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Objective(s): The aim of the study was to create a local normal database brain
template of Thai individuals for !1C-Pittsburgh compound B (11C-PiB) and 18F-THK
5351 depositions using statistical parametric mapping (SPM) software, and to
validate and optimize the established specific brain template for use in clinical
practice with a highly reliability and reproducibility.

Methods: This prospective study was conducted in 24 healthy right-handed
volunteers (13 men, 11 women; aged: 42-79 years) who underwent 18F-THK 5351
and 11C-PiB PET/CT scans. SPM was used for the 18F-THK 5351 and !1C-PiB PET/CT
image analysis. All PET images were processed individually using Diffusion Tensor
Image -Magnetic Resonance Imaging-weighted images (DTI-MRI images), which
involved: (1) conversion of Digital Imaging and Communications in Medicine
(DICOM) files into an analyzable file extension (.NIFTI) for statistical parametric
mapping, (2) setting of the origin (the anterior commissure was used as the
anatomical landmark), (3) re-alignment, (4) co-registration of PET with BO (T1W)
and DTI-MRI images, (5) normalization, and (6) normal verification using the Thai
MRI standard. We then compared the normal PET template with the abnormal
deposition area of different dementia syndromes, including Alzheimer’s disease
and progressive supranuclear palsy.

Results: This method was able to differentiate cognitively normal from Alzheimer’s
disease and progressive supranuclear palsy subjects .

Conclusions: This normal brain template was able to be integrated into clinical
practice and research using PET analyses at our center.
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Introduction

plaque (3). Concurrently, 18F-THK-5351 was

The accumulation of amyloid-B (AB) and
hyperphosphorylated tau proteins are considered
important biomarkers for Alzheimer’s disease
(AD) (1). AD is an important problem worldwide,
and the dementia associated with AD can affect
the quality of life of both patients and their
families. Thus, it is critical to improve diagnosis
and screening methods for early detection of AD (2).

Over the last decade, a number of
radiopharmaceuticals for use with neuro positron
emission tomography (PET) have been developed
for in vivo detection of A3 plaques and tau protein
deposition. One of those tracers, !1C-labeled
Pittsburgh Compound-B  (11C-PiB), shows
outstanding binding performance to amyloid

developed and demonstrated highly selective
binding to the tau protein (4). Both radiotracers
are used for effective diagnosis of AD and other
neurodegenerative diseases (5-6).

The neuro PET interpretation of amyloid and tau
protein accumulation in the brain is based on both
visual analysis and quantitative analysis by
nuclear physicians. Both analysis methods can be
used interchangeably for confirmation of each
other. The improvement of qualitative analysis is
important for increasing the accuracy and
precision of diagnosis, particularly in complicated
patients with uncertain accumulation of
radiotracer. A technique for qualitative analysis
involves comparison of data with a normal brain
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template. This procedure can be applied with high
reliability and allows detection of brain areas with
abnormalities and radiotracer retention data.
Brain template comparisons can be achieved with
software such as the MIM neuro tool analysis, the
Siemens Senium neuro database, and Cortex ID.
However, the template establishment in those
programs is based on a normal database of
different populations. Thus, use of a specific local
normal database <can provide improved
qualitative analysis of brain templates, with
improved accuracy and precision of PET
interpretation (7).

The aim of the present study was to create alocal
normal database brain template of Thai
individuals for PiB and THK5351 depositions
using statistical parametric mapping (SPM)
software, and to validate and optimize the
established specific brain template for use in
clinical practice with a highly reliability and
reproducibility.

Methods

This study was approved by the Human
Research Ethics Committee of Chulabhorn
Research Institute. Written informed consent was
obtained from all participants before the study. All
procedures performed in studies involving human
participants were in accordance with the ethical
standards of the institutional and/or national
research committee and with the 1964 Helsinki

Table 1. Participant characteristics

declaration and its later amendments or
comparable ethical standards.

