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strongly associated with neurodegeneration and cognitive im-
pairment [7, 33]. As shown in Fig. 6, patients with moderate to
severe AD tended to show greater neocortical [ *F]THK-5117
retention, which corresponds to Braak stages V/VI. The dif-
ference in hippocampal uptake of ['SFJTHK-5117 between
HCs and AD patients was not as robust as we had expected.
This may have been cansed by the elevated ['°FJTHK-5117
accumulation in the hippocampus of HCs and the underesti-
mation of hippocampal retention due to atrophy in patients
with AD. This result is consistent with the post-mortem find-
ing that hippocampal tau deposits are also frequently observed
in nondemented elderly people [35-37].

Many PET tracers have recently been proposed for imaging
tau in the human brain. ['*FJFDDNP was the first PET tracer
that successfully visualized tau pathology in the human brain
[38, 39]. However, this tracer reportedly binds nonselectively
to both AP and tau in AD brains [40]. Recently, [''C]PBB3
has been reported as a selective tau tracer [22]. A PET study
successfully demonstrated [''C]PBB3 retention in the hippo-
campus and neocortex of patients with AD and in the basal
ganglia of patients with corticobasal degeneration. However,
the short radioactive half-life of ''C restricts the use of
['!CIPBB3 to a few PET centres. Two '“F-labelled PET
tracers, [ SF]T807 and [ *F]T808, have recently been reported
and clinically tested [19—21]. A first-in-human [**F]T807 PET
study has demonstrated that the neocortical ['*F]T807 reten-
tion follows the known distribution of tau pathology in AD
brain [20]. In two patients with AD, ['*F]T807 retention was
reported to be higher in the lateral temporal cortex than in the
frontal cortex. These results are similar to our PET findings.
Nevertheless, the main advantage of ['*F]THK-5117 over
[*SF1T807 is its better kinetics in the brain. The time taken
to reach the platean of neocortical SUVR values was shorter
for ['*FJTHK-5117 (50 min after injection) than for [ *F]T807
(80 min after injection). However, the use of ['*F]T807 may
allow more accurate visual interpretation of PET images than
the use of ['*F]THK-5117 because of the former’s negligible
white matter retention. [ *F]THK-5117 retention in the white
matter possibly reflects its binding to B-sheet structures
confained in myelin, as observed with other amyloid PET
tracers [41], If sufficient tracer signals are observed in the grey
matter of the brain, white matter retention will not lead to the
misclassification of scans [42]. However, it is important {o
develop an optimized PET tracer that shows lower nonspecific
binding in the white matter than [*®F]THK-5117.

['®F|THK-5117 PET demonstrated high tracer retention in
sites susceptible to tau deposition in patients with AD. The
in vitro selective binding ability of ['*F]THK-5117 to tau was
confirmed by directly comparing it with the amyloid PET
tracer PiB. Although these results should be considered pre-
liminary due to the small sample size, ['°F]THK-5117 is a
useful PET tracer for the noninvasive evaluation of tau pathol-
ogy in patients with AD.

@ Springer
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Neurofibrillary tau paihology and amyloid B (AB) plaques, charac-
teristic lesions of Alzheimer disease (AD), show different neocortical
laminar distributions. Neurofibrillary-tangle tau pathology tends fo
be closer to the gray matier—white matter boundary, whereas AB is
dispersed throughout the width of the cortical ribbon. Methods:
Using PET radiotracers for tau and AP lesions, we developed an
image analysis fool to measure the distance of tracer-positive voxels
from the gray matter-white matter boundary. We studied 5 AD and 5
healthy subjects with both 18F-THK5117 (tau) and "'C-Pittsburgh
compound B (AB) PET. Results: On average, tau-positive voxels
were closer io the white maiter than were AB-positive voxels. This
effect was found for all AD subjects and for all regions, both before
and after regionally adjusting for the nonspecific white matter binding
of both tracers. The differential laminar pattern was validated through
postmortem examination. Conclusion: Within cortical lamina, dis-
tance measures may be of value in testing PET tracers for their an-
atomic selectivity.

Key Words: tau; amyloid beta; neocortical binding; PET
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DOl 10.2967/jnumed.114.149229

Seniie amyloid plagues and neurofibrillary tangles (tau pathol-
ogy) are the two characteristic lesions required for a neuropatho-
logic diagnosis of Alzheimer disease (AD) (7). On histopathology,
amyloid B (AP) plaques are exiracellular and dispersed through-
out the neocortical ribbon (2). During the progression of AD, tau
tangles initially appear in the hippocampal formation and subse-
quenily in the neocortex (3), where they are intracellular and
preferentially located in neocostical layers V and VI, closer to
the gray maiter—white matter boundary (4). Analogs of thioflavin
T such as 'C-Piitsburgh compound B (PiB) adapted for PET have
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been validated for imaging AB deposits (5). Recently, PET com-
pounds have been developed to label tau pathology (6-8).
Typically, PET images are analyzed by assessing regional signal
uptake in the cerebral cortex, but the distribution of signal within
the cortical ribbon is ignored. The objective of this study was to
investigate whether the differential spatial distributions of these two
lesions in the cortical ribbon of AD patients can be detected with
PET imaging. We tested the hypothesis that the bound tau tracer is
closer to the gray matter—white matter boundary than is Af.

MATERIALS AND METHODS

Participants

Ten subjects were studied: 5 with probable AD (3 women and 2
men; mean age = SD, 77.4 = 13.0 y; range, 57-88 y; Mini-Mental
State Examination score, 18.8 = 5.9; Clinical Dementia Rating, 2.0 =
1.0; education, 12.2 * 3.6 y) and 5 healthy elderly controls (4 men
and 1 woman; mean age, 71.6 = 4.2 y; range, 67-78 y; Mini-Mental
State Examination score, 28.8 = 1.8; Clinical Dementia Rating, 0;
education, 13.6 = 2.2 y). Written informed consent was obtained from
all participants. One AD postmortem autoradiography validation study
was conducted using *H-THKS5117 and *H-PiB. The protocol was
approved by the Ethics Committee of Tohoku University Hospital.
Controls were recruited by advertisements in the community. AD
patients were recruited from the memory clinic of Tohoku University
Hospital. The clinical and neuropsychological performance of the
participants was assessed by a newrologist and a newropsychologist
in consensus, who were not aware of the PET results. AD was di-
agnosed according to the criteria of the National Institute of Neuro-
logic and Commmunicative Disorders and Stroke/Alzheimer’s Disease
and Related Disorders Association.
Image Acquisition

MR imaging was performed on a SIGNA 1.5-T magnet (GE
Healthcare). A 3-dimensional volumetric acquisition of a T1-weighted
spoiled gradient recalled sequence produced gapless axial sections
(echo time/repetition time, 2.4/50 ms; flip angle, 45°; acquisition
mairix, 256 x 256; 1 excitation; field of view, 22 cm; slice thickness,
2.0 mm). The two radiotracers, 6-[(3-!*F-fluoro-2-hydroxy)propoxyl-2-
(4-methylaminophenyl)quinoline (!SF-THK5117) and !!C-PiB, were
prepared at the Cyclotron and Radioisotope Center of Tohoku Uni-
versity. 8F-THK5117 was synthesized as described previously (9).
VIC-PiB PET was synthesized using the 1-step!!C-methyl triflate
approach (/0). PET data were acquired using an Eminence STARGATE
PET scanner (Shimadzu) from 0 to 90 min for PF-THK5117 with
a dosage of 185 mBq and from 0 to 70 min for !C-PiB with dosage
of 296 mBgq.
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FIGURE 1.
Overlapping tau and amyloid voxels (orange). All are at 1.5-SD cutoff.

