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ABSTRACT

Specific patterns of brain atrophy may be helpful in
the diagnosis of Alzheimer’s disease (AD). In the
present study, we set out to evaluate the utility of
grey-matter volume in the classification of AD and
amnestic mild cognitive impairment (aMCIl) compared
to normal control (NC) individuals. Voxel-based
morphometric analyses were performed on structural
MRIs from 35 AD patients, 27 aMCI patients, and 27
NC participants. A two-sample two-tailed t-test was
computed between the NC and AD groups to create a
map of abnormal grey matter in AD. The brain areas
with significant differences were extracted as regions
of interest (ROIs), and the grey-matter volumes in the
ROls of the aMCI patients were included to evaluate
the patterns of change across different disease
severities. Next, correlation analyses between the
grey-matter volumes in the ROIs and all clinical
variables were performed in aMCIl and AD patients
to determine whether they varied with disease
progression. The results revealed significantly
decreased grey matter in the bilateral hippocampus/
parahippocampus, the bilateral superior/middle
temporal gyri, and the right precuneus in AD patients.

The grey-matter volumes were positively correlated
with clinical variables. Finally, we performed
exploratory linear discriminative analyses to assess
the classifying capacity of grey-matter volumes in
the bilateral hippocampus and parahippocampus
among AD, aMCI, and NC. Leave-one-out cross-
validation analyses demonstrated that grey-matter
volumes in hippocampus and parahippocampus
accurately distinguished AD from NC. These findings
indicate that grey-matter volumes are useful in the
classification of AD.

Keywords: Alzheimer’s disease; mild cognitive
impairment; voxel-based morphometry; grey matter
volume; classification

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly. AD is a neurodegenerative disorder
pathologically characterized by the presence of amyloid
deposits and neurofibrillary tangles". The manifestations
are progressive impairment of cognitive function and
behavior. Currently, there is no effective treatment for this
disease. Mild cognitive impairment (MCI) is a syndrome that
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involves cognitive impairments greater than expected based
on an individual's age and educational level but not severe
enough to interfere with daily activities® ¥. Amnestic MCI
(aMCI), a subtype of MCI, is characterized by mild memory
impairments and clinically it frequently progresses into AD
within a few years. Pathologically, aMCl is a prodromal stage
of AD in the majority of cases observed at autopsy™”.

Currently, the diagnoses of AD and MCI are based
on clinical presentation and psychological tests. However,
the diagnosis of AD has lower sensitivity (~70%) and
specificity (<70%) than the gold-standard neuropathological
diagnosis®®. Therefore, numerous studies have been
designed to search for biomarkers of AD and MCI® ',
including cerebrospinal fluid (CSF) AR and total tau, and
some imaging measures based on positron emission
tomography and magnetic resonance imaging (MRI)® ™.
In addition, a recent cross-sectional study based on the
Alzheimer's Disease Neuroimaging Initiative dataset has
demonstrated that grey-matter atrophy reflects clinically-
defined disease stages better than CSF biomarkers (such
as Ap and total tau)".

The evolution of patterns of grey-matter atrophy
can be traced with the voxel-based morphometric (VBM)
method; this method is hypothesis-free, rapid, sensitive
in terms of localizing small-scale regional differences in
grey matter, and easy to implement™. It has been widely
applied to the study of regional grey-matter alterations
in various disorders!?". The medial temporal lobe
(including the hippocampus and parahippocampus) most
consistently exhibits decreased grey-matter volume in
AD and MCI'? 16172230 “Moreover, changes in grey-
matter volumes in the entorhinal area®!, medial temporal
lobe™, hippocampus®", and entorhinal area including the
hippocampus and amygdala® have been reported to be
candidate features of AD compared with normal controls
(NCs). Nevertheless, heterogeneous grey-matter atrophy
patterns have been reported in AD and MCI®?*¥ and few
studies have investigated the ability of grey-matter volumes
to discriminate between AD, MCI, and NC.