Participants

Twenty-four right-handed volunteers (13 men,
11 women; age: 42-79 years; mean age:
59.67+10.84 years) with examinations from
neurologists and neuropsychiatrists participated
in this study. Cognitively normal criteria were
defined as 1) mini-mental state examination
(MMSE) of 24 of higher or score of more than 25
on the Montreal Cognitive Assessment (MoCA) 2)
Clinical Dementia Rating (CDR) 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 mild cognitive
impairment or dementia and 6) not diagnosed
with probable AD by using criteria from the
National  Institute on  Aging-Alzheimer’s
Association workgroups. All subjects had no
concurrent underlying disease such as
hypertension, dyslipidemia, diabetic mellitus,
cardiovascular disease, pulmonary or renal
condition. No participants had a history of
psychological or neurological diseases, use of
psychotropic drugs, or cancer found within the
last 5 years. Magnetic resonance imaging (MRI)
was performed in all participants. Structural MRI
brain of each cognitively normal individuals
showed no focal mass, acute infarction,
intracranial hemorrhage, hydrocephalus, extra-
axial collection or brain herniation .
Participant characteristics were shown in Table 1.

Characteristics

Sex (count, %)

Male 13(54)

Female 11(46)

MoCA (score)

Range 25-30

Mean 27.29+£1.57

Median 27.5

Education, (year)

Range 4-20

Mean 14.8+4.2

Median 16
Procedures 11C-PiB acquisition procedure

All participants underwent amyloid positron

emission tomography with 11C-PiB, and tau
positron emission tomography with 18F-THK
5351, using a Siemens/Biograph 16 scanner
(Siemens Healthcare GmbH, Henkestr. 127, 91052
Erlangen, Germany) in three-dimensional (3D)
mode within 2 weeks of a scan.

22

All  participants were scanned using a
Siemens/Biograph 16 scanner in 3D mode.
Dynamic imaging was then performed
immediately after intravenous injection of 555
MBq (15 mCi) !C-PiB. A dynamic brain
PET/computed tomography (CT) scan was
obtained for 70 min, with brain CT images for
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attenuation correction also collected. Image
acquisition was performed using a matrix
size=168, zoom=1, and a Gaussian filter with a full
width at half-maximum of 5.0. Image
reconstruction was performed into 7 frames, 10
min per frame, using the ordered subset
expectation maximization 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 acquisition procedure

Dynamic imaging was performed immediately
after intravenous injection of 185 MBq (5 mCi)
18F-THK 5351. A dynamic brain PET/CT scan was
obtained for 90 min, with brain CT images for
attenuation correction also collected. Image
acquisition was performed using a matrix
size=168, zoom=1, and a Gaussian filter with a full
width at half-maximum of 5.0. Image
reconstruction was performed into 4 frames, 20
min per frame, using the ordered subset
expectation maximization 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 .

The injected dose of 11C-PiB and 18F-THK 5351
for the whole body effective dose (ED) of each
patient in our study was about 11.5 mSv.

MRI acquisition procedure

We acquired T1-MRI in all participants using a
3.0T MRI Siemens/Trio scanner (Siemens
Healthcare GmbH, Henkestr. 127,91052 Erlangen,
Germany). The parameters used for the 3D T1
images included a sagittal slice thickness of 1.0
mm over contiguous slices with 50% overlap,a TR
(time to repetition) of 1600 ms, a TE (time to
echo) of 2.03 ms, a flip angle of 9°, and a matrix
size of 256x256 pixels, reconstructed to 480x480
pixels over a field of view of 240 mm .

Data analysis
Template reconstruction process

All the images files from the acquisition process
were exported into DICOM, a standard file
extension for exportation. First, data exported
with DICOM were converted into an analyzable
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file extension (.NIFTI) using the MRI conversion
software. Converted data were then loaded into
SPM2 software (distributed under General Public
License as published by the Free Software
Foundation) running on MATLAB software
version 7 (MathWorks, Natick, MA, USA) to start
the generation process. For each subject, a single
frame of a PET image and a diffusion tensor image
(DTI) were selected for setting the origin site by
visual analysis. In this step, the anterior
commissure was used as an anatomical landmark
to establish a reference point for image
orientation, and then all image frames of each
subject were applied and adjusted with the
anatomical reference (origin point) for
realignment to the standard brain position, which
is suitable for the anatomical registration process.
These steps put all PET images into the same
orientation. Next, the BO MRI data acquired from
the image processing of all subjects’ DTI images
were used for co-registration with the summation
of the realigned PET images. This co-registration
of functional data with anatomical data provides
an appropriate anatomical orientation for use as a
brain template, and these fusion data are termed
DTI-prop tract.

