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Abstract

Purpose Visualization of the spatial distribution of neurofi-
brillary tangles would help in the diagnosis, prevention and
treatment of dementia. The purpose of the study was to eval-
uate the clinical utility of ['*F]THK-5117 as a highly selective
tau imaging radiotracer.

Methods We initially evaluated in vitro binding of [PH]THK-
5117 in post-mortem brain tissues from patients with
Alzheimer’s disease (AD). In clinical PET studies,
[*F]THK-5117 retention in eight patients with AD was com-
pared with that in six healthy elderly controls. Ten subjects
underwent an additional ['!C]PiB PET scan within 2 weeks.
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Results In post-mortem brain samples, THK-5117 bound se-
lectively to neurofibrillary deposits, which differed from the
binding target of PiB. In clinical PET studies, [*®F]THK-5117
binding in the temporal lobe clearly distinguished patients
with AD from healthy elderly subjects. Compared with
[MCIPiB, ['®F]THK-5117 retention was higher in the medial
temporal cortex.

Conclusion These findings suggest that ["*FITHK-5117 pro-
vides regional information on neurofibrillary pathology in liv-
ing subjects.

Keywords ['®F]THK-5117 - Alzheimer’s disease - Tau -
Neurofibrillary tangles - PET - Imaging

Introduction

Alzheimer’s disease (AD) is the most prevalent form of de-
mentia accounting for more than half of dementia cases. AD is
neuropathologically defined by two characteristic protein de-
posits: senile plaques and neurofibrillary tangles (NFTs) [1].
Senile plaques are composed of extracellular aggregates of
amyloid-f3 peptides (Af) [2], while NFTs are composed of
twisted filaments termed paired helical filaments of
hyperphosphorylated tau protein [3, 4]. Initial tau lesions first
appear in the transentorhinal cortex from where they spread to
the hippocampus, temporal cortex and other neocortical areas
during the course of the disease [1, 5]. As brain tau load is
correlated with the severity of cognitive decline and neuronal
loss [6—10], tau is considered as a promising therapeutic target
for AD [11], and currently, therapeutic trials aimed at modu-
lating tau pathology are underway or being planned [12-14].
For these trials, it is necessary to establish a reliable and non-
invasive biomarker that enables the monitoring of tau load in
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the living brain [15, 16]. Although tau and phospho-tau levels
in the cerebrospinal fluid are useful biomarkers of neurode-
generation in AD [17, 18], they do not provide information on
regional tau deposition in the brain. Thus, PET tau imaging
would be a promising alternative to noninvasive assessment of
tau load in the brain.

In the AD brain, tau aggregates coexist with A plaques in
the neocortex. Therefore, selective tau imaging radiotracers
are required to assess tau pathology in patients with AD. Re-
cently, several candidates for tau PET tracers have been de-
veloped and tested in humans [19-25]. These pilot studies
have demonstrated a difference in tracer distribution between
patients with AD and healthy elderly subjects. However, the
binding selectivity of these tracers for tau pathology has not
been fully validated. We have previously screened [3-sheet-
binding small molecules and have identified a series of com-
pounds that bind NFTs but bind A plaques to a lesser extent
[23, 26, 27]. Through a compound optimization process, we
developed ["*F]THK-5105 and [**F]THK-5117 as putative
candidates for tau radiotracer imaging (Fig. 1) [24]. A recent
[**F]THK-5105 PET study successfully demonstrated reten-
tion of this radiotracer in sites susceptible to tau deposition in
the AD brain and its ability to differentiate patients with AD
from healthy elderly subjects [28]. However, relatively slower
kinetics of ["*F]THK-5105 caused high background signal in
PET images. On the other hand, [*®F]THK-5117 showed
faster pharmacokinetics in mice and higher selectivity for tau
pathology than [**FJTHK-5105 [24], and is thus expected to
provided better signal-to-background ratios in PET images.
The purpose of this study was to investigate the clinical use-
fulness of ['*F]THK-5117 as a tau-selective PET tracer.