Image Analysis

For each subject, dy-
namic PET frames of both
ISE-THKS5117 and ''C-PiB
were realigned using SPM8
software (www.fil.ion.ucl.
ac.uk/spm). Standardized
uptake value (SUV) images
were generated from !SF-
THKS5117 using the 50- to
80-min frames and from
HC-PiB using the 50- to
70-min frames. All SUV
images were coregistered
to the cormresponding MR
imaging volumes using
SPM8. MR imaging-
determined regions of in-
terest were used to sample
the PET images. MR im-
aging—based regions of
interest were determined
by Free-Surfer (version 5.1, http://surfer.nmr.mgh.harvard.edu) for the
gray and white matter for the entire neocortex (principal outcome) and
separately for the frontal, parietal, occipital, and temporal lobes and for the
cerebellum. For each tracer, the cerebellar gray matter was used to create
regional SUV ratios (SUVRs).

Cutoff cortex values for positive and negative '8F-THK5117 and
HC-PiB PET voxels were regionally defined referencing the mean
control SUVR and SD. Cutoffs were tested at 1.5 (Fig. 1) and 1.0
times the SD. A distance[v] measure was generated for all positive
cortical voxels for each tracer based on the shortest distance to the MR
imaging—defined gray matter—white matter boundary (Fig. 2). To test
whether distance[v] distinguished '8F-THKS5117 binding from ''C-PiB

FIGURE 2. Schematic representation
of distance[v] image. For each PET
tracer, positive gray ribbon voxels (red
dots) were defined by statistical thresh-
old and shortest distance to white mat-
ter boundary computed (yellow line).
Gray matter ribbon and gray matter—
white matter boundary are defined by
MR imaging.

(A) T1-weighted MR image of right temporal cortex of AD patient. (B) Tau-positive voxels (green). (C) Amyloid-positive voxels (red). (D)

binding, the distributions in AD subjects were estimated for each of the
regions of interest. Voxels located in the neocortex with an apparent
thickness of less than 1.0 mm (likely caused by segmentation errors,
<10% of total) were excluded from the analysis.

Statistical Analysis

We tested the hypothesis that distance[v] is shorter for tau than for
AR by the paired 7 test and the nonparametric Wilcoxon signed-rank
test. A residual approach was taken to adjust for the confounding
effects of nonspecific white matter uptake of the two tracers. Spe-
cifically, in the control group, regional regression equations defining
the relationships between distance[v] and adjacent white matter up-
take were estimated. Subsequently, these regression models were
applied to the AD group and used to calculate the AD residuals
(residual = actual value minus predicted value). The residuals and
actual values were tested. Analyses were performed with SPSS, ver-
sion 19 (IBM). Results were declared statistically significant when
P was less than 0.05.

RESULTS

Compared with controls (C), the total neocortex SUVR was
higher in AD for both 1C-PiB (KSUV'R~C =113 = 004, XSUVR-AD =
1.69 * 017) and 18F-THK5117 (XSUVR-C = 1.12 = 0.06, XSUVR-AD =
1.31 % 0.07). The average cortical thickness was 1.90 mm in AD
patients and 2.85 mm in controls. For both the 1.5- and the [.0-SD
cutoffs, in all regions the mean distance[v] was significantly shorter
for tau than for AB. Adjustment for partial-volume artifacts did not
change the results (Table 1). All significant test results were con-
firmed using the Wilcoxon signed-rank test. Figure 1 shows the
AD spatial distribution of tau and AP tracer binding in the tem-
poral lobe of a representative patient. The individual distance[v]
data are in the supplemental data (available online at http://jnm.
snmjournals.org).

TABLE 1
Mean Distance[v] and Total Counts for 8F-THK5117- and ''C-PiB-Positive Voxels (1.5-SD Cutoff)

Number of positive
voxels (x10%)

Region 18F-THK5117 (mm) MC-PiB (mm) Unadjusted P Regression-adjusted P 18F-THK C-PiB
Total cortex 1.49 + 0.11 1.73 £ 0.10 0.01 0.02 2.2 11.1
Frontal cortex 1.42 + 0.06 1.78 + 0.15 0.01 0.04 0.6 4.3
Parietal cortex 1.32 £ 0.05 1.50 £ 0.05 0.01 0.04 0.4 2.5
Temporal cortex 1.70 £ 0.23 1.89 + 0.19 0.01 0.01 0.7 2.1
Occipital cortex 1.44 + 0.13 1.66 + 0.06 0.01 0.01 0.2 1.0
Data are mean + SD.
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resolution of PET (I1), because of the
large number (~10°) of voxels the effect
was significant and observed in all 5 AD
patients and in all brain regions. When
measured with the Cohen k (the mean dif-
ference between the ''C-PiB and !SF-
THKS5117 distances, divided by overall
SD), the effect was nearly 200%.

Our finding of a 5-fold increased mag-
nitude of AP over tau-positive voxels
indicates the greater extent of AP pathol-

FIGURE 3. AD distance[v] histogram for neocortical '8F-THK5117- and 'C-PiB-positive voxels
(1.5 SDs). (A) Distance[v] histogram of '8F-THK5117-positive voxels in total neocortex. (B) Dis-

tance[v] histogram of 1'C-PiB—positive voxels in total neocortex.

For 1'C-PiB at the 1.5-SD cutoff, the total number of positive
voxels (1.1 x 106) was approximately 5 times greater than that for
ISE-THK5117 (0.2 x 109). Histogram analysis of the neocortical
distribution patiern of 'C-PiB- and '8F-THKS5117—positive vox-
els showed that '®F-THK5117 skewed toward shorter distances
(Fig. 3). This distribution pattern was not observed in controls
(Supplemental Fig. 1).

The postmortem autoradiography study also showed that tau
binding localized to the deeper cortical layers, whereas '!C-PiB
binding was more widely distributed (Fig. 4).

DISCUSSION

Previous studies have shown a diagnostic value for PiB (5) and
for THK5117 (8) in AD. However, the intralaminar distributions
of THK5117 and PiB have not been previously described. In
agreement with neuropathologic evidence that tau and AP, the
principal lesions of AD, have different cortical laminar distribu-
tions (4), we present the first (to our knowledge) PET imaging
confirmation of this distribution pattern. Neurofibrillary pathol-
ogy in AD is typically found in the deeper cortical lamina
whereas plaques are widely distributed (2,4). In agreement, we
found with PET that the average distance[v] of tau-positive cor-
tical voxels to the gray matter—white matter boundary is shorter
than that of AB-positive voxels. We observed this effect in each
AD subject and for all regions tested. These PET findings are
further supported by our postmortem study using THK5117 and
PiB to map AP and tau pathology.

Although the distance[v] difference between the imaged tau and
AR deposits was approximately 0.2 mm, well below the spatial

ogy. These findings are also consistent
with neuropathologic findings (/2) and
further contribute to the face validity of
PET imaging in AD.

Cross-contamination between adjacent
cortical and white matter voxels, each with distinct tracer uptake,
is referred to as the partial-volume artifact. To investigate whether
our findings can be atiributed to this artifact, we generated
a conservative control-group—based model that regresses the
lesion distance measure on the white matter SUVR. After
applying the adjustment to the AD group, the tracer pattern
remained significant for all brain regions at the conservative
1.5-SD lesion cutoff.

The current method is of potential interest for subjects
experiencing traumatic brain injury, for whom the laminar
distribution of the tau pathology is reported to be more superficial
(13). Future studies will also examine continuous measures of
tracer retention, with distance being weighted by the uptake in
each voxel.

