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ABSTRACT
Background: Apathy is common in Alzheimer’s disease (AD) patients. However, its relation with other clinical
symptoms in AD and brain structural changes in magnetic resonance imaging is unclear.
Results: Compared with AD with no apathy group, cognitive function and activities of daily living were significantly
impaired and neuropsychiatric symptoms were obviously presented in AD with apathy group (P<0.05). The
frequency of Apolipoprotein E genotypes was not significantly different (P>0.05). Correlation analyses and multiple
linear analyses revealed that thickness of left temporal pole and volume of posterior corpus callosum were
significantly and negatively correlated with Modified Apathy Estimation Scale score in AD patients (P<0.05).
Conclusions: Apathy with AD is positively correlated with cognitive impairment, neuropsychiatric symptoms and
poor activities of daily living. Atrophy of left temporal pole and posterior corpus callosum presented by MRI is
positively related with apathy of AD.
Methods: In this study, 137 AD patients were recruited and divided into AD with apathy group and AD with no
apathy group according to Modified Apathy Estimation Scale score. We evaluated patients’ cognitive function,
neuropsychiatric symptoms and activities of daily living, detected the frequency of Apolipoprotein E genotypes and
measured cortical thickness and volume by magnetic resonance imaging (MRI).
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INTRODUCTION
Apathy is characterized by the loss of or diminished
motivation in at least two out of three domains: goaldirected behavior, cognitive activity and emotion.
Apathy is the most common neuropsychiatric symptom
in patients with Alzheimer’s disease (AD). Based on the
score of apathy in Neuropsychiatric Inventory (NPI), a
group reported the prevalence of apathy to be 2% in
cognitively normal persons, 39% in mild cognitive
impairment (MCI) due to AD, and 51% in mild AD [1].
The same group also reported a 1-month prevalence of
72% among 50 outpatients with mild to severe AD,
which demonstrated an increased prevalence of apathy
as dementia severity worsened [2]. Apathy has been
proposed to be a signal of imminent cognitive decline
[3, 4] and future risk for dementia in patients with AD
[5]. Thus, clinicians should pay great attention to this
easily ignored neuropsychiatric symptom in AD.
Neuropsychiatric symptoms in AD, such as apathy,
depression, aggression, agitation, sleep disruption and
psychosis were recognized as the important
manifestations of AD, which were expressed to varying
degrees throughout the course of AD [6]. Apathy often
coexists with other neuropsychiatric symptoms, thus,
they may share some pathogenic mechanisms.
However, the unique pathogenic process of apathy and
its relation to other neuropsychiatric symptoms still
remain unknown.
Brain structural studies by magnetic resonance imaging
(MRI) in AD patients reported an association between
apathy and abnormalities in the anterior cingulate cortex
and its connections with the orbitofrontal cortex and the
basal ganglia [7]. From the anterior cingulate cortex,
efferent fibers project to the head of the caudate,
substantia nigra and ventral anterior nucleus of
thalamus, then the circuit is closed by projections from
the thalamus back to the anterior cingulate cortex. The
anterior cingulate cortex is considered as the key
structure of this circuit. However, damage in other brain
areas, such as subcortical and brainstem, etc., is also
reported to be related to apathy. In a word, apathy is an
important symptom of AD, and studies about the
relation between apathy and brain structural changes in
MRI are few and the results are not consistent yet.

RESULTS
In this study, 66 of 137 (48.2%) AD patients had
apathy. Comparison of demographics information
between AD-A and AD-NA groups showed that gender,
age, disease duration and educational level were not
significantly different (P>0.05) (Table 1). Correlation
analyses suggested that MAES score was not associated
with age and disease duration (P>0.05).
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Compared with AD-NA group, the score of MMSE scale
was significantly decreased and the scores of NPI and
ADL scales were significantly increased in AD-A group
(P<0.05). Correlation analyses demonstrated that the
MAES score was significantly and negatively correlated
with the score of MMSE scale, and the scores of NPI and
ADL scales were significantly and positively correlated
with the score of MMSE scale (P<0.05) (Table 1).
The frequency of ApoE genotypes, including ε2/ ε2, ε2/
ε3, ε2/ ε4, ε3/ ε3, ε3/ ε4, and ε4/ ε4, was not
significantly different between AD-A and AD-NA
groups (P>0.05) (Table 2).
Spearman correlation analyses indicated that the
thicknesses of left cuneus and left temporal pole, and
the volume of posterior corpus callosum were
significantly and negatively correlated with MAES
score (P<0.05) (Tables 3, 4 and Figures 1–3).
Incorporation of confounding factors, such as age,
disease duration, the scores of MMSE and NPI, further
multiple linear analyses revealed that the score of
MAES was independently correlated with the thickness
of left temporal pole and the volume of posterior corpus
callosum, which could explain 24.2% and 11.1%
variance of the thickness and volume of above brain
structures, respectively (Table 5).