Materials and methods
Autoradiography and in vitro binding assay

Autoradiography and in vitro binding experiments in post-
mortem brain tissue were conducted using [*H]JTHK-5117
and [PHIPiB. [PH]PiB (specific activity 2.96 GBg/pmol, ra-
diochemical purity 99 %) was purchased from American
Radiolabeled Chemicals (St. Louis, MO). [PH]THK-5117
(specific activity 2.78 GBg/umol, radiochemical purity

Fig. 1 Chemical structures of
["®F]THK-5117 and [**F]THK- 1
5105

OH
8F\)\/O O R
N/

[18F]THK-5117

Con

98.2 %) was custom-labelled by Sekisui Medical Inc. (Tokyo,
Japan). Experiments were performed under the regulations of
the Ethics Committee of Tohoku University School of Medi-
cine. Brain samples were obtained from the Tohoku Univer-
sity Brain Bank. Paraffin-embedded brain sections (8-pm
thickness) were used for autoradiography and immunohisto-
chemistry (IHC). For autoradiography, brain sections were
incubated with 3 nM of [PH]THK-5117 or [PH]PiB at room
temperature for 30 min, and then briefly washed with PBS
containing 10 % ethanol. Nonspecific binding was determined
in the presence of 3 pM unlabelled THK-5117 or PiB. After
drying, the sections were exposed to phosphorimaging plates
(BAS-TR2040; GE Healthcare, Little Chalfont, UK) for
2 weeks. The autoradiographic images were obtained using
a FLA-7000 phosphorimaging instrument (GE Healthcare)
with a spatial resolution of 25%25 pum. Quantitative analysis
was performed using ImageQuant TL software (GE
Healthcare). For the autoradiographic analysis, images of total
binding and nonspecific binding were obtained. Nonspecific
binding was determined in the presence of unlabelled com-
pound at 3 pM. The densities in the whole brain sections were
measured using ImageQuant software. The amount of specific
binding was calculated by subtracting the densities of nonspe-
cific binding from fotal binding.

Adjacent sections were immunostained using AT8 anti-tau
monoclonal antibody (1:20; Innogenetics, Ghent, Belgium),
AT100 anti-tau monoclonal antibody (1:40; Pierce Biotech-
nology, Rockford, IL), or 6F/3D anti-Af3 monoclonal anti-
body (Dako, Glostrup, Denmark). For IHC analysis, binary
images were created using the automated routine of Image J
software, and then the percent area of positive signals per
section was calculated using Image J software. Pearson corre-
lation coefficients were calculated to evaluate the relationship
between specific binding of radiotracers and the percent area
of positive signals measured by IHC. For high-resolution au-
toradiography, radiolabelled sections were dipped into Kodak
autoradiography emulsion type NTB (Carestream Health,
Inc., Rochester, NY) at 42 °C, air-dried for 1 h at room tem-
perature, and exposed in the datk at 4 °C for 2 weeks in
covered slide boxes with silica. Emulsions were developed
in Kodak D-19 developer for 4 min, rinsed in water, fixed
with Kodak fixer for 5 min, and washed with running water
for 30 min. Images were acquired using an Olympus BX51

OH
18F\)\/O O x
N/

O n-CHa
|

H CH,
["8F]THK-5105
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microscope (Tokyo, Japan). For {3-sheet structure disruption
or dephosphorylation of protein in AD brain sections, the
sections were treated with 90 % formic acid for 5 min or
16.7 U of Escherichia coli alkaline phosphatase (Sigma) at
67 °C for 3 h, respectively [29, 30].

For in vitro binding assays, human brain homogenates
(100 pg) from 12 subjects including three healthy controls
(HC), eight AD patients and one patient with dementia with
Lewy bodies were incubated with 1 nM of [PHJTHK-5117 or
[*H]PiB. To account for nonspecific binding of the *H-la-
belled compound, the above-mentioned reactions were per-
formed in the presence of each unlabelled compound at
1 uM. The binding reactions were incubated for 3 h at room
temperature in 200 uL of assay buffer (Dulbecco’s PBS, 0.1 %
BSA). Separation of bound from free radioactivity was
achieved by filtration under reduced pressure (MultiScreen
HTS Vacuum Manifold, MultiScreen HTS 96-well 0.65-pm
filtration plate; Millipore, Billerica, MA). The filters were
washed three times with 200 pL assay buffer, and the filters
containing the *H ligands were incubated in 2 mL of scintil-
lation fluid (Emulsifier-Safe; Perkin Elmer, Boston, MA), and
the *H radioactivity was counted using a beta counter
(LS6500 liquid scintillation counter; Beckman Coulter, Brea,
CA). Insoluble Af and tau levels were determined using
ELISA as previously described [24]. Two-tailed Pearson cor-
relation coefficients were calculated to assess the relationship
between [PH]THK-5117 binding and [°H]PiB binding and the
amount of insoluble protein determined by ELISA.