CONCLUSION

PET images of AD subjects show different laminar distributions
of tau and AR deposits. Tau pathology tends to localize in the
deeper lamina of the cortical ribbon, whereas the AP is more uni-
formly distributed. This observation may lead to a new biomarker of
AD progression. It may also be of use in the evaluation of other
neurodegenerative disorders with different tau distributions.
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Abstract

Purpose Diagnosis of tauopathies such as Alzheimer’s dis-
ease (AD) still relies on post-mortem examination of the
human brain. A non-invasive method of determining brain
tau burden in vivo would allow a better understanding of the
pathophysiology of tauopathies. The purpose of the study was
to evaluate 'F-THK523 as a potential tau imaging tracer.
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Methods Ten healthy elderly controls, three semantic demen-
tia (SD) and ten AD patients underwent neuropsychological
examination, MRI as well as 'SF-THK 523 and ' C-Pittsburgh
compound B (PIB) positron emission tomography (PET)
scans. Composite memory and non-memory scores, global
and hippocampal brain volume, and partial volume-corrected
tissue ratios for **F-THK523 and !'C-PIB were estimated for
all participants. Correlational analyses were performed be-
tween global and regional p.THKS523, Y C-PIB, cognition
and brain volumetrics.

Results "SF-THK523 presented with fast reversible kinetics.
Significantly higher '®F-THK523 retention was observed in
the temporal, parietal, orbitofrontal and hippocampi of AD
patients when compared to healthy conirols and SD patients.
White matter retention was significantly higher than grey
matter retention in all participants. The pattern of cortical
E.THK 523 retention did not correlate with AB distribution
as assessed by "'C-PIB and followed the known distribution
of tau in the AD brain, being higher in temporal and parietal
areas than in the frontal region. Unlike ''C-PIB, hippocampal
I8F-THK 523 retention was correlated with several cognitive
parameters and with hippocampal atrophy.

Conclusion '*F-THK523 does not bind to A in vivo, while
following the known distribution of paired helical filaments
(PHF)-tau in the brain. Significantly higher cortical '°F-
THKS523 retention in AD patients as well as the association
of hippocampal '*F-THK523 retention with cognitive param-
eters and hippocampal volume suggests **F-THK523 selec-
tively binds to tau in AD patients. Unfortunately, the very high
'¥F_THK 523 retention in white matter precludes simple visual
inspection of the images, preventing its use in research or
clinical settings.

Keywords Alzheimer’s disease - Tauimaging « Af Imaging -
Neurodegeneration - Brain
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Introduction

Most neurodegenerative conditions are characterized by the
aggregation of a misfolded protein such as AP and tau in
Alzheimer’s disease (AD), transactive response (TAR) DNA
binding protein 43 kDa (TDP-43) in some forms of
frontotemporal lobar degeneration (FTLD) such as semantic
dementia (SD) or a-synuclein in Parkinson’s disease.
Tauopathies are neurodegenerative diseases characterized by
the pathological accumulation of aggregated tau. AD is the
most common tauopathy and the leading cause of dementia
[1], but tau deposits are also found in other variants of FTLD,
such as progressive non-fluent aphasia (PNFA) or in some
cases of behavioural frontotemporal dementia (bFTD) [2].
Other tauopathies include Down’s syndrome, Guam
parkinsonism-dementia complex, frontotemporal dementia
with parkinsonism linked to chromosome 17, corticobasal
degeneration, progressive supranuclear palsy and chronic
traumatic encephalopathy [3—5]. Definitive diagnosis of these
neurodegenerative conditions can only be established after
death. While these tauopathies share tan immunoreactivity in
post-mortem brain examination, these tau aggregates can be
composed of different tau isoforms displaying very distinct
histopathological and ultrastructural differences [3, 6, 7]. In
AD, these tau deposits can be recognized histologically as
neurofibrillary tangles (NFTs) and neuropil threads as well as
dystrophic neurites in senile plaques, whilst ultrastructurally
they aggregate in paired helical filaments (PHF) [3, 4, 8].
While the underlying mechanisms leading to tau
hyperphosphorylation, misfolding and aggregation remain
unclear, tau aggregation and deposition follows a stereotypical
and spatiotemporal pathway both at the intraneuronal level [8,
9] as well as in its topographical and neuroanatomical distri-
bution in the brain [4, 10, 11].

The notion that tau dysregulation is a key mediator of
neurodegeneration [12, 13] has stimulated the development
of therapeutics for the treatment of AD and non-AD
tauopathies [14-16]. Given these treatments are currently
being developed, a non-invasive method of determining the
tau burden in the brain would allow a better understanding of
the pathophysiology of AD, FTLD and other tau-related neu-
rodegenerative conditions. It will also lead to improvements in
differential diagnostic accuracy and accelerate drug discovery
by facilitating patient selection and monitor efficacy in novel
anti-tau therapeutic trials. It would assist in the early and
differential diagnosis of AD and non-AD tauopathies, while
helping ascertain the relationship between the spatiotemporal
distribution of tau aggregates in the brain to cognition and
brain volumetrics. Development of tau imaging probes poses
several more challenges than those associated with A3 imag-
ing, and these are mainly related to the idiosyncrasies of tau
aggregation and deposition. In conirast to Af, most tau ag-
gregates are intracellular, there are six tau isoforms and the

different combinations of these isoforms manifest as different
clinical phenotypes. Tau aggregates undergo a wide spectrum
of post-translation modifications that, in addition to the com-
bination of different isoforms, lead to diverse ultrastructural
conformations and typical pathological lesions. Furthermore,
tau aggregates coexist with other misfolded proteins sharing
the same f-sheet secondary structure, as is in the case of AD
where tau and A3 are both co-localized in grey matter areas,
where the concentrations of A are, depending on the brain
region, ~5-20 times higher than those of tau (for an in depth
review see Villemagne et al. [17]).

* Inrecent years, the main focus has been the development of
selective ligands that allow early detection of AP deposition
[18]. Among these tracers, '*F-FDDNP was reported to non-
selectively bind to both A deposits and NFTs [19].
Phenylquinoline derivatives binding with high affinity and
selectivity for tau aggregates have been developed as candi-
dates for tau imaging agents at Tohoku University in Sendai,
Japan [20]. Among them, SF.THK523 (THK523) was the
first reported selective tau imaging tracer that can non-
invasively detect tau deposits in a transgenic mouse brain
[21]. This report was recently followed by several other po-
tential tau tracer candidates [22-27].

After a careful in vitro evaluation, the initial in vivo char-
acterization of a novel positron emission tomography (PET)
neuroligand candidate requires to fulfill certain conditions
such as safety at low tracer doses, possess high affinity and
selectivity for the target, ability to cross the blood—brain
barrier, display low non-specific binding with adequate re-
gional distribution and its relation to parameters known to be
associated with the intended target, suitable brain kinetics,
lack of problematic radiolabelled metabolites [28] before it
is applied to research or clinical use (Supplementary Fig. 1).

Therefore, the main objective of the present study was to
characterize the in vivo suitability of THK523 for tau imaging
in humans. The in vivo assessment comprised: (a) comparing
the global and regional THK523 binding in healthy controls
(HC), AD and SD patients, (b) assessing the relationship
between THKS523 retention and cognition, (¢) assessing the
relationship between THK 523 retention and brain volumetrics
and (d) comparing the regional brain distribution of THK523
with that of ''C-Pittsburgh compound B (PIB) in the same
participants.

