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Background: Patients with Alzheimer disease (AD) and mild cognitive impairment (MCI) have high
variability in brain tissue loss, making it difficult to use a disease-specific standard brain template. The
objective of this study was to develop an AD-specific three-dimensional (3D) T1 brain tissue template and to
evaluate the characteristics of the populations used to form the template.
Methods: We obtained 3D T1-weighted images from 294 individuals, including 101 AD, 96 amnestic
MCI, and 97 cognitively normal (CN) elderly individuals, and segmented them into different brain tissues to
generate AD-specific brain tissue templates. Demographic data and clinical outcome scores were compared
between the three groups. Voxel-based analyses and regions-of-interest-based analyses were performed to
compare gray matter volume (GMV) and white matter volume (WMV) between the three participant groups
and to evaluate the relationship of GMV and WMV loss with age, years of education, and Mini-Mental State
Examination (MMSE) scores.
Results: We created high-resolution AD-specific tissue probability maps (TPMs). In the AD and MCI
groups, losses of both GMV and WMV were found with respect to the CN group in the hippocampus (F
>44.60, P<0.001). GMV was lower with increasing age in all individuals in the left (r=−0.621, P<0.001)
and right (r=−0.632, P<0.001) hippocampi. In the left hippocampus, GMV was positively correlated with
years of education in the CN groups (r=0.345, P<0.001) but not in the MCI (r=0.223, P=0.0293) or AD
(r=−0.021, P=0.835) groups. WMV of the corpus callosum was not significantly correlated with years of
education in any of the three subject groups (r=0.035 and P=0.549 for left, r=0.013 and P=0.821 for right). In
all individuals, GMV of the hippocampus was significantly correlated with MMSE scores (left, r=0.710 and
P<0.001; right, r=0.680 and P<0.001), while WMV of the corpus callosum showed a weak correlation (left,
r=0.142 and P=0.015; right, r=0.123 and P=0.035).
Conclusions: A 3D, T1 brain tissue template was created using imaging data from CN, MCI, and AD

participants considering the participants’ age, sex, and years of education. Our disease-specific template
can help evaluate brains to promote early diagnosis of MCI individuals and aid treatment of MCI and AD
individuals.
Keywords: Alzheimer disease (AD); standard brain template; gray and white matter volume; age; years of
education
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Introduction
Alzheimer disease (AD), the most prevalent age-related
neurodegenerative disease, is clinically characterized by a
progressive loss of memory and other cognitive functions.
Mild cognitive impairment (MCI) is generally regarded as
the intermediate stage between normal cognitive changes
with aging and very early dementia.
A brain template or brain atlas provides a standard
reference for the assessment of brain structure and function
and is an important tool in research and clinical practice.
Brain imaging from many individuals can be combined to
generate a standard brain template or brain atlas, which is
an anatomical representation of the brain showing groupwise or study population global or regional brain features (1).
The Montreal Neurological Institute (MNI) brain template
is the international standard as defined by the International
Consortium of Brain Mapping (ICBM) and is the default
T1 template commonly used in structural and functional
imaging packages such as Statistical Parametric Mapping
(SPM) (https://www.fil.ion.ucl.ac.uk/spm/). However, the
MNI template was created from relatively young individuals;
therefore, this template may not be useful for analyzing
brains obtained from elderly participants or patients with
AD because the MNI template does not represent brain
tissue atrophy in elderly subjects and AD patients (2).
Previous studies have attempted to create several human
brain templates for AD using amyloid positron emission
tomography (PET) (3), tau PET (4), fluid-attenuated
inversion recovery (FLAIR) (5), or T1-weighted imaging
with study-specific populations (6). Advances in the
understanding of the structural and functional changes in the
elderly, MCI, and/or AD brain would be facilitated by the
availability of a disease-specific brain template (7).
Voxel-based morphometry (VBM) from conventional T1weighted images has proved effective in quantifying brain
atrophy in MCI and AD and has enabled fairly accurate
automated classification of AD patients, MCI patients, and
elderly cognitively normal (CN) controls (8). Gray matter
volume (GMV) loss is characteristic in patients with MCI
and AD (9). Patients with AD exhibit significant GMV
reductions, mainly in the hippocampus, parahippocampal
gyrus, insula, superior/middle temporal gyrus, thalamus,
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cingulate gyrus, and superior/inferior parietal lobule (10).
White matter volume (WMV) reductions were found
predominantly in the temporal lobe, corpus callosum, and
inferior longitudinal fasciculus (10). Changes in cognition
and loss of GMV and WMV are found in both normal aging
and AD (11). Therefore, the pattern of brain tissue volume
reduction will help us understand the underlying pathologic
mechanisms in AD and potentially can be used as an imaging
marker for studies of AD in the future.
Several factors should be considered when brain tissue
losses are evaluated in participants with AD, MCI, and
normal aging. First, most people with AD are aged 65 years
or older. People younger than 65 years can have AD, but
they are much less likely to develop the disease than older
individuals. As age increases, so does the likelihood of having
AD (12). Therefore, older age is one of the greatest risk
factors for AD (13,14). Second, almost two-thirds of the
population with AD is female. Therefore, being female is
one of the greatest risk factors for AD (15). Third, people
with fewer years of formal education are at higher risk for
AD than those with more years of formal education (12).
Some researchers believe that having more years of education
builds a “cognitive reserve,” which enables individuals to
better compensate for changes in the brain that could result
in the symptoms of AD or other dementias. Therefore, a
low number of years of education is one of the greatest risk
factors for AD. Finally, although a case-control study using
total intracranial volume (TIV) as measured using magnetic
resonance imaging (MRI) found no association between head
size and AD, a large brain could have more brain tissue than
a small one (16). Therefore, we should take into account age,
sex, education level, and TIV when the brain tissue template
is created using data from CN, MCI, and AD participants.
Patients with AD and MCI have high variability in
brain tissue loss, making it difficult to use a disease-specific
standard brain template. The objectives of this study
were the following: (I) to develop an AD-specific threedimensional (3D) T1 brain template, (II) to evaluate the
differences in GMV and WMV among the three groups of
AD, MCI, and CN used to create our AD template, (III) to
evaluate the correlation between GMV and WMV loss with
age, years of education, or Mini-Mental State Examination
score, and (IV) to evaluate the difference in brain tissue
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volumes between our AD template and other published
templates in some specific areas of the brain.
Methods
Participants
This study was approved by the institutional review board,
and informed consent was obtained from all participants.
All participants were prospectively recruited from the
neurological center of our institution during four different
cohort studies supported by the Korean government. The
detailed information regarding the funding sources for the
four cohorts is listed in the Acknowledgement.
All participants provided a detailed medical history
and underwent neurologic examination, standard
neuropsychological testing, and MRI. Cognitive function
was assessed using the Seoul Neuropsychological
Screening Battery (SNSB) (17), which is a standardized
neuropsychological test battery from Korea that covers
five cognitive subsets: attention, memory, language,
visuospatial function, and frontal/executive function. The
SNSB includes the Korean version of the Mini-Mental
State Examination (K-MMSE) for global cognitive ability.
Brain imaging from each participant was evaluated by
two neuroradiologists, with more than 10 years of MRI
experience each, to determine any evidence of prior cortical
infarctions or other space-occupying lesions.
To create a disease-specific brain template, we included
elderly CN, amnestic MCI, and mild and probable AD
individuals. Amnestic MCI subjects were identified
according to Petersen’s criteria (18,19) as follows: (I)
cognitive complaints by the patient or caregiver; (II)
normal general cognitive function on the K-MMSE; (III)
cognitive impairment on objective testing; (IV) normal
activities of daily living; and (V) no dementia. Patients with
mild and probable AD were defined as those with clinical
dementia rating (CDR) scores of 0.5, 1, or 2, according to
the criteria of the National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer Disease
and Related Disorders Association (20): (I) dementia
established by clinical examination and standardized
brief mental status examination and confirmed by
neuropsychological tests; (II) deficits in two or more areas of
cognition; (III) progressive worsening of memory and other
cognitive functions; (IV) no disturbance of consciousness;
(V) onset between 40 and 90 years of age; and (VI) absence
of other systemic or neurologic disorders sufficient to
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account for progressive cognitive defects. Elderly CN
participants were selected from healthy volunteers who did
not have a medical history of neurological disease, and who
also had a normal brain MRI.
Images were selected from four different cohorts
that had been studied by the authors for four different
purposes. Participants were prospectively recruited to
have the following titled studies: (I) “Developments and
clinical applications of magnetic resonance imaging sequences to
early detect Alzheimer disease” in 120 subjects (Cohort 1);
(II) “Technical developments and those clinical applications of
functional MRI techniques to early detect Alzheimer disease” in
89 subjects (Cohort 2); (III) “Development of a quantitative
susceptibility mapping to amyloid imaging and oxygen metabolism
mapping in AD” in 62 subjects (Cohort 3); and (IV)
“Developments of novel magnetic resonance imaging techniques to
image brain metabolites and neurotransmitters” in 55 subjects
(Cohort 4). Therefore, a total of 326 subjects were included
in this study. The participants comprised 111 elderly CN
participants with no medical history of neurological disease
[31 men and 80 women; age: mean (SD), 65 (8.3) years],
101 elderly amnestic MCI patients [33 men and 68 women;
69.7 (7.4) years], and 114 elderly AD patients [22 men
and 92 women; 74.7 (8.33) years]. The characteristics of
the demographic data of the participants in each cohort
are summarized in Table S1. We excluded 32 participants,
which included 13 AD, 5 MCI, and 14 CN individuals due
to brain abnormalities. A total of 294 subjects were included
in this study: 97 in the CN group, 96 in the MCI group, and
101 in the AD group. Table 1 summarizes the demographic
data, results of the neuropsychological tests, and global
brain tissue volumes obtained from the segmented 3D
T1W images of the individuals.
MRI acquisitions
MRI scans for Cohorts 1 to 4 were acquired for each
participant using a 3-T MR system (Achieva, Philips
Medical Systems, Best, The Netherlands) equipped with
an eight-channel sensitivity encoding head coil. A sagittal
structural 3D T1-weighted (T1W) image was acquired
using a turbo field echo sequence that is similar to the
magnetization-prepared rapid acquisition of gradient echo
(MPRAGE) sequence with the following parameters:
repetition time (TR) =8.1 ms, echo time (TE) =3.7 ms,
flip angle (FA) =8°, field-of-view (FOV) =236×236 mm2,
acquisition voxel size =1×1×1 mm 3, and reconstruction
voxel size =1×1×1 mm3. In addition, T2-weighted turbo-
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Table 1 Statistical results of the demographic data, result of the neuropsychological tests, and global segmented brain tissue volumes among the
three participant groups with cognitively normal (CN) elderly, amnestic mild cognitive impairment (MCI), and Alzheimer’s disease (AD)
Groups