In this study, we focused on three questions: (1) where
and how grey matter volumes are altered in Chinese AD
patients compared to NCs; (2) whether aMCI patients
exhibit AD-like changes in the identified regions; and
(3) whether grey matter volumes discriminate AD/aMCI
patients from NCs.

PARTICIPANTS AND METHODS

Portions of the fMRI data in the present study have been

used in our previous studies of regional homogeneity™,

amygdala connectivity™® (361

, and thalamic connectivity
during the resting state. To maintain the scientific integrity
of the present study, we provide a short description of the

data collection and data preprocessing.

Ethics Statement

This study was approved by the Medical Ethics Committee
of the PLA General Hospital and conducted according to the
principles of the Declaration of Helsinki. Before selection
for the study, all potential participants underwent general
physical, psychological, and laboratory examinations. All
were informed about the aims of the study, and written
informed consent was given by all participants or their
legal guardians. Anyone who chose not to participate
was still eligible for treatment (if applicable) and was not
disadvantaged in any way by not participating in the study.

Participants

The participants were outpatients of the Chinese PLA
General Hospital or were recruited by advertisement (http://
www.301ad.com.cn), and all were evaluated at the Chinese
PLA General Hospital, Beijing, China. They were all right-
handed and underwent a neuropsychological test battery
that comprised the Mini-Mental State Examination (MMSE),
the Auditory Verbal Learning Test (AVLT), the Geriatric
Depression Scale®®, Clinical Dementia Rating (CDR)™ and
the Activities of Daily Living scale (ADL). In brief, the AVLT
consisted of one learning trial in which a list of 10 Chinese
double-character words was read, and the participant was
asked to immediately recall as many items as possible.
Next, the trial was repeated twice, and the immediate recall
score taken as the mean accurate recall over the three trials.
After a 5-min delay, each participant was asked to recall
the words from the initial list (AVLT delayed-recall). The
participants were then asked to identify the 10 studied words
from a word set that also included 10 novel words (AVLT
recognition). The demographic and neuropsychological
scores of the participants are listed in Table 1.

The criteria for diagnosing aMCI| were as stated in
Petersen et al.”": (1) memory complaints that persisted for at
least six months; (2) CDR = 0.5; (3) intact functional status
and ADL <26; and (4) no dementia according to the criteria
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Table 1. Demographic, clinical, and neuropsychological
data for the normal controls (NCs), amnestic mild cognitive
impairment (aMCl) and Alzheimer’s disease (AD) patients.

NC aMCl AD P value

(n=27)  (n=27) (n=35)
Gender (Male/Female) 16/11 13/14 12/23 0.143
Age (years) 69.2+¢6.5 73.847.8 724485 0.09
MMSE 28.9+1.0 26.8+1.8° 19.7+4.1°" <0.001
CDR 0 0.5 1.3£0.5%"  <0.001
AVLT-Immediate Recall ©  5.9+1.1 4.6x1.5 2.6+1.6*" <0.001
AVLT-Delay Recall © 58420 3.1£2.0° 0.6x1.2*° <0.001

The x° test was used for gender comparisons; one-way ANOVA with
Bonferroni post hoc tests was used for the age and neuropsychological
test comparisons. Significant compared to NC. "Significant compared
to aMCI. “Three AD patients refused to continue this test. AVLT, auditory
verbal learning test; CDR, clinical dementia rating; MMSE, mini-mental

state examination.

of the International Classification of Diseases, 10th Revision
(ICD-10). The participating AD patients fulfilled the following
inclusion criteria: (1) AD diagnosis based on the ICD-10
criteria; (2) CDR = 1 or 2; (3) free of the use of nootropic
drugs such as anticholinesterase inhibitors; and (4) capable
of performing the neuropsychological tests and tolerating the
MR scanning. The criteria for the NC participants comprised
the following: (1) normal general physical status; (2) CDR =
0; and (3) free of memory complaints.