Radiosynthesis for clinical PET study

[*F]THK-5117 and ['C]PiB were prepared in the Cyclotron
and Radioisotope Center, Tohoku University. ['*F]THK-5117
was synthesized by nucleophilic substitution of the tosylate
precursor, (2-(4-methylaminophenyl)-6-[[2-(tetrahydro-2H-
pyran-2-yloxy)-3 -tosyloxy]propoxy]quinoline (THK-5119),
as described previously [24]. Details on the radiosynthesis of
[**F]THK-5117 will be described elsewhere (Furumoto et al.,
unpublished data). Injectable solutions of ['*F]THK-5117
were prepared with a radiochemical purity of >95 % and a
specific activity of 3574270 GBq/umol. [M'CIPiB was syn-
thesized by a loop method using 'C-methyl triflate as de-
scribed previously [31]. Injectable solutions of [''C]PiB were
obtained with a radiochemical purity of >95 % and a specific
activity of 240+48 GBg/umol.

Subjects and patients

A total of 14 subjects including eight patients with AD and six
age-matched HCs participated in the ['*F]THK-5117 PET
study. Among these subjects, five patients and five HCs
underwent an additional ["'C]PiB PET scan within 2 weeks.
Diagnosis of probable AD was based on the criteria of the

@ Springer

National Institute of Neurological and Communicative Disor-
ders and Stroke and the Alzheimer’s Disease Related Disor-
ders Association NINCDS-ADRDA). The HCs were recruit-
ed from the local area by poster advertisements. These volun-
teers were taking no centrally acting medications, had no cog-
nitive impairment, and had no cerebrovascular lesions identi-
fied on MRI. All HCs underwent the same neuropsychologi-
cal evaluation as the AD patients. All subjects were screened
using a questionnaire and their medical history was examined.
Subjects with conditions potentially affecting the central ner-
vous system were excluded. In addition, none of the subjects
had asymptomatic cerebral infarction detected on T2-
weighted MRI Clinical PET studies were performed under
the regulations of the Ethics Committee of the Tohoku Uni-
versity Hospital. After complete description of the study to the
patients and controls, written informed consent was obtained
from the subjects or their guardians.

PET and MRI image acquisition

PET imaging was performed using an Eminence STARGATE
scanner (Shimadzu, Kyoto, Japan). After intravenous injec-
tion of 185 MBq of ['*F]THK-5117 or 296 MBq of
[''CIPiB, dynamic PET images were obtained for 90 min
([*®*F]THK-5117) or 70 min ([*'C]PiB) with the subject’s eyes
closed. MR scans were performed in all subjects. T1-weighted
and T2-weighted MR images were obtained using a SIGNA
1.5-T machine (General Electric, Milwaukee, WI). With the
T1-weighted MR acquisitions, a three-dimensional volumet-
ric acquisition of a T1-weighted gradient echo sequence pro-
duced a gapless series of thin axial sections using a vascular
TOF SPGR sequence (echo time/repetition time 2.4/50 ms,
flip angle 45°, acquisition matrix 256 X256, 1 excitation, field
of view 22 cm, slice thickness 2.0 mm).

Image analysis

Standardized uptake value (SUV) images of ['*F]THK-5117
and [''C]PiB were obtained by normalizing tissue radioactiv-
ity concentration by injected dose and body weight. MRI T1
images were coregistered to the early PET images (0 — 10 min
after injection) for each subject using statistical parametric
mapping software (SPM8; Wellcome Department of Imaging
Neuroscience, UCL, London, UK). PET images were proc-
essed using a semiautomatic region of interest (ROI) method
as previously described [28]. The ratio of regional SUV to
cerebellar cortex SUV (SUVR) was used as an index of tracer
retention. Coregistered MRI and PET images were spatially
normalized to a MRI T1 template in Talairach space using
SPMS. After spatial normalization, regional SUVs were sam-
pled using PMOD software. ROIs were placed on individual
axial images in the cerebellar hemisphere, ventrolateral pre-
frontal cortex (Brodmann’s areas, BA, 10, 44, 45 and 46),



