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Analysis of amyloid and tau deposition in Alzheimer’s
disease using ""C-Pittsburgh compound B and ¥*F-THK
5351 positron emission tomography imaging

ABSTRACT

This study aims to determine the deposition of "'C-Pittsburgh compound B ("'C-PiB) and "®F-THK 5351 using a normal database of the optimal
cut-off-points for standardized uptake value ratios (SUVRs) in Alzheimer's disease (AD) patients. Sixteen AD patients and 24 cognitively normal
individuals were enrolled in this study. The optimal cutoff points for the SUVR from the normal database were used for quantitative analysis.
P-mod software with the Automated Anatomical Labeling merged atlas was employed to generate automatic volumes of interest to identify
different brain regions, and the SUVRs of AD patients were compared with those of the age-matched normal controls. The correlation between
PiB and THK5351 deposition at matching brain regions was identified. The mean regional "'C-PiB SUVRs of the AD patients were significantly
higher than the healthy controls (P < 0.05). The "'C-PiB SUVR cut-offs were 1.46-1.81, with sensitivity ranging from 81.25% to 93.75% and
specificity of 100%. The mean SUVRs of "®F-THK 5351 in various regions were also significantly higher in the AD patients than in the healthy
controls (P < 0.05). The inferior temporal gyrus yielded an optimum SUVR cut-off-points of 1.5 with 80% sensitivity and 83.33% specificity. The
correlation of PiB and THK5351 SUVR was reported at precuneus, parietal, and occipital brain areas, with spearman’s rho of 0.67, 0.66, and
0.72, respectively. Our findings allow determination of the SUVRs of "'C-PiB and ®F-THK-5351 amyloid and tau positron emission tomography

tracers for clinical use, according to the normal database of the optimal cut-off-points for SUVRs in AD patients.
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INTRODUCTION

Alzheimer’s disease (AD) is characterized by the accumulation
of amyloid-p (AP) and hyperphosphorylated tau proteins,
along with neurodegeneration and cognitive impairment.!'!
In 2015, dementia was estimated to affect 46.8 million people
worldwide, with AD being the most common type.B! The
prevalence rates of AD rise with age and increase markedly
after the age of 65 years.” Hence, it is important to realize
the problem of dementia among the elderly population, and
better screening and prevention are matters of great concern.

AB is known to be a disease biomarker, while tau is a disease
progression biomarker.’! Several radiotracers with high
affinity to AP plaques and tau proteins have been employed
for human positron emission tomography (PET) imaging.
One of these tracers, Pittsburgh compound-B (''C-PiB), is
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characterized by abnormal accumulation in extracellular
AB plaques.>®”l Meanwhile, '®F-labeled arylquinoline
derivatives have recently been developed as candidates for
tau PET radiotracers. ¥F-THK-5351 studies demonstrated
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increased tracer uptake at the sites of tau pathology in AD,
in association with the clinical severity of dementia.l>®!

PiB and THK-5351 PET are thus beneficial for the diagnosis
of early or preclinical stage AD, as well as for predicting
the risk of AD development in patients with mild cognitive
impairment (MCI) and those with abnormal genetic
mutations, leading to better treatment planning in these
groups of patients.

In AD patients, there is a correlation between AP plaques
and tau protein accumulation. This correlation has been
confirmed by many studies, with AB plaques not being the
only type of protein related to AD development.'

Thus, PiB and Tau PET imaging can play important roles in
AD diagnosis from the preclinical presentation stage, and
they can help predict the risk of AD in patients with MCI and
individuals with genetic abnormalities."” These tracers can
allow the differentiation of AD from other types of dementia
with similar symptoms, which is crucial for the future care
of patients.!"!l

Hence, this study aimed to investigate the use of ''C-PiB and
BF-THK-5351 for AD diagnosis, using a normal database of
the optimal cutoff points for SUVRs in AD patients. We also
identify the correlation between PiB and THK5351 deposition
at matching brain regions.

MATERIALS AND METHODS

This study was approved by the Human Research Ethics
Committee of our institute on September 27, 2019. Project
code was 051/2562. Before the study, written informed
consent was obtained from all participants for participation
in the study of data for research and educational purposes.