The exclusion criteria for all participants were as
follows: (1) metabolic conditions such as hypothyroidism
or vitamin B12 or folic acid deficiencies; (2) psychiatric
disorders such as depression or schizophrenia; (3) brain
infarction or hemorrhage as indicated by MR/CT imaging;
and (4) Parkinsonian syndromes, epilepsy, or other nervous
system diseases that can influence cognitive function.
Moreover, any participant with a metallic foreign body, such
as a cochlear implant or heart stent, and any participant
with any contraindication for MR scanning was excluded.

Data Acquisition

Sagittal structural images with a resolution of 0.94 x
0.94 x 1.2 mm® were acquired using a three-dimensional
magnetization-prepared rapid gradient echo with a 3.0

T GE MR system (GE Healthcare, Milwaukee, WI) using
a standard head coil. The scanning parameters were as
follows: repetition time, 2 000 ms; echo time, 2.6 ms; and
flip angle, 9°. During the MRI scans, all participants were
instructed to relax and move as little as possible. Tight
but comfortable foam padding was used to reduce head
motion, and earplugs were used to minimize scanner noise.

Data Preprocessing

Structural data were processed using Statistical Parametric
Mapping software (SPM8, http://www.fil.ion.ucl.ac.uk/
spm), and we implemented VBM analysis with the VBM8
toolbox (http://dbm.neuro.uni-jena.de/vbm.html) using the
default parameters. Images were captured for grey-matter,
white-matter, and CSF segments. The images were bias-
corrected, tissue classified, and registered using linear
(affine transform) and non-linear transformations (warping).
Next, further analyses were performed on the grey-matter,
white-matter, and CSF images, which were multiplied by
the determinant of the Jacobian transform matrix for the
non-linear component of the transformation to preserve
the actual, local grey-matter and white-matter volumes
(i.e., the modulated grey/white-matter volumes). Finally,
the modulated grey-matter volumes were re-sliced to 2 x
2 x 2 mm® and smoothed with 6 mm at full width and half
maximum Gaussian kernel®.

Statistical Analysis
To avoid possible white-matter/CSF effects, we introduced
the automated anatomical labeling (AAL) template from
the MRlIcron toolkit (http://www.mccauslandcenter.sc.edu/
mricro/mricron/) as a mask. Two-sample two-tailed t-tests
were performed between the NC and AD groups to create
a map of abnormal grey matter. The threshold for the
resultant T-value map was set at P <0.001 [T = 6.047,
df = (1, 60), family-wise error (FWE) corrected] for each
voxel with cluster sizes of at least 40 voxels. Subsequently,
the regions with significant differences were extracted as
regions of interest (ROIs), and the grey-matter volumes
in these identified regions from the aMCI patients were
included to evaluate changes in grey-matter patterns
across different levels of disease severity.

Statistical comparisons of the mean grey-matter
volumes within each identified ROl between each pair of
groups (NC versus aMCI, aMClI versus AD, and NC versus
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AD) were performed with two-sample, two-tailed t-tests at
a threshold P <0.05 (FDR-corrected based on the number
of groups multiplied by the number of significant brain
regions). Identical whole-brain voxel-wise analyses were
performed between the NC and aMCI groups and the aMCI
and AD groups.

Relationships between Grey-matter Volume and Clinical
Assessment

To determine whether grey-matter volume reflects disease
severity, Pearson correlation analyses of the grey-matter
volumes of the identified regions and each of the clinical
assessments (MMSE, AVLT immediate/delayed-recall and
recognition scores) were performed for the aMClI, AD,
and aMCI plus AD groups. Because these analyses were
exploratory in nature, we used a statistical significance
level of P <0.05 (uncorrected).

RESULTS

Group Differences in Grey-matter Volume
In AD patients, the regions with significantly decreased

grey-matter volumes compared to NCs included the
bilateral hippocampus/parahippocampus (Hip/Phip), the
bilateral superior/middle temporal gyri (STG/MTG) and
the right precuneus (Pcu) (Table 2 and Fig. 1). In addition,
the grey-matter volumes in the identified regions were
decreased in the aMCI patients relative to the NCs (P <
0.05, FDR-corrected) (Fig. 2). Furthermore, the grey-matter
volumes in the bilateral Hip/Phip and bilateral STG/MTG
were lower in the AD than in the aMCI patients (P <0.05,
FDR-corrected) (Fig. 2).