Eur J Nucl Med Mol Imaging (2015) 42:1052-1061

1055

dorsolateral prefrontal cortex (BA 9), orbitofrontal cortex (BA
11 and 12), superior temporal cortex (BA 22), inferior tempo-
ral cortex (BA 20 and 37), parietal cortex (BA 39 and 40),
occipital cortex (BA 17, 18 and 19), anterior cingulate cortex,
posterior cingulate cortex, hippocampus, parahippocampal
gyrus, putamen and subcortical white matter. Average neocor-
tical tau and A3 burden were expressed as the average SUVR
for the following cortical ROISs: the ventrolateral prefrontal,
parietal, superior temporal, inferior temporal and posterior
cingulate cortices. ROIs and time-activity curves (TACs)
were compared between the five patients with AD and five
HCs who underwent both [**F]THK-5117 and [''C]PiB PET
scans. In addition, MRI-based correction of PET images for
partial volume effects was carried out using PMOD (ver. 3.4)
software (PMOD Technologies Ltd., Adliswil, Switzerland).
Both the spill-out from grey matter and the spill-in from white
matter were corrected using the Muller-Gartner method [32].

Statistical analysis

Pearson correlation coefficients were calculated to assess the
relationship between *H-labelled tracer binding and IHC data.
The Mann-Whitney U test was used for comparison of group
differences in clinical variables. Repeated measures analysis
of variance (ANOVA) followed by Sidak’s multiple compar-
isons test were used to compare regional SUVR values

Fig. 2 a—c In vitro
autoradiography of [*H]THK-
5117 (a) and [PHJPiB (b) in a
temporal section from a patient
with AD, and immunostaining
with anti-tau (¢, scale bar

400 pm). d, e
Microautoradiographic images of
PH]THK-5117 (d) and [*H]PiB
(e) binding in the entorhinal
cortex of brain sections from an
AD patient. Inset Magnified
images of neurofibrillary tangles
and amyloid plaques labelled with
PH]THK-5117 and [*H]JPiB,
respectively (asterisks same
blood vessel, scale bars 200 pm).
f, g Correlation analysis of

between HC and AD groups, and to compare regional SUVR
values between [*F]THK-5117 and ["'C]PiB. Differences in
SUVR TACs were also evaluated by repeated measures
ANOVA followed by the Bonferroni’s multiple comparison
test. Correlations between tracer retention and cognitive pa-
rameters were examined using a nonparametric Spearman’s
rank correlation analysis. Effect size coefficients (Cohen’s d)
were calculated for the evaluation of group differences in PET
measurements. Statistical significance for each analysis was
defined as P<0.05. Data are presented as means+standard
deviations (SD). Analyses were performed using GraphPad
Prism5 software (GraphPad, San Diego, CA).

Results

Characterization of THK-5117 binding to post-mortem
brain tissues

On [*H]THK-5117 autoradiograms of AD mesial tempo-
ral sections, [’HJTHK-5117 revealed a laminar distribu-
tion in the deep layer of the grey matter (Fig. 2a), which
differed substantially from the dotted pattern of [*H]PiB
(Fig. 2b). The distribution of [*’H]THK-5117 matched the
tau IHC in serial sections (Fig. 2c). In addition,
microautoradiography of these sections showed the

specific [PHJTHK-5117 binding
and percent area of tau IHC (f)
and specific [*HJPiB binding (g)
in brain sections from AD patients f - O 15000
g |'- 0.9255, P = 0.0001 o r=0.4614, P = 0.1795
(4
< * -E 10000+ °
% 10- 2 ° ®
5] ﬁ_ 5000- /%/0/
§s 2 ?
= 2 °
0. n. o
"0 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
THK-5117 Specific binding THK-5117 Specific binding
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selective binding ability of [PH]THK-5117 to NFTs
(Fig. 2d) and [*H]PiB binding to AP plaques (Fig. 2e).
[PH]THK-5117 did not bind to diffuse AR deposits in the
striatal sections which were labelled with [°H]PiB (data
not shown). Quantitative analysis of the autoradiographic
images indicated that the amount of specific binding of
[PH]JTHK-5117 was significantly correlated with the area
of positive tau immunostaining (#=0.926, P=0.0001;
Fig. 2f), but not with that of Af-positive immunostain-
ing (r=0.307, P=0.42) or the amount of [*H]PiB binding
(r=0.461, P=0.46; Fig. 2g). The binding selectivity of
[*H]THK-5117 to tau was further supported by an

No tratment

ThS (B-sheet) AT8 (pTau) 3H-THK5117

2 "tl :