CN[1]

MCI[2]

AD[3]

P value (post-hoc)

97

96

101

294 (total)

Participants

Demographic data and neuropsychologic test
*Age (years)

65.23±7.61

69.51±7.47

75.28±8.20

F=41.742, P<0.001 [1,2,3]

&Sex (M/F)

31/66

32/64

20/81

χ2=5.440, P=0.066

M: 31.96%

M:33.33%

M:19.80%

F: 68.04%

F: 66.67%

F: 80.20%

9.62±5.17

9.12±4.72

5.68±5.22

F=18.024, P<0.001

28 (28 to 29)

27 (26 to 27)

17 (16 to19)

H=187.947, P<0.001 [1,2,3]

0 (0–0.5)

0.5 (0–0.5)

1 (0.5–1)

N/A

1,464.35±170.17

1,463.11±117.13

1,418.30±118.63

F=3.628, P=0.028

Global GMV
(mm3)

599.57±63.90

578.15±51.13

517.42±46.29

F=61.472, P<0.001 [1,2,3]

Global WMV (mm3)

486.81±95.73

466.76±48.19

428.23±46.97

F=19.390, P<0.001[1,3], [2,3]

Global CSFV (mm3)

377.97±55.15

418.20±73.93

472.65±65.86

F=52.326, P<0.001 [1,2,3]

*Education (years)
#

K-MMSE

CDR

*Global segmented brain tissue volumes
TIV (mm3)

*P value by ANOVA with Scheffé test for the post hoc test; &P value by chi-squared test; #P value by Kruskal-Wallis test with Conover
method for the post hoc test. Note: the data of age, education-year, TIV, global GMV, global WMV, and global CSF volume are presented
as the mean ± standard deviation. K-MMSE scores are listed as median (95% CI for the median). CDR scores are presented as the
median (range) value. Results of the post-hoc test listed as: significant difference among the three subject groups as [1,2,3], between
the CN and AD as [1,3], between CN and MCI as [1,2], and between MCI and AD as [2,3]. K-MMSE, Korean version of Mini-Mental State
Examination Score; CDR, Clinical Dementia Rating; TIV, total intracranial volume; GMV, gray matter volume; WMV, white matter volume;
CSFV, cerebrospinal fluid volume.

spin-echo and FLAIR images were acquired to examine any
brain malformations.
Imaging processing to create disease-specific brain template
The following post-processing steps were performed
to create the disease-specific brain templates using
Statistical Parametric Mapping version 12 (SPM12)
software (Welcome Department of Imaging Neuroscience,
University College, London, UK). The computational
anatomy toolbox (CAT12) tool was used to segment and
spatially normalize the individual 3D T1W images to the
standard brain template (21). During this first step, affine
registration was performed with a tissue probability map
(TPM) and ICBM space template of East Asian brains
provided by SPM12 software. CAT12 segmentation was
performed with the brain template Template_1_IXI555_
MNI152 provided by the CAT12 tool with the voxel-
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size for normalized images of 1.5 mm. CAT12 detects
white matter hyperintensities by default. In addition,
CAT12 can deal with lesions. These lesion areas are not
used for segmentation or spatial registration. GMV and
WMV volumes were saved into the native space as well
as the Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra optimization tool (DARTEL)
space (22) after applying the affine transformation in order
to generate the disease-specific brain template.
Second, the SPM12 segmentation option was used to
segment individual 3D T1W images again into six tissue
types, which included the GM, WM, and cerebrospinal
fluid (CSF), skull, soft tissue outside the brain, air, and other
material outside of the head, to generate the disease-specific
TPMs. During this second segmentation, we also used six
different TPMs provided by the SPM12 software. We saved
six different tissue types in the native space and DARTEL
space. For the warping process, affine regularization was
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performed using the ICBM space template of East Asian
brains provided by SPM12 software. The DARTEL tool in
SPM12 was used to create the AD-specific brain template.
Furthermore, the Template-O-Matic tool was used to create
the TPM taking into account age and sex (23).
Statistical analyses
Demographic characteristics and results of
neuropsychological tests
Demographic data and clinical outcome scores were
compared between the three participant groups. Age, TIV,
global GMV, global WMV, global CSF volume, and years of
education were all normally distributed (P>0.05 by Levene’s
test). Hence, a one-way analysis of variance (ANOVA) was
used to evaluate differences in those variables between
the three participant groups. Whenever any significant
differences between the participant groups were found,
we performed a post hoc test for pairwise comparisons of
subgroups according to the Scheffé test. The K-MMSE
score was not normally distributed (P<0.05, Levene’s
test). Hence, the Kruskal-Wallis test was used to compare
K-MMSE scores between the three participant groups.
The Conover method was used in the post hoc test. We
compared the difference in the proportion of sexes between
participant groups using the chi-squared test.
Voxel-based comparison of GMV and WMV
After creating the AD-specific standard brain template,
CAT12 was again used to segment and spatially normalize
the individual 3D T1W image into the created AD-specific
standard brain template with an isotropic voxel size of
1.5 mm for the voxel-based analyses of brain tissue volumes.
The spatially normalized GMV and WMV were smoothed
using a Gaussian kernel of 8×8×8 mm full width at halfmaximum for statistical analysis.
First, to compare GMV and WMV between the three
participant groups without separating individuals by sex,
voxel-wise full factorial one-way analysis of covariance
(ANCOVA) was performed with TIV, age, sex, and years of
education as covariates. Second, a voxel-based regression
analysis was performed for each subject group. Third, to
compare GMV and WMV between women and men in
each participant group, a voxel-wise two-sample t-test was
used with TIV, age, and years of education as covariates. A
significance level of α=0.01 was applied with correction for
multiple comparisons using the family-wise error (FWE)
method and clusters with at least 50 contiguous voxels.
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Voxel-based multiple regression analysis of GMV or
WMV to age
Voxel-based regression analysis for each subject group was
performed to evaluate the relationship between GMV or
WMV loss and age by adjusting TIV, sex, and education year,
without separating individuals. Furthermore, this analysis was
repeated without separating the three participant groups. In
addition, this analysis was repeated, separating the women and
men in each participant group by adjusting TIV and educationyear. An FWE-corrected significance level of α =0.01
was applied with clusters of at least 50 contiguous voxels.
ROI-based comparison of GMV and WMV
The atlas-based regions-of-interest (ROIs) were bilaterally
defined in the amygdala, anterior cingulate, hippocampus,
insula, parahippocampal gyrus, posterior cingulate, precuneus,
putamen, and thalamus using WFU_PickAtlas software
(https://www.nitrc.org/projects/wfu_pickatlas/). Furthermore,
the entire corpus callosum was defined as an ROI representing
the white matter area. GMV and WMV were extracted from
the defined ROIs. Comparison of ROI values between the left
and right areas for each ROI in the CN, MCI, and AD groups
were performed using a paired samples t-test (Table S2).
The following statistical analyses were performed on the
ROI data. First, we compared GMV and WMV between
the three participant groups for each ROI, using ANOVA.
If there was any significant difference between groups,
the Scheffé test was used as the post hoc test. Second, to
evaluate the relationship between brain tissue volume loss
and age, years of education, and K-MMSE scores in each
subject group, Spearman’s rank correlation for each subject
group was performed. Furthermore, this analysis was
repeated with all participant groups. A significance level
of α=0.016 was applied (α=0.05 divided by three for each
subject group) for each analysis. Finally, to evaluate the
difference in brain tissue volumes between our AD template
and other published templates (24,25) in each ROI, a
summary t-test was used. Note that the total brain tissue
volumes in our AD template were obtained by adding both
GMV and WMV, but not CSF volume.
Results
Participant characteristics
Table 1 summarizes the statistical results for the demographic
data, results of the neuropsychological tests, and global
segmented brain tissue volumes for the three participant
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groups. Age was significantly different between the three
groups (F=41.742, P<0.001). The proportions of the two sexes
were not significantly different between the three groups
(χ2=5.440, P=0.066). Women accounted for a larger proportion
of each subject group. The K-MMSE scores were significantly
different between the three participant groups, as expected
(H=187.947, P<0.001). Years of education were significantly
different between the three groups (F=18.024, P<0.001).
TIV was significantly different between the three groups
(F=3.628, P=0.028), but the results of the post hoc test did
not show any significant differences between group pairs.
The global GMV was significantly different among the
three groups (F=61.472, P<0.001), and so were the global
WMV (F=19.390, P<0.001) and the global CSF volume
(F=52.326, P<0.001).
Brain template
Figure 1 shows the generated AD-specific TPMs, which
include the gray matter, white matter, CSF, skull, soft tissue,
and air and other substances. We generated three orientations
with coronal, sagittal, and axial of the gray matter, white
matter, CSF, skull, soft tissue, and air and other substances
as the a priori images. Our template provides a spatially
varying a priori distribution. The standard recommendation
to create a brain template is to use a different step to create
the template. First, individual 3D T1 images were segmented
into several brain tissues after spatially normalizing them
into the ICBM space template of East Asian brains. We
created a brain template using DARTEL. Furthermore, after
renormalization of individual 3D T1 images into DARTEL
space, we created the TPM by considering age.
Voxel-based comparisons of GMV and WMV between the
three participant groups
GMV
Figure 2 shows the results of the voxel-based group
comparisons of GMV between the three participant groups
without separating the sexes (Figure 2A), including only
women (Figure 2B), and including only men (Figure 2C).
Without separating sexes, GMV in the MCI group showed
predominant loss relative to the CN group. In the AD
group, relative to the CN and MCI groups, areas of GMV
loss extended to the entire brain except the motor and
somatosensory cortex areas. Table S3A lists the results of
the voxel-based group comparisons of GMV between the
three participant groups without separation by sex.
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When considering only women, Figure 2B shows that the
pattern of GMV loss was similar to that without separation
by sex because women accounted for the majority of each
participant group. In addition, there was no significant
difference between the CN and MCI groups. Table S3B lists
the results of the voxel-based group comparisons of GMV
between the three participant groups for women alone.
When considering only men, Figure 2C shows that the
areas of GMV loss were much smaller than those in women.
In the MCI group compared to the CN group, GMV
was lower in the left anterior cingulate. In the AD group
compared to the CN group, GMV showed a predominant
loss in the medial temporal lobe area and some loss in the
frontal and parietal lobe areas. In the AD group compared
to the MCI group, GMV showed loss predominantly in
the temporal lobe area. Table S3C lists the results of the
voxel-based group comparisons of GMV between the three
participant groups for men alone.
Comparisons of GMV between the women and men in
the CN group showed that females in the CN group had
lower GMV compared to CN males. However, GMV loss
was not significantly different between men and women in
the MCI and AD groups. Furthermore, there was no area
in which the GMV in women was greater than that in men
for all three groups. Table S3D lists the results of the voxelbased group comparisons of GMV between women and
men among the three participant groups.
WMV
Figure 3 shows the results of the voxel-based group
comparisons of WMV between the three participant groups
without separating the sexes (Figure 3A), including only
women (Figure 3B), and including only men (Figure 3C).
Without separating the sexes, WMV in the MCI group
compared with the CN group showed loss predominantly in
the bilateral frontal lobe and right middle temporal gyrus.
In the AD group compared with the CN and MCI groups,
areas of WMV loss were predominantly in the frontal lobe
areas. Table S4A lists the results of the voxel-based group
comparisons of WMV between the three participant groups
without separation by sex.
When considering only women, Figure 3B shows that the
patterns of WMV loss in the AD group relative to the CN
and MCI groups were similar to those without separation
by sex. WMV loss in the MCI group was not significantly
different from that in the CN group. Table S4B lists the
results of the voxel-based group comparisons of WMV
between the three participant groups for women.
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Axial