Whole-brain voxel-wise analyses revealed no significant
differences between the NC and aMCI groups or between
the aMCI and AD groups at the threshold of P <0.05 (FWE-
corrected). However, with a more relaxed threshold of
P <0.001, cluster size >40 voxels (uncorrected), similar
patterns of grey matter change were found in the aMCI and
AD groups when compared to the NC group (Fig. S1).

Relationships between Grey-matter Volume and Clinical
Variables

In the aMCI plus AD group, the grey-matter volumes of all
identified regions exhibited significant correlations with the

Table 2. Regions with significantly reduced grey-matter volume in Alzheimer’s disease (AD) patients compared to normal

controls
Region BA Cluster size T value z MNI coordinates (x,y,z)
Hip/Phip.L 28/34 1434 11.27 8.22 -28-12-16
8.13 6.65 -20-22 -14
7.60 6.34 -18 -38 -2
Hip/Phip.R 28/34 1391 10.12 7.69 26-10-16
8.43 6.82 20-36 0
7.60 6.33 38-30-12
STG/MTG.L 21/22 649 7.86 6.49 -54 -36 -4
6.40 5.56 -58 -10 -8
6.25 5.47 -60 -18 -6
STG/MTG.R 278 6.89 5.89 60 -22 -6
6.38 5.55 62-38 6
5.93 5.24 64 -30 -2
Pcu.R 7131 118 6.37 5.55 12-66 24
6.26 5.47 10-54 22

BA, Brodmann’s area; Hip, hippocampus; L, left; MTG, middle temporal gyrus; Pcu, precuneus; Phip, parahippocampus; R, right; STG, superior

temporal gyrus.
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Fig. 1. Brain areas with greater grey-matter atrophy in AD patients compared to NC participants. A: left hemisphere; B: right hemisphere (P <
0.001, FWE-corrected, cluster size >40 voxels). Details of the regions are in Table 2.
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Fig. 2. Plots of the grey-matter volume in NC (blue), aMCI (red),
and AD (black) participants in the indicated regions (P <0.05,
FDR-corrected). Volumes significantly differed between the
NC and aMCI groups (a), aMCI and AD groups (b), and NC
and AD groups (c).

MMSE and AVLT delayed-recall scores (Table 3, Fig. 3 A, B);
the grey-matter volumes of all identified regions except the
right precuneus exhibited significant correlations with the
new word recognition scores (P <0.05) (Table 3, Fig. 3D).
In the aMCI group, the grey-matter volumes of the
bilateral Hip/Phip and the left STG/MTG showed significant
correlations with the AVLT delayed-recall and new word
recognition scores (Table 3, Fig. 3B, D). The grey-matter
volumes of the right STG/MTG were significantly correlated
with the AVLT immediate-recall scores (Table 3, Fig. 3C).

Exploratory Classification Analyses

The grey matter of the bilateral Hip/Phip showed the most
severe atrophy in the AD group (Figs. 1 and 2), which is
consistent with most previous studies"® " **?4, To evaluate

the potential use of grey-matter volumes for diagnosis,
the bilateral Hip/Phip in the AAL template were selected
using the WFU_PickAtlas toolkit (www.ansir.wfubmc.edu)®®.
As different parts of the hippocampus play different roles
in memory®” and the head and tail are most severely
impaired in AD" *" we further divided each hippocampus
and parahippocampus into four subregions: the head,
parts 1 and 2 of the body, and the tail (Fig. S2). Thus 16
features for each participant were used in the discriminative
and cross-validation analyses. Next, Fisher’s linear
discriminative method (see Appendix) and leave-one-out
cross-validation analyses were performed to assess the
utility of grey-matter volumes to classify patients'™Y. We
also randomly left 2 to 5 participants out and re-performed
the cross-validation analyses to test the robustness of
the classification. The results revealed ~82% accuracy in
discriminating AD patients from NC participants (Table 4,
Fig. 4A, Fig. S3). And ~58% of the cases were correctly
classified when the same protocol was used to distinguish
all three groups (Table 5, Fig. 4B, Fig. S4).