Materials and methods

Participants

Written informed consent was obtained from all participants.
Approval for the study was obtained from the Austin Health

Human Research Ethics Committee. Elderly HC were recruit-
ed by advertisement in the community and dementia patients

@ Springer
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were recruited from tertiary Memory Disorders Clinics or
from physicians who sub-specialize in dementia care. All
participants were classified on the basis of their clinical and
neuropsychological performance by consensus of a neurolo-
gist and a neuropsvchologist. Individuals classified as HC
performed within normal limits on cognitive tests. AD pa-
tients met NINCDS-ADRDA criteria for probable AD [29],
while three FTLD patients were classified as SD [30, 31].
None of the AD or FTLD patients had a family history of
dementia.

Safety evaluation

Clinical, haematological and biochemical data on the safety of
THK 523 were collected for all participants. Heart rate, blood
pressure, temperature and respiratory rate were measured
immediately prior to injection and at 2, 15, 60 and 180 min
post-injection. Immediately prior to THK523 injection, blood
was drawn for routine haematology and biochemistry tests.
An ECG was performed prior to injection of THK523 and at
the completion of the scan, when they were also questioned
for adverse events. All subjects were contacted by telephone
24 h later and questioned for adverse events. Between 5 and §
days post-injection, subjects returned to be questioned for
adverse events and for a physical examination, including a
set of observations and repeat haematology and biochemistry
testing.

Neuropsychological evaluation

In addition to the Mini-Mental State Examination (MMSE),
Clinical Dementia Rating (CDR) and Clinical Dementia Rat-
ing Sum of Boxes (CDR SOB), the primary cognitive perfor-
mance measures were composite episodic memory and non-
memory scores generated as previously described [32]. Brief-
ly, a composite episodic memory score was calculated by
taking the average of the z scores (generated using 65 HC
with both low PIB and normal MRI as the reference) for Rey
Complex Figure Test (RCFT, 30 min) Long Delay and Cali-
fornia Verbal Learning Test - Second Edition (CVLT-1I) Long
Delay and Logical Memory 1I. A composite non-memory
score was calculated by taking the average of the z scores
for the Boston Naming Test, letier fluency, category fluency,
digit span forwards and backwards, digit symbol-coding and
RCFT copy.

Image acquisition
Magnetic resonance imaging
Participants received an MRI on a 3 T Siemens TRIO MRI

system (Siemens Healthcare, Erlangen, Germany) using the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) 3D

@ Springer

magnetization prepared rapid acquisition gradient echo
(MPRAGE) sequence with 1x1 mm in-plane resolution and
1.2-mm slice thickness, repetition time (TR)/echo time (TE)/
T1-weighted=2,300/2.98/900, flip angle 9° and field of view
240%256 and 160 slices. T2 ~weighted fast spin-echo (FSE)
and fluid-attenuated inversion recovery (FLAIR) sequences
were also obtained. The interval between the THK523 and
MRI studies was 1.6+3.3 months.

Posifron emission fomography

Productions of ''C-PIB and '*F-THK523 were performed in
the Centre for PET, Austin Hospital. ''C-PIB was synthesized
using the one-step ' C-methyl triflate approach as previously
described [18]. The decay-corrected average radiochemical
yield for 'C-PIB was 30 % with a radiochemical purity
of >98 % and a specific activity of 30£7. 5 GBg/pmol.
"F.THK 523 was synthesized by nucleophilic substitution of
the tosylate precursor [BF-241, 2-3 mg in 700 pl dimethyl
sulphoxide (DMSO)]. The decay-corrected average radio-
chemical yield of the production of '*F-THK523 was 22.5+
5 %, with a radiochemical purity of>95 % and a specific
activity of 225.6+134.8 GBg/pmol (6.2+3.3 Ci/pumol).

A 30-min acquisition (6% 5-min frames) on an Allegro™
PET camera started 40 min after injection of 300 MBq ''C-
PIB intravenously. A 90-min list-mode emission acquisition
was performed in 3D mode after injection of 200 MBq '*F-
THK523. List-mode raw data were sorted offline into 6x30-s,
7% 1-min, 4*2.5-min, 2*5-min and 6*10-min frames. The
sorted sinograms were reconstructed using a 3D row action
maximum likelihood algorithm (RAMLA). The interval be-
tween the THK523 and PIB PET studies was 0.3+3.8 months.

Tracer metabolism

Compound stability was assessed by incubating the tracer for
5, 30, 60, 90, 180 and 240 min with human S9 liver fractions.

Image analysis
Magnetic resonance imaging

Hippocampal and cortical grey matter volumes were obtained
using a commercial fully automated volumetric measurement
program (NeuroQuani®) applied to the 3D MPRAGE MRI
images. The primary MRI performance measures were the
grey cortical matter and hippocampal volumes normalized for
total intracranial volume.

Positron emission tomography

PET images were processed using a semi-automatic region of
interest (ROT) method as previously described [32]. Briefly,
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THKS523 and PIB PET images were co-registered to each
individual’s MRI using SPM8 (Wellcome Trust Centre for
Neuroimaging, London, UK), and the same ROI template
was applied. Given the reversible nature of THK523 kinetics,
distribution volume ratios (DVR) were determined through
graphical analysis of the dynamic data. Standardized uptake
value ratios (SUVR) for PIB and THK 523 as well as THK523
DVR were generated using the cerebellar cortex as reference
region [ 18, 33]. Global tau and AP burden were expressed as
the average SUVR for the following cortical ROIs: frontal
(consisting of dorsolateral prefrontal, ventrolateral prefrontal
and orbitofrontal regions), superior parietal, lateral temporal,
lateral occipital and anterior and posterior cingulate for
THKS23 and PIB, respectively. As in previous studies, a
PIB SUVR threshold of 1.5 was used to categorize high
(PIB+) and low (P1B~) AP burden [32].

Partial volume correction (PVC), accounting for boih
grey matter atrophy and white matter spillover, was per-
formed applying a three-compartment approach using
PMOD 3.1 (PMOD Technologies Ltd., Zurich, Switzer-
land). DVR for THK523 were determined through graph-
ical analysis of the last 45 min of the 90-min acquisition
[33]. In order to avoid arterial blood sampling, a simpli-
fied approach was applied using the cerebellar cortex as
reference region [18, 33]. Global DVR was calculated
with the same regions used for the global SUVR. The
primary outcome measure used for all THK523 and PIB
assessments was the PVC SUVR.

Statistical evaluation

Normality of distribution was tested using the Shapiro-Wilk
test and visual inspection of variable histograms. Statistical
evaluations to establish differences between clinical groups
means were performed using a Tukey-Kramer HSD test and
by a Dunneit’s test to compare each group with controls.
Pearson’s product-moment correlation analyses were conduct-
ed between imaging and clinical variables. Categorical differ-
ences were evaluated using Fisher’s exact test. Effect size was
measured with Cohen’s d. All analyses were adjusted for age
and corrected for multiple comparisons using false discovery
rates. Data are presented as mean=+standard deviation unless
otherwise stated.

Results

Participants

Demographic characteristics of the participants are shown in
Table 1. As expected, there were significant differences be-

tween the AD and SD patients and HC in cognitive perfor-
mance and brain volumetrics. The AD group also presented

with significantly higher PIB retention. While there were no
significant differences between groups in age and gender, the
AD group was less educated. While seven of the HC and the
three SD patients showed low PIB retention, three of the HC
presented with high PIB retention (Table 1).

No adverse events related to the study drug were observed
or reported by participants or carers following the THK523
scan. There were no significant changes in clinical or bio-
chemical parameters.

Tracer metabolism

THK523 was minimally metabolized, with 91, 81 and 65 % of
unchanged parent compound remaining at 30, 90 and
180 min, respectively. No lipophilic radiometabolites were
observed.