Coronal

Sagittal

GM

WM

CSF

Skull

Soft tissue

Regions
outside the head

Figure 1 Alzheimer disease-specific tissue probability maps. We display three orientations: axial, coronal, and sagittal sections of gray matter
(GM), white matter (WM), cerebrospinal fluid (CSF), skull, soft tissue, and air or other substances. Axial, axial section; Coronal, coronal
section; Sagittal, sagittal section.
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MCI > AD

A

All

B

Female

C

Male

Figure 2 Result of the voxel-based comparisons of gray matter volume (GMV) among the three participant groups without separating
gender (A), with only the female group (B), and with only the male group (C). The red color indicates greater GMV in CN than in MCI
(left column), in CN than in AD (middle column), and in MCI than in AD (right column). CN, cognitively normal; MCI, amnestic mild
cognitive impairment; AD, Alzheimer disease; All, subjects without separating gender.

When considering only men, Figure 3C shows that areas
of WMV loss were smaller than those in women. In the MCI
group relative to the CN group, WMV loss was found in the
right frontal lobe and left caudate. In the AD group relative
to the CN group, WMV showed loss predominantly in the
bilateral frontal lobe, bilateral temporal lobe, and right caudate.
In the AD group relative to the MCI group, WMV showed
loss predominantly in the bilateral frontal lobe, bilateral
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temporal lobe, left uncus, and right parietal lobe. Table S4C
lists the results of the voxel-based group comparisons of WMV
between the three participant groups for men alone.
Comparisons of WMV between the women and men in
the CN group showed that CN females had lower WMV
in the right middle frontal gyrus and right frontal lobe than
CN males. WMV loss in the MCI group was also greater
in women than in men in the left midbrain. WMV in the
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CN > MCI

CN > AD

MCI > AD

A

All

B

Female

none

C

Male

Figure 3 Result of the voxel-based comparisons of white matter volume (WMV) among the three participant groups without separating
gender (A), with only the female group (B), and with only the male group (C). The red color indicates greater WMV in CN than in MCI
(left column), in CN than in AD (middle column), and in MCI than in AD (right column). The word “none” indicates that there was no
significant difference between the two groups. CN, cognitively normal; MCI, amnestic mild cognitive impairment; AD, Alzheimer disease;
All, subjects without separating gender.

AD group was not significantly different between men and
women. Table S4D lists the results of the voxel-based group
comparisons of WMV between women and men among the
three participant groups.
Voxel-based multiple regression analyses of brain tissue
volume and age
GMV and age
The results of the voxel-based regression analysis revealed

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

that GMV decreased with increasing age for each
participant group and all participants together, as shown
in Figure 4. Without separation by sex (Figure 4A), GMV
decreased with increasing age in the CN, MCI, and AD
groups, and all subjects together. In the CN group, regions
of negative correlation were found in the cingulate gyrus,
temporal gyrus, and parietal gyrus. In the MCI group, the
regions of negative correlation extended to the frontal and
occipital lobes. In the AD group, we only found a negative
correlation in the cerebellum. Taking all groups together,
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2233
(−) AD

(−) All Group

A

All

B

Female

none

Figure 4 Result of the voxel-based regression analysis of gray matter volume (GMV) to age for each participant group and all groups
together without separating gender (A) and with only the female group (B). Note that no associations were observed for the analysis with
only the male group. With increasing age, the area of reduction in gray matter volume (GMV) is indicated in red. The negative sign “-”
indicates that there was a significantly negative correlation between GMV loss and age. The word “none” indicates that there was no
significant correlation between GMV loss and age. CN, cognitively normal; MCI, amnestic mild cognitive impairment; AD, Alzheimer’s
disease; All, subjects without separating gender; All Group, all subjects with CN, MCI, and AD.

we found GMV loss with increasing age in most brain areas,
except the motor cortex area. Table S5A lists the results of
the voxel-based regression analysis for GMV and age for
each participant group.
When considering only women (Figure 4B), GMV
decreased with increasing age only in the CN and MCI
groups, but not in the AD group. Areas of GMV loss in
the CN subject group included the right superior temporal
gyrus, right thalamus, right insula, and left occipital lobe.
Areas of GMV loss in the MCI subject group extended
into the frontal lobe, anterior cingulate, parietal lobe,
and occipital lobe. There was no negative correlation
between GMV and age in the AD group. There were no
positive correlations between GMV and age in any of the
three participant groups. Table S5B lists the results of the
voxel-based regression analysis for GMV and age for each
participant group in women alone.
When considering men alone, there was no correlation
between GMV and age in any of the three participant groups.
WMV and age
The results of the voxel-based regression analysis revealed

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

decreased WMV with increasing age for each participant
group and all participants together, as shown in Figure 5.
Without separation by sex (Figure 5A), WMV decreased
with increasing age in the CN, MCI, and AD groups, and
all participants together. In the CN group, areas of negative
correlation were found in the left cingulate gyrus and right
inferior parietal lobule. In the MCI group, we found a more
severe loss of WMV than that in the CN group. The areas
of negative correlation further extended to the temporal
lobe and parahippocampal gyrus. In the AD group, the
areas of negative correlation between WMV and age were
much smaller than those in the MCI group. The areas of
negative correlation included the anterior cingulate and
frontal lobe. Considering all participant groups together, we
found WMV loss with increasing age in most brain areas,
particularly in the parahippocampal gyrus and frontal lobe.
Table S6A lists the results of the voxel-based regression
analysis for WMV and age for each participant group.
When considering only women (Figure 5B), WMV
decreased with increasing age in the CN and MCI groups.
In the CN group, areas of negative correlation included
the temporal lobe. In the MCI group, areas of negative
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Figure 5 Results of the voxel-based regression analysis of white matter volume (WMV) to age for each participant group and all groups
together without separating gender (A) and for only the female group (B). Note that no differences were observed for the analysis with only
the male group. With increasing age, the area of reduction in the WMV is indicated in red. The negative sign “−” indicates that there was a
significantly negative correlation between WMV loss and age. The word “none” indicates that there was no significant correlation between
WMV loss and age. CN, cognitively normal; MCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; All, subjects without
separating gender; All Group, all subjects with CN, MCI, and AD.

correlation extended into the frontal lobe, anterior
cingulate, parietal lobe, and occipital lobe. In the AD group,
there were no areas of negative correlation between WMV
and age. Table S6B lists the results of the voxel-based
regression analysis for WMV and age for women in each
participant group. When considering only men, there was
no correlation between WMV and age in any of the three
participant groups.
ROI-based analyses
Comparisons of ROI values between the three
participant groups
Table 2 lists the results of comparisons of brain tissue
volumes between the three participant groups. The GMV
of all ROIs were significantly different between the three
participant groups (P<0.001). GMV was significantly
different among the three participant groups in the
amygdala, parahippocampal gyrus, hippocampus, and
thalamus. WMV was significantly different among the three
participant groups in the bilateral parahippocampal gyrus,
right posterior cingulate, and left hippocampus.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Correlation between brain tissue volumes and age,
years of education, and K-MMSE score in each ROI
Table 3 lists the results of the correlation analysis between
the ROI values and age, years of education, and K-MMSE
score. First, GMV was found to decrease with increasing
age in the CN group for all ROIs except the left and right
putamen, in the MCI group for all ROIs, while in the AD
group, there was no correlation for all ROIs. The WMV of
the corpus callosum did not significantly correlate with age
in any of the three participant groups.
Second, years of education in the CN group positively
correlated with GMV. GMV in any ROI, except the
posterior cingulate, did not significantly correlate with years
of education in either the MCI or AD group. WMV of the
corpus callosum did not significantly correlate with years of
education in any of the three participant groups.
Finally, the MMSE score in the CN group did not
correlate with GMV in any ROI. In the MCI group,
MMSE scores were significantly correlated with GMV. In
the AD group, MMSE scores significantly correlated with
GMV in the parahippocampal gyrus and right precuneus.
WMV in the corpus callosum did not significantly correlate
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109±12

308±37

298±33

Rt

Anterior Cingulate Lt

Rt

Table 2 (continued)

98±10

325±38

Lt

Corpus Callosum

Rt

325±41

433±39

Rt

Lt

433±40

Parahippocampal Lt
Gyrus

Posterior
Cingulate

603±61

Rt

CN[1]