DISCUSSION

Grey-matter Atrophy in AD/aMCI

In the present study, the most marked atrophy of
grey matter in AD was in the hippocampus and
parahippocampus, regions that have been most
consistently reported to exhibit significant reductions in grey
matter in AD"® 72?1 Previous histopathological studies
have shown that the hippocampus and parahippocampus
are the first regions to be affected by neurofibrillary tangles



482

Neurosci Bull

June 1, 2014, 30(3): 477-489

Table 3. Correlations between grey-matter volumes and clinical variables in AD and aMCI

Region Clinical Variance AD & aMCl aMCl AD
cc P cc P ccC P
Hip/Phip.L MMSE 0.337 0.007 0.066 0.745 0.184 0.289
AVLT immediate recall 0.220 0.094 0.346 0.077 0.217 0.232
AVLT delayed recall 0.583 <0.001 0.594 0.001 0.245 0.177
New word recognition 0.311 0.017 0.504 0.007 0.032 0.863
Hip/Phip.R MMSE 0.279 0.028 0.064 0.751 0.127 0.468
AVLT immediate recall 0.096 0.472 0.272 0.170 0.006 0.973
AVLT delayed recall 0.560 <0.001 0.618 0.001 0.186 0.308
New word recognition 0.274 0.036 0.529 0.005 -0.012 0.946
STG/MTG.L MMSE 0.350 0.005 0.069 0.733 0.212 0.221
AVLT immediate recall 0.227 0.083 0.361 0.064 0.198 0.278
AVLT delayed recall 0.422 0.001 0.517 0.006 -0.057 0.757
New word recognition 0.377 0.003 0.628 <0.001 0.159 0.384
STG/MTG.R MMSE 0.297 0.019 0.152 0.448 0.102 0.560
AVLT immediate recall 0.145 0.272 0.405 0.036 0.058 0.751
AVLT delayed recall 0.325 0.012 0.248 0.212 0.003 0.986
New word recognition 0.313 0.016 0.216 0.278 0.169 0.355
Pcu.R MMSE 0.270 0.034 0.165 0.411 0.213 0.218
AVLT immediate recall 0.069 0.603 0.155 0.440 0.016 0.929
AVLT delayed recall 0.342 0.008 0.288 0.145 0.170 0.353
New word recognition 0.232 0.077 0.349 0.075 0.063 0.733

CC, correlation coefficient; Hip, hippocampus; L, left; MTG, middle temporal gyrus; Pcu, precuneus; Phip, parahippocampus; R, right; STG, superior

temporal gyrus

Table 4. Summary of the results of exploratory classification of the NC and AD groups

Group Predict group Total
NC AD
Original Classify count NC 27 0
AD 2 33
Correct ratio (%) NC 100 0
AD 5.7 94.3 96.7
Cross-validated * Classify count NC 23 4
AD 7 28
Correct ratio (%) NC 85.2 14.8
AD 20 80 82.3

“Leave-one-out cross-validation.
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Table 5. Summary of the results of exploratory classification of the NC, aMCI, and AD groups

Group Prediction group Total
NC aMCl AD
Original Classify count NC 22 5 0
MCI 2 18 7
AD 1 3 31
Correct ratio (%) NC 81.5 18.5 0
MCI 7.4 66.7 25.9
AD 2.8 8.6 88.6 79.8
Cross-validated® Classify count NC 16 10 1
MCI 8 11 8
AD 3 7 25
Correct ratio (%) NC 59.3 37.0 3.7
MCI 29.6 40.7 29.6
AD 8.6 20 71.4 58.4

?Here, we provide the results of the leave-one-out cross-validation.