DTI-prop tract data were normalized to the
value of each pixel with the standard DTI-prop
tract acquired from normal Thai individuals
(provided by the Advanced Diagnostic Imaging
and Image-Guided Minimal Invasive Therapy
Center, Ramathibodi Hospital, Faculty of
Medicine, Mahidol University, Thailand) for
optimization of our template with a reliable data
set. After normalization, the complete brain
template for each radiopharmaceutical was
created.

Generated template testing

The normal brain template for Thai subjects was
tested by comparing the template with patients
diagnosed with an abnormal 8F-THK 5351 or 11C-
PiB in known brain regions. The results are
confirmed using clinical data, the nuclear
medicine physicians report by visual analysis, and
the quantitative analysis in the specific region. The
process of generating the brain template for the
Thai population is shown in Figures 1-3.
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Figure 1. The process for generating the brain template for the Thai population. The analysis starts with conversion
of DICOM files into NIFTI format, and then all data are analyzed in statistical parametric mapping (SPM) 2 using
MATLAB 7 software. An origin point, as an appropriate reference landmark for image processing, is set in the PET
and DTIimages. This origin point is then applied to all frames of each subject for realignment of the data orientation.
Next, a co-registration process is performed by applying B0 images acquired from all subjects’ combined DTI data,
and the DTI-prop tract data were then created. Finally, the standard DTI is used as the normalization data for

completion of the brain template

PET data of Diagnosed

< < Comparing patient with tau or
amyloid deposition in

certain brain area

SPM(T, }

Brain template created
from our data

[ Result images ]

VS

Diagnostic Imaging or Analyzed
data from standard clinical routine
used software and

Validation of brain template process

)

Figure 2. The validation process for the brain template from the Thai population
database. The template was compared to a patient diagnosed with abnormal 8F-
THK 5351 or 'C-PiB. The high intensity signal region in the brain represents an
area of high accumulation of tau or amyloid. The correspondence was tested by
comparing the result images with the standard method used in clinical diagnosis
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Spatial Normalisation

Linear {affine} component

X1 = 0972*X-0.094*Y -0.054*Z -5.293
Y1 =0.104*X +0.983*Y +0.324*Z -5.028
Z1 = 0.015*X-0.334*Y +0.827*Z -2.472

16 nonlinear iterations
6 x B x 6 basis functions

Figure 3. Imaging to verify normalization. The normal-PET brain template in the
Thai population from each individual’s head is compared to the anatomy of the
normal-standard DTI of the Thai population. Left: normal-standard DTI in the Thai
population. Right: normal-PET brain template in Thai population for each

individual

Statistical analysis

Two sample t-test at 95 % confidence interval
was applied for comparison between the
generated brain template and the selected
subjects, using SPM2 software (distributed under
General Public License as published by the Free
Software Foundation) running on MATLAB
software version 7 (MathWorks, Natick, MA, USA).

Results

There was no statistically significant when
comparing between men and women subjects
with a good coefficient variation (CV) 18.16% of
ranging age in all subjects .