DISCUSSIONS
In this study, the frequency of apathy in AD patients
reached up to 48.2%. A meta analyses covering 25
studies reported a prevalence of apathy in AD ranging
from 19% to 88%, with a mean prevalence of 49%. The
heterogeneity of apathy frequency across studies might
depend upon the apathy scale used, disease severity and
education level [8]. However, all these studies demonstrated that apathy was very common in AD patients.
We didn’t find significant differences in age, gender,
disease duration and education level between the AD-A
and AD-NA groups. However, the score of MMSE
scale was significantly lowered in AD-A group, and
was negatively correlated with MAES score (P<0.05).
Some scholars speculated that apathy might be in the
chain of causality leading to symptomatic AD by virtue
of its effect on the brain, such as activations of the
neuroendocrine axis [9]. In this context, the symptom of
apathy might reflect an underlying pathology or brain
state that was causally linked to the development of
pathology and related cognitive symptoms of AD [9].
Besides apathy, depression, anxiety and other
neuropsychiatric symptoms (NPSs) are very common in
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AD. NPSs bring about heavy care burdens to the family
members of AD patients, and thus most patients have to
be hospitalized. NPSs typically emerge in three phases,

with irritability, depression and nighttime behavior
changes in phases 1, anxiety, appetite changes, agitation
and apathy in phases 2, and elation, hallucinations,

Table 1. Demographic variables of AD-A1 and AD-NA2 groups.
Demographic variables
Gender
Male [case (%)]
Female [case (%)]
Age [year, median (quartile)]
Disease duration [year, median (quartile)]
Educational level
Illiteracy [case (%)]
Primary school [case (%)]
Middle school [case (%)]
High school [case (%)]
College and above [case (%)]
MMSE3 [scores, median (quartile)]
NPI4[scores, median (quartile)]
ADL5[scores, median (quartile)]

AD-A group
(66 cases)

AD-NA group
(71 cases)

24 (36.4%)
42 (63.6%)
66.5(59.0~77.25)
3.0(2.0~5.0)

28 (39.4%)
43(60.6%)
67.5 (60.0~76.3)
2.0 (1.5~4.3)

4 (6.1%)
13 (19.7%)
15 (22.7%)
22 (33.3%)
11(16.7%)
18.0(9.5~25.0)
5.5 (1.3~19.8)
27.0(20.0~54.0)

2 (2.8%)
9 (12.7%)
18 (25.4%)
18 (25.4%)
23 (32.4%)
26.0(23.0~29.0)
1.0 (0~3.0)
20.0(20.0~24.0)

(P value)

Coefficient
P value

0.889

0.510
0.115
0.294

-0.021(0.811)
0.133(0.128)

0.000*
0.000*
0.000*

-0.527(0.000*)
0.468(0.000*)
0.443(0.000*)

*P<0.007 after Bonferroni correction. 1AD-A: Alzheimer’s disease with apathy, 2AD-NA: Alzheimer’s disease with no apathy,3
MMSE: Mini-Mental State Examination, 4 NPI: Neuropsychiatric Symptom Inventory, 5 ADL: Activities of Daily Living.

Table 2. The frequencies of ApoE1 genotypes of AD-A2 and AD-NA3 groups.
ApoE genotypes
ε2/ ε2[case (%)]
ε2/ ε3[case (%)]
ε2/ ε4[case (%)]
ε3/ ε3[case (%)]
ε3/ ε4[case (%)]
ε4/ ε4[case (%)]
1

AD-A group
(33 cases)
0 (0%)
3(9.0%)
0 (0%)
20(60.6%)
9(27.3%)
1(3.0%)

AD-NA group
(37 cases)
0 (0%)
3(8.1%)
1(2.7%)
26(78.8%)
7(18.9%)
0 (0%)

P value
0.602

ApoE: Apolipoprotein E, 2AD-A: Alzheimer’s disease with apathy, 3AD-NA: Alzheimer’s disease with no apathy.