Brain kinetics

Brain THKS523 radioactivity peaked between 3 and 6 min
post-injection and the binding appeared to be reversible
with rapid clearance from the brain (Fig. la, b). THK523
cleared fastest from cerebellar cortex and the clearance rate
was the same for all groups (Fig. la, b). Clearance was
slower from cortical areas in AD (Fig. 1b) than in HC
(Fig. ta) and SD patients. The ratio of cortical to cerebellar
binding became constant in all participants by 50 min after
injection (Fig. 1c).

Visual inspection

Visual inspection of the summed 60-90-min SUVR images
revealed significantly higher THK523 retention in white mat-
ter than in grey matter regions, being significantly higher in
AD patients than in HC or SD (Fig. 1d).

Assessment of tau burden

Regional analysis showed that there were no group differences
in cerebellar cortex THK523 SUV, and there was no correla-
tion between cerebellar cortex THKS523 SUV with age in the
whole cohort or with dementia severity in the AD group
as assessed by MMSE (r=0.25, p=0.50), CDR (»=0.13,
p=0.72) or CDR SOB (»=0.03, p=0.94).

While 60-90-min THK523 SUVR was estimated for all
participants, four participants (two HC and two AD) were not
able to complete the initial THK523 dynamic scan preventing
calculation of DVR. In the remaining 16 subjects, significant-
Iy higher THK523 DVR were found in AD subjects in all
cortical regions. The global THK523 DVR was 1.02+0.15 in
AD vs 0.860.11 in HC (p=0.04, Cohen’s effect size d=1.2).
No significant differences were observed between HC and SD
patients. Similar findings were observed with THK523
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Table 1 Demographics

HC SD AD
(n=10) (n=3) (n=10)
Age 77.4+10.0 65.6+8.1 75.6%9.5
Gender (M/F) 377 172 4/6
MMSE 29.3+1.1 21.7+1.2% 16.7+6.6*
CDR 0.0 0.8+0.3* 1.3+0.6*
CDR SOB 0.1+0.2 25+1.0% 7.3+£4.5%
MMSE Mini-Mental State Exam- Years of education 14.7£2.7 12.5+49 11.5+3.6%
ination, CDR Clinical Dementia o &

? Episod -0.4+0.6 —1.9%0.9* -3.8+0.5%
Rating, CDR SOB Clinical De- D e e S -
S RaingSum OfBOX&?‘ P i Non-memory scores -0.1+04 —14£1.2% —34+1.6%
Pittsburgh compound B, SUIR . N - )
standardized uptake value ratio, Hippocampal volume (cm™) 5.1+£0.6 43+03 4.1£1.0%
PIB- low PIB retention, PIB+ AP burden (PIB SUVR) 1.5+£0.6 1.1+0.1 2.9+0.5%
high PIB retention [PIB-=12+0.1 (7=7)]

*#Significantly different from HC [PIB+=2.2:0.6 (n=3)]
(p<0.05)
a b
6.0 6.0
o CB
- PAR
> >
=) =2
0 )
3 .
ey
40 60 80 100
c Time (min)
3
o
>
=]
"

0.0 *

40 60 80 100

Time (min)

Fig. 1 'F-THK523 binding. Time-radioactivity curves for '*F-THK523
in the parietal cortex (2{R) and the cerebellar grey matter (CB) in healthy
conirols (HC) (a) and Alzheimer’s disease (4D) patients (b). There is fast
SE.THK523 uptake in the brain followed by a fast clearance phase.
While there is slower clearance with significantly higher retention in the
parietal cortex of AD patients compared to HC, there are no significant
differences in the cerebellar cortex uptake and clearance, further validat-
ing its use as reference region. ¢ The total to non-specific binding ratios
curves show significantly higher 'SF-THK 523 retention in the parietal

@ Springer

cortex of AD patients compared to HC. The specific binding reaches a
plateau by 50 min post-injection. d Representative '*F-THK523 PET
images at three different brain levels in a 69-year-old female HC (MMSE
30, 7op row), a 73-year-old male semantic dementia (SD) patient (MMSE
21, middle row) and a 72-year-old female AD patient (MMSE 22, botiom
row). Visual inspection of the images reveals no differences in '°F-
THKS523 retention between HC and SD. There is higher white matter
retention in AD compared to HC and SD. Data expressed as mean==SD of
ten HC and ten AD patients
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SUVR, and although SUVR values were higher than THK523
DVR, the rank order of the participants and the rank order of

the regional values were identical, both showing the highest
THK 523 retention in temporal, parietal and hippocampus.
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Table 2 Global and regional 'SF-THK 523 and ''C-PIB retention in AD

Region THK SUVR PIB SUVR
HC AD P d HC AD p d

Frontal lobe 0.92+0.38 1.01£0.36 0.56 024 1.51+0.74 3.05£0.68 <0.0001 2.17
Orbitofrontal 0.68+0.16 1.06=0.24 <0.0001 1.87 1.42+0.50 2.91+0.58 <0.0001 2.74
Ant. cingulate 0.60=0.45 0.54+0.22 0.52 —0.19 1.61£0.75 2.98+0.59 <0.0001 2.04
Post. Cingulate 0.99=0.15 1.17£0.20 0.029 1.02 1.57+0.65 3.39+0.49 <0.0001 3.16
Parietal lobe 0.54+0.33 1.24x0.38 <0.0001 1.99 1.33+0.63 277045 <0.0001 263
Lat. occipital lobe 0.81+0.33 0.91+0.29 0.38 0.31 1.35+035 2.32+0.38 <0.0001 2.66
Sup. temporal lobe 0.54+0.37 1.35+0.29 0.005 122 1.46+0.65 2.83+0.61 <0.0001 2.17
Inf. temporal lobe 0.96%0.16 1.810.58 <0.0001 2.00 1.52+0.62 2.89+0.51 <0.0001 242
Hippocampus 0.78+0.18 0.97+0.18 0.008 1.01 1.53+0.31 1.82+0.32 0.08 0.93
Insula 0.85+0.16 1.09+£022 0.007 130 1.54+0.48 2.354+0.38 <0.0001 1.87
Striatum 0.39+0.16 0.46+0.25 0.65 0.33 1.79+0.76 2.98+0.64 0.0004 1.71
Subcortical white matier® 1.61£0.12 1.90+0.17 0.002 2.01 2.14+0.28 2.41+0.37 0.10 0.83
Neocortical 0.82:+0.10 1.13+0.07 <0.0001 342 1.460.61 2.88+0.48 <0.0001 2.59

All images were partial volume corrected and then scaled and sampled. All results are adjusted for age
HC healthy control, AD Alzheimer’s disease, THK '* F-THK523, PIB '! C-Pitisburgh compound B, SUFR standardized uptake value ratio, d Cohen’s

effect size d
#White matter SUVR are not partial volume corrected

THK523 SUVR correlated strongly with THK523 DVR in
all cortical regions with a correlation coefficient of ¥=0.85
(p<0.0001) for the mean global measure.