Fig. 3 Analysis of binding targets of THK-5117 in post-mortem AD
brain sections. a [PHJTHK-5117 shows a laminar distribution in the
deep layer in the grey matter (white arrow) of a brain section from an
82-year-old woman with AD. b, ¢ Formic acid pretreatment has disrupted
the binding of [PH]THK-5117 (b), while pretreatment with alkaline
phosphatase has failed to distupt the binding of PHJTHK-5117 (c). d—i
The complete disruption of (3-sheet structure and dephosphorylation are
confirmed by anti-phosphorylated tau (AT8) IHC (d—f) and thioflavin-S
fluorescence staining (g-i). j—m In post-mortem brain sections froma 92-

@ Springer

in vitro binding assay using human brain homogenates
(Supplementary Tables 1 and 2). In AD brain sections,
[PH]JTHK-5117 binding disappeared after the destruction
of the B-sheet structure with formic acid, suggesting that
the B-sheet structure is necessary for the binding of
THK-5117 to tau deposits. However, THK-5117 binding
was not influenced by the dephosphorylation of tau de-
posits, suggesting that the phosphorylation state of tau
does not affect THK-5117 binding (Fig. 3a—i). Further-
more, THK-5117 labelled both 3R and 4R isoforms of
tau, and both intracellular and extracellular tau in AD
brain sections (Fig. 3j-s).

+90% FA

year-old woman with AD immunostained with RD3 (3R tau, k) and RD4
(4R tau, m) and the same sections stained with THK-5117 (j, I), both 3R
and 4R tau isoforms comprising NFTs are clearly stained with THK-
5117. n—s In the entorhinal cortex, THK-5117 clearly stains both intra-
cellular NFTs (red arrows, o), which are basophilic on haematoxylin and
eosin (H&E) staining (n), and extracellular NFTs (red arrowheads, r),
that is ghost tangles seen as loosely packed pale eosinophilic fibrils on
H&E staining (q); these staining patterns are consistent with those of
Gallyas Braak silver staining (p, s). Scale bars i 200 pm, j-s 50 pm
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Table 1 Demographic characteristics of the healthy controls and
patients with Alzheimer’s disease

Characteristic Healthy control ~ Alzheimer’s
(n=6) disease (n=8)

Age (years), mean+SD 73.0:5.1 79.8+10.6
Gender (M/F), n 472 2/6

Years of education, mean£SD 14.74£2.3 12,1427
Cognitive test scores, mean=SD

Clinical Dementia Rating 0.0 2.0+£0.8
Mini-Mental State Examination 28.7x1.6 18.544,6%
Alzheimer’s Disease Assessment 5.2+2.0 23.8410.2%

Scale — cognitive subscale

Logical memory I 11.0£5.8 0.941.5%
*P<0.05

Clinical PET studies in healthy elderly controls
and patients with AD

The demographic characteristics of the subjects are shown
in Table 1. Age was not significantly different between the
two groups. As expected, significant differences between
the two groups were observed for the Clinical Dementia
Rating, Mini-Mental State Examination (MMSE),
Alzheimer’s Disease Assessment Scale — cognitive sub-
scale (ADAS-cog), and logical memory II scores, No toxic

events related to the drugs used in this study were
observed.

['®F]THK-5117 showed rapid entry into the brain after in-
travenous administration (Fig. 4). In HCs, TACs for the cere-
bellum and neocortical regions were nearly identical (Fig. 4a).
In patients with AD, the TAC for the inferior temporal cortex,
which is known to contain high concentrations of tau protein
deposits in AD patients, showed more retention of [*F]THK-
5117 at later time-points than the TAC for the cerebellum
(Fig. 4b). As shown in Fig. 4c, SUVR TACs for the inferior
temporal cortex were significantly different between AD pa-
tients and HCs (repeated measures ANOVA, interaction, F=
14.32, df=27, P<0.0001). After Bonferroni correction,
SUVR in AD patients was significantly higher from 25 min
after injection than in HCs, and reached a plateau at 50 min
after injection (Fig. 4c). The TACs of ["'C]PiB for the same
AD patients as in Fig. 4b are shown in Fig. 4d. [''C]PiB
retention in the frontal cortex was relatively higher than that
in the inferior temporal cortex, in contrast to higher retention
of ["®F]THK-5117 in the inferior temporal cortex than in the
frontal cortex.