The comparison of 11C-PiB and 8F-THK5351
data between normal healthy controls and early-
onset AD (EOAD) and progressive supranuclear
palsy (PSP) patients using a two-sample t-test
showed accumulation of substances in the brain.
The results are shown in Figures 4-6.
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Figure 4. SPM analysis to compare between 18F-THK
5351 in normal individuals and EOAD patients. There
was higher accumulation in various brain areas in
EOAD patients (two sample t-test; P=0.01), with
different color shades showing a higher uptake of 18F-
THK 5351 than normal individuals in the frontal,
parietal, occipital, and temporal regions
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Figure 5. SPM analysis to compare between 'C-PiB in normal individuals and EOAD patients. There was
higher accumulation in various brain areas in EOAD patients (two sample t-test; P=0.001), with different
color shades showing higher uptake of 1'C-PiB than normal individuals in the parietal and posterior

cingulate regions

16}

Figure 6. SPM analysis to compare between 8F-THK 5351 in normal
individuals and PSP patients. There was higher accumulation in
various brain areas in PSP patients (two sample t-test; P=0.01), with
different color shades showing higher uptake of 18F-THK 5351 than
normal individuals in the frontal, parietal, thalamus, caudate, and
precuneus regions
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The result of 11C-PiB comparison between the
normal brain template and the selected cases
diagnosed with EOAD yielded higher uptake in the
parietal and posterior cingulate regions.
Whereas, the result of 18F-THK5351
demonstrated higher retention in selected cases
diagnosed with EOAD compared with normal
brain template, in various areas including frontal,
parietal, occipital, and temporal regions. Similarly,
there was also higher radiotracer uptake in the
PSP patients at frontal, parietal, thalamus,
caudate, and precuneus regions when compared
with the normal brain template.

Discussion

Presently, quantitative and qualitative PET
analysis is typically performed using a database of
radiopharmaceutical uptake in brain regions from
healthy subjects, which is set as a standard
template for diagnosis of neurodegenerative
diseases. Some commercial brain templates are
available, although they may not appropriate for
the Thai population, as different ethnicities can
show anatomical and physiological differences in
the brain (8,9). Thus, in the present study we
created a normal brain template from PET images
acquired from the cognitively normal Thai
population. To develop this brain template, we
obtained a database of radiopharmaceutical
uptake in the brain using 18F-THK-5351 and 11C-
PiB PET scans.

Registration of multi-modality images between
PET and MRI is a fundamental task in 3D image
analysis. While commercial brain templates used
for interpretation of anatomical localization are
based on the American or European populations,
differences between races may influence the
anatomical localization (9, 10). In the present
study, the subjects were of Thai -ethnicity,
representing an Asian population. Asian body
mass index values are generally lower than the
American and European populations, which can
result in spatial misregistration of images, and
decrease the accuracy and precision of the
interpretation .

Similarly, the physiological uptake of 18F-THK-
5351 and 11C-PiB in the brain may differ according
to ethnicity. Apolipoprotein E (APOE) is a genetic
risk factor for developing AD. In healthy subjects,
APOE e4 genotype was noted with high
accumulation of 11C-PiB (11-13).

Ward et al. reported that the highest estimates of
the APOE e4 genotype were in Northern Europe,
and the lowest in Asia and Southern Europe (12).
Thus, our brain template represents the anatomy
and physiology of the Thai population very well.
The retention of AB and phosphorylated tau
protein were also reported in the healthy brain.
Thus, visual analysis may not provide the highest
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accuracy and precision for differential diagnosis
or clinical screening because of contrast
adjustment or physician experience, particularly
in challenging cases with uncertain accumulation
in a specific brain region or unclear uptake of
radiotracer (14). Thus, the use of brain templates
involving computerized analysis of the healthy
brain was established for assisting physicians in
these circumstances .