Regional analysis of the non-partial volume-corrected im-
ages revealed significantly higher cortical THKS23 retention
in AD (Supplementary Fig. 2a) than in HC and SD patients.
THK 523 retention was also significantly higher in subcortical
white matter in AD (Table 2). The spillover from the high
retention in white matter was likely to contribute substantially
to the radioactivity measured in grey maiter; therefore, PVC of
the images, correcting for both cortical grey matter atrophy
and for white matter spillover, was performed. The PVC
SUVR derived from the summed 60-90 min were subse-
quently used to assess THK 523 retention as well as compar-
ison with PIB and for correlation with brain volumetrics and
cognitive parameters (Table 2). After PVC, while little or no

< Fig.2 Global and regional retention of '*F-THK 523 and "'C-PIB in AD.
a Box plots for '*F-THK 523 (Jeft iop panel) and ' C-PIB (vight fop panel)
showing the global SUVR of both tracers. b When cognitively
unimpaired HC with high (HC+) or low (HC-) "C-PIB retention were
examined separaiely, it was observed that while '*F-THK 523 retention in
isocoriex of individuals with high "'C-PIB retention aligned with those
with low "'C-PIB retention '®F-THKS523 retention in hippocampus and
insula were not significantly different from the *SE-THK523 retention in
AD. Red doited lines denote the bottom quartile of THKS523 SUVR in AD
patients. ¢ Average parametric ISR THK 523 transaxial and coronal partial
volume-carrecied (PVC) PET images overlaid on MRI of ten HC and ten
AD patients, showing higher hippocampal and insular SR.THK523
retention on three HC with high (HC+) 'C-PIB retention compared
with seven HC with low (HC-) ''C-PIB retention

4 Springer

THKS23 retention was observed in cortical areas in HC,
THKS523 retention in AD patients was most prominent in
cortical association areas, where only the temporal, parietal,
hippocampal, orbitofrontal, and posterior cingulate regions
(Supplementary Fig. 2b), brain areas known from post-
mortem studies to contain substantial amounts of tau de-
posits in AD [10, 1], remained significant (Table 2). No
significant differences were observed between HC and SD
patients using either THK523 (Supplementary Table I) or
PIB (Supplementary Table 2). Global THK523 PVC SUVR
in HC was 0.82+0.10 compared to 1.13+0.07 in AD
(p<0.0001, Cohen’s d=3.4) (Fig. 2).

Comparison of THK523 and PIB cortical retention

While seven of the ten HC and the three SD patients showed
low A burdens, all the AD patients and three HC presented
with high AP burdens in the brain. In AD patients, the
topographical pattern of cortical THK523 retention was clear-
ly different from the cortical retention observed with PIB.
While PIB was highest in the frontal, posterior cingulate,
striatum and temporal cortices, THK523 was highest in
temporal, parietal, hippocampus and posterior cingulate
(Supplementary Fig. 3a). There was no correlation between
the cortical THK523 SUVR and cortical PIB SUVR in the
AD patients (#=0.04, p=0.90) (Supplementary Fig. 3b). Inter-
estingly, in those HC with high A burden (PIB+HC) while
cortical THK 523 retention was not significantly different to the
cortical retention in PIB— HC, THKS523 retention in the
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Fig. 3 Relationship between hippocampal 'SF-THK523 and !'C-PIB
retention with cognition and hippocampal volume. Regression analysis
shows that while hippocampal **F-THK523 retention is not associated
with cognition in HC, it is strongly associated with different cognitive
parameters in AD patients (fop fwo rows). On the other hand,

hippocampus and insula was significantly higher than PIB—
HC, but not significantly different from AD (Fig. 2).

Association between THK523 retention, cognition and brain
volumetrics

While providing evidence of the general direction of the
association between the different parameters (e.g. higher tan
burden, lower cognitive performance), the associations de-
rived from assessing all groups together tend to yield spurious
correlations driven by the significant differences between the
clinical groups. In order to avoid this issue, the associations
with cognition and brain volumetrics were assessed in each
clinical group separately.

In the case of THK523, there were no associations be-
tween cortical THK 523 retention and cognitive parameters
in HC, with the exception of the insula associated with
episodic memory scores (#=-0.70, p=0.026). In the AD
group, hippocampal THKS523 retention was significantly

hippocampal '*F-THK523 retention is strongly associated with hippo-
campal volume in both HC and AD patients. There was no association
between hippocampal "'C-PIB retention (bottom two rows) with either
cognitive parameters or hippocampal volume in any of the groups exam-
ined. All correlations were adjusted for age

associated with MMSE (r=—0.75, p=0.01) and episodic
memory (r=—0.63, p=0.05) (Fig. 3). In the AD group, a
strong trend was also observed between hippocampal
THKS523 retention, CDR SOB (r=0.62, p=0.055) and
non-memory scores (r=—0.60, p=0.056). In regard to brain
volumes, only hippocampal THK 523 retention was signif-
icantly associated with hippocampal volume in both the HC
(#r=-0.69, p=0.03) and AD (r=-0.86, p=0.001) groups
(Fig. 3). There were no correlations between global
THKS523 retention and cortical grey matter volume in any
of the groups.

In the case of PIB, there were associations between PIB
retention and MMSE in the orbitofrontal (»=—0.67, p=0.034),
anterior (#=—0.65, p=0.04) and posterior cingulate (»=—0.78,
p=0.007) regions of HC. In AD, there were some associations
between PIB retention and cognitive parameters, but these
correlations were, in every case, in the opposite direction as
expected, where PIB retention in the anterior cingulate gyrus
was positively associated with MMSE (#=0.63, p=0.049),
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episodic memory (7=0.73, p=0.016) and non-memory scores
(r=0.64, p=0.046) and inversely associated with CDR SOB
(=—0.68, p=0.03). There were no associations between hip-
pocampal PIB retention and any cognitive parameter in any of
the clinical groups (Fig. 3). There were no significant associ-
ations between global PIB retention and cortical grey maiter
volume in either HC or AD patients, In contrast to what was
observed for hippocampal THK523 retention, there was no
association between hippocampal PIB retention and hippo-
campal volume in any of the groups examined (Fig. 3).

Discussion

To the best of our knowledge, this is the first time a selective
tau imaging agent has been thoroughly evaluated in human
volunteers, assessing its associations with cognition and brain
volumetrics, as well as a direct comparison with Af imaging
using PIB.

Global cortical THK 523 binding provided a very robust
separation of AD patients from healthy elderly subjects
(Cohen’s d=3.4). Furthermore, cortical THK523 retention in
AD patients followed the reported histopathological brain
distribution of PHF-tau in AD [10, 11]. Examination of the
brain kinetics of THK523 showed that it presents reversible
binding kinetics, reaching apparent steady state about 50 min
after injection of the radiotracer. Visual inspection of the
THKS523 images was hampered by the very high retention in
white matter. In addition to the high non-specific binding,
previous reports have demonstrated substantial concentrations
of PHF-tau in white matter in AD [34, 35], suggesting
THKS523 retention in white matter might not solely reflect
marked non-specific binding, but also some small degree of
specific binding. Several factors were taken into account for
the selection of the reference region. To date, no report has
described tau deposition in the cerebellar cortex in sporadic
AD [36]. There were no group differences in cerebellar cortex
THK 523 SUV, and there was no association between cerebel-
lar cortex THK 523 SUV with age in the whole cohort, or with
dementia severity in the AD group, further supporting the use
of the cerebellar cortex as reference region.

The regional brain distribution of THKS523 showed a
marked contrast when compared to that of PIB. While the
highest PIB retention was observed in frontal, posterior cin-
gulate, caudate and temporal cortices, the highest THK523
retention was observed in the inferior temporal, orbitofrontal,
hippocampus, insula and parietal cortices. This was further
confirmed by a lack of correlation between PIB SUVR and
THKS523 SUVR (=0.04, p=0.90).

SD patients were included in the evaluation of THK523
as pathological controls [31]. Rather than tau aggregates,
the vast majority of SD cases have been associated with the
aggregation of TDP-43 [2, 31]. SD patients showed neither

@ Springer

THKS523 nor PIB retention in the brain (Supplementary
Tables 1 and 2), suggesting the absence of both AB [37]
and tau deposits in SD.