[**F]THK-5117 PET images in a HC (78-year-old man,
MMSE score 30) and a patient with AD (72-year-old woman,
MMSE score 10) are shown in Fig. 5a. ['*F]THK-5117 reten-
tion in the inferior temporal and parietal cortices was evident
in the patient with AD while it was not in the HC (Fig. 5b).

Fig.4 a, b ["*FJTHK-5117 SUV a, b,
TACs in the cerebellum, inferior k- Fron.tal k- Fronfal
temporal cortex and ventrolateral 6 .:“ g‘&:’;x:’;mi matter 6 _:- !Snlflirc‘:ztrttiz:;‘;;:;le matter
p reﬁ"ont.al corte‘x of 5 FCs (a) and —O— Cerebellum —0— Cerebellum
five patients with AD (b). ¢ 5
[**F]THK-5117 SUVR TACs in ‘
the inferior temporal cortex of 5 4 &
HCs (open circles) and five %
patients with AD (filled squares). 39
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Moreover, ['!C]JPiB retention in the frontal cortex and
precuneus was more pronounced than [**F]THK-5117 reten-
tion in the same patient (Fig. 5a). Regional tracer uptake was
compared between five HC and five patients with AD who
underwent both ['*F]THK-5117 and ["'C]PiB PET scans.
[*®F]THK-5117 SUVR values for the orbitofrontal, superior
and inferior temporal, parietal and posterior cingulate cortices,
as well as for the parahippocampal gyrus were significantly
greater in patients with AD than in HCs (Table 2). As previ-
ously reported, compared to HCs, patients with AD showed
significantly greater [''C]PiB retention in the broad neocorti-
cal regions, and in patients with AD [*!CJPiB SUVR values
were greater than ['®F]THK-5117 SUVR values in the neo-
cortex except the inferior temporal cortex. In HC subjects,
[®F]THK-5117 SUVR was greater than [*'C]PiB SUVR in
the hippocampus. Both ['*F]THK-5117 and [''C]PiB showed
higher retention in the subcortical white matter than the other
regions in HCs; however, tracer uptake in the subcortical
white matter was nearly identical between HCs and patients
with AD. In HCs, ['*F]THK-5117 additionally showed higher
retention than ['C]PiB in the putamen; however, ['*F]THK-
5117 retention in the putamen was not significantly elevated
in patients with AD.

As tau pathology was frequently observed at the site of
brain atrophy [33], [**FITHK-5117 signals in patients with
severe AD might be underestimated due to brain atrophy.
Therefore, partial volume correction was performed for
['®F]THK-5117 and [''C]PiB PET images (Fig. 6). High
[®F]THK-5117 retention was clearly observed in the medial
temporal cortex of patients with severe AD after partial vol-
ume correction, in contrast to no remarkable retention of
[''CIPiB in the same area. [\*F]THK-5117 retention tended
to increase as a function of dementia severity. Relatively
higher and broader neocortical retention of ['*F]THK-5117
was observed in patients with severe AD than in those with
mild AD. In patients with AD, ['*F]THK-5117 SUVR in the
inferior temporal cortex was correlated with MMSE score (=
—0.806, P=0.016) of AD patients (Supplementary Fig. 1) but
was not correlated with [''C]PiB SUVR (Supplementary
Fig. 2).

Discussion

An important property for a tau PET tracer is high binding
selectivity to tau over AP. In this study, we showed that
[*®F]THK-5117 binds selectivity to tau by directly comparing
['®F]THK-5117 with the AP PET tracer PiB. First, the differ-
ence in binding targets between [*F]THK-5117 and ['!C]PiB
was demonstrated in autoradiographic images of AD brain
sections, which clearly visualized THK-5117 binding to NFTs
and minimal THK-5117 binding to Af3. Second, the binding
assay using human brain tissue demonstrated that THK-5117
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Fig.5 a['SF]THK-5117 PET images from 60 to 80 min after injection in
an HC (78 years old, MMSE 30) and in a patient with AD (72 years old,
MMSE 10), and [!!C]PiB PET images from 40 to 70 min after injection in
the same AD patient. b ['®F]THK-5117 SUVR values in the ventrolateral
prefrontal cortex (VLPFC), inferior temporal cortex (ITC), parietal cortex
(PAR), occipital cortex (OCC), posterior cingulate cortex (PCC) and
hippocampus (HIP) of HCs (circles) and patients with AD (squares).
Horizontal bars indicate mean SUVR values in each group

binding was significantly correlation with the amount of tau
deposits, but not with the amount of Af. Third, preferential
retention of ['*F]THK-5117 was observed in the temporal
lobe of patients with AD, which is known as a region of
frequent tau deposits. The different neocortical distributions
of ["®F]THK-5117 and ["'C]PiB suggests little ['*F]THK-
5117 binding to AP plaques. Finally, ['*F]THK-5117 reten-
tion was associated with dementia severity (Fig. 6,
Supplementary Fig. 1), consistent with previous results from
post-mortem studies [6, 8, 33]. Collectively, this evidence
supports the use of ['®F]THK-5117 as a selective tau PET
tracer. In future work, image-to-autopsy studies are necessary
to validate the binding selectivity.

In vitro binding analysis indicated that the (-sheet
structure of protein deposits was necessary for THK-
5117 binding. However, THK-5117 labelled both 3R
and 4R isoforms of tau in AD brain sections, suggesting
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Table 2 Regional ['*F]THK-5117 and ["'C]PiB SUVR values for healthy controls and patients with Alzheimer’s disease

Region [**F]THK-5117 ("'cIpiB

Healthy control Alzheimer’s disease Cohen’s d Healthy control Alzheimer’s disease Cohen’s d

n=5) (n=5) (n=5) (n=5)
Ventrolateral prefrontal 1.08+0.11 1.25+0.17 1.18 1.04£0.13 2.31£0.46%/** 3.56
Dorsolateral prefrontal 1.13+0.10 1.20+0.04 0.87 1.14+0.12 2.35:£0.47%/** 3.28
Orbitofrontal 0.79+0.09 1.2640.26* 241 0.90+0.17 1.98£0.33*%/** 3.97
Superior temporal 1.09+0.09 1.43£0.17* 2.48 1.17+0.13 2.09+0.33%/** 3.39
Inferior temporal 1.15+0.02 1.61+0.23* 2.74 1.10£0.05 2.02+0.47* 287
Parietal 1.15+0.08 1.48+0.16* 2.64 1.18+0.10 2.25+0.40%/** 341
Occipital 1.03+0.06 1.25+0.10 2.61 1.14+0.09 1.774£0.29%/** 2.70
Anterior cingulate 1.19+0.20 1.36+0.13 0.98 1.19+0.09 2.34+0.42%/** 3.51
Posterior cingulate 1.11+0.07 1.43+0.14* 277 1.26+0.13 2.72+0.44%/** 425
Hippocampus 1,350, 12%** 1.57+0.10 1.97 1.15+0.09 1.40+0.18 1.62
Parahippocampal gyrus 1.17+0.14 1.43£0.18* 1.69 1.15+0.08 1.72+0.20* 353
Putamen 1:57+0,11%%* 1.77+0.19 1.30 1.26+0.14 2.20+0.41* 2.94
Subcortical white matter 1.81£0.16 1.88+0.20 0.40 1.74+0.18 1.97+£0.30 0.90
Neocortex 1.13+0.05 1.42+0.13* 3.05 1.17£0.06 2.29+0.40%/** 3.64

#P<0.05 vs. [ FJTHK-5117 in healthy controls, **P<0.05 vs. ['® FJTHK-5117 in patients with Alzheimer’s disease, ***P<0.05 vs. ["! C]PiB in

healthy controls

that THK-5117 recognizes the specific conformation
rather than the isoforms of tau. It is still unclear wheth-
er ["®F]THK-5117 can detect tau deposits in brains
without AD tauopathy in vivo. The binding ability of
this tracer to non-AD tau lesions should be examined in
the future.

Fig. 6 ['*F]THK-5117 and
["CIPiB PET images in five
patients with AD after partial
volume correction

As in the previous [**F]THK-5105 PET study [28], prefer-
ential ["*F]THK-5117 retention was observed in the temporal
lobe of patients with AD. Neurofibrillary pathology in the
temporal lobe is more frequent than in the other cortical areas
[9, 10] and is observed even in the preclinical AD condition
[9, 34]. In addition, tau deposition in the temporal lobe is

88y.0
MMSE 21

@ Springer



1060

Eur J Nucl Med Mol Imaging (2015) 42:1052-1061

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/VL The dif-
ference in hippocampal uptake of [*®F]THK-5117 between
HCs and AD patients was not as robust as we had expected.
This may have been caused by the elevated ['*F]THK-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]JPBB3 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, ['*F]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
[*®F]T807 is its better kinetics in the brain. The time taken
to reach the plateau 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 -sheet structures
contained 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 to
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.
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Neurofibrillary tau pathology and amyloid B (AB) plaques, charac-
teristic lesions of Alzheimer disease (AD), show different neocortical
laminar distributions. Neurofibrillary-tangle tau pathology tends to
be closer to the gray matter-white matter boundary, whereas AP is
dispersed throughout the width of the cortical ribbon. Methods:
Using PET radiotracers for tau and AP lesions, we developed an
image analysis tool 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 '8F-THK5117 (tau) and ''C-Pittsburgh
compound B (AB) PET. Results: On average, tau-positive voxels
were closer to the white matter 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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Senile amyloid plaques and neurofibrillary tangles (tau pathol-
ogy) are the two characteristic lesions required for a neuropatho-
logic diagnosis of Alzheimer disease (AD) (Z). On histopathology,
amyloid B (AB) plaques are extracellular and dispersed through-
out the neocortical ribbon (2). During the progression of AD, tau
tangles initially appear in the hippocampal formation and subse-
quently in the neocortex (3), where they are intracellular and
preferentially located in neocortical layers V and VI, closer to
the gray matter—white matter boundary (4). Analogs of thioflavin
T such as 'C-Pittsburgh compound B (PiB) adapted for PET have
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been validated for imaging AP 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 AB.

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 SH-THK5117 and 3H-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 neurologist and a neuropsychologist
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 Communicative 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
matrix, 256 X 256; 1 excitation; field of view, 22 cm; slice thickness,
2.0 mm). The two radiotracers, 6-[(3-'F-fluoro-2-hydroxy)propoxy]-2-
(4-methylaminophenyl)quinoline (!8F-THK5117) and !!C-PiB, were
prepared at the Cyclotron and Radioisotope Center of Tohoku Uni-
versity. 8SF-THK5117 was synthesized as described previously (9).
HC-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 O to 90 min for SF-THKS5117 with
a dosage of 185 mBq and from 0 to 70 min for 'C-PiB with dosage
of 296 mBq.
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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
8F-THKS5117 and ''C-PiB
were realigned using SPM8
software (www.fil.ion.ucl.
ac.uk/spm). Standardized
uptake value (SUV) images
were generated from !8F-
THKS5117 using the 50- to
80-min frames and from
UC-PiB using the 50- to
70-min frames. All SUV
images were coregistered
to the corresponding 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 '*F-THKS5117 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 'F-THK5117 binding from ''C-PiB

iy

FIGURE 2. Schematic representation
of distancelv] 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
AB by the paired ¢ 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 'C-PiB (Xsuvg.c = 1.13 * 0.04, Xsyvrap =
1.69 =+ 0.17) and "8F-THK5117 (Xsyyr.c = 1.12 = 0.06, Xsyvrap =
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 1.0-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 A 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) 1C-PiB (mm) Unadjusted P Regression-adjusted P 18F-THK MC-PiB
Total cortex 1.49 + 0.11 1.73 £ 0.10 0.01 0.02 2.2 111
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 (/I), because of the
large number (~106) 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 10%) was approximately 5 times greater than that for
ISE-THK5117 (0.2 x 106). Histogram analysis of the neocortical
distribution pattern of 'C-PiB- and !8F-THK5117—positive vox-
els showed that 8F-THKS5117 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 attributed 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 AP 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 'SF-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 '°F-THK523 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 '*F-THK523, ''C-PIB, cognition
and brain volumetrics.

Results '®F-THK523 presented with fast reversible kinetics.
Significantly higher 'SF-THK523 retention was observed in
the temporal, parietal, orbitofrontal and hippocampi of AD
patients when compared to healthy controls and SD patients.
White matter retention was significantly higher than grey
matter retention in all participants. The pattern of cortical
18R_THK 523 retention did not correlate with A 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
18F_THK 523 retention was correlated with several cognitive
parameters and with hippocampal atrophy.

Conclusion '®F-THK523 does not bind to AB in vivo, while
following the known distribution of paired helical filaments
(PHF)-tau in the brain. Significantly higher cortical ‘SF-
THKS23 retention in AD patients as well as the association
of hippocampal 'F-THK 523 retention with cognitive param-
eters and hippocampal volume suggests '*F-THK523 selec-
tively binds to tau in AD patients. Unfortunately, the very high
'8F_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