Participants

Sixteen AD patients (4 men, 11 women; aged 45-79 years;
mean age = standard deviation [SD]: 60.69 *+ 6.82 years)
and 24 cognitively normal individuals (13 men, 11 women;
aged 42-79 years; mean age: 59.67 = 10.84 years) were
enrolled in this study. The cognitively normal individuals
were verified as such by neurologists and neuropsychiatrists.
Cognitively normal criteria were defined as: (1) mini-mental
state examination of 24 of higher or score of more than 25 on
the Montreal Cognitive Assessment (2) Clinical Dementia
Rating of 0, (3) preserved activities of daily living, (4) absence
of significant levels of impairment in other cognitive
domains, (5) no sign and symptom of MCI or dementia,
and (6) not diagnosed with probable AD by using criteria

from the National Institute on Aging - Alzheimer’s Association
workgroups. All participants had no concurrent underlying
disease such as hypertension, dyslipidemia, diabetic mellitus,
cardiovascular disease, pulmonary, or renal condition.
No normal individuals had a history of psychological or
neurological disease, psychotropic drug use, or cancer within
the past 5 years. Magnetic resonance imaging (MRI) brain of
each cognitively normal individuals showed no focal mass,
acute infarction, intracranial hemorrhage, hydrocephalus,
extra-axial collection, or brain herniation. The AD participants
were assessed and diagnosed by clinicians by using criteria
from the National Institute on Aging - Alzheimer’s Association
workgroups for probable AD.I'?

Procedures

All participants underwent amyloid PET with "'C-PiB and tau
PET with '®F-THK 5351, using a Siemens/Biograph 16 scanner
in three-dimensional (3D) mode. For each patient, the
two scans were performed within 2 weeks. MRI was also
performed on all participants.

11C-PiB imaging procedure

All participants were scanned using a Siemens/Biograph
16 scanner in 3D mode. Dynamic imaging was performed
immediately after intravenous injection of 555 MBq (15 mCi)
of ""C-PiB. Dynamic brain PET/computed tomography (CT)
scanning was performed for 70 min, and brain CT images
were also acquired for attenuation correction. The image
acquisition used a matrix size of 168, zoom of 1, and a
Gaussian filter with a full-width at half-maximum (FWHM)
of 5.0. Images were reconstructed into 7 frames of
10 min per frame, using ordered subset expectation
maximization (OSEM) with 4 iterations, 8 subsets, and a
4-mm pixel size. The iterative reconstruction images from
50 to 70 min were used for quantitative analysis.

18F-THK 5351 imaging procedure

Dynamic imaging was performed immediately after
intravenous injection of 185 MBq (5 mCi) of F-THK 5351.
Dynamic brain PET/CT scanning was performed for 90 min
and brain CT images for attenuation correction were also
acquired. The image acquisition used a matrix size of 168,
zoom of 1, and a Gaussian filter with a FWHM of 5.0. Images
were reconstructed into 4 frames of 20 min per frame using
OSEM with 4 iterations, 8 subsets, and a 4-mm pixel size.
The iterative reconstruction images from 40 to 60 min were
used for quantitative analysis.

MRI acquisition

T1-weighted MRI was acquired in all participants for
registration and delineation of the brain reference regions
using PMOD Neuro tool (PMOD Technologies, Ziirich,
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Switzerland). Additional sequences of MRI such as diffuse
weight images, fluid-attenuated inversion recovery, T2W
were used for detecting of other underlying intracranial
pathologies.

Data and statistical analysis

The PET imaging data were processed and analyzed using
P-mod Neuro tool (PMOD Technologies). Both ''C-PiB and
F-THK-5351 PET images were automatically co-registered
within individuals using an automatic voxel of interest
method. Both the "'C-PiB and '®F-THK-5351 PET images were
automatically co-registered to individual T1-weighting MRI
images. Then, the SUVRs of ""C-PiB and "F-THK 5351 in
various cortical regions were analyzed, using the cerebellum
as a reference region. The eight ""C-PiB regions included
orbitofrontal, precuneus, parietal, anterior cingulate,
posterior cingulate, superior parietal, lateral temporal,
and occipital areas. The '8F-THK-5351 regions were the
anterior cingulate, brain stem, caudate nucleus, white
matter, entorhinal cortex, frontal cortex, fusiform gyrus,
hippocampus, inferior temporal cortex, lingual gyrus, middle
temporal gyrus, occipital cortex, pallidum, parahippocampal
gyrus, parietal cortex, posterior cingulate, precuneus,
putamen, and thalamus.

Analysis of variance (ANOVA) and multiple unpaired
Bonferroni tests were performed to assess the tracer uptake
in various cortical regions. For the different brain regions,
differences between SUVR values were evaluated using
ANOVA and multiple unpaired Bonferroni tests (P < 0.05,
2-sided), with P < 0.05 being considered statistically
significant. STATA software version 11 (StataCorp LLC, Texas,
USA) and Microsoft Excel for Mac 2011 (Microsoft Office
campus, Washington, USA) were used for the analysis of all
statistical data and graphical presentations.

Box and whisker plots were constructed for the SUVRs of the
healthy controls and AD subjects. This plot is a method for
graphically depicting groups of data through their quartiles,
and indicates the variability outside the upper and lower
quartiles. The cutoff points of the SUVRs of each brain region
for evaluation of the deposition of ''C-PiB and "*¥F-THK-5351
were estimated from these plots.

All data from the AD patients and cognitively normal controls
were analyzed using receiver-operating characteristic (ROC)
curves to test the performance of the radiotracers for
differentiating between disease and disease-free groups, as well
as to acquire the sensitivity and specificity of each SUVR cutoff
point. DeLong’s method with the confidence level set at 95
was used for calculating the standard errors from the ROC plot.