and amyloid plaques, and also exhibit the greatest loss of
neurons in AD"* “ Furthermore, the positive correlations
between grey-matter volumes and clinical variables (Fig. 3)
provided evidence that grey-matter atrophy in the Hip/Phip
may be helpful in AD diagnosis, and this was subsequently
confirmed with the discriminative analyses (Tables 4
and 5, Fig. 4). Providing further support for the present
results, significantly decreased grey-matter volumes in the
STG/MTG and precuneus in AD have also been widely
reported"'® ' 2> %28 Atrophy of grey matter in these regions
also supports previous findings that the initial pathological
changes in AD occur in the medial temporal lobe and then
spread to the other temporal lobe regions* *.

The major manifestation of aMCI is memory
impairment, and because aMCI has a high risk of
progression to AD, it is considered a prodromal stage®® *.
In this study, the medial locations of the identified regions
of grey matter in the aMCI patients partially reflected
this transitional stage (Fig. 2, Fig. S1). In addition, the
significant alterations in the bilateral Hip/Phip and STG/
MTG between each pair of the three groups suggested
that intense pathological changes occur in these regions
throughout the development of AD.

Correlation of Grey-matter Volumes with Clinical Variables
Interestingly, grey-matter volumes in the identified regions

were significantly correlated with the neuropsychological
test scores (Table 3, Fig. 3). The MMSE is a brief screening
tool that quantitatively assesses the severity of cognitive
impairment and reflects cognitive changes that occur
during the progression of AD¥?. The correlations between
MMSE and grey-matter volumes indicated that abnormal
grey-matter atrophy might represent the severity of disease
and could be used to distinguish patients from healthy
individuals. The AVLT immediate-recall test consists of
a list of learning tasks and indicates verbal short-term
memory, whereas the AVLT delayed-recall test measures
episodic memory. The positive correlations between grey-
matter volumes in all of the identified regions and AVLT
recall scores reflected decreases in episodic memory that
are associated with brain atrophy in these regions in the
patient groups. In addition, the strongest relationship was
between the bilateral Hip/Phip and the AVLT delayed-recall
test, indicating the primary role of the Hip/Phip in episodic
memory. Notably, we evaluated the relationships between
grey-matter volumes and clinical variables in the aMClI
plus AD group to investigate the relationship between the
severity of grey-matter atrophy and cognitive ability, since
aMCl is an early symptomatic stage of AD™ ***%. However,
the correlations between grey-matter volumes and clinical
variables in some of the identified regions in the aMCI or
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AD group were weak or absent (Table 3, Fig. 3). Therefore,
the correlations may only be indicative of the general
relationship between grey-matter atrophy and cognitive
performance in the AD and aMCI patients and may have
been influenced by group effects because not all aMCl
patients convert to AD.

Is Grey-matter Atrophy Useful for Distinguishing
between AD and MCI?

From a clinical perspective, the ultimate goal of the present
study was to find biomarkers capable of discriminating
patients from NCs. Although the pathophysiological
processes of AD far precede the diagnosis®®?, here
we found that grey-matter volumes have the potential
to be used to identify AD (>82% of cases were correctly
classified in the cross-validation tests) (Table 4, Fig. 4A,
Fig. S3), consistent with many previous studies® " *%,
However, the same analysis protocol did not perform well
(~58% of cases were correctly identified in the cross-
validation tests) when the aMCI patients were included
(Table 5, Fig. 4B, Fig. S4). Several reasons may account
for this decrease: whether and when aMCI patients convert
to AD are uncertain® " **%; the AD patients in the present
study were at a relatively mild stage (25 patients CDR = 1;
10 patients CDR = 2), which indicated an overlap in grey-
matter atrophy between the AD and aMCI groups (Fig.
2); and the pathological changes that underlie cognitive
loss in patients with AD might emerge 10-20 years before
symptoms of dementia®”, implying that some of the NCs
might have been in the preclinical stage of AD. Therefore,
combinations of biomarkers and large samples are needed
in the future.