Three HC showed high cortical PIB retention (PIB+HC),
consistent with previous PIB studies that have reported posi-
tive scans in 25-35 % of normal elderly individuals [38].
Despite the limited subsample size the finding is inferesting
because while cortical THK523 retention in PIB+HC was not
significantly different from the cortical retention in PIB— HC,
THKS523 retention in the hippocampus and insula was signif-
icantly higher than in PIB— HC, but not significantly different
from AD, suggesting that tau deposition in these regions
might precede the dementia of AD [6, 39]. These findings
might indicate that the combination of widespread cortical A
plus hippocampal tau deposition might not be enough to lead
to significant cognitive impairment, requiring tau deposition
in polymodal and unimodal association areas of the brain for
objective cognitive impairment to be manifest {7, 10, 11].

Aswith AP imaging [40], longitudinal studies will assist in
establishing the spatiotemporal patterns of tau deposition and
help determine whether or not apparently healthy individuals
with substantial hippocampal tau deposition will develop the
AD phenotype, thus allowing very early, even preclinical
diagnosis of AD, or if hippocampal tau deposits are just an
age-associated process and only cortical tau deposition leads
to cognitive impairment [39, 41].

In AD, hippocampal THK 523 retention was associated with
cognitive parameters. Similarly, hippocampal THK523 reten-
tion was associated with hippocampal volume in both HC and
AD patients. Human post-mortem studies have shown that the
density of NFTs strongly correlates with neurodegeneration
and cognitive deficits, while A plaque density does not [42,
43], a finding that was further confirmed through A imaging
studies [18, 32]. Furthermore, in stark contrast with Af
plaques, NFTs are usually not present in associating cortical
regions in cognitively unimpaired individuals [11, 18, 39].

As was previously reported in vitro [21, 44], several lines
of evidence support the notion that THK523 selectively binds
to PHF-tau and not to AP in vivo: (a) cortical THK 523
retention is significantly higher in AD, following the known
distribution of PHF-tau in the AD brain; (b) PIB and THK 523
show different brain regional distribution patterns; (c) there is
no correlation between PIB and THKS523 retention; and (d)
while hippocampal THK 523 retention significantly correlates
with cognitive parameters and hippocampal atrophy, hippo-
campal PIB retention does not.

While this was a first-in-human study, the limited sample
size requires cautious interpretation of the findings. Further-
more, while our results suggest that '*F-THK 523 can reliably
quantify PHF-tau deposition in vivo, there are serious limita-
tions associated with the tracer itself. The high white matter
THK 523 retention, even if it might reflect some small degree
of specific binding, precludes simple visual inspection of the
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images and requires additional careful PVC even for a simple
semi-quantitative analysis, preventing the use of THK523 in
research or clinical settings.

Conclusion

This study has shown that despite selective, non-invasive
in vivo assessment of PHF-tau in humans being possible, a
single aspect of the in vivo behaviour of a tracer can derail its
further development. This highlights the need for careful
in vivo proof of concept studies at the initial stages of the
development before embarking on more complex guantifica-
tion approaches involving invasive procedures such as arterial
cannulation or engaging in costly phase II studies. Better tau
{racers, some of them already being evaluated in humans [23,
25-27], will be required for applications such as monitoring
disease progression and assessing efficacy of anti-tau therapy.
The development of '*F-THK523 has shown to be a signifi-
cant step towards the integration of tan imaging with Af
imaging, moving us towards meeting the desired goal of
earlier diagnosis of AD to assist the development of preven-
tative treatments as well as identifying subjects for early
therapeutic interventions.
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Abstract In several neurodegenerative diseases that are col-
lectively called tauopathies, progressive accumulation of tau
in the brain is closely associated with neurodegeneration and
cognitive impairment. Noninvasive detection of tau protein
deposits in the brain would be useful to diagnose tauopathies
as well as to track and predict disease progression. Recently,
several tau PET ftracers including T807, THK-5117, and
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PBB3 have been developed and succeeded in imaging neuro-
fibrillary pathology in vivo. Foruse of tau PET as a biomarker
of tau pathology in Alzheimer’s disease, PET tracers should
have high affinity to PHF-tau and high selectivity for tau over
amyloid-f and other protein deposits. PET tau imaging en-
ables the longitudinal assessment of the spatial pattern of tan
deposition and its relation to amyloid-3 pathology and neu-
rodegeneration. This technology could also be applied to the
pharmacological assessment of anti-tan therapy, thereby
allowing preventive interventions.
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Introduction

Senile plaques (SPs) and neurofibrillary tangles (NFTs) are
neuropathological hallmarks of Alzheimer’s disease (AD).
These protein deposits, SP and NFT, are composed of
amyloid-f3 (AB) protein and hyperphosphorylated tau protein,
respectively. A definitive diagnosis of AD can be established
by the post mortem examination of the human brain. The
amyloid cascade hypothesis, which proposes that abnormal
production and accumulation of Af is the cause of AD, has
been widely accepted as the concept of AD pathogenesis [1].
Preclinical amyloid pathology that has been observed in recent
amyloid PET studies is considered as a high risk for future
cognitive decline [2]. Many candidates for anti-amyloid drugs
have been developed to reduce the amount of A [3].
However, repeated failures of clinical trials for these drugs
have increased, and shifted, our interest in using tau as another
target for novel drug development [4, 5].
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Hyperphosphorylation of the tau protein in AD forms
insoluble fibers named paired helical filaments (PHFs) [6,
7]. PHFs accumulate in the neuronal cytoplasm and form
NFTs [8, 9]. Initially, NFTs occur in the transentorhinal area,
followed by the involvement of the entorhinal cortex and
hippocampus, progressing to the temporal cortex and the other
cortical areas [10, 11]. Postmortem studies have shown that
the NFT, but not the SP, load correlaies with the severity of
dementia and neurodegeneration [12, 13], suggesting a more
direct effect of tau aggregation on neurodegeneration than
Ap.

To facilitate the development of anti-tau drugs, it is impor-
tant to measure the pathologic time course of NFT formation
in the human brain. Recent developments allow us to visualize
NFTs in the human brain using positron emission tomography
(PET) by measuring the distribution of intravenously admin-
istered radiotracers that selectively bind to NFTs. Also, PET
imaging is potentially useful for monitoring treatment out-
comes and selecting patients for anti-dementia therapy [14].

Requirement for Tau PET Tracers

For using PET as a biomarker of tan pathology, the imaging
measures should be quantitative, reproducible, and directly
linked to the presence of tau deposits in the brain. Recently,
several PET tracers have been developed for imaging tau
pathology in the human brain [15-17]. Most of these tracers
bind to the 3-pleated sheet structure of tau protein fibrils in the
same way as amyloid PET ligands. Therefore, these tracers are
considered to be insensitive to tau oligomers. The ideal char-
acteristics of tau-selective PET tracers are listed in Table I.
For successful imaging of NFTs in the AD brain, the tracer
should have high binding affinity to PHF-tau. The binding
affinity of tracers can be quantitatively evaluated by protein-
ligand binding assay using synthetic tau fibrils or human brain
homogenates. The assay using synthetic protein fibrils is
widely used for the screening of protein-binding ligands.
However, the measured value from synthetic fibrils should
be interpreted cautiously because these fibrils do not
completely imitate the conformation of native tau deposits.