Spearman’s rank correlation coefficient and P value for
AD group were calculated by Spearman’s rank correlation
for nonparametric measurement, using STATA software
version 11. The correlation between PiB and THK5351
deposition at matching brain regions was identified
by Spearman’s rank correlation coefficient >0.5 with
value of P < 0.05. The SUVR of correlated brain regions
between 2 radiotracers was plotted by Microsoft excel 2011.

RESULTS
The details of AD patients are shown in Table 1.

Quantitative analysis of **C-Pittsburgh compound B

In the AD patients aged <60 years, the mean (=SD) "'C-PiB
SUVRs in the posterior cingulate, precuneus, anterior cingulate,
orbitofrontal, lateral temporal, parietal, superior parietal, and
occipital regions were 1.95 + 0.32, 1.89 = 0.50, 1.93 + 0.35,
1.92 = 0.30, 1.83 = 0.39, 1.73 = 0.51, 1.69 = 0.53, and
1.58 = 0.41, respectively. In addition, in the AD patients aged
over 60 years, the mean (+SD) "'C-PiB SUVRs in the posterior
cingulate, precuneus, anterior cingulate, orbitofrontal, lateral
temporal, parietal, superior parietal, and occipital regions
were 2.21 * 0.30, 2.15 = 0.29, 2.08 = 0.30, 1.99 = 0.31,
195 = 0.31, 1.99 = 0.32, 1.99 * 0.25, and 1.83 * 0.29,
respectively. The mean SUVRs of the AD patients in both age
groups were significantly higher than those of the normal
controls (P < 0.05). However, the SUVR values showed no
statistically significant differences between the right and left-side
brain regions (P > 0.05). The results are shown in Tables 2 and 3.
Box and whisker plots demonstrating the scatter in the ''C-PiB
SUVRs and the outlier values between the AD patients and the
cognitively normal controls are shown in Figure 1.

Table 1: Alzheimer's disease patients’ details

Patients Age at Neurological evaluation Duration of
presentation MMSE MoCA disease (year)

PT1 61 19 NA 3

PT2 63 22 13 2

PT3 62 21 12 1

PT4 58 20 8 2

PT5 63 NA 10 6

PT6 76 6 NA 3

PT7 68 NA 20 2

PT8 70 " 3 5

PT9 69 NA 17 2

PT10 66 NA 23 1

PT11 67 19 13 2

PT12 69 NA 8 9

PT13 65 NA 15 1

PT14 52 NA 22 2

PT15 47 NA 19 2

MMSE: Mini-mental state examination; MoCA: Montreal cognitive assessment
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Table 2: Mean "C-PiB standardized uptake value ratio of healthy controls and alzheimer’'s disease patients

AD HC
Age <60 years Age <60 years
(n=1) (n=13)
Orbitofrontal 1.92+0.30 1.20+0.11
Precuneus 1.89=0.50 1.17+0.07
Parietal 1.73+0.51 1.14+0.08
Anterior cingulate 1.93+0.35 1.31+0.08
Posterior cingulate 1.95+0.32 1.40+0.07
Superior parietal 1.69+0.53 1.06+0.11
Lateral temporal 1.83+0.39 1.12+0.07
Occipital 1.58+0.41 1.16=0.09

AD: Alzheimer's disease; HC: Healthy controls

Table 3: Regional ''C-PiB standardized uptake value ratios
in healthy controls and Alzheimer’'s disease patients, with
comparisons between right and left sides of the brain

Region of interest HC (n=24) AD patients (n=16) P
Right orbitofrontal 1.23+0.13 1.95=0.04 >0.05
Left orbitofrontal 1.24=0.17 1.94=0.29

Right precuneus 1.15+0.12 2.01+0.42 >0.05
Left precuneus 1.15+0.13 1.99+0.44

Right parietal 1.10+0.14 1.87+0.41 >0.05
Left parietal 1.12+0.13 1.85+0.44

Right anterior cingulate 1.33+0.15 1.99+0.41 >0.05
Left anterior cingulate 1.28+0.12 2.00+0.30

Right posterior cingulate 1.41+0.15 2.02+0.31 >0.05
Left posterior cingulate 1.38+0.16 2.13+0.33

Right superior parietal 0.99+0.15 1.83+0.42 >0.05
Left superior parietal 1.02+0.16 1.88+0.42

Right lateral temporal 1.12+0.09 1.89=0.35 >0.05
Left lateral temporal 1.13+0.09 1.87+0.35