Table 3. Spearman correlation analyses between the cortical thickness and MAES score.
Cortical thickness of
left hemisphere
Caudal anterior cingulate
Caudal middle frontal cortex
Cuneus
Entorhinal cortex
Fusiform
Inferior parietal cortex
Inferior temporal cortex
Isthmus cingulate
Occipital cortex
Orbitofrontal cortex
Gyrus lingualis
Medial orbitofrontal cortex
Middle temporal cortex
Parahippocampi
Paracentral cortex
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Coefficient
(P value)
-0.126(0.457)
-0.260(0.121)
-0.362(0.028*)
-0.002(0.992)
-0.141(0.404)
-0.074(0.664)
-0.098(0.564)
0.008(0.964)
-0.157(0.354)
-0.127(0.453)
-0.272(0.103)
0.106(0.532)
-0.013(0.939)
-0.057(0.738)
-0.212(0.208)

Cortical thickness of
right hemisphere
Caudal anterior cingulate
Caudal middle frontal cortex
Cuneus
Entorhinal cortex
Fusiform
Inferior parietal cortex
Inferior temporal cortex
Isthmus cingulate
Lateral occipital cortex
Lateral orbitofrontal cortex
Gyrus lingualis
Medial orbitofrontal cortex
Middle temporal cortex
Parahippocampi
Paracentral cortex
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Coefficient
(P value)
-0.068(0.690)
-0.161(0.341)
-0.203(0.229)
0.000(1.000)
-0.138(0.416)
-0.205(0.223)
-0.135(0.426)
-0.052(0.760)
-0.121(0.474)
-0.063(0.712)
-0.212(0.209)
0.078(0.648)
-0.020(0.905)
-0.009(0.956)
-0.088(0.603)
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Pars opercularis
Pars orbitalis
Pars triangularis
Pericalcarine cortex
Postcentral cortex
Posterior cingulate
Precentral cortex
Precuneus
Rostral anterior cingulate
Rostral middle frontal cortex
Superior frontal cortex
Superior parietal cortex
Superior temporal cortex
Supramarginal cortex
Frontal pole
Temporal pole
Transverse temporal cortex
Insula
Mean

-0.229(0.173)
-0.070(0.682)
0.033(0.848)
-0.218(0.195)
-0.064(0.707)
-0.134(0.429)
-0.151(0.371)
-0.145(0.392)
-0.029(0.867)
0.158(0.350)
-0.177(0.294)
-0.247(0.141)
-0.129(0.447)
-0.168(0.319)
0.140(0.409)
-0.451(0.005*)
-0.209(0.214)
-0.153(0.365)
-0.214(0.204)

Pars opercularis
Pars orbitalis
Pars triangularis
Pericalcarine cortex
Postcentral cortex
Posterior cingulate
Precentral cortex
Precuneus
Rostral anterior cingulate
Rostral middle frontal cortex
Superior frontal cortex
Superior parietal cortex
Superior temporal cortex
Supramarginal cortex
Frontal pole
Temporal pole
Transverse temporal cortex
Insula
Mean

0.092(0.590)
0.142(0.041)
0.107(0.528)
0.004(0.984)
-0.196(0.244)
0.011(0.950)
-0.043(0.803)
-0.059(0.730)
-0.155(0.360)
0.026(0.880)
-0.082(0.631)
-0.192(0.256)
-0.032(0.852)
-0.096(0.572)
-0.067(0.695)
0.048(0.777)
0.054(0.753)
-0.188(0.266)
-0.157(0.355)

*: P<0.05.

Table 4. Spearman correlation analyses between the
cortical volume and MAES score.
The volume of grey matter
Left hemisphere
Hippocampus
Amygdala
Accumbens area
Thalamus Proper
Caudate
Putamen
Pallidum
Right hemisphere
Hippocampus
Amygdala
Accumbens area
Thalamus Proper
Caudate
Putamen
Pallidum
Posterior corpus callosum
Middle posterior corpus callosum
Central corpus callosum
Middle anterior corpus callosum
Anterior corpus callosum
Left cortex
Right cortex
Total cortex
Sub cortical gray matter
Total Gray matter

Coefficient (P value)
-0.187(0.268)
-0.156(0.356)
-0.050(0.767)
-0.041(0.811)
-0.292(0.079)
-0.163(0.334)
-0.014(0.932)
-0.041 (0.800)
-0.132(0.417)
-0.016(0.925)
-0.044(0.798)
-0.237(0.158)
-0.275(0.100)
-0.183(0.258)
-0.384 (0.019*)
-0.057(0.740)
-0.061(0.722)
-0.085(0.615)
-0.255(0.128)
-0.228(0.175)
-0.214(0.203)
-0.232(0.168)
-0.231(0.168)
-0.230(0.170)

*: P<0.05
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delusions and disinhibition in phases 3 [10]. AD
pathology was found in the key locations of the limbic
system, including the amygdala, basal forebrain,
hypothalamus and brainstem. For example, neurofibrillary
tangles were abundant in the amygdala, as well as basal
nucleus of Meynert, locus coeruleus, substantia nigