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Background: Brain '8F-AV-45 amyloid positron emission tomography (PET) in
Taiwanese patients with familial Alzheimer’s disease with the amyloid precursor protein
(APP) p.D678H mutation tends to involve occipital and cerebellar cortical areas. However,
tau pathology in patients with this specific Taiwan mutation remains unknown. In this
study, we aimed to study the Tau PET images in these patients.

Methods: Clinical features, brain magnetic resonance imaging/computed tomography
(MRI/CT), and brain '8F-THK-5351 PET were recorded in five patients with the APP
p.D678H mutation and correlated with brain '8F-AV-45 PET images. We also compared
the tau deposition patterns among five patients with familial mild cognitive impairment
(fMCI), six patients with sporadic amnestic mild cognitive impairment (sMCI), nine patients
with mild to moderate dementia due to Alzheimer’s disease (AD), and 12 healthy controls
(HCs). All of the subjects also received brain 18F-AV-45 PET.

Results: The nine patients with sAD and six patients with sSMCI had a positive brain AV-
45 PET scans, while the 12 HCs had negative brain AV-45 PET scans. All five patients
with fMCI received a tau PET scan with the age at onset ranging from 46 to 53 years,
in whom increased standard uptake value ratio (SUVR) of '8F-THK-5351 was noted in
all seven brain cortical areas compared with the HCs. In addition, the SUVRs of '8F-
THK-5351 were increased in the frontal, medial parietal, lateral parietal, lateral temporal,
and occipital areas (P < 0.001) in the patients with sAD compared with the HCs. The
patients with fMCI had a significant higher SUVR of 18F-THK-5351 in the cerebellar cortex
compared to the patients with sMCI. The correlations between regional SUVR and Mini-
Mental State Examination score and between regional SUVR and clinical dementia rating
(sum box) scores within volumes of interest of Braak stage were statistically significant.
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Conclusion: Tau deposition was increased in the patients with fMCI compared to the
HCs. Increased regional SUVR in the cerebellar cortical area was a characteristic finding
in the patients with fMCI. As compared between amyloid and tau PET, the amyloid
deposition is diffuse, but tau deposition is limited to the temporal lobe in the patients

with fMCI.

Keywords: amyloid, familial Alzheimer’s disease, 18F-THK-5351, PET, Taiwan APP p.D678H mutation, brain

18F_AV-45

INTRODUCTION

The novel amyloid precursor protein APP p.D678H mutation
(NM 000484.3 APP ¢.2032G > C) has been reported in two
families with autosomal dominant Alzheimer’s disease (AD)
characterized by an early onset of memory impairment and
progress to dementia, and a tendency to develop cerebral amyloid
microangiopathy (1-3). The most characteristic findings in brain
8F_AV-45 (florbetapir) positron emission tomography (PET)
include high amyloid deposition in the occipital and cerebellar
cortical areas (3). In addition, the clinical progression is rapid,
and dementia usually develops at 55-60 years of age. In a follow-
up brain '3F-AV-45 PET study, an increased regional standard
uptake value ratio (SUVR) was found in the brain cortical areas
of patients with familial mild cognitive impairment (fMCI), but
a slightly decreased regional SUVR was noted in patients with
familial AD (4). The mechanisms of the biphasic course in the
brain remain unknown. However, a saturation process may be
responsible in patients with fMCI, and cortical atrophy and
ventricular dilatation may be correlated with the decrease in
SUVR in patients with familial AD as that in the world ADNI
results (5, 6).

Alzheimer’s disease is characterized by extracellular
senile plaques composed of amyloid beta and intracellular
neurofibrillary tangles consisting of paired helical filaments
of hyperphosphorylated tau protein (7). The amyloid protein
is considered to be a disease biomarker, while tau protein is
considered to be a disease progression biomarker (8). The
interaction between amyloid and tau protein remains unclear.

In this study, we aimed to investigate the tau deposition
pattern in Taiwanese patients with fMCI with the novel APP
p.D678H mutation as well as brain F-AV-45 PET to understand
the effects of tau and amyloid protein in a specific family. We
also compared 'F-THK-5351 PET findings among patients with
fMCI, sporadic amnestic mild cognitive impairment (sMCI),
sporadic AD (sAD), and healthy controls (HCs).

D678H mutation; VOI, volume of interest.

Abbreviations: AD, Alzheimer’s disease; APP, amyloid precursor protein; AV-
45 amyloid, Amyvid; CCA, cerebral amyloid ongiopathy; CDR, clinical dementia
rating; fMCI, familial mild cognitive impairment; HC, healthy control; MCI, mild
cognitive impairment; MMSE, Mini-Mental state examination; MRI/CT, magnetic
resonance image/computed tomography; sMCI, sporadic amnestic mild cognitive
impairment; sAD, sporadic Alzheimer’s disease; SUVR, standard uptake value
ratio; PET, positron emission tomography; Tau tracer, 18F-THK-5351; Taiwan
mutation, APP p.

MATERIALS AND METHODS

Participants

Ten symptomatic patients with familial AD were recruited from
two Taiwanese families with the APP p.D678H mutation (3).
Among them, five with MCI received brain 3 F-AV-45 PET and
I8E_-THK-5351 PET scans. The other five patients with familial
AD did not participate in this study, including four who had
been admitted to a nursing home and could not tolerate the
procedure and one who had died due to nasopharyngeal cancer.
The medical history, neurological examinations, laboratory tests,
and neuroimaging studies of the enrolled patients were reviewed.
In addition, 27 patients including six with sMCI, nine with
sporadic mild to moderate dementia due to AD (mild in 7,
moderate in 2), and 12 HCs were selected for comparison. The
12 HCs were matched for age with the fMCI patients.

The patients with sAD were selected according to the
following criteria: (a) a progressive course of memory
impairment, (b) neuropsychological tests with the Alzheimer’s
Disease Assessment Scale-Cognitive subscale (ADAS-Cog), and
(¢) clinical dementia rating (CDR) score = 0.5 (9). The patients
with sMCI were selected based on the following criteria: (a)
subjective memory complaints by the patient or an informant,
(b) relatively normal performance on other cognitive domains,
(c) normal activities of daily living, (d) objective memory
impairment on at least one neurocognitive test of memory
performance, and (e) no dementia according to DSM-IV criteria
(10, 11). The exclusion criteria for this study were: (1) major
systemic diseases such as severe heart disease, uremia, hepatic
failure, myocardial infarction, poorly controlled diabetes, severe
previous head injury, hypoxia, sepsis, and severe infectious
diseases, (2) other major neurodegenerative disorders such as
frontotemporal dementia, dementia with Lewy bodies, idiopathic
Parkinson’s disease, progressive supranuclear palsy, cortical basal
syndrome, and spinocerebellar degeneration, (3) major cerebral
vascular diseases, (4) implantation of metal devices such as a
cardiac pacemaker or intravascular devices, (5) major psychiatric
disorders including schizophrenia, major depression, drug or
alcohol abuse, (6) pregnant women or breast feeding women,
and (7) patients in whom MRI was contraindicated.

Methods

Blood samples from all subjects were drawn for apolipoprotein
phenotypes and biochemical studies including complete blood
count, glutamic-oxaloacetic transaminase, glutamic pyruvic
transaminase, blood urea nitrogen, creatinine, triiodothyronine,
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free tetraiodothyronine, thyroxine stimulating hormone, vitamin
B12, folic acid, cortisol, and venereal disease research laboratory
test (12). The HCs underwent the same procedures as the patients
with fMCI, sMCI, and sAD. This study was approved by the
Institutional Review Board of Chang Gung Memorial Hospital
and the Ministry of Health and Welfare in Taiwan. The nature
of research was explained to all of the subjects, and all signed
informed consent forms. In addition, the next of kin or guardians
of the patients with fMCI and sAD also gave written informed
consent if the patients could not comprehend the study protocol
or could not sign their names.

Clinical Neuropsychological and Cognitive

Assessments

All subjects (fMCI, sAD, and sMCI) underwent clinical
and  neuropsychological  examinations. The  detailed
neuropsychological tests included the Mini-Mental State
Examination (MMSE), CDR scale, Wechsler memory scale-
revised, visual association memory test, category verbal fluency
test, clock-drawing test, and trail-making A test, all of which
were administered to obtain objective evidence of cognitive
impairment (13).

Brain MRI Procedure

All subjects received an MRI scan with a 3T MR scanner
(magneton Trio, a TIM system, Siemens, Erlangen, Germany).
The scanning protocol included an axial fluid attenuation
inversion recovery (FLAIR) sequence (TR = 9,000ms, TE =
87 ms, T1 = 2,500 ms, voxel size = 0.9 x 0.7 x 4 mm?>) and whole
brain axial three-dimensional (3D) T1-weighted magnetization
prepared rapid acquisition gradient echo (MP-RAGE) sequence
(TR = 2,000 ms, TE = 2.63 ms, T1-900 ms, flip angle = 9°, voxel
size =1 x 1 x 1 mm?), which was subsequently reformatted as
planes perpendicular to the long axis of the hippocampus in slices
2mm thick. An additional coronal T2-weighted turbo spin echo
sequence (TR = 7,400 ms, TE = 95 ms, voxel size = 0.4 x 0.4 x 2
mm?) was acquired with identical geometric orientation with the
reformed coronal T1-weighted images (12).

Amyloid PET Acquisition

Radiosynthesis and acquisition of 8F-florbetapir PET images
were performed as described previously (14). '8F-florbetapir PET
scans were performed using a Biograph mCT PET/CT system
(Siemens Medical Solutions, Malvern, PA). A 10-min PET scan
was acquired 50 min after an injection of 375418 MBq of '3F-
florbetapir. The 3D ordered subsets expectation maximization
reconstruction algorithm (four iterations, 24 subjects, Gaussian
filter 2mm, Zoom 3) was applied with CT-based attenuation
correction and scatter and random corrections, which resulted
in reconstructed images with a matrix size of 400 x 400 x 148
and a voxel size of 0.68 x 0.68 x 1.5mm (15, 16).

Tau PET Acquisition

Radiosynthesis and preparation of '8F-THK-5351 PET tracers
were performed as described previously (17). Tau PET images
were acquired 50-60 min after intravenous injections of 378
+ 17 MBq of '®F-THK-5351 on a dedicated PET/CT scanner

(Siemens Biograph mCT 16; Siemens Medical Solutions). The
same reconstruction protocols were applied as with the amyloid
PET images. In addition, all subjects received an MRI scan with
a 3T MR scanner (Magneton Trio, a TIM system, Siemens,
Erlangen, Germany) to screen for other diseases and obtain
structural information.

Image Analysis

PMOD image analysis software (version 3.3; PMOD
Technologies Ltd., Zurich, Switzerland) was used for all
image processing and analysis. Each PET image was spatially
normalized to the Montreal Neurological Institute space using
MR-based spatial normalization. Eight volumes of interest
(VOIs) were selected including the cerebellum gray, cerebellum
white, frontal, medial temporal, lateral temporal, medial parietal,
lateral parietal, and occipital areas, based on the anatomic
labeling atlas (18). Because the fMCI patients may have had a
high SUVR in the cerebellar cortical areas, the reference regions
of cerebellum white and pons were used to calculate SUVR
images for !8F-florbetapir and 8F-THK-5351, respectively.
Regional SUVRs were measured from the mean SUVR of each
VOL For "F-THK-5351 images, regional SUVRs for VOIs of
Braak stage I/II, Braak stage III/IV, and Braak stage V/VI (19)
were also computed for analysis.

Statistical Analysis

Data are expressed as means £ SD, or absolute numbers with
proportions for descriptive statistics. Regional SUVRs of the
BF_Tau THK-5351 PET images were compared individually
region by region using the non-parametric Kruskal-Wallis test
with Dunn’s multiple comparison post hoc analysis for group
comparisons between the five patients with fMCI and 12 HCs,
between the six patients with sAD and 12 HCs, and between the
five patients with fMCI and nine patients with sAD. A p-value of
0.05 was considered to be the threshold for statistical significance
in each test.

RESULTS

The demographic data and clinical characteristic of the five
patients with fMCI from 2 large Taiwanese familial AD pedigrees
are shown in Table 1 and Supplement Figure 1. There were two
men and three women aged between 49 and 57 years. The age at
onset of memory impairment ranged from 46 to 53 years, and
the age at entry to the study ranged from 47 to 54 years. All
five patients had memory impairment. The MMSE scores ranged
from 23 to 26 (median: 24), and the sum score of CDR ranged
from 0.5 to 5.0 (median: 3). The years of education ranged from
9 to 14 years.

Apolipoproteins E3/E3 were recorded in four patients with
fMCI and E2/E3 in one. The brain MRI findings were normal
in two patients (patients 2 and 4), and cortical atrophy was
noted in three patients (patients 1, 3, and 5). Interestingly
patient 1 had no microangiopathy initially, but after receiving
three courses of passive immunization with a monoclonal
antibody (aducanumab), she developed amyloid-related imaging
abnormality-hemosiderin deposition (ARIA-H) with 0 to 3
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TABLE 1 | Demographic data of the patients with familial MCl and the Taiwan APP p.D678H mutation.

Patient Gender/current Age at Onset age Education Clinical APoE Brain MRI Current
No age (Y) study (Y) (y) y) features diagnosis
1 F/53 51 50 14 RMI ES/E3 Multiple cerebral MCI
microbleeds*, CA

2 M/54 52 50 9 RMI E3/E3 Normal MCI

3 M/57 54 53 14 RMI E3/E3 CA MCI

4 F/49 47 46 12 RMI E3/E3 Normal MCI

5 F/54 52 52 14 RMI E2/E3 Multiple cerebral MCI, CAA

microbleeds, CA

Y, year; M, male; F, female; MCI, mild cognitive impairment; RMI, recent memory impairment; APoOE, apolipoprotein; CA, cortical atrophy; MMSE, Mini-Mental State Examination; CDR,
clinical dementia rating; MRI, magnetic resonance imaging; CAA, cerebral amyloid angiopathy, “after 3 courses of passive immunization with aducanumab.

TABLE 2 | Demographic data of the patients with fMICI, sporadic AD, sporadic MCI, and healthy controls.

HC (n =12) sMCI (n = 6) sAD (n =9) fMCI (n = 5)
mild:7,
moderate:2
Gender 5M/7F 4M/2F 4M/5F 2M/3F
Age(Y) 50-72 70-89 57-79 47-54
Median 56.5 75.5 74 52
Mean + SD 58.6 + 6.8 785+7.3 69.8 + 8.5 51.2+26
Education(Y) 6-18 6-16 6-16 9-14
Median 12 13 9 12
Mean + SD 11.8+3.4 123 £ 34 102+ 39 122+20
MMSE 23-30 21-28 3-21 23-26
Median 28 25.5 16 24
Mean + SD 28.0+1.9 24.7 £ 3.0 13.3+6.6 24.6+1.3
CDR(Sum) 0 1.0-4.5 2-14 0.5-5.0
Median 0 25 5.5 3.0
Mean + SD 0 27+14 6.7 £3.7 26+1.7
APP gene GG GG GG CG

HC, healthy controls; sMCI, sporadic amnestic mild cognitive impairment due to Alzheimer’s disease; sAD, sporadic Alzheimer’s disease; fMCI, familial mild cognitive impairment; Y,
year; M, male; F, female; MMSE, Mini-Mental State Examination; CDR, clinical dementia rating; APF, amyloid precursor protein; CG, with the D678H APP gene; GG, without the D678H

APP gene; PET, positron emission tomography.

microbleeds and subsequently up to 12 microbleeds. After
stopping aducanumab treatment, the microbleeds remained
stationary. The current diagnosis of the five familial patients
was at the stage of MCI and cerebral amyloid angiopathy in
one. Table 2 shows the demographic data of the five patients
with fMCI, six with sMCI, nine with sAD (two: moderate,
seven: mild), and 12 HCs. All of the fMCI patients had the
APP p.D678H mutation, but none of the other groups had
this mutation. All of the patients with sMCI, sAD, and fMCI
had a positive AV-45 PET scan, while the 12 HCs had a
negative AV-45 PET scan. In the patients with fMCI, brain
AV-45 PET scans showed prominent amyloid deposition in the
frontal, temporal, parietal, and precuneus, and particularly in the
occipital cortical areas, while the patients with sAD and sMCI had
increased amyloid deposition particularly in the precuneus and
frontal areas (Figure 1). Figure 2 shows increased '*F-THK-5351
SUVR uptake in the five patients with fMCI, and in particular

the THK-5351 uptake extended to the lateral temporal area.
Figure 3 shows group means of THK-5351 SUVR data after
50-60 min. A trend of a gradual increase in THK-5351 SUVR
was observed in the patients with sMCI, followed by those with
fMCI and sAD. A significantly high regional THK-5351 SUVR
was noted in the patients with fMCI and sAD compared to the
HCs. In addition, high cerebellar cortex THK-5351 SUVR was
observed in the patients with fMCI compared to the HC or
sMCI groups.

Substantial '8F-THK-5351 uptake was noted in the medial
temporal area in the HCs. According to Braak stage, the patients
with fMCI had a significantly increased SUVR of '®F-THK-5351
than the HCs with Braak stage 1/2, and 5/6 (p < 0.01) and
with Braak stage 3/4 (p < 0.05) (Figure 4). In the patients with
SMCI, the regional SUVR of '8F-THK-5351 was not significantly
increased compared with the HCs. However, in the patients with
sAD, the SUVR was significantly increased in those with Braak
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HC

sMClI

FMCI

sAD

FIGURE 1 | Group means of brain AV-45 PET images of the HCs and patients with sMCI, fMCI, and sAD. The figure shows prominent amyloid deposition in the
frontal, temporal, parietal, precuneus, and particularly occipital cortical areas in the patients with fMCI, increased amyloid deposition predominantly in the precuneus
and frontal areas in the patients with sAD and sMCI, and no definite uptake in the HCs.

stage 3/4 and 5/6 compared with the HCs (p < 0.001). There
was no significant increase in 8F-THK-5351 SUVR between
the patients with fMCI and sMCI and between those with
fMCI and sAD (p > 0.05). With regards to regional SUVR
of ®F-THK-5351, a significantly increased uptake was noted
in the frontal, and lateral temporal areas (p < 0.05) and the
medial parietal, lateral parietal, medial temporal, occipital, and
cerebellar cortical areas (p < 0.01) in the patients with fMCI
compared to the HCs. In addition, the regional SUVR of 8F-
THK-5351 was increased in the frontal, medial parietal, lateral
parietal, lateral temporal, and occipital areas (p < 0.01) in
the patients with sAD compared to the HCs. In cerebellar
cortical areas, the SUVR was increased in the patients with fMCI
compared to the HCs (p < 0.01) and patients with sMCI (p <
0.05) (Figure 5). There was a statistically significant correlation
between regional SUVR and MMSE score in all VOIs of Braak

3/4, 5/6 (p < 0.0001) and Braak 1/2 (p = 0.0096) (Figure 6A).
There were statistically significant correlations between CDR
sum box scores and regional SUVR in all VOIs of Braak
3/4, Braak 5/6 (p < 0.0001), and Braak 1/2 (p = 0.0022)
(Figure 6B).

DISCUSSION

In this study, the patients with fMCI had a significantly increased
SUVR of "F-THK-5351 in the seven cerebral and cerebellar
cortical areas (p < 0.01) compared with the HCs. In addition, the
SUVR of 8F-THK-5351 in the cerebellar cortex was statistically
significant compared to the patients with sMCI (p < 0.05).
Despite a high level of tau deposition in the cerebellar cortex
areas in our patients with fMCI, cerebellar symptoms, and
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Ptl1 MMSE:24
Pt5 MMSE:23
Pt3 MMSE:24
Pt2 MMSE:26
Pt4 MMSE:26

FIGURE 2 | Tau PET scan with THK-5351 in the five patients with fMICI showing an increased SUVR of THK-5351 particularly extending to the lateral temporal area.

signs were not found. Moreover, in the patients with sAD, the
regional SUVR of 8F-THK-5351 in most of the cerebral cortical
areas including frontal, medial parietal, lateral parietal, lateral
temporal, and occipital areas was significantly higher (p < 0.001)
compared with the HCs.

Furthermore, brain '®F-AV-45 PET showed an increase
of amyloid deposition in the frontal, temporal, parietal, and
particularly occipital areas in the five patients with fMCI
compared with the HCs and patients with sMCI and sAD. These
results revealed a higher amyloid burden than those in the
patients with sMCI and sAD.

In the clinical course of disease progression, the patients
with fMCI had an earlier onset of memory impairment and
more rapid progression to dementia than the patients with
sMCI (4). In addition, the patients may have had dementia

and/or amyloid angiopathy (3). One patient (patient 5) who
had multiple microbleeds in brain MRI compatible with cerebral
amyloid angiopathy, cannot participate in the anti-amyloid
treatment and another (patient 1) had no cerebral microbleed
in the initial brain MRI but developed 12 microbleeds (ARIA-
H) 3 months after passive immunization with aducanumab.
Then she was withdrawn from the study. Although ARIA-
H may also be found in other sAD patients who have
received aducanumb therapy, these results may suggest a
potentially higher risk of microhemorrhages during/after passive
immunization in these fMCI patients because they may develop
cerebral amyloid angiopathy.

However, tau deposition in these specific Taiwanese patients
with the APP p.D678H mutation remains unknown. In this
study, we clearly demonstrated tau deposition with THK5351
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HC

sMCl

FMCI

sAD

FIGURE 3 | Group mean THK-5351 SUVR images of the HCs and patients with sMCI, fMCI, and sAD showing a trend of gradual uptake increase in the patients with
sMCI, followed by those with fMCI and sAD.
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FIGURE 4 | Regional SUVR of THK-5351 in the HCs and patients with sMCI, fMCI, and sAD according to Braak stage 1/2, 3/4, and 5/6. The regional SUVR of the
patients with fMCI showed a significant increase compared to the HCs in Braak stage 1/2, and 5/6 (p < 0.01) and Braak stage 3/4 (p < 0.05). The regional SUVR in
the patients with sAD had a significant increase in Braak stages 3/4 and 5/6 compared with the HCs (p < 0.001). *p < 0.05, **p < 0.01, ***p < 0.001.

PET scan in the seven cerebral areas, and particularly the remain unknown. Tauimages may have shown a synergistic effect
cerebellar cortical area compared with the HCs. However, the  of burden on the brain in the patients with fMCI compared to the
mechanisms of co-localization of amyloid and tau deposition  patients with sMCI.

Frontiers in Neurology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 503


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Huang et al. THK-5351 in Taiwan Familial AD
Frontal Medial temporal Lateral temporal
15 i 2.0 —— 2.0 -
1 . -
| —— | 1
% 15 4 v 15
1.0 . v A v.v
§ (1] A et vy § LAy Al et Yyv' 3 vy
3 o . 3 104 ¥ 3 1.0 A 240
Z] Z] (L] 7] # 4 e .
05{ =
05 os{ ™
0.0 0.0 - . - - 0.0 x -
© > > o o > > o o > > o
R & LA A R P
Medial parietal Lateral parietal Occipital Cb cortex
15 i 1.5 il 15 = 15
—_— v —_— R ——
1.0 M S 10 v 1.0 o M 1.0
X X K v X
3 - 5 o* v g At Za 'vl'_: 3 = L R 3
3 . y 3 wn AA— G v 3 . vy 3 eoe v
7] ? » h A 7] *— » L] ) Y.
os{ "=® 05{ "um 0s{ "ma® 05| Tmgh i+ iy
0 . v v ' 0.0 . . . 0.0 : v v T 0.0 x v
o o) o o o > > © ) o o o > > o
S GNP R S I G ¥y &S LI A

FIGURE 5 | The regional SUVR of THK-5351 imaging in the HCs and patients with sMCI, fMCI and sAD. A significantly increased uptake was noted in the patients
with fMCI in the frontal, lateral temporal, medial parietal, lateral parietal, medial temporal, occipital, and cerebellar cortical areas compared with the HCs, while a
significantly increased uptake was noted in the frontal, medial parietal, lateral parietal, lateral temporal, and occipital areas in the patients with SAD compared to the
HCs. In the cerebellar cortical area, the SUVR was increased in the patients with fMCI compared to those with sMCI. *p < 0.05, **p < 0.01, **p < 0.001.
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FIGURE 6 | (A) The correlation between regional SUVR and MMSE within VOIs of Braak stages. Statistically significant correlations were noted in all VOIs of Braak 3/4
and 5/6 (p < 0.0001) and Braak 1/2 (p = 0.0096). (B) The correlations between CDR and regional SUVR within VOIs of Braak stages. A statistically significant
correlation was noted in all VOIs of Braak 3/4 and Braak 5/6 (o < 0.0001) and Braak 1/2 (p = 0.0022).

CDR sum box

According to the correlation between regional SUVR
of F-THK-5351 and MMSE, there were statistically
significant correlations within VOIs in Braak 1/2 (p
0.0096), Braak 3/4 (p < 0.0001), and Braak 5/6 (p <
0.0001). In addition the correlations between regional
SUVR and CDR sum box scores were also statistically
significant in all VOIs of Braak 1/2 (p < 0.0022), Braak 3/4
(p < 0.0001), and Braak 5/6 (p < 0.0001). These results
may indicate that 'F-THK-5351 uptake is correlated with
disease severity.

In the patients with sMCI, there was a trend of increased
SUVR of 8F-THK-5351 PET in all of the cerebral cortex areas,
however the differences did not reach statistical significance
compared with the HCs, which may be due to a small sample
size. In the patients with sAD, the SUVR of 8 F-THK-5351 PET
was significantly increase in the frontal, medial parietal, lateral
parietal, lateral temporal, and occipital areas (p < 0.001). This
may indicate that '8F-THK-5351 PET can provide important
clues for disease progression. In the patients with fMCI, there
was statistically significant '*F-THK-5351 SUVR in the cerebellar
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cortex compared to the patients with sMCI. This may indicate
that tau deposition in the cerebellar cortical area is a characteristic
finding in patients with the Taiwan APP p.D678H mutation.

There are several limitations to this study, including that
E_THK5351 binding may target a non-specific process related
to neurodegeneration that is co-localized with tau pathology
(20,21). '8F-THK-5351 may also indicate a non-specific neuronal
injury rather than specific tauopathy. The other important
findings include off-target regions in the white matter, midbrain,
thalamus, and basal ganglia (22). Increased '8F-THK-5351
uptake in the basal ganglia and substantia nigra may also reflect
its binding to MAO-B (23, 24). Several different tau tracers such
as flortaucipir (25), PBB3 (26), and PMPBB3 (27) have been
developed and utilized in clinical studies. The recent study with
PMPBB3 have been studied in patients with AD, progressive
supranuclear palsy, frontotemporal dementia, and corticobasal
degeneration (28). Further investigation with a more specific tau
PET tracer such as PMPBB3 for the specific family is indicated.
The other limitation is a small sample size of the fMCI patients,
and a sMCI and sAD patients with relatively earlier onset and
similar education level.

The interaction between amyloid and tau protein remains
unclear. However, amyloid B plaques may enhance tau-seeded
pathologies by facilitating neuritic tau aggregation (29). In
addition, the amyloid B protein may promote the spread of
tau through specific components of a neural system, leading
to early symptoms of amnesia (30, 31). In this specific family
with amyloid APP p.D678H mutation, a widespread of amyloid
deposition was noted while a limited tau deposition in the
medial and lateral temporal lobe areas is plaucible in patients
with fMCI. The group difference of tau deposition between
fMCI and sMCI is limited, although a trend is noted. The only
difference is noted in the cerebellar cortex area. The real etiologies
remained unknown. However, from the amyloid PET study,
increased metabolic vulnerability in early onset AD is not related
to amyloid burden (32). In our patients with fMCI, although
increased SUVR of AV-45 PET in the occipital area, visual
symptoms, or signs was not found. In this study the increased
tau deposition in the cerebellar cortex area did not make any
cerebellar dysfunction in patients with fMCL

In conclusion, the present data indicate a higher tau burden
in patients with fMCI with this specific Taiwan mutation.
In addition a higher '®F-THK-5351 SUVR in the cerebellar
cortical area was a characteristic finding in the patients

REFERENCES

1. Lan MY, Liu JS, Wu YS, Peng CH, Chang YY. A novel APP mutation
(D678H) in a Taiwanese patient exhibiting dementia and cerebral
microvasculopathy. J Clin Neurosci. (2013) 21:513-5. doi: 10.1016/j.jocn.2013.
03.038

2. Chen WT, Hong CJ, Lin YT, Chang WH, Huang HT, Liao JY, et al
Amyloid-beta (AB) D7H mutation increases oligomeric AP42 and
alters properties of AP-Zinc/Copper assemblies. PLoS ONE. (2012)
7:€34666. doi: 10.1371/journal.pone.0035807

3. Huang CY, Hsiao IT, Lin KJ, Huang KL, Fung HC, Liu CH, et al
Amyloid PET pattern associated with amyloid angiopathy in Taiwan

with fMCI. 8F-THK-5351 PET may also be a biomarker of
disease severity from sMCI to sAD. As compared between
amyloid and tau PET, the amyloid deposition is diffuse,
and tau deposition is limited to the temporal lobe in the
patients with fMCI. Further investigations of the specific family
members including asymptomatic heterozygotes and additional
tracers are warranted. In addition, if the findings can be
supported through cerebrospinal fluid examination and post-
mortem neuropathology, we can understand the evolution of the
familial dementia.

ETHICS STATEMENT

The study was approved by the ministry of Health and Welfare
in Taiwan and the Institutional Review Board of Chang Gung
Memorial Hospital.

AUTHOR CONTRIBUTIONS

Y-CW, K-LH, C-HL, T-YC, H-CW, and C-CH: providing
information. C-CH, I-TH, and K-JL: conception and design of
the study. Y-CW, C-YH, and C-CH: acquisition of data. I-TH,
K-JL, C-YH, and C-CH: analysis and/or interpretation of data.
I-TH, C-YH, and C-CH: drafting of the manuscript. I-TH, K-JL,
and C-CH: reviewing the manuscript critically. T-CY, K-JL, and
C-CH: application for the funding. All authors approval of the
final version of the paper.

FUNDING

The study was supported by grants from Ministry of Science
and  Technology (Grant NSC-98-2314-B-182-034-MY2,
NSC 98-2314-B-182-056, NSC 100-2314-B-182-003, and
NSC-100-2314-B-182-038, MOST 105-2314-B-182-005, 106-
2314-B-182A-026-MY3, and 106-2314-B-182-017-MY3) and
Chang Gung Memorial Hospital (Grant CMRPG3C0611,
CMRPG3C0612, CMRPG3E1001, CMRPD1H0391,
and CMRPG3E2191).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.00503/full#supplementary-material

familial AD with D678H APP mutation. J Neurol Sci. (2019) 398:107-
16. doi: 10.1016/j.jns.2018.12.039

4. Weng YC, Hsiao IT, Huang CY, Huang KL, Liu CH, Chang TY, et al. Progress
of brain amyloid deposition in familial Alzheimer’s disease with Taiwan
D678H APP mutation. ] Alz Dis. (2018) 66:775-87. doi: 10.3233/JAD-180824

5. van Berckel BNM, Ossenkoppele R, Tolboom N, Yaqub M, Foster-
Dingley JC, Windhorst AD, et al. Longitudinal amyloid imaging using
11 C-PiB: methodologic considerations. | Nucl Med. (2013) 54:1570-
6. doi: 10.2967/jnumed.112.113654

6. Chen K, Roontiva A, Thiyyagura P, Lee W, Liu X, Ayutyanont
N, et al. Improved power for characterizing longitudinal amyloid-
p PET changes and evaluating amyloid-modifying treatments with

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 503


https://www.frontiersin.org/articles/10.3389/fneur.2019.00503/full#supplementary-material
https://doi.org/10.1016/j.jocn.2013.03.038
https://doi.org/10.1371/journal.pone.0035807
https://doi.org/10.1016/j.jns.2018.12.039
https://doi.org/10.3233/JAD-180824
https://doi.org/10.2967/jnumed.112.113654
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Huang et al.

THK-5351 in Taiwan Familial AD

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

a cerebral white matter reference J Nucl Med.

56:560-6. doi: 10.2967/jnumed.114.149732

region. (2015)

. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress

and problems on the road to therapeutics. Science. (2002) 297:353-
6. doi: 10.1126/science.1072994

. Okamura N, Harada R, Furumoto S, Arai H, Yanai K, Kudo Y. Tau

PET imaging in Alzheimers disease. Curr Neurol Neurosci Rep. (2014)
14:500. doi: 10.1007/s11910-014-0500-6

. Mckhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR

Jr, Kawas CH, et al. The diagnosis of dementia due to Alzheimer’s
disease: recommendations from the National Institute on aging and
the Alzheimer’s association workgroup. Alzheimer Dement. (2011)
7:263-9. doi: 10.1016/j.jalz.2011.03.005

Petersen RC, Doody R, Kurz A, Mohs RC, Morris JC, Rabins PV, et al.
Current concepts in mild cognitive impairment. Arch Neurol. (2001) 58:1985-
92. doi: 10.1001/archneur.58.12.1985

American  Psychiatric ~ Association.  Diagnostic =~ and  Statistical
Manual of Mental Disorders, DSM-IV. Washington, DC: American
Psychiatric Association (1994).

Huang KL, Lin K], Hsiao IT, Kuo HC, Hsu WC, Chuang WL, et al. Regional
amyloid deposition in amnestic mild cognitive impairment and Alzheimer’s
disease evaluated by [18F]AV-45 positron emission tomography in Chinese
population. PLoS ONE. (2013) 8:e58974. doi: 10.1371/journal.pone.00
58974

Wang PN, Hong CJ, Lin KN, Liu HC, Chen WT. APOE episilon 4 increase the
risk of progression from amnestic mild cognitive impairment to Alzheimer’s
disease among ethnic Chinese in Taiwan. J Neurol Neurosurg Psychiatry.
(2011) 82:165-9. doi: 10.1136/jnnp.2010.209122

Lin KJ, Hsu WC, Hsiao IT, Wey SP, Jin LW, Skovronsky D, et al. Whole-
body biodistribution and brain PET imaging with [18F]AV-45, a novel
amyloid imaging agent—a pilot study. Nucl Med Biol. (2010) 37:497-
508. doi: 10.1016/j.nucmedbio.2010.02.003

Yao CH, Lin KJ, Weng CC, Hsiao IT, Ting YS, Yen TC, et al. GMP-
compliant automated synthesis of [(18)F]AV-45 (Florbetapir F 18) for imaging
beta-amyloid plaques in human brain. Appl Radiat Isot. (2010) 68:2293-
7. doi: 10.1016/j.apradiso.2010.07.001

Wu KY, Liu CY, Chen CS, Chen CH, Hsiao IT, Hsieh CJ, et al. Beta-
amyloid deposition and cognitive function in patients with major depressive
disorder with different subtypes of mild cognitive impairment: F-florbetapir
(AV-45/Amyvid) PET study. Eur ] Nucl Med Mol Imaging. (2016) 43:1067—
76. doi: 10.1007/500259-015-3291-3

Hsiao IT, Lin KJ, Huang KL, Huang CC, Chen HS, Wey SP,
et al. Biodistribution and radiation dosimetry for the Tau tracer
(18)F-THK-5351 in healthy human subjects. ] Nucl Med. (2017)
58:1498-503. doi: 10.2967/jnumed.116.189126

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello E Etard
O, Delcroix N, et al. Automated anatomical labeling of activations in
SPM using a macroscopic anatomical parcellation of the MNI MRI
single-subject brain. Neuroimage. (2002) 15:273-89. doi: 10.1006/nimg.20
01.0978

Ossenkoppele R, Schonhaut DR, Schéll M, Lockhart SN, Ayakta N, Baker
SL, et al. Tau PET patterns mirror clinical and neuroanatomical variability in
Alzheimer’s disease. Brain. (2016) 139:1551-67. doi: 10.1093/brain/aww027
Harada R, Okamura N, Furumoto S, Furukawa K, Ishiki A, Tomita
N, et al. 'BF-THK5351: a novel PET radiotracer for imaging
neurofibrillary pathology in Alzheimer disease. J Nucl Med. (2016)
57:208-14. doi: 10.2967/jnumed.115.164848

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Harada R, Ishiki A, Kai H, Sato N, Furukawa K, Furumoto S, et al.
Correlations of '8F-THK5351 PET with postmortem burden of Tau
and astrogliosis in Alzheimer disease. J Nucl Med. (2018) 59:671-
4. doi: 10.2967/jnumed.117.197426

Okamura N, Harada R, Ishiki A, Kikuchi A, Nakamura T,
Kudo Y. The development and validation of tau PET tracers:
current status and future directions. Clin Transl Imaging. (2018)

6:305-16. doi: 10.1007/s40336-018-0290-y

Jang YK, Lyoo CH, Park S, Oh §J, Cho H, Oh M, et al. Head to head
comparison of ['®F] AV-1451 and ['8F] THKS5351 for tau imaging in
Alzheimer’s disease and frontotemporal dementia. Eur | Nucl Med Mol
Imaging. (2018) 45:432-42. doi: 10.1007/500259-017-3876-0

Ng KP, Pascoal TA, Mathotaarachchi S, Therriault J, Kang MS, Shin
M, et al. Monoamine oxidase B inhibitor, selegiline, reduces 'SF-
THK5351 uptake in the human brain. Alzheimers Res Ther. (2017)
9:25. doi: 10.1186/s13195-017-0253-y

Johnson KA, Schultz A, Betensky RA, Becker JA, Sepulcre J, Rentz D, et al. Tau
positron emission tomographic imaging in aging and early Alzheimer disease.
Ann Neurol. (2016) 79:110-9. doi: 10.1002/ana.24546

Ono M, Sahara N, Kumata K, Ji B, Ni R, Koga S, et al. Distinct binding
of PET ligands PBB3 and AV-1451 to tau fibril strains in neurodegenerative
tauopathies. Brain. (2017) 140:764-80. doi: 10.1093/brain/aww339

Hsiao IT, Huang KL, Chen PY, Lin KJ, Huang CC. Study on tissue-based
and histogram-based reference regions for semiquantitation of 18F-APN-
1607 Tau PET imaging [Abstract]. In: Johnson KA, editor. Poster 30, 13th
Human Amyloid Imaging. Miami, FL (2019). p. 112. Available online at: www.
worldeventsforum.com/hai

Hsu JL, Lin KJ, Hsiao IT, Lian CF, Huang CC, Huang KL, et al. Image
features and clinical associations of the novel tau PET tracer 18F-APN-1607
in Alzheimer’s disease [Abstract]. In: Johnson KA, editor. Poster 147, 13th
Human Amyloid Imaging. Miami, FL (2019). p. 398. Available online at: www.
worldeventsforum.com/hai

Jagust W. Following the pathway to Alzheimer’s disease. Nat Neurosci. (2018)
21:306-8. doi: 10.1038/s41593-018-0085-5

Jacobs HIL, Hedden T, Schultz AP, Sepulcre J, Perea RD, Amariglio RE,
et al. Structural tract alterations predict downstream tau accumulation
in amyloid-positive older individuals. Nat Neurosci. (2018) 21:424-
31. doi: 10.1038/s41593-018-0070-2

Laure SA, Lemoine L, Chiotis K, Leuzy A, Elemu RV, Nordberg A. Tau
PET imaging: present and future directions. Mol Neurodegener. (2018)
12:19. doi: 10.1186/s13024-017-0162-3

Rabinovici GD, Furst AJ, Alkalay A, Racine CA, O'Neil JP,
Janabi M, et al. Increased metabolic vulnerability in early-onset
Alzheimer’s disease is not related to amyloid burden. Brain. (2010)
133:512-28. doi: 10.1093/brain/awp326

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Huang, Hsiao, Huang, Weng, Huang, Liu, Chang, Wu, Yen
and Lin. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

10

May 2019 | Volume 10 | Article 503


https://doi.org/10.2967/jnumed.114.149732
https://doi.org/10.1126/science.1072994
https://doi.org/10.1007/s11910-014-0500-6
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1001/archneur.58.12.1985
https://doi.org/10.1371/journal.pone.0058974
https://doi.org/10.1136/jnnp.2010.209122
https://doi.org/10.1016/j.nucmedbio.2010.02.003
https://doi.org/10.1016/j.apradiso.2010.07.001
https://doi.org/10.1007/s00259-015-3291-3
https://doi.org/10.2967/jnumed.116.189126
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1093/brain/aww027
https://doi.org/10.2967/jnumed.115.164848
https://doi.org/10.2967/jnumed.117.197426
https://doi.org/10.1007/s40336-018-0290-y
https://doi.org/10.1007/s00259-017-3876-0
https://doi.org/10.1186/s13195-017-0253-y
https://doi.org/10.1002/ana.24546
https://doi.org/10.1093/brain/aww339
www.worldeventsforum.com/hai
www.worldeventsforum.com/hai
www.worldeventsforum.com/hai
www.worldeventsforum.com/hai
https://doi.org/10.1038/s41593-018-0085-5
https://doi.org/10.1038/s41593-018-0070-z
https://doi.org/10.1186/s13024-017-0162-3
https://doi.org/10.1093/brain/awp326~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Tau PET With 18F-THK-5351 Taiwan Patients With Familial Alzheimer's Disease With the APP p.D678H Mutation
	Introduction
	Materials and Methods
	Participants
	Methods
	Clinical Neuropsychological and Cognitive Assessments
	Brain MRI Procedure
	Amyloid PET Acquisition
	Tau PET Acquisition
	Image Analysis
	Statistical Analysis

	Results
	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