Right occipital 1.15+0.11 1.70+0.40 >0.05
Left occipital 1.15+0.09 1.69+0.39

AD: Alzheimer's disease; HC: Healthy controls

Quantitative analysis of *8F-THK 5351

In the AD subjects aged <60 years, the mean (=SD) SUVRs
of THK 5351 in the caudate nucleus, putamen, pallidum,
brain stem, posterior cingulate, precuneus, middle temporal
gyrus, occipital cortex and inferior temporal regions were
1.34 = 0.44, 1.92 = 0.37, 2.19 = 0.60, 1.73 * 0.16,
1.68 = 0.24, 1.42 = 0.27, 1.44 * 0.18, 1.35 = 0.17,
and 1.60 = 0.21, respectively. In the AD subjects aged
over 60 years, the mean (£SD) THK 5351 SUVRs in the
caudate nucleus, putamen, pallidum, brain stem, posterior
cingulate, precuneus, middle temporal gyrus, occipital
cortex, and inferior temporal regions were 1.49 *= 0.37,
2.18 = 0.31, 2.53 = 0.38, 1.71 %= 0.14, 1.69 = 0.24,
1.47 £ 0.18, 1.61 = 0.31, 1.42 = 0.15, and 1.86 = 0.32,
respectively. The mean SUVRs of the AD patients were
significantly higher than the normal controls (P < 0.05) in
both age groups, especially in the inferior temporal, occipital
cortex, and middle temporal gyrus areas. However, there
were no statistically significant differences between the right

P AD HC P
Age >60 years Age >60 years
(n=9) (n=11)
<0.05 1.99+0.31 1.25+0.13 <0.05
<0.05 2.15+0.29 1.14=0.18 <0.05
0.0005 1.99+0.32 1.08+0.18 <0.05
<0.05 2.08+0.30 1.29+0.17 <0.05
<0.05 2.21+0.30 1.38+0.22 <0.05
0.0006 1.99+0.25 0.96+0.18 <0.05
<0.05 1.95+0.31 1.11=0.09 <0.05
0.002 1.83+0.29 1.14x0.12 <0.05

and left-side brain regions (P > 0.05). The results are shown
in Tables 4 and 5. Box and whisker plots demonstrating the
scatter in '8F-THK5351 SUVRs and the outlier values between
the AD patients and the cognitively normal controls are
shown in Figure 2.

Receiver operating characteristic curves

ROC curve analysis is shown in Figures 3 and 4. The areas
under the curves (AUC) of the PiB patients were remarkably
high in all observed regions, ranging from 0.93 to 0.99. The
Cls indicating the accuracies of the cutoff points obtained
using another subject group in a different study ranged
from 0.82 to 1.00, as shown in Table 6. The sensitivities and
specificities are shown in Table 7. The optimum cutoff point
SUVR in each region revealed a high sensitivity of more than
or equal to 80%.

The THK 5351 ROC curve analysis showed high AUC
values from 0.71 to 0.87 for the fusiform gyrus, inferior
temporal cortex, middle temporal gyrus, occipital cortex,
parahippocampus, parietal cortex, posterior cingulate, and
precuneus regions, with ClIs of 0.5-0.99, as presented in
Table 8. The SUVRs cutoff for each brain area are shown
in Table 9. The inferior temporal gyrus, an important brain
area for the preclinical evaluation of AD, yielded an optimum
SUVR cutoff of 1.5 with 80% sensitivity and 83.33% specificity.

Correlation

The statistical analysis of spearman rank correlation was
applied to demonstrate the degree of correlation between
SUVR of PiB and THK5351 uptake at matching brain regions
of AD group, which investigated in both radiotracers
including precuneus, anterior cingulate, posterior cingulate,
parietal, and occipital. The strong correlation degree
was demonstrated between tau and amyloid deposition
at occipital with Spearman’s rho = 0.72, followed by
the correlation between PiB uptake at occipital and THK
5351 uptake at parietal with Spearman’s rho = 0.58. The
Spearman’s rank correlation rho between PiB accumulation
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Table 4: Mean "®F-THK-5351 standardized uptake value ratios of healthy controls and Alzheimer’'s disease patients

AD HC
Age <60 years (n=6) Age <60 years (n=13)
Anterior cingulate 1.63+0.12 1.67+0.05
Brain stem 1.73+0.16 1.84+0.06
Caudate nucleus 1.34+0.44 1.98+0.18
White matter 1.44+0.19 1.40+0.08
Entorhinal cortex 1.52+0.21 1.51=0.08
Frontal cortex 1.22+0.18 1.25+0.04
Fusiform gyrus 1.55+0.22 1.40=0.05
Hippocampus 1.84+0.38 2.01+0.11
Inferior temporal cortex 1.60+0.21 1.37+0.04
Lingual gyrus 1.26+0.22 1.20+0.06
Middle temporal gyrus 1.44+0.18 1.27+0.04
Occipital cortex 1.35+0.17 1.16=0.05
Pallidum 2.19+0.60 2.49+0.15
Parahippocampal gyrus 1.98+0.37 1.78+0.09
Parietal cortex 1.23+0.26 1.16+0.04
Posterior cingulate 1.68+0.24 1.45+0.06
Precuneus 1.42+0.27 1.26+0.03
Putamen 1.92+0.37 2.05+0.08
Thalamus 1.47+0.61 2.11+0.11

AD: Alzheimer's disease; HC: Healthy controls

at precuneus and THK5351 accumulation at precuneus and
parietal was 0.67 and 0.70, respectively. The Spearman’s
rho correlation SUVR between PiB retention at parietal and
THK 5351 retention at precuneus, parietal, and occipital was
0.59, 0.66, and 0.60, respectively. PiB retention at posterior
cingulate gyrus and THK5351 retention at parietal were
correlative at Spearman’s rho = 0.58. All these analyzed
Spearman’s rank degrees (outlined above) demonstrated the
P < 0.05. However, there was a weak correlation (Spearman’s
rho < 0.5) between PiB accumulation at anterior cingulate
gyrus and THK5351 uptake at other matching brain regions.
Plots of correlative brain regions are shown in Figure 5.

DISCUSSION

The characteristics of AR plaque and tau protein accumulation
in AD patients are very important for the discrimination
of elderly cognitive normal subjects from AD patients.
According to the study of Rowe et al."¥ the prevalence of
amyloid-positive cases in healthy older subjects increased
from 18% in the seventh decade of age to 60% in those
over 80 years. Therefore, the incidence of AD is known to
increase with age, with age becoming the most important
risk factor for the development of AD.*!¥l Measurements
of amyloid deposition in brain regions (SUVR values)
may therefore assist physicians in differentiating elderly
cognitively normal individuals from AD patients. However,
the appropriate SUVR cutoff points for each brain region
should be carefully considered.

P AD HC P
Age >60 years (n=9) Age >60 years (n=11)
0.348 1.61+0.28 1.71+0.19 0.366
0.037 1.71+0.14 1.91+0.18 0.012
0.0003 1.49+0.37 1.93+0.27 0.006
0.473 1.52+0.19 1.48+0.18 0.603
0.875 1.73+0.36 1.69+0.24 0.782
0.516 1.36+0.21 1.28+0.13 0.284
0.032 1.73+0.17 1.48+0.20 0.009
0.147 1.85+0.31 2.14+0.22 0.030
0.001 1.86+0.32 1.48+0.21 0.006
0.415 1.33+0.14 1.22+0.14 0.084
0.003 1.61+0.31 1.34+0.16 0.022
0.001 1.42+0.15 1.18+0.12 0.001
0.095 2.53+0.38 3.01=0.55 0.040
0.082 2.04=0.26 1.90+0.23 0.209
0.382 1.34+0.16 1.18x0.11 0.013
0.004 1.69+0.24 1.49+0.15 0.038
0.045 1.47+0.18 1.26+0.11 0.006
0.224 2.18=0.31 2.33+0.39 0.358
0.001 1.86+0.37 2.26+0.28 0.013

The PET tracers ''C-PiB and "¥F-THK-5351 have great potential
for reflecting the physiology of AD, as they can reveal elevated
AP and tau protein deposition in different brain regions.!"!
In this study, we evaluated the deposition of these proteins
using quantitative PET with SUVR analysis, and our findings
showed distinctly elevated ''C-PiB deposition in the anterior
and posterior cingulate in AD patients, with the SUVRs being
significantly higher than in the normal controls [P < 0.05;
Table 2]. These findings are compatible with those of
Koivunen et al." and Kemppainen et al.'”l where high AB
accumulation was demonstrated in the anterior and posterior
cingulate. The tracer deposits at these regions reflect the
development of heavy AB loads in AD patients.!"®!

We found high ®F-THK-5351 deposition in the pallidum
and putamen in the elderly cognitively normal
individuals [Tables 4 and 5]. This finding is similar to
that of the study of Lockhart et al." which reported
SUVRs of 3.58 and 2.94 for the pallidum and thalamus,
respectively.” Furthermore, *F-THK-5351 also deposit in
the inferior temporal cortex being significant region for
preclinical AD.?% Thus, '8F-THK-5351 imaging is useful for the
early detection of neurofibrillary pathology in AD patients.
The study showed higher *F-THK-5351 SUVRs in AD subjects
than in the elderly cognitively normal controls (P < 0.05).
A similar finding was reported by Harada et al.,® with higher
SUVR values in AD patients (three patients) 2.21 = 0.24 than in
healthy controls (mean 1.54 = 0.12). The findings facilitated
the differentiation of AD patients from cognitively normal
subjects according to the deposition of '®F-THK-5351 in the
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Figure 1: Box and whisker plots for various regions with comparison of the scatter of 'C-PiB SUVRs and outlier values between the HC and AD groups. AD:
Alzheimer’s disease; HC: Healthy controls; **C-PiB: 'C-Pittsburgh compound B; SUVRs: Standardized uptake value ratios

inferior temporal cortex. However, '8F-THK-5351 is frequently
present in the brains of cognitively normal older adults,
not only AD patients. In addition, we observed that in the
age groups over 60 years, the SUVR values for ¥F-THK-5351
were significantly higher in the elderly cognitively normal
controls than in the AD patients in the caudate nucleus,
palladium, and thalamus regions (P < 0.05). Our findings
share some similarities with those of the study of Lockhart
et al.™ which found higher SUVR values in healthy controls
than in AD patients in the brain stem, caudate nucleus, and

66

hippocampus, although the differences were not statistically
significant.

Notably, the ROC analysis showed that the "'C-PiB cut-off
for the average SUVR in each region yielded a high AUC for
the discrimination between AD and non-AD subjects. For all
regions, the SUVR cut-offs were approximately 1.46-1.81,
with high sensitivity ranging from 81.25% to 93.75% and
specificity of 100%, with a CI of 0.82—1.00. Previous studies
by Ismail et al.,*! Villeneuve et al.,” and Jack et al.*! provided
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Figure 2: Box and whisker plots for various regions comparing the scatter of ®F-THK5351 SUVRs and outlier values between HC and AD groups. AD:
Alzheimer’s disease; HC: Healthy controls; SUVRs: Standardized uptake value ratios

only average SUVRs for the global cortical region of 1.2-1.5,
1.21, and 1.42, respectively, without giving the sensitivity or
specificity of particular SUVR cutoffs for a normal population.
As mentioned, the cutoffs obtained from the ROC curve
showed some differences between our study and previous
ones. Nevertheless, our study did not focus on finding an
average SUVR for multiple cortical regions like other studies,
but instead focused on obtaining values for local regions,
which we think may be a more precise and less complex
method in clinical practice.

In our study, ""C-PiB showed very high sensitivity and
specificity in all regions. However, the ROC analysis of
F-THK5351 demonstrated some differences. The cut-off
value analyzed from the ROC of tau phosphorylation
retention was found to result in extremely low AUCs in
most regions, resulting from their being little difference
between the average SUVRs of AD individuals and healthy
controls. Regions presenting with low AUCs and low
differences, which correlated with off-target binding, were
revealed in deep parts of the brain, including the caudate,
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Figure 3: ''C-PiB ROCs from the average SUVRs between elderly cognitively normal individuals and AD patients, with the ROCs indicating high AUCs, and
the very high diagnostic performance of PiB in the precuneus, posterior cingulate, and orbitofrontal regions. ROCs: Receiver-operating characteristics;
11C-PiB: 'C-Pittsburgh compound B; SUVRs: Standardized uptake value ratios; AUCs: Areas under the curves
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Figure 4: '®F-THK5351 ROCs from the average SUVRs between elderly
cognitively normal individuals and AD patients in the inferior temporal
region, with the ROCs indicating noticeably high AUCs, and the very high
performance of THK 5351 in the inferior temporal area for the differential
diagnosis of AD. ROCs: Receiver-operating characteristics; AUCs: Areas
under the curves; AD: Alzheimer’s disease; SUVRs: Standardized uptake
value ratios

thalamus, putamen, and pallidum.?* The low differences
found between the average SUVRs of both groups in the
remaining areas, including the hippocampus, entorhinal,

and frontal regions, may be impacted by misregistration
for anatomical differences. For example, atrophy of a
gyrus may cause misregistration because of anatomical
differences, especially with the lack of a voxel-based
morphology correction. Thus, the areas with a low SUVR
difference between the disease and the disease-free
subjects were linked to low AUCs and could be interpreted
as ineffective regions for differential evaluation or
screening of Alzheimer’s patients. The regions with
large differences in SUVR between AD and non-AD, as
well as high AUCs, were the parahippocampus, fusiform,
precuneus, middle temporal, parietal, and posterior
cingulate regions, and especially the inferior temporal
gyrus. The ROC analysis indicated an SUVR cut off for
the inferior temporal region for preclinical screening
of 1.5, with this having an 80% sensitivity, 83.33%
specificity, and Cl of 0.74-0.98. In the same manner as
those studies concerned with ''C-PiB, most previous
studies on tau deposition also focused on the average
SUVR or distribution volume ratio without describing the
specific specificity and sensitivity of the cutoff, but some
similarities can still be discussed.®?% The study shared
the same value as the study of Lockhart et al.?” which
reported a mean SUVR for healthy controls (HC) of 1.5,
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Table 5: Regional "®F-THK 5351 standardized uptake value ratios
in healthy controls and Alzheimer’s disease patients with
comparisons between right and left sides of the brain

Region of interest HC AD patients P
(n=24) (n=15)

Right anterior cingulate 1.67+0.15 1.65+0.17 0.75
Left anterior cingulate 1.71+0.12 1.70+0.14 0.93
Brain stem 1.87=0.13 1.72+0.14 1.16E-3
Right caudate nucleus 2.02+0.24 1.47+0.42 1.00E-5
Left caudate nucleus 1.90+0.26 1.39+0.38 2.00E-5
White matter 1.44=0.14 1.49+0.19 0.29
Right entorhinal cortex 1.61=0.22 1.65=0.33 0.65
Left entorhinal cortex 1.58=0.17 1.64=0.32 0.43
Right frontal cortex 1.26=0.09 1.29+0.19 0.47
Left frontal cortex 1.27+0.09 1.31+0.23 0.43
Right fusiform gyrus 1.43+0.14 1.65+0.23 4.70E-4
Left fusiform gyrus 1.44+0.16 1.65+0.22 1.18E-3
Right hippocampus 1.99+0.25 1.82+0.33 0.07
Left hippocampus 2.10+0.20 1.88+0.34 0.01
Right inferior temporal cortex 1.40+0.14 1.77+0.29 1.00E-5
Left inferior temporal cortex 1.45+0.17 1.73+0.35 1.38E-3
Right lingual gyrus 1.21+0.10 1.31+0.18 0.03
Left lingual gyrus 1.21+0.10 1.29+0.19 0.1
Right middle temporal gyrus 1.30+0.12 1.58+0.28 1.10E-4
Left middle temporal gyrus 1.31+0.12 1.51+0.29 4.86E-3
Right occipital cortex 1.17+0.09 1.40+0.16 7.00E-7
Left occipital cortex 1.17+0.09 1.38+0.17 9.00E-6
Right pallidum 2.711+0.47 2.40+0.46 0.06
Left pallidum 2.76=0.46 2.39+0.54 0.03
Right parahippocampal gyrus 1.85+0.18 2.06+0.36 0.02
Left parahippocampal gyrus 1.81=0.18 1.99+0.27 0.01
Right parietal cortex 1.17+0.08 1.31+0.20 3.88E-3
Left parietal cortex 1.17+0.08 1.28+0.21 0.03
Right posterior cingulate 1.46=0.12 1.68+0.23 1.91E-4
Left posterior cingulate 1.47+0.11 1.68+0.23 4.17E-4
Right precuneus 1.27+0.08 1.47+0.21 1.70E-4
Left precuneus 1.26+0.08 1.42+0.22 1.21E-3
Right putamen 2.11+0.28 2.05+0.34 0.55
Left putamen 2.25+0.33 2.09+0.37 0.16
Right thalamus 2.19+0.23 1.75+0.49 4.60E-4
Left thalamus 2.17+0.20 1.68+0.50 1.20E-4

AD: Alzheimer's disease; HC: Healthy controls

Table 6: Areas under the curves of ""C-PiB

Region of interest AUC Confidence interval
Orbitofrontal 0.99 0.96-1.00
Precuneus 0.94 0.82-1.00
Parietal 0.94 0.82-1.00
Anterior cingulate 0.95 0.84-1.00
Posterior cingulate 0.96 0.89-1.00
Superior parietal 0.94 0.82-1.00
Lateral temporal 0.99 0.96-1.00
Occipital 0.93 0.84-1.00

whereas a study by Kikuchi et al.” reported a different
SUVR of 1.56 =+ 0.09 for the right middle inferior temporal
region of HCs, and 1.52 + 0.12 for the left middle inferior

Table 7: PiB standardized uptake value ratio s cut off for each
brain area

Region of interest SUVR cut-off Sensitivity Specificity
Orbitofrontal 1.61 93.75 100
Precuneus 1.68 87.5 100
Parietal 1.48 93.75 100
Anterior cingulate 1.66 93.75 100
Posterior cingulate 1.81 81.25 100
Superior parietal 1.5 93.75 100
Lateral temporal 1.46 93.75 100
Occipital 1.36 875 95.83

Selected optimum cut-offs at a sensitivity level =80% and the highest specificity
level. SUVR: Standardized uptake value ratio

Table 8: Areas under the curves s of '*F-THK 5351

Region of interest AUC Cl

Anterior cingulate 0.43 0.22-0.64
Brain stem 0.18 0.04-0.32
Caudate nucleus 0.13 0.01-0.25
White matter 0.62 0.42-0.82
Entorhinal cortex 0.56 0.35-0.78
Frontal cortex 0.60 0.39-0.82
Fusiform gyrus 0.81 0.66-0.97
Hippocampus 0.28 0.08-0.49
Inferior temporal cortex 0.86 0.74-0.98
Lingual gyrus 0.67 0.48-0.88
Middle temporal gyrus 0.81 0.66-0.97
Occipital cortex 0.87 0.76-1.00
Pallidum 0.35 0.01-0.25
Parahippocampal gyrus 0.7 0.51-0.91
Parietal cortex 0.73 0.53-0.94
Posterior cingulate 0.83 0.65-0.96
Precuneus 0.84 0.69-0.99
Putamen 0.47 0.26-0.68
Thalamus 0.22 0.05-0.40

Cl: Confidence interval; AUC: Areas under the curve

temporal region. Harada et al.® also presented inferior
temporal SUVRs in HCs, with these ranging from 1.44 to
1.67.

The quantitative results for both radiotracers not only
demonstrated higher SUVR in various regions but also
showed remarkable correlation between phosphorylated
tau and amyloid deposition in AD group at matching brain
regions, including occipital, parietal lobe, precuneus, and
posterior cingulate gyrus. This was observed in our AD
subjects diagnosed with advance stage of AD pathologies
according to PET imaging and clinical presentation of
dementia and in corresponding with the Braak?® staging
tau deposition and amyloid deposition staging, which
presented the progression of amyloid and tau deposition
in AD patients. The Braak staging for our patients was
Braak stage V/VI, which represented the spreading of
phosphorylated from the entorhinal cortex (Braak stages
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Figure 5: The SUVR correlation between THK 5351 and PiB in AD group. SUVR: Standardized uptake value ratio; PiB: Pittsburgh compound B; AD: Alzheimer’s

disease

I/11) to the inferolateral temporal cortex and parts of the
medial parietal lobe (stages I1I/IV), then all-over neocortical
cortex. Comparatively, Thal et al. reported the pattern
of amyloid deposition that correlated to the clinical
presentation, with the spreading of amyloid plaque from
cortical cortex to area of cingulate gyrus and precuneus in
phase 2/3 of dementia subjects, according to our results
and clinical data of AD subjects.*! Hence, the correlation of
noticeably high SUVR between amyloid and tau deposition
at occipital, parietal, precuneus, and posterior cingulate
gyrus in our clinically proven AD subjects may related to
the spreading of phosphorylated Tau and amyloid in the
late stage of the disease. Moreover, the correlation could
be applied as the indicator for verifying the accuracy of
diagnosed AD subjects in our analysis.

In summary, for normal controls, we found an '8F-THK 5351
SUVR cutoff of 1.5 in the inferior temporal region, with this
having a sensitivity of 80% and specificity of 83.33%, which
was lower than the average SUVRs of AD patients, which
were 1.60 = 0.21 and 1.86 = 0.32 for age groups <60 years

and over 60 years, respectively. In addition, the correlation
between SUVR of PiB and THK5351 was demonstrated in the
regions according to the Braak staging tau deposition and
Thal amyloid deposit phase, which presented the pathology
in clinical AD.

Evidently, it can be concluded that both the 'C-PiB and
BE-THK 5351 SUVR cut-offs found in this study were different
from those in previous studies. Hence, we recommended
the utilization of a local database with population-specific
cutoffs, which should help to provide highly reliable
quantitative analysis resulting in the highest accuracy and
precision for interpretation.

Our study was limited by the small number of participants.
A greater number of patients would improve the accuracy,
sensitivity, and specificity of the cutoff thresholds.
Furthermore, the SUVR calculated from P-mod software might
be subject to variation in some subjects with noticeable brain
atrophy, because of the lack of a voxel-based morphology
correction. '8F-THK 5351 tracer itself has limitations because
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Table 9: THK 5351 standardized uptake value ratio s cut off for
each brain area

Region of interest SUVR cut off Sensitivity Specificity
Anterior cingulate 1.56 93.33 417
Brain stem 1.62 80 417
Caudate nucleus 1.67 40 417
White matter 1.37 80 25
Entorhinal cortex 1.25 100 417
Frontal cortex 1.03 93.33 417
Fusiform gyrus 1.5% 80 87.5
Hippocampus 1.75 66.67 417
Inferior temporal cortex 1.5% 80 83.33
Lingual gyrus 1.16 80 25
Middle temporal gyrus 1.31* 86.67 66.67
Occipital cortex 1.31% 80 81.5
Pallidum 2.21 73.33 417
Parahippocampal gyrus 1.78 80 29.17
Parietal cortex 1.1 80 16.67
Posterior cingulate 1.53* 80 79.17
Precuneus 1.32% 80 83.33
Putamen 1.75 80 417
Thalamus 1.9 46.67 4.17

*Selected optimum cut-offs at a sensitivity level =80% and the highest specificity
level. SUVR: Standardized uptake value ratio

F-THK 5351 PET has off-target binding to monoamine
oxidase-B (MAO-B).?»I The tracer is known to accumulate
not only neurofibrillary tangles but neurofibrillary tangles
combining with reactive astrocytes. MAO-B distribution
throughout the whole brain and subcortical structure should
be concerned for tau PET interpretation.

CONCLUSION

The study used a normal database to determine the
optimal cutoff points for ""C-PiB and "8F-THK 5351 SUVRs
for determining positive amyloid and tau PET status in
AD patients. Moreover, the correlation between tau and
amyloid deposition at the cortical region, precuneus, and
posterior cingulate gyrus in AD patients accordance with
Braak staging tau deposition and Thal amyloid deposit
phase.
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