598±60

Side

Lt

Amygdala

ROI

283±37

295±38

109±12

96±11

316±45

313±45

402±51

402±49

550±88

545±90

MCI[2]

251±29

257±34

107±17

94±16

273±34

273±38

328±42

327±41

427±83

420±79

AD[3]

GMV (mm3)

F=49.26;
P<0.001
[1,2,3]

F=50.57;
P<0.001;
[1,3], [2,3]

F=0.63;
P=0.141

F=1.48;
P=0.229

F=49.77;
P<0.001;
[1,3], [2,3]

F=42.63;
P<0.001
[1,3], [2,3]

F=145.56;
P<0.001
[1,2,3]

F=152.54;
P<0.001
[1,2,3]

F=131.10;
P<0.001
[1,2,3]

F=137.41;
P<0.001
[1,2,3]

P value*

277±38

286±42

108±14

96±13

304±45

303±47

387±62

387±62

525±108

520±108

All

304±40

274±38

444±57

459±59

194±25

215±26

194±25

168±21

88±13

84±12

CN[1]

Table 2 Results of comparisons of brain tissue volumes among the three participant groups in the specific brain areas

290±43

263±37

428±63

443±65

184±27

208±29

184±27

156±24

85±13

80±15

MCI[2]

254±36

230±34

381±50

396±53

155 ±23

230±34

155±23

133±23

80±20

73±18

AD[3]

WMV (mm3)

F=40.09;
P<0.001;
[1,3], [2,3]

F=37.97;
P<0.001;
[1,3], [2,3]

F=33.02;
P<0.001;
[1,3], [2,3]

F=29.90;
P<0.001;
[1,3], [2,3]

F=22.30;
P<0.001
[1,2,3]

F=13.87;
P<0.001;
[1,3], [2,3]

F=64.15;
P<0.001
[1,2,3]

F=58.58;
P<0.001
[1,2,3]

F=6.47;
P=0.002
[1,3], [2,3]

F=11.96;
P<0.001;
[1,3], [2,3]

P value*

282±45

256±41

417±63

432±65

212±30

218±31

177±30

152±27

84±16

79±16

All
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416±37

421±45

Rt

380±41

Rt

Lt

370±42

304±30

Lt

Rt

313±31

358±38

Rt

Lt

361±35

515±51

Rt

Lt

501±51

CN[1]

Lt

Side

396±58

393±51

365±43

356±39

294±33

301±35

343±40

350±41

470±70

458±68

MCI[2]

351±51

355±46

344±46

333±42

260±34

266±33

302±32

307±34

363±64

355±56

AD[3]

GMV (mm3)

F=45.93;
P<0.001
[1,2,3]

F=46.21;
P<0.001
[1,2,3]

F=17.00;
P<0.001;
[1,3], [2,3]

F=20.28;
P<0.001;
[1,3], [2,3]

F=49.78;
P<0.001;
[1,3], [2,3]

F=51.56;
P<0.001
[1,2,3]

F=60.00;
P<0.001
[1,2,3]

F=57.47;
P<0.001;
[1,3], [2,3]

F=154.29;
P<0.001
[1,2,3]

F=160.61;
P<0.001;
[1,2,3]

P value*

389±59

387±51

362±46

353±44

286±37

293±38

334±43

339±44

448±89

437±85

All

244±31

226±27

265±33

267±30

209±29

183±24

134±15

199±24

247±26

205±22

CN[1]

245±31

226±31

259±33

260±28

201±28

175±24

130±15

193±24

238±27

196±24

MCI[2]

237±35

217±30

238±34

244±31

178±28

158±23

118±14

174±24

211±25

175±22

AD[3]

WMV (mm3)

F=1.78;
P=0.171

F=2.75;
P=0.066

F=17.94;
P<0.001;
[1,3], [2,3]

F=14.19;
P<0.001;
[1,3], [2,3]

F=32.46;
P<0.001;
[1,3], [2,3]

F=28.36;
P<0.001;
[1,3], [2,3]

F=31.18;
P<0.001;
[1,3], [2,3]

F=29.32;
P<0.001;
[1,3], [2,3]

F=48.02;
P<0.001;
[1,3], [2,3]

F=44.60;
P<0.001;
[1,2,3]

P value*

242±32

223±30

254±35

257±31

196±31

172±26

127±16

188±26

232±30

192±26

All

*P value by ANOVA with Scheffé for the post hoc test. Note: The data of gray matter volume (GMV) and white matter volume (WMV) are presented as the mean ± standard
deviation. Results of the post-hoc test listed as: significant difference among the three subject groups as [1,2,3], between the CN and AD as [1,3], and between MCI and AD
as [2,3]. All, all subjects with cognitively normal (CN), amnestic mild cognitive impairment (MCI), and Alzheimer’s disease (AD); Rt, right; Lt, left.

Thalamus

Putamen

Precuneus

Insula

Hippocampus

ROI

Table 2 (continued)
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Table 3 Results of rank correlation analysis between brain tissue volumes and age, education-year, and K-MMSE in each area
ROI
Amygdala

Side
Lt

Rt

Parahippocampal Gyrus

Lt

Rt

Posterior Cingulate

Lt

Rt

Corpus Callosum

Lt

Rt

Anterior Cingulate

Lt

Rt

CN

MCI

AD

All

−0.378/0.001

−0.670/0.001

−0.222/0.026

−0.614/<0.001

Education

0.377/0.001

0.285/0.005

0.0756/0.452

0.405/<0.001

K-MMSE

0.067/0.512

0.538/0.001

0.174/0.082

0.712/<0.001

Age

−0.444/0.001

−0.624/0.001

−0.127/0.205

−0.605/<0.001

Education

0.334/0.001

0.227/0.026

0.050/0.617

0.371/<0.001

K-MMSE

0.0706/0.492

0.562/0.001

0.262/0.008

0.712/<0.001

Age

−0.526/0.001

−0.681/0.001

−0.223/0.025

−0.650/<0.001

Education

0.377/0.001

0.270/0.008

0.153/0.128

0.424/<0.001

K-MMSE

0.113/0.270

0.529/0.001

0.280/0.005

0.734/<0.001

Age

−0.528/0.001

−0.661/0.001

−0.198/0.047

−0.641/<0.001

Education

0.300/0.003

0.303/0.003

0.120/0.232

0.398/<0.001

K-MMSE

0.076/0.461

0.537/0.001

0.283/0.004

0.727/<0.001

Age

−0.526/0.001

−0.430/0.001

−0.209/0.036

−0.516/<0.001

Education

0.239/0.018

0.120/0.246

0.280/0.005

0.333/<0.001

K-MMSE

−0.0248/0.809

0.271/0.008

0.209/0.036

0.481/<0.001

Age

−0.504/0.001

-0.506/<0.001

−0.251/0.011

−0.562/<0.001

Education

0.276/0.006

0.154/0.134

0.310/0.002

0.372/<0.001

K-MMSE

0.010/0.924

0.266/0.009

0.276/0.005

0.517/<0.001

Age

−0.110/0.283

−0.081/0.434

0.132/0.187

−0.059/0.314

Education

0.074/0.474

−0.043/0.677

−0.030/0.770

0.035/0.549

K-MMSE

−0.042/0.680

0.120/0.244

0.102/0.312

0.142/0.015

Age

−0.017/0.866

−0.105/0.309

0.161/0.109

0.0031/<0.001

Education

−0.050/0.630

0.033/0.749

−0.053/0.597

0.013/0.821

K-MMSE

−0.038/0.712

0.176/0.087

0.067/0.502

0.123/0.035

Age

Age

−0.455/<0.001

−0.472/<0.001

−0.148/0.138

−0.523/<0.001

Education

0.351/<0.001

0.127/0.216

0.284/0.004

0.379/<0.001

K-MMSE

0.102/0.322

0.357/<0.001

0.265/0.007

0.547/<0.001

Age

−0.373/<0.001

−0.429/<0.001

−0.149/0.137

−0.470/<0.001

Education

0.270/0.008

0.116/0.260

0.209/0.036

0.324/<0.001

K-MMSE

0.047/0.647

0.322/0.001

0.265/0.007

0.536/<0.001

Table 3 (continued)
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Table 3 (continued)
ROI
Hippocampus

Side
Lt

Rt

Insula

Lt

Rt

Precuneus

Lt

Rt

Putamen

Lt

Rt

Lt Thalamus

Lt

Rt

CN

MCI

AD

All

Age

−0.529/<0.001

−0.652/<0.001

−0.096/0.341

−0.621/<0.001

Education

0.345/0.001

0.223/0.0293

−0.021/0.835

0.371/<0.001

K-MMSE

0.0528/0.608

0.514/<0.001

0.157/0.117

0.710/<0.001

Age

−0.477/<0.001

−0.675/<0.001

−0.164/0.101

−0.632/<0.001

Education

0.213/0.036

0.144/0.163

0.029/0.773

0.332/<0.001

K-MMSE

−0.001/0.996

0.404/<0.001

0.157/0.116

0.680/<0.001

Age

−0.356/<0.001

−0.544/<0.001

−0.097/0.335

−0.521/<0.001

Education

0.219/0.031

0.216/0.035

0.184/0.065

0.361/<0.001

K-MMSE

0.101/0.327

0.400/<0.001

0.259/0.009

0.589/<0.001

Age

−0.537/<0.001

−0.536/<0.001

−0.173/0.084

−0.568/<0.001

Education

0.328/0.001

0.153/0.137

0.218/0.029

0.367/<0.001

K-MMSE

0.133/0.196

0.372/<0.001

0.284/0.004

0.594/<0.001

Age

−0.476/<0.001

−0.555/<0.001

−0.059/0.555

−0.528/<0.001

Education

0.218/0.032

0.196/0.055

0.121/0.227

0.323/< 0.001

K-MMSE

0.067/0.518

0.480/<0.001

0.183/0.067

0.584/<0.001

Age

−0.505/<0.001

−0.528/<0.001

−0.032/0.753

−0.518/<0.001

Education

0.321/0.001

0.154/0.134

0.150/0.133

0.339/<0.001

K-MMSE

0.115/0.261

0.448/<0.001

0.310/0.002

0.587/<0.001

Age

0.008/0.937

−0.305/0.003

−0.147/0.143

−0.283/<0.001

Education

0.096/0.348

0.056/0.590

−0.012/0.909

0.151/0.010

K-MMSE

−0.025/0.811

0.269/0.008

0.100/0.318

0.347/<0.001

Age

−0.025/0.805

−0.324/0.001

−0.142/0.157

−0.290/<0.001

Education

0.154/0.133

0.127/0.216

0.054/0.595

0.206/<0.001

K-MMSE

0.025/0.806

0.268/0.008

0.150/0.134

0.350/<0.001

Age

−0.400/<0.001

−0.376/<0.001

−0.245/0.014

−0.522/<0.001

Education

0.158/0.123

0.011/0.919

0.073/0.470

0.214/<0.001

K-MMSE

0.033/0.745

0.176/0.087

0.059/0.555

0.457/<0.001

Age

−0.460/<0.001

−0.378/<0.001

−0.241/0.015

−0.537/<0.001

Education

0.149/0.144

−0.022/0.830

0.146/0.145

0.218/<0.001

K-MMSE

0.037/0.720

0.209/0.041

0.091/0.367

0.466/<0.001

*(rho/P value) Spearman’s coefficient of rank correlation. All, all participant groups with cognitively normal (CN), amnestic mild cognitive
impairment (aMCI), and Alzheimer’s disease (AD). K-MMSE, Korean version of Mini-Mental State Examination Score; Rt, right; Lt, left.
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Table 4 Summary of comparisons of total brain tissue volumes between templates in each area
ROIs

