
AD, and the combination of tau-negativity together with
a frontal hypoperfusion pattern was in line with the clin-
ical presentation after 1-year follow-up. For the evalua-
tion of perfusion-like images as a surrogate of neuronal
injury, the comparison with metabolic imaging has the
restriction that even a metabolic correlate might not un-
equivocally represent the actually existing neuronal inju-
ty. Temporary neuronal dysfunctions, for example, in the

Table 3 Spearman’s rank

correlation coefficients (o) LERI1 LER2 LER3 MERI MER?2 MER3
between visual assessments of
[*FIFDG-PET and early-phase FDG versus SUM I} p P P p e
["*FIP1-2620-PET; SUM, Likelihood of ND 0.661%* 0.159 0.335 0.545%* 0.404% 0.405%
E‘Zﬁiﬁ 2???51;?1‘,5{22&‘,?&?“ Frontal R 0.666%+ 0.579% 0.407% 0491+ 0.403* 0.306
lesixpieiEricet i MER, Frontal L 0.738%%* 0.576%% 0.482% 0.550%# 0.568%% 0.525%%
more experienced reader; R, right; Parietal R 0.876%% 0.64] % 0323 0.612%* 0.398* 0.803#%
L. lefi; ND, neurodegeneration Parietal L 0.717+% 0.725%* 0.478% 0.531%% 0.359 0.659**
Temporal R 0.454* 0.517%% 0.470% 0.677%* 0.294 0.239
Temporal L 0.634+% 0.399% 0.658%# 0.566%# 0.565%% 0321
Occipital R —0.097 0385 0.587# 0.676%" 0.074 0.692#%
Occipital L 0.280 0476* 0.566%* 0.852%* 0.554%% 0.557+*
FDG versus R1 ra 2 2 P 2 2
Likelihood of ND 0.541%% 0267 0.526%% 0.6347%% 0.598%% 0.593#%
Frontal R 0.366 0.447% 0.258 0432% 0.255 0326
Frontal T 0.732¢% 0.576%* 0.600%* 0.598%* 0.558%* 0.401*
Parietal R 0.756%* 0.726%% 0.614%* 0.674%% 0.508%% 0.742%%
Parietal L 0.617+% 0.714%% 0.724%% 0.554%% 0.654%% 0.5604%
Temporal R 0.577%* 0493 0371 0367 0337 0.588#*
Temporal L 0.670%* 0.454*% 0.706%* 0.557%* 0.747%% 0.537+%
Occipital R —~0.097 0.180 —0.002 0.820%* 0.286 0.731%%
Occipital L. 0.345 0.509% 0,598 0.801%* 0.684#% 0.728%%

*p <005, ¥p <001
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Fig. 4 Disagreement between 100 100
‘;igual rating of early-phase a g PI-26204 5.5 5y VErsus FDG g PI-2620 R1 versus FDG
[ F]P 1’26_200.5—2.511\in and b g 80 | B g’ 80
[M*FP1-26205, 3D-SSP images in 3 BLEROMER | | B SLER OMER
contrast to visual rating of B B
60 60
18ETE D =3 =3
[*FIFDG-PET 3D-SSP images _g b} ..‘; ©
for all evaluated brain regions of z :.1:_ 40 g _'é 40
all cases (n=0624). Less = =
experienced (LER) and more E 20 E 20
experienced (MER) readers are 4 i g '__|
displayed separately i 0 . —r [ 0
0-0.5 1.0-15 220 0-0.5 1.0-15 220
a Disagreement between visual ratings b Disagreement between visual ratings

context of a diaschisis or neuroinflammation, cannot be
differentiated from the presence of ncuronal damage.

Both reduced metabolism in [“*F]FDG-PET and reduced
perfusion in perfusion-phase images of different radiotracers
are influenced and partially caused by partial volume effects
and might not purely reflect the underlying neuronal injury.
Nevertheless, a close correlation with atrophy in magnetic
resonance imaging |34] or neuropathology findings [13] was
demonstrated for metabolic imaging via [*F]FDG. Therefore,
most classification schemes, such as ATN [12], list ["*F]FDG-
PET as a surrogate of neuronal injury together with atrophy in
structural magnetic resonance imaging and total tau in cere-
brospinal fluid. Our findings clearly demonstrate that dual-
phase ["*F]PL-2620-PET cannot only provide information on
“T™ [22] but has also the potential to facilitate assessment of
N

Conclusions

The present study demonstrates that early-phase imaging of
second-generation ['*F|PI-2620 tau-PET can serve as a surro-
gate biomarker for neuronal injury as it shows excellent semi-
quantitative and visual agrecment with metabolic imaging
using [ “*F]FDG-PET. Dynamic imaging or a dual time-point
protocol for tau-PET could replace additional [ *F|FDG-PET
imaging by indexing two biomarkers in neurodegencrative
disease, the distribution of tau and the amount and regional
pattern of neuronal injury. The short time required for record-
ing perfusion-like images is a great advantage in terms of
patient comfort, examination time, radiation safety and cost-
cffectivencss.
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