The validation process for the generated brain
template involved a comparison between the
template and selected patients with a final
diagnosis by neurologists and
neuropsychiatrists. For PiB retention in validated
patients diagnosed with EOAD, the parietal and
posterior cingulate regions showed marked
increases in deposition. MRI studies have shown
thatinvolvement of those white matter regions is
an important component of the clinical
presentation of EOAD (15). Shinotoh et al. also
reported accumulation of amyloid plaque in the
lateral parietal cortices (+55%) and posterior
cingulate (+43%) of an EOAD patient (16). In
accordance with the validation result using
THK5351 brain template, our selected validation
case demonstrated higher deposition in a specific
brain area related to the patient’s clinical
presentation. We also observed higher
deposition in the frontal, parietal, occipital, and
temporal regions compared with the normal
brain template, similar to previous reports
describing extensive and marked elevations in
deposition of phosphorylated tau in the
neocortex area (Bark stage V/VI) (17-19).
Further, we performed THK5351 brain template
validation using a selected case diagnosed with
PSP. The comparison of THK5351 between the
normal brain template and the selected case
showed higher aggregation of radiotracer in the
frontal, parietal, thalamic, caudate, and
precuneus regions. Similar regions of tau
accumulation were reported in a THK5351-PET
study in the basal ganglia of PSP patients (20).
Thus, our established brain template was reliable
for comparing to real patients diagnosed with a
neurological disease and may be applicable for
use in clinical practice.

Our brain template calculated from a local Thai
PET database of PiB and THK5351 accumulation
was developed using MATLAB and SPM software,
which are based on the combination of voxel-
based morphometry and DTI for anatomical
registration and normalization of PET data. These
templates from our local database were validated
using standard diagnosis, and showed highly
accurate results using specific subjects for PET
neuro analysis. Poussier et al. performed a
quantitative analysis of rat brain images obtained
from 18F-FDG PET using a brain template model
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based on block matching and voxel-based
analyses for specific rat species, and developed an
adaptive brain template for the detection of brain
abnormalities (21). Nie et al. also demonstrated
the utility of SPM for creation of a brain template
in a rat brain model, which enhanced the detection
potential of fluorodeoxyglucose (FDG) -PET
functional images in rats with left side middle
cerebral artery occlusion compared with normal
controls (22). A local brain template developed
from in-house software (SPM extension on
MATLAB) was also applied clinically to examine
age-related changes in FDG-PET images in 84
neurologically healthy subjects (23). In that study,
age-related changes in brain FDG uptake were
accurately determined by applying the SPM
method of voxel-based quantitative analysis to a
template that had precise characteristics of the
subjects. Similarly, Della et al. reported that a
population-specific FDG neuro template-based
normalization in significant brain regions for
various dementia subtypes, including mild
cognitive impairment, probable AD,
frontotemporal lobar degeneration, and dementia
with Lewy bodies, provided highly accurate
estimates of metabolic abnormalities and higher
diagnostic performance (24).

Overall, these studies suggest that the use of
brain templates can elevate the performance of
both qualitative and quantitative studies for PET
neuro examination, particularly when the
template is constructed from a local database.
Interestingly, the majority of recently reported
brain templates have utilized 18F-FDG
accumulation, a commonly used radiotracer. By
contrast, our study used PiB for A3 deposition and
THK5351 for phosphorylated tau deposition,
which is considered a hallmark of various
neurodegenerative diseases. This template may
be useful clinically for screening or in combination
with commerecial brain template software such as
MIM neuro-tool.

There are some potential limitations of our
study. There was a small number of subjects,
which prevented us from dividing our subjects
into subgroup for the establishment of specific age
match or sex match template. Whereas, the
accuracy of our brain template should be
improved in in future studies by increasing the
population size. 18F-THK 5351 tracer itself has
limitation because 18F-THK 5351 PET has off-
target binding to monoamine oxidase-B (MAO-B)
(25, 26). 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. Nevertheless, we validated the
use of this normal brain template in SPM software,
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as a prerequisite for statistical comparison of
normal and neurodegenerative changes. Indeed,
the brain regions with high deposition of 18F-THK-
5351 and !'C-PiB were matched with abnormal
regions in AD and PSP patients, which related to
their clinical diagnosis. These data suggest that
use of this template as a tool for a diagnostic tool
is feasible.

Conclusion

This is the first report describing the Thai
normal brain template. This normal brain
template may be useful clinically in the Thai
population by providing more effective
discrimination between normal healthy patients
and those with neurodegenerative diseases. Our
normal brain template provides a higher degree of
accuracy for 18F-THK-5351 and 1C-PiB imaging,
as well as increased precision for anatomical
registration of brain regions.
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