Brain tissue volume (mm3, mean ± SD)
Our AD template

Chinese

P value*

Caucasian

P value**

L Parahippocampal Gyrus

539±85

6,424±653

P<0.001

5,453±757

P<0.001

R Parahippocampal Gyrus

565±88

5,073±495

P<0.001

5,694±610

P<0.001

L Hippocampus

629±105

3,641±447

P<0.001

3,557±446

P<0.001

R Hippocampus

680±111

3,539±400

P<0.001

3,574±368

P<0.001

L Insula

528±64

8,502±839

P<0.001

9,233±1,184

P<0.001

R Insula

462±56

7,318±607

P<0.001

8,493±1,128

P<0.001

L Precuneus

465±61

12,137±1522

P<0.001

13,205±1,607

P<0.001

R Precuneus

482±65

10,995±1248

P<0.001

11,848±1,327

P<0.001

L Putamen

610±64

4,419±573

P<0.001

3,010±639

P<0.001

R Putamen

616±67

3,691±436

P<0.001

2,580±327

P<0.001

P value* by the summary t-test of the brain tissue volume in each area between our AD template and Chinese. P value** by the summary
t-test of the brain tissue volume in each area between our AD template and Caucasian. Note: The brain tissue volume of our AD template
consists of GMV and WMV only without CSF volume.

with MMSE scores in any of the three participant groups.
Comparisons of brain tissue volumes between three
different AD templates
Table 4 lists the results of comparisons of total brain tissue
volumes between our AD template and two other templates:
templates created with a Chinese population (24) or created
with a Caucasian population (25) for each ROI. Compared
with the two other templates, the brain tissue volumes of
our AD template were significantly smaller in all ROIs.
Discussion
Importance of an AD-specific brain template
In this study, we developed an AD-specific brain template
using 3D T1WI obtained using a 3-T MRI system
with a relatively larger subject population, including
CN, MCI, and AD groups. Furthermore, we evaluated
the characteristics of the participants by using group
comparisons of demographic data, neuropsychological
data, and global brain tissue volume, as listed in Table 1.
Both the CN and MCI groups were younger than the AD
group because we included relatively young people in both
the CN and MCI groups. This may be a limitation of our
template. Women comprised the majority (68% of CN,
66% of MCI, and 80% of AD), similar to the proportion
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of patients with AD who are female, which is close to two
thirds (26). The years of education were lowest in the AD
group, which supports the finding that people with more
education have a lower incidence of AD (27). In general,
MMSE scores between the CN and MCI groups were
similar, but in this study, the K-MMSE scores in the MCI
group were significantly lower than those in the CN group
because we included relatively young people in the CN
group compared with those in the MCI group. This is
another limitation of our template. For segmented brain
tissue volumes, the global GMV loss seen in the aMCI and
AD groups indicates that the global GMV values decreased
with increasing disease severity. The global WMV loss
in the AD group also supported that global WMV values
decreased with increasing disease severity. Finally, the
global CSF volume was highest in the AD group, indicating
that global CSF volumes increased with increasing disease
severity.
Researchers have generated several brain templates, such
as the MNI152 template (25), Chinese 2020 template (28),
and templates of KNE96 using 96 Korean normal elderly
subjects (2), and Korean78 using 78 Korean normal elderly
subjects (29). First, the MNI152 template was generated
using 152 young Caucasian healthy subjects, which is
currently used as an international standard brain template
in the SPM imaging package unadjusted for age. Second,
the Chinese 2020 template was created using 2,020 Chinese
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Table 5 Comparisons of the demographic characteristics of published brain templates
Template
name

Mean
Mean MMSE Mean age
Mean global Mean global Mean global
Sex, M/F education
score (range) (year) (range)
TIV (cm3)
GMV (cm3) WMV (cm3)
(year)

race

N

Group

This paper

Korean

294

CN 97;
MCI 96;
AD 101

23.7 [2–30]

[26] Chinese
2020

Chinese 2,020

HC

N/A

[2] KNE96

Korean

HC-elderly

96

70.1 [49–92]

83/211

8.10

1,448.12

564.36

423.36

42.4 [20–75] 946/1,074

N/A

N/A

N/A

N/A

N/A

M: 69.5 (60-);
F: 70.1 (60-)

48/48

N/A

1614

N/A

N/A

[23] MNI 152

Caucasian 152

HC

N/A

[18–90]

N/A

N/A

N/A

N/A

N/A

[29] MNI 305

Caucasian 305

HC

N/A

23.4

239/66

N/A

N/A

N/A

N/A

[30] ICBM 452

Caucasian 452

HC

N/A

N/A

262/190

N/A

N/A

N/A

N/A

Colin27

Caucasian

1

HC

N/A

N/A

N/A

N/A

N/A

N/A

N/A

French (2009)

French

1

HC

N/A

45

Male

N/A

N/A

N/A

N/A

[22] Chinese_56

Chinese

56

HC

N/A

24.46 [21–29]

Male

N/A

N/A

N/A

N/A

[27] Korea78

Korean

78

HC

N/A

44.6 [18–77]

49/29

N/A

N/A

N/A

N/A

20.0

72.4; 75.8

12/14;
12/8

15.2;
15.4

N/A

N/A

N/A

[31] Alzheimer’s Caucasian
disease

46 HC-elderly20;
AD 26

N, number of subjects; MMSE, Mini-Mental State Examination; M/F, male/female; TIV, total intracranial volume; GMV, gray matter volume;
WMV, white matter volume; CN, cognitively normal elderly; MCI, mild cognitive impairment; AD, Alzheimer’s disease; HC, healthy control.

healthy subjects. Normal Korean elderly subjects were used
to create the brain templates of KNE96 (2) and Korean78 (29)
templates. However, those templates were generated
using only healthy control subjects. Our created template
is different from the others. We included normal elderly,
MCI, and AD patients to create this template. In addition,
we adjusted for age. We also created TPM for gray matter,
white matter, and CSF. Therefore, our template can be used
to evaluate the normal elderly, MCI, and AD brains for gray
matter and white matter degeneration, and our template
can be the gold standard for evaluating dementia in Asian
populations. Several previous studies have created a standard
brain template using 3D T1 images (29). It is important
to generate a standard TPM to improve brain tissue
segmentation.
Since the Talairach and Tournoux atlas (30) have come
out, many brain templates have been constructed based
on age, race, or specific disease. Table 5 summarizes the
demographic characteristics of several published brain
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templates. The standard brain templates of MNI152 (25),
MNI305 (31), and ICBM452 (32) were based on young
healthy Caucasians and were the most generally used in
some popular neuroimaging analysis packages. When we
compared the TIV values between KNE96 (2) constructed
using Korean population data and ours, the TIV did not
significantly differ from that in our CN elderly individuals
(P=0.1187), although ours was smaller than that of the
other. As shown in Table 4, the brain tissue volume in every
ROI was significantly smaller in our templates than in the
Chinese_56 template (24) and Caucasian template (25).
This could be related to the fact that, first, the ROI value
in each area was only included in GMV and WMV without
CSF volume in our study. Second, the ROI value in each
area was small due to the elderly and patient population in
our study compared to other templates that used healthy
controls. Researchers have developed an AD template (33)
using both healthy control and AD patients, but a much
smaller population than our template.
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Evaluation of brain alteration in MCI
MCI is usually very difficult to distinguish from CN based
on structural MRI because brain tissue atrophy in the MCI
stage is limited to the sulcus gyrus. One of the most important
questions in dementia studies is whether it is possible to
separate MCI from CN using any neuroimaging modality.
With this question in mind, we also wondered whether our
AD-specific brain template could be helpful in analyzing
neuroimaging data. Although it may be difficult to separate
MCI from CN using structural MR images, our standard brain
template may be helpful in evaluating MCI subjects. In this
study, the voxel-based comparison of GMV between the CN
and MCI groups showed that GMV loss in the MCI group was
predominantly in the temporal lobe, including the middle and
medial temporal lobe, amygdala, and parahippocampal gyri
relative to the CN group (Table S3). Furthermore, the voxelbased comparison of WMV between the CN and MCI groups
showed that WMV loss in the MCI group was predominantly
in the temporal and frontal lobes relative to the CN group
(Table S4). Our results support the notion that brain tissue
loss starts in the temporal lobe in AD (34). WMV loss in the
frontal area may explain the loss of frontal function, consistent
with a previous study that showed that frontal function was lost
in early-stage AD (35). Based on this result, our brain template
can be used to evaluate the early stages of dementia. Our brain
template may be used to evaluate brain alterations in MCI
participants to promote early detection and earlier therapeutic
opportunities for MCI.
Modeling age-dependent brain tissue loss in MCI
and AD
To evaluate the characteristics of populations used in our
brain template, we performed a correlation analysis between
brain tissue volumes and age using voxel-based and ROIbased analyses. The GMV was found to decrease with
increasing age in both the CN and MCI groups (Table S5).
WMV was also found to decrease with increasing age in both
the CN and MCI groups (Table S6). GMV and WMV losses
in the CN group with increasing age were limited to some
areas in the temporal, frontal, and limbic lobes, as shown
in Figure 4. Dramatically more brain areas demonstrated
GMV and WMV losses in the MCI group. This indicates
that it may no longer be a normal physiological brain tissue
volume reduction related to age. In MCI, the influence of
AD-like pathological factors, such as the deposition and
accumulation of beta-amyloid precursor protein (36) and
hyperphosphorylated tau protein (37), may already be
prominent in the brain. In AD, GMV loss showed limited
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association with age, indicating that the GMV loss had
already occurred in AD. In all participants, GMV and WMV
losses were associated with increasing age in most brain areas
shown in Figure 4. Therefore, our template appears suitable
to model age-dependent brain tissue loss in patients with
MCI and AD.
A previous cross-sectional study showed that the
K-MMSE score in AD patients correlated with brain
volume reduction loss (38). Furthermore, a longitudinal
study showed that the decline in the K-MMSE score
strongly correlated with cortical GMV loss (39). In addition,
other previous studies showed a correlation between the
hippocampal volume and the MMSE score in the crosssectional data of AD patients (40) in the longitudinal study
of patients with MCI (41).
Limitations
This study had several limitations. First, we did not
directly compare our AD-specific standard brain template
with the existing standard brain template. It is not easy to
compare two standard templates generated from different
populations. In addition, it is difficult to find an AD-specific
standard brain template generated by using CN, MCI, and
AD participant groups. Second, we did not incorporate
the genetic information of apolipoprotein E alleles during
template creation. It would be more informative if this
information is added to the standard brain template. Finally,
the age of the AD group was relatively older than that of
the CN group. Therefore, although we considered age as a
covariate to make the template, it would be better to have
exactly matched age among the three participant groups.
Conclusions
We created a 3D T1 brain template using CN, MCI, and
AD participants, taking age, sex, and years of education
into consideration. We also demonstrated the suitable
characteristics of the populations used in the template,
such as GMV and WMV losses in the AD and MCI groups
relative to the CN group, and GMV loss with increasing
age and decreasing years of education. Therefore, our
disease-specific template would help evaluate brains in
healthy and MCI individuals for early diagnosis and identify
MCI individuals for treatment. Furthermore, our ADspecific brain template could be applied for the accurate
registration and subsequent analysis of other images, such
as PET or single-photon emission computed tomography
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data, and other neuroimaging data, such as functional
MRI obtained from CN, MCI, and AD individuals. Our
AD-specific brain template will be a useful tool for the
evaluation of brain tissue loss in patients with dementia.
The template developed in this article will be available from
the corresponding author upon request.
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Table S1 Information of four-cohort studies
Group