The assay using human brain samples is a more reliable
method for the assessment of protein-ligand interaction than
using synthetic fibrifs. This method has been used for the
assessment of amyloid-binding PET ligands [18, 19]. Most
amyloid PET ligands exhibit high binding affinities to AD
brain homogenates (Kd or Ki<20 nM) [20-23]. Tau PET
ligands are also required to exhibit similar affinity to AD brain
samples in region where NFTs are frequent (e.g. entorhinal
cortex, hippocampus, and temporal cortex). In AD neocortex,
the concentrations of tau are ~5-20 times lower than those of
AP [16]. Therefore, tracers should be highly selective for tau
over AB. Simulation studies estimate that a 20-50-fold selec-
tivity for PHF-tau over AP will be required for selective
imaging of PHF-tau in vivo [24]. The most reliable method
for the assessment of radioligand binding selectivity is auto-
radiography of human brain sections, because the binding of
ligands to tau fibrils can be directly assessed at a low
nanomolar ligand concentration, which is achieved in the
brain tissue during a PET scan. If the ligand has autofluores-
cence, ligand binding can also be evaluated microscopically.
However, this method generally requires micromolar concen-
tration of ligands, which is far higher than radiotracer concen-
trations in the brain. Lipophilic fluoro-amyloid 3-sheet bind-
ing PET tracers tend to accumulate in the white matter as well
as Alzheimer cortex, possibly because myelin contains f3-
sheet structures. Such non-specific white matter tracer binding
needs to be kept minimal when developing PET ligands for
tau.

In addition to these binding properties, radiotracers
should have high blood-brain barrier (BBB) permeability.
Most successful amyloid-PET tracers show an initial brain
uptake above 4 % of the injected dose (%ID) at 2 min after
intravenous injection in mice [23, 25, 26]. Lipophilicity is
one of the most important determinants of BBB permeabil-
ity. Ideally, a radiotracer should exhibit LogP values be-
tween 0.9 and 2.5 [27]. In addition, radiotracers should be
cleared rapidly from background and non-target areas.
Slower clearance of radiotracers prolongs the time for them
to reach a secular equilibrium in a PET study. The brain 2-
t0-30 min ratio in normal mice is a good index of the
clearance of radiotracer from non-target areas. The

Table 1 Ideal characteristics of

tau PET tracers Characteristics

Requirements

High binding affinity for PHF-tan

High binding selectivity for PHF-tau
High blood-brain barrier permeability
Rapid clearance from normal brain tissue

Moderate lipophilicity
Low non-specific binding
Low metabolism

Kd or Ki<20 nM for tau-rich brain samples

>20 fold selectivity for PHF-tau over A

>4 % ID/g at 2 min post injection in normal mice
2 min-to-30 min brain uptake ratio in mice>10
LogP=1-3

Low or no binding to subcortical white matter
Metabolites should not enter into the brain
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successful amyloid PET tracer [''CJPiB shows high 2-to-
30 min ratio (>10), reflecting a fast clearance from non-
target regions [23]. An ideal radiotracer should readily enter
the brain and selectively bind fo its target in the absence of
radiolabeled metabolites. Thus, the radiolabeled metabolites
should not penetrate BBB. 'F-labeled tracers are more
clinically useful than "'C-labeled tracers as the longer lived
I8F isotope allows time for tracer delivery to many PET
centers [28]. Three '*F-labeled amyloid PET tracers, includ-
ing ['$F]florbetapir (Amyvid™), ['*F]flutemetamol
(Vizamyl™), [' F]florbetaben (Neuraceq™), have become
commercially available in EU and US. However, in some
18R Jabeled ligands, defluorination can cause bone accumu-
lation of "°F, which might interfere with visual assessment
of tracer distribution in the brain.

Tau PET in Clinical Studies
FDDNP

The first successful PET tau imaging in humans was accom-
plished by using ['*F]JFDDNP [29]. In the autoradiography of
the AD brain sections raised ['*FJFDDNP binding was de-
tected in the hippocampus where a high density of NFTs were
observed by immunohistochemistry [30]. Patients with AD
and 50 % of mild cognitive impairment (MCI) cases showed
higher [* SFIFDDNP retention than healthy control subjects
[31]. A direct comparison between FDDNP and PiB in the
same AD patients found negligible PiB but strong FDDNP
binding in the medial temporal cortex, compatible with
FDDNP binding to NFTs [32]. However, FDDNP uptake
was also increased in amyloid rich cortical association areas
in AD. Intriguingly, recent ['*FJFDDNP PET study demon-
strated an elevated FDDNP uptake in the subcortical brain
areas and amygdala of football players suspected of chronic
traumatic encephalopathy (CTE) [33], suggesting the poten-
tial wiility of PET imaging for monitoring pathological tau
deposits after traumatic brain injury [34]. Furthermore,
['*F]FDDNP is reported to be sensitive in imaging the region-
al localization of tau deposits in progressive supranuclear
palsy (PSP) [35]. However, there are some limitations for
use of this tracer as a biomarker of tau, because this tracer
binds nen-selectively to both SPs and NFTs and is less sensi-
tive to tau deposits than more recently developed radiotracers
shown below.

PBB3

["'CIPBB3 is a PET tracer that is reported to allow in vivo
detection of tau deposits in AD as well as in non-AD
tauopathies, including PSP and corticobasal degeneration
(CBD) [36¢]. In clinical PET studies, this tracer can be

produced with sufficient radioactivity and high quality [37]
and it clearly differentiated AD brains from healthy control
brains [36¢]. [''C]PBB3 retention in the hippocampus of AD
patients confirms the binding ability of this tracer to NFTs. In
addition, this study reported significant [''C]JPBB3 binding to
tau deposits in the basal ganglia of a CBD case. Ongoing
multicenter PET studies of [''CJPBB3 will validate the clini-
cal usefitlness of this tracer in various types of tauopathies.

T807 and T808

["*F1T807 and ['F]T808 have been developed as tau-
selective PET tracers [38e, 39, 40]. In vitro autoradiography
studies showed that both radiotracers exhibit strong and se-
lective binding to PHF-tau with nanomolar affinity on AD
brain sections with little binding to amyloid plaques. The first-
in-man PET study successfully demonstrated ['*F]T807 re-
tention in the frequent areas of PHF-tau in the AD brain [38].
In addition, ["*F]T807 retention was associated with increased
disease severity. There was much more elevated and extensive
["®F]T807 retention in severe AD case than in MCI and mild
AD cases. Unlike most '*F-labeled amyloid PET tracers,
['*FIT807 shows very low non-specific binding of the tracer
to the white matter, which may improve the grey-to-white
matter contrast in the brain. The first-in-man PET studies of
['*F]T808 were performed in 11 subjects [39]. This tracer
showed more rapid tracer distribution throughout the brain
and more rapid clearance from normal brain tissue than
['*FIT807. Most AD cases showed elevated ['SF]T808 reten-
tion in the frequent areas of PHF-tau. However, substantial
defluorination was observed in some cases.

THK-523, THK-5105 and THK-5117

Novel quinoline derivatives were initially identified as candi-
dates for tau PET tracer by the screening of over 2,000 small
molecules [41]. In vitro autoradiography studies using three
I8F_labeled derivatives (['SFITHK-523, [**F]THK-5105 and
[**FITHK-5117) demonstrated the high binding selectivity of
these tracers to tau over A on AD brain sections [42—44].
While ['*F]THK-523 PET failed to clearly visualize tau de-
posits in the human brain in vivo [45],. ['*F]THK-5105 PET
successfully demonstrated radiofracer retention in sites sus-
ceptible to tau deposition in the AD brain [46¢¢]. Recent
["®F]THK-5117 PET studies demonstrated higher signal-to-
background ratio and better pharmacokinetics of this tracer
than ['*F]THK-5105 [17]. ['*F]THK-5117 PET images in
mild, moderate and severe AD patients are shown in Fig. 1.
These tracer retentions were associated with clinical severity
of dementia and brain atrophy [46e°], which is consistent with
the observation of postmortem brain analysis showing the
association of tau pathology with dementia severity and neu-
ronal loss.
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