Methodological Issues and Discussion of Comparisons
The patterns of grey-matter atrophy observed in the
present study are in accord with previous findings;
however, our results of whole brain voxel-wise analyses
did not reveal significant differences between the NC and
aMCI groups or between the aMCI and AD groups at the
threshold of P <0.05 (FWE-corrected). Nevertheless, the
atrophy patterns of aMCl and AD were similar when a
less strict threshold was used [P <0.001, cluster size >40
voxels (uncorrected)(Fig. S1), which indicated that aMCI
may be a prodromal stage of AD and that more severe
symptoms are accompanied by more severe grey-matter

atrophy (Fig. S1). In contrast, it should also be noted
that there was a trend toward statistical significance
in age and gender among the NC, aMCI, and AD
participants. Further analyses revealed similar patterns
of grey-matter atrophy in AD regardless of whether
age and gender were controlled for (Table S1, Fig.
S5). Furthermore, we still do not have consistent criteria
regarding the parcellation of the bilateral hippocampus and
parahippocampus®® *¥; thus, average parcellation of brain
regions cannot provide detailed functional information
about the subregions. In addition, previous studies
have suggested that direct imaging of the pathologic
substrates would require a validation process based on
longitudinal studies to test their usefulness as markers of
AD/MCIP® %" % Hence, longitudinal datasets with large
sample sizes and a detailed brain atlas are required to
generate more valuable biomarkers that are expected to
form a more effective computer-aided diagnostic tool for
AD/MCI in the future.

Another issue is that, despite the advantages of
VBM, this technique has some drawbacks. During image
preprocessing, there may be biases in the segmentation
steps in regions with poor tissue contrast that may be
particularly evident in the aging brain, especially in AD/MCI
brains. In addition, there may be registration errors in the
spatial normalization step. Moreover, image smoothing with
a Gaussian filter kernel (kernel = 6 mm in the present study)
is necessary to make the data more normally distributed
for statistical analysis; this process may lead to problems in
localizing between-group volumetric differences in some of

the smaller brain areas®"®?.

SUPPLEMENTAL DATA

Supplemental data include five figures and one table and
can be found online at http://www.neurosci.cn/epData.
asp?id=181.
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APPENDIX. Fisher’s Linear Discriminant Analysis
(FLDA) for Multiple Classes™* "

The primary goal of FLDA is to discriminate samples of
different groups by maximizing the ratio of between-class
separability to within-class variability. Suppose that we
have K classes C,, and x is the feature; we need to find a
projection w and transform the feature to y. In the simplest
case, the model is linear in the input variables and therefore
takes the form y(x) = wa+wD so that y is a real number.
According to Bayes’ theorem, we can adopt a generative
approach in which we model the class-conditional densities
given by p(x|CK), together with the prior probabilities
p(C,) for the classes. We can then compute the required
p(x|C,)p(C,)

p(x)
Theoretically, the within-class covariance matrix is

K

S, =2 > (¥, —u )y, —u,) ,where u, =1 > ¥,

k=1neC, Nk neC,

posterior probabilities using p(C, |x) =

N, is the number of samples in class C,. The between-
class covariance matrix can be defined by

K K
S; =) N, (u, —u)u, —u)" ,where u :%ZNRUK
k=1 k=1

The main objective of FLDA is to find a projection
direction w that maximizes the objective function as

J(w)

~w'Sw
- T
w'S, w

Theoretically, there are many methods with which we
could compute the projective function w; here, we employed
a probabilistic view of classification and computed the
linear decision boundaries based on simple assumptions
about the distribution of the data.

a,(x)=wix+w,

where

1
w, =Y U, W, = —EUIZ 'u, +InP(C,),

and P(C, ) is the probability for y belonging to class K.
Then, we have

p(x|C,)P(C,) exp(a,)
C - =
P Y. px[C)Hp(C) Y exp(a))

which is known as the normalized exponential and can

be regarded as a multiclass generalization of the logistic
sigmoid. If p(C, |x)>>p(C, |x), i=1,2..K, i#j, then we can
identify x to the jth class.
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