CN

MCI

AD

N
Age (year)
Gender (M/
F)
K-MMSE
CDR(range)
N
Age (year)
Gender (M/
F)
K-MMSE
CDR(range)
N
Age(year)
Gender(M/F)
K-MMSE
CDR(range)

Cohort1
(Y2006)
43
64.95±7.55
15/28

Cohort2
(Y2009)
36
64.17±9.63
10/26

Cohort3
(Y2011)
16
65.56±8.93
3/13

Cohort4
(Y2014)
16
66.38±7.08
3/13

Total, mean or
median
111
64.99±8.34
31/80

27.98±2.40
0(0-0.5)
43
67.72±7.78
19/24

27.50±2.52
0(0-0.5)
24
68.88±6.75
7/17

28.00±1.86
0(0-0.5)
18
74.22±5.56
3/15

28.06±1.65
0(0-0.5)
16
71.31±7.10
4/12

27.84±2.26
0(0-0.5)
101
69.73±7.39
33/68

26.65±3.77
0.5(0-0.5)
34
72.47±9.30
7/27
17.44±4.84
1(0.5-2)

24.29±4.69
0.5(0.5-1)
29
75.83±7.51
7/22
18.38±4.87
1(0.5-2)

24.39±3.38
0.5(0.5-0.5)
28
74±8.10
4/24
16.89±5.20
1(0-2)

26.50±2.42
0.5(0-0.5)
23
77.35±7.53
4/19
18.09±5.96
1(0.5-2)

25.66±3.89
0.5(0-1)
114
74.68±8.33
22/92
17.68±5.14
1(0-2)

This table summarizes the demographic data and the result of the neuropsychological tests in
participants with cognitively normal (CN) elderly, amnestic mild cognitive impairment (MCI),
and Alzheimer’s disease (AD) obtained from four different cohort studies.
The data of age and K-MMSE scores are presented as the mean ± standard deviation, but those
of CDR scores are presented as the median (range) value.
K-MMSE, Korean version of the Mini-Mental State Examination; CDR, Clinical Dementi
a Rating
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Table S2 Results of the comparisons of brain tissue volumes between the left and right areas
ROI
Amygdala

Parahippocampal G
yrus
Posterior Cingulate

Corpus callosum

Anterior Cingulate

Hippocampus

Insula

Precuneus

Putamen

Thalamus

CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All
CN
MCI
AD
All

*P-value by paired samples t-test.

Left (mm3)
598.51±60.77
545.77±90.24
420.42±79.55
520.11±108.10
433.42±40.49
402.45±49.40
327.77±41.22
387.01±62.52
325.25±41.04
313.60±45.29
273.46±38.02
303.66±47.03
98.13±10.57
96.20±11.61
94.92±16.45
96.40±13.21
308.44±37.15
295.53±38.67
257.89±34.65
286.86±42.60
501.89±51.49
458.09±68.60
355.09±56.71
437.14±85.17
361.92±35.71
350.47±41.96
307.82±34.58
339.60±44.14
313.64±31.62
301.04±35.19
266.91±33.81
293.47±38.93
370.57±42.81
356.35±39.73
333.24±42.36
353.10±44.33
416.45±37.29
393.54±51.39
355.22±46.25
387.93±51.87

Right (mm3)
603.87±61.63
550.08±88.45
427.42±83.42
525.69±108.18
433.67±39.56
402.44±51.22
328.77±42.05
387.43±62.73
325.64±38.00
316.39±45.48
273.17±34.80
304.60±45.72
109.20±12.93
109.13±12.81
107.18±17.04
108.48±14.42
298.12±33.92
283.80±37.80
251.66±29.36
277.48±38.97
515.94±51.58
470.03±70.77
363.22±64.77
448.49±89.95
358.70±38.00
343.49±40.86
302.97±32.06
334.59±43.91
304.93±30.06
294.94±33.48
260.72±34.52
286.48±37.83
380.16±41.75
365.15±43.00
344.15±46.09
362.89±46.01
421.80±45.11
396.33±58.76
351.72±51.78
389.41±59.62

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

*P-value
= 0.1325
= 0.4553
= 0.2848
= 0.0750
= 0.8774
= 0.9976
= 0.7238
= 0.7511
= 0.8487
= 0.2441
= 0.8817
= 0.4423
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
= 0.0013
< 0.0001
< 0.0001
= 0.0048
= 0.0551
< 0.0001
= 0.0719
< 0.0001
= 0.0062
< 0.0001
< 0.0001
= 0.0001
= 0.0001
< 0.0001
< 0.0001
= 0.0003
< 0.0001
< 0.0001
= 0.0211
= 0.3656
= 0.2095
= 0.3428

Data show mean ± standard deviation values. The entire corpus callosum was defined as a
representative ROI for white matter.
ROI, region-of-interest; CN, cognitively normal; MCI, mild cognitive impairment; AD,
Alzheimer's disease; All, the three groups together.
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Table S3 Results of the voxel-based comparisons of gray matter volume (GMV) among the
three participant groups without separating the gender (3A), with only the female group (3B),
with only the male group (3C), and comparison between the male and female groups (3D).
A) Without separating gender
Group
Cluster
analysis
size
CN>MCI
641
1037
456
1624
CN>AD

MCI>AD

221705
261

Cluster location

BA

Talairach coordinates

Z score

Rt middle temporal gyrus
Rt insula
Lt medial globus pallidus
Lt parahippocampal gyrus
Lt parahippocampal gyrus
Rt parahippocampal gyrus
Rt amygdala

21
13

53.22, -20.44, -8.92
40.64, -21.02, -2.43
-16.14, -6.1, -8.74
-24.32, 6.04, -17.18
-10.86, -36.91, 3.3
17.03, -31.95, -5.22
26.9, -7.59, -9.5

6.386
5.337
6.335
5.556
5.863
5.811
5.745

-17.52, -8.76, -10.36
-18.87, -0.24, -10.93
26.88, -9.12, -8.29
-34.1, -64.27, -33.47

65535
65535
65535
5.416

32
34

3.39, 34.32, -4.58
-25.77, 4.25, -13.32
-18.89, -8.62, -11.72

65535
65535
65535

34
27, 35, 36
30, 35

Lt amygdala
Lt parahippocampal gyrus
Rt amygdala
Lt cerebellar tonsil

34

180222

Rt anterior cingulate
Lt frontal subcallosal gyrus
Lt amygdala
Rt, right; Lt, left; BA, Brodmann area

B) Only the Female
Group
analysis
CN>AD

MCI>AD

Cluster
size

Cluster location

BA

Talairach coordinates

Z score

172463

Lt amygdala
Lt frontal subcallosal gyrus
Lt parahippocampal gyrus

34
34

-17.52, -8.76, -10.36
-25.74, 5.78, -14.53
-20.24, 1.3, -12.16

65535
65535
65535

31
31
32
6
6
18
6

-0.17, -27.66, 38.14
1.31, -66.75, 19.6
-4.93, 35.76, -4.58
37.44, 1.88, 37.52
24.74, -5.08, 51.51
-4.23, -87.16, 12.16
-45.87, -6.07, 35.36

65535
65535
65535
6.666
6.279
5.839
5.625

122110

Lt cingulate gyrus
Rt occipital precuneus
Lt anterior cingulate
677
Rt precentral gyrus
213
Rt middle frontal gyrus
178
Lt occipital cuneus
346
Lt precentral gyrus
Rt, right; Lt, left; BA, Brodmann area
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C) Only the Male
Cluster
Group
analysis
size
CN>MCI
160
CN>AD
35526
446

229
312
451
454
458
157
331
277

MCI>AD

109
140

Cluster location

BA

Talairach coordinates

Z score

Lt anterior cingulate

32

-4.94, 34.37, -4.71

5.619

26.86, -9.25, -6.95
-0.77, 34.34, -4.64
17.17, -6.27, -8.19
-2.5, -12.06, 8.5

65535
65535
65535
6.6857

1.75, -16.89, 0
0.37, -5.84, 2.38
42.05, -59.24, -15.49
26.08, -9.54, 53.81
-51.02, -57.89, -11.53
-50.89, -43.26, -16.9
-42.46, -38.46, -23.06
35.04, 47.18, 21.5
23.92, 49.9, 22.92
-5.74, -27.76, 39.39
25.6, 39.67, -2.34
-1.55, -57.74, 28.51
-5.59, -58.2, 18.94
47.15, -62.67, 19.41
52.62, -60.56, 26.46
-55.57, -60.74, 17.85
20.04, 57.47, 3.3

5.532
5.081
6.605
6.387
6.317
5.517
5.431
6.228
5.991
6.116
6.056
6.016
5.273
6.005
5.509
5.774
5.586

26.88, -7.72, -8.16
15.8, -7.53, -9.68
-17.5, -8.63, -11.7
2, 32.93, -4.73
7.49, 13.21, -5.15
37.14, -38.68, 48.54
54.42, -54.76, -4.04
-2.34, 4.22, 0.58
-51.02, -57.89, -11.53
-42.63, -13.6, -3.14
-45.29, -3.16, -8.95
-49.12, -0.65, -34.45
-43.65, -6.79, -29.54

7.119
7.041
7.061
6.935
5.099
6.369
6.150
5.906
5.905
5.882
5.621
5.722
5.125

Rt putamen
Lt anterior cingulate
Rt medial globus pallidus
Lt thalamus, medial dorsal
nucleus
Rt thalamus
Lt thalamus
Rt fusiform gyrus
Rt middle frontal gyrus
Lt inferior temporal gyrus
Lt fusiform gyrus
Lt cerebellum culmen
Rt middle frontal gyrus
Rt superior frontal gyrus
Lt cingulate gyrus
Rt middle frontal gyrus
Lt cingulate gyrus
Lt posterior cingulate
Rt middle temporal gyrus
Rt superior temporal gyrus
Lt superior temporal gyrus
Rt superior frontal gyrus

32

*
*
37
6
20
37
*
10
10
31
11
31
23
39
39
39
10

3071

Rt amygdala
Rt parahippocampal gyrus
3356
Lt amygdala
1146
Rt anterior cingulate
Rt caudate, caudate head
286
Rt inferior parietal lobule
186
Rt inferior temporal gyrus
147
Lt caudate, caudate head
104
Lt inferior temporal gyrus
238
Lt insula
Lt superior temporal gyrus
124
Lt middle temporal gyrus
Lt inferior temporal gyrus
Rt, right; Lt, left; BA, Brodmann area

28
24
40
37
20
13
22
21
20
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D) Comparison between female and male
Group
Cluster
analysis
size
CN: Female<Male
304
225
331
240

Cluster location

BA

Talairach coordinates

Z score

Lt middle temporal gyrus
Lt frontal precentral gyrus
Lt middle frontal gyrus
Rt middle temporal gyrus
Rt superior temporal gyrus
Lt limbic lobe, uncus

38
6
6
38
38
28

-33.73, 2.85, -41.97
-32.3, -11.16, 58.08
-26.76, -3.06, 61.64
45.35, 6.24, -36.25
32.9, 16.22, -36.87
-17.34, -6.05, -23.62

6.025
5.801
5.504
5.762
5.302
5.635

CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; Rt, right;
Lt, left; BA , Brodmann area
Subject's total intracranial volume (TIV), age, gender, and education-year were used as
covariates. A significance level of p = 0.01 was applied with correction for multiple
comparisons using the family-wise error (FWE) method and clusters with at least 50 contiguous
voxels. In this list, we list the cluster areas, which have the cluster size of greater than 100.
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Table S4 Results of the voxel-based comparison of white matter volume (WMV) among the
three participant groups without separating the gender (4A), with only the female group (4B),
with only the male group (4C), and comparison between the male and female groups (4D).
A) Without separating gender
Group
Cluster
analysis
size
CN>MCI
1236
1214
206

Talairach coordinates

Z score

Rt frontal lobe, sub-gyral
Lt frontal lobe, sub-gyral
Rt middle temporal gyrus
Rt temporal lobe, sub-gyral
Lt frontal lobe, sub-gyral
Lt cingulate gyrus

21.45, 43.88, -2.01
-23.16, 31.76, 8.25
49.17, -11.38, -14.89
38, -21.36, -13.32
-26.23, 20.03, 27.35
-17.93, 21.12, 30.3

7.106
6.656
5.772
5.441
5.561
5.139

Lt frontal lobe, sub-gyral
Rt cerebellar tonsil

-20.4, 33.01, 9.76
11.78, -51.67, -34.2

65535
5.361

Lt frontal lobe, sub-gyral
Rt frontal lobe, corpus
callosum
Rt, right; Lt, left; BA , Brodmann area

-20.41, 34.27, 11.23
13.07, 31.22, -2

65535
65535

Talairach coordinates

Z score

-21.81, 32.88, 11.08
-29.28, -47.82, 28.98
14.21, 4.75, 9.02

65535
65535
5.523

-20.39, 35.8, 10.03
14.47, 31.34, -3.32
-14.7, 29.96, -2.59

65535
65535
65535

316
CN>AD
MCI>AD

142102
286

Cluster location

BA

116760

B) Only the Female
Group
analysis
CN>AD

MCI>AD

Cluster
size

Cluster location

105204

Lt frontal lobe, sub-gyral
Lt parietal lobe, sub-gyral
Rt extra-nuclear

117

BA

73532

Lt frontal lobe, sub-gyral
Rt limbic anterior cingulate
Lt frontal lobe, corpus
callosum
Rt, right; Lt, left; BA, Brodmann area
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C) Only the Male
Talairach coordinates

Z score

Lt caudate head
Rt frontal lobe, sub-gyral

-11.95, 18.77, -3.61
18.67, 42.5, -2.19

5.868
5.632

Rt parahippocampal gyrus
Rt temporal lobe, sub-gyral
Lt frontal lobe, sub-gyral
Rt frontal lobe, sub-gyral
Rt caudate head
Lt temporal lobe, sub-gyral

25.56, -22.3, -17.67
39.45, -14.12, -15.31
-20.38, 33.14, 8.42
21.24, 31.39, 10.31
10.26, 18.65, -3.24
-31.2, -3.06, -24.92

6.580
6.251
65535
7.795
7.095
6.764

Lt temporal lobe, sub-gyral
Rt frontal lobe, sub-gyral
Rt limbic cingulate gyrus
579
Lt frontal lobe, sub-gyral
648
Rt frontal lobe, sub-gyral
Rt limbic anterior cingulate
gyrus
Rt extra-nuclear
161
Lt temporal lobe, sub-gyral
Lt limbic lobe, uncus
141
Rt limbic parahippocampal
gyrus
185
Rt extra-nuclear
Rt parietal lobe, sub-gyral
171
Lt frontal lobe, sub-gyral
Rt, right; Lt, left; BA, Brodmann area

-42.69, -33.3, -3.65
23.49, -17.74, 36.78
20.86, -2.97, 30.02
-26.45, -26.87, 31.01
19.85, 31.4, 10.29
17.16, 37.53, 5.42

5.806
5.757
5.070
5.707
5.548
5.431

21.15, 23.88, 15.01
-32.59, -3.05, -24.94
-32.62, 4.94, -20.13
25.52, -23.96, -15.13

5.380
5.531
5.010
5.275

19.93, -47.42, 23.08
27.72, -46.06, 23.35
-18.88, 42.17, 2.55

5.346
5.166
5.303

Talairach coordinates

Z score

Rt middle frontal gyrus
Rt frontal lobe, sub-gyral

24.81, -4.56, 46.15
27.51, 0.37, 53.42

5.223
5.186

Lt brainstem, midbrain

-0.88, -33.61, -16.49

5.196

Group
analysis
CN>MCI
CN>AD

Cluster
size

Cluster location

130
180
3777
12074
14647

MCI>AD

3880

BA

495
1093

D)Comparison between female and male
Cluster
Group
analysis
size
CN: Female<Male
144
MCI: Female<Male
9316

Cluster location

BA

CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; Rt, right;
Lt, left; BA , Brodmann area
Subject's total intracranial volume (TIV), age, gender, and education-year were used as
covariates. A significance level of p = 0.01 was applied with correction for multiple
comparisons using the family-wise error (FWE) method and clusters with at least 50 contiguous
voxels. In this list, we list the cluster areas, which have the cluster size of greater than 100.
8
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Table S5 Results of the voxel-based multiple regression analyses between gray matter volume
(GMV) and age in each participant group without separating the gender (5A) and with only the
female group (5B).
A) Without separating gender
Cluster
Group
analysis
size
CN: (-) Age
1761
1020
577
2534
523
1445
368
284
228
388
144
447
162
MCI: (-) Age
49437
847
425
1788
2269
378
140
302
347
958
233

Cluster location

BA

Talairach coordinates

Z score

Rt insula
Rt superior temporal gyrus
Rt inferior parietal lobule
Rt cerebellum, culmen
Rt thalamus, pulvinar
Rt parahippocampal gyrus
Rt thalamus
Rt limbic anterior cingulate
Lt parahippocampal gyrus
Lt cerebellum, culmen
Rt cerebellum, culmen
Rt limbic posterior cingulate
Lt occipital cuneus
Lt cerebellum, declive
Lt cerebellum, culmen
Lt limbic cingulate gyrus
Lt thalamus
Rt inferior frontal gyrus
Rt insula
Lt limbic, anterior cingulate
Rt inferior temporal gyrus
Rt middle temporal gyrus
Lt inferior frontal gyrus

13
41
40

37.69, -20.92, 11.04
50.08, -27.23, 17.41
51.29, -28.54, 30.82
22.77, -29.27, -18.38
11.3, -33.23, 8.08
12.82, -32.32, -1.27
7.07, -21.41, 17.23
1.85, 0.27, -2.42
-23.12, -32.35, -14.04
-19.05, -42.68, -9.55
38.01, -45.99, -21.06
4.24, -60.13, 9.46
-6.86, -65.54, 7.41
-46.71, -55.47, -22.04
-41.1, -46.85, -23.83
-5.76, -27.89, 40.72
-1.16, -15.13, 10.93
36.76, 34.54, -8.04
39.39, 19.77, -1.29
-0.77, 35.74, -4.51
58.77, -43.83, -15.1
54.47, -54.37, -8.06
-25.74, 7.18, -14.4

7.031
6.728
5.260
6.603
6.603
6.008
5.007
6.518
6.451
6.390
6.401
6.376
6.211
6.171
5.263
5.987
5.766
5.705
5.358
5.616
5.612
5.535
5.508

Lt parahippocampal gyrus
Lt amygdala
Lt putamen
Rt middle frontal gyrus
Rt inferior frontal gyrus
Rt occipital
Rt middle occipital gyrus
Rt middle temporal gyrus
Lt occipital lobe, precuneus
Lt middle occipital gyrus
Lt medial frontal gyrus
Lt medial frontal gyrus
Lt parietal postcentral gyrus
Lt middle frontal gyrus
Lt thalamus
Lt cerebellum, uvula
Lt cerebellum, declive
Rt superior temporal gyrus

34

-20.22, 2.83, -13.36
-18.93, -10.28, -9.18
-27.28, -11.76, -8.11
41.98, 34.83, 17.75
44.9, 35.86, 7.08
41.96, -68.15, -10.93
26.47, -88.94, 0.35
48.62, -64.82, 12.47
-29.3, -73.98, 22.45
-30.51, -80.92, 6.91
-10.85, 44.1, 25.84
-10.71, 49.2, 16.87
-36.32, -25.2, 43.16
-41.42, 28.88, 23.88
-1.13, -9.41, 10.12
-21.74, -69.44, -24.29
-24.63, -79.86, -18.57
49.01, 6.62, 3.03

65535
65535
65535
7.424
5.821
6.656
6.497
6.043
6.345
6.276
6.112
5.639
6.104
6.059
6.058
6.027
5.930
6.021

27
25
36
30
30
31
47
13
32
20
37
47

46
46
19
39
31
19
9
10
2
46

22
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237
160
202
AD: (-) Age
487
All Group: (-) Age
190935

166

Rt frontal precentral gyrus
Rt middle frontal gyrus
Rt superior frontal gyrus
Lt superior temporal gyrus
Rt inferior frontal gyrus
Rt middle frontal gyrus

6
10
10
41
47
47

48.91, -3.68, 7.46
31.17, 52.08, 0.28
26.88, 51.19, 9.58
-45.72, -36.51, 14.91
25.57, 28.49, -3.4
32.56, 35.7, -5.3

5.076
5.663
5.429
5.563
5.443
5.247

-17.59, -73.65, -24.62
-31.4, -60.74, -26.33

5.543
5.320

27

11.35, -34.23, 3.93

65535

25
27

-0.94, 1.55, -1
-13.64, -35.5, 3.39

65535
65535

40

-33.64, -53.29, 41.9

5.311

Lt cerebellum, uvula
Lt cerebellum, culmen
Rt limbic parahippocampal
gyrus
Lt limbic anterior cingulate
Lt limbic parahippocampal
gyrus
Lt inferior parietal lobule
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B) Only the Female
Cluster
Group
analysis
size
CN: (-) Age
1089
308
251
151
100
MCI: (-) Age
8290
3942
4534
1179
1086
346
286
319
181
465
150
160
114

Cluster location

BA

Talairach coordinates

Z score

Rt superior temporal gyrus
Rt insula
Rt thalamus
Lt occipital lingual gyrus
Rt cerebellum, culmen
Rt insula

41
13
*
18
*
13

40.33, -34.29, 17.93
36.3, -22.31, 10.89
9.93, -34.49, 6.58
-9.59, -61.07, 5.09
25.56, -27.76, -19.54
37.97, 20.91, 1.5

6.312
5.745
6.150
5.740
5.648
5.410

Rt parahippocampal gyrus
Rt temporal lobe, sub-gyral
Rt parahippocampal gyrus
Rt occipital lingual gyrus
Lt occipital cuneus
Rt cingulate gyrus
Lt putamen
Lt frontal subcallosal gyrus
Rt limbic anterior cingulate
Lt limbic anterior cingulate
Lt medial frontal gyrus
Lt insula
Rt middle frontal gyrus
Rt cerebellum, declive
Lt cerebellum, declive
Rt medial frontal gyrus
Rt transverse temporal gyrus
Rt insula
Rt inferior parietal lobe
Rt occipital fusiform gyrus
Lt middle occipital gyrus
Rt insula

34
21
27
18
30
31

20.04, -11.09, -16.7
39.42, -3.33, -10.24
12.79, -35.25, -0.2
1.52, -78.9, -0.47
-6.85, -62.74, 7.68
2.65, -38.33, 31.77
-27.3, -11.89, -6.77
-21.6, 4.23, -13.25
0.43, 1.41, 0.36
-0.77, 35.74, -4.51
-6.22, 42.01, -10.77
-34.34, 14.78, 9.15
40.62, 32.3, 14.78
12.86, -75.86, -17.56
-41.15, -54.1, -21.81
9.87, 29.49, 30.21
43.18, -30.99, 12.88
44.42, -34.84, 23.35
55.49, -31.09, 27.94
41.94, -68.28, -9.59
-30.67, -73.84, 21.09
32.29, 18.63, 10.64

7.299
6.806
6.757
7.057
6.214
6.124
6.974
6.764
6.874
6.365
5.098
6.534
6.251
6.071
6.061
5.975
5.725
5.445
5.345
5.644
5.568
5.351

34
25
32
10
13
46
*
*
9
41
13
40
19
19
13

CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; Rt, right;
Lt, left; BA , Brodmann area
Subject's total intracranial volume (TIV), gender, and education-year were used as covariates. (-)
indicates the negative correlation. A significance level of p = 0.01 was applied with correction
for multiple comparisons using the family-wise error (FWE) method and clusters with at least
50 contiguous voxels. In this list, we list the cluster areas, which have the cluster size of greater
than 100. For only the male, there are no correlations between GMV and age for all three
participant groups.
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Table S6 Results of the voxel-based multiple regression analyses between white matter volume
(WMV) and age in each participant group without separating the gender (6A) and with only the
female group (6B).
A) Without separating gender
Cluster
Group
analysis
size
CN: (-) Age
148
146
MCI: (-) Age
64925

AD: (-) Age

466
328
149
3130
2219

342
221
149
All Group: (-) Age
146355

Cluster location

BA

Talairach coordinates

Z score

Lt limbic cingulate gyrus
Rt inferior parietal lobule

-9.83, -25.82, 34.1
37.41, -36.72, 28.46

5.521
4.968

Lt temporal lobe, sub-gyral
Rt frontal lobe, sub-gyral
Lt frontal lobe, sub-gyral
Lt parahippocampal gyrus

-28.79, -30.45, -4.5
26.68, 33.25, 20.04
-16.07, 24.64, -5.82
-27.18, -19.23, -18.27

65535
65535
7.774
6.277

Rt extra-nuclear
Lt medial frontal gyrus
Rt limbic anterior cingulate
Rt frontal lobe, sub-gyral
Lt frontal lobe, sub-gyral
Lt limbic anterior cingulate
Lt sub-lobar, extra-nuclear
Lt frontal lobe, sub-gyal
Rt brainstem, midbrain
Rt frontal lobe, sub-gyral

25.33, -30.86, -2.27
-11.21, 18.12, 46.34
12.97, 41.48, 8.43
23.84, 31.47, 23.88
-26.13, 30.33, 22.92
-9.23, 36.14, 6.19
-21.65, 27.2, -2.97
-27.8. -10.09. 32.58
12.98, -7.78, -7.05
24.84, -19.41, 39.34

6.225
5.894
5.812
5.533
5.772
5.480
5.314
5.339
5.322
5.105

Rt limbic lobe, sub-gyral
Lt limbic parahippocampal
gyrus
Lt frontal lobe, sub-gyral

23.96, -29.32, -3.5
-27.4, -30.45, -4.48

65535
65535

-24.66, 30.98, 16.25

65535
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B) Only the Female
Cluster
Group
analysis size
CN: (-) Age
127
MCI: (-) Age
9559
11065
496
180
2564
263
1026
279
184
355

Cluster location

BA

Talairach coordinates

Z score

Rt temporal lobe, sub-gyral

39.25, -34.73, -6.46

5.170

Lt frontal lobe, sub-gyral
Lt limbic anterior cingulate
Lt limbic cingulate gyrus
Rt frontal lobe, sub-gyral
Rt limbic lobe, anterior
cingulate
Lt temporal lobe, sub-gyral
Rt limbic lobe, sub-gyral
Rt temporal lobe, sub-gyral
Rt parietal lobe, sub-gyral
Rt occipital fusiform gyrus
Lt limbic, cingulate gyrus
Lt parietal lobe, precuneus
Rt limbic parahippocampal
gyrus
Rt temporal lobe, sub-gyral
Lt temporal lobe, sub-gyral

-16.07, 24.64, -5.82
-17.63, 35.66, 11.41
-15.18, 19.58, 31.55
24.16, 39.28, 1.65
7.51, 31.24, -2.09

7.396
6.221
6.138
7.384
7.159

-28.79, -30.45, -4.5
23.96, -29.32, -3.5
34.62, -61.47, 22.01
23.52, -54.55, 23.83
32.31, -51.2, -10.84
-13.99, -31.26, 32.16
-16.85, -51.07, 32.94
25.57, -19.51, -17.41

6.849
6.629
6.359
5.703
6.013
5.988
5.897
5.659

40.75, -21.64, -10.6
-26.43, -58.23, 19.93

5.501
5.427

CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer's disease; Rt, right;
Lt, left; BA , Brodmann area
Subject's total intracranial volume (TIV), gender, and education-year were used as covariates. A
significance level of p = 0.01 was applied with correction for multiple comparisons using the
family-wise error (FWE) method and clusters with at least 50 contiguous voxels. In this list, we
list the cluster areas, which have the cluster size of greater than 100. For only the male, there are
no correlations between WMV and age for all three participant groups.

13

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

http://dx.doi.org/10.21037/qims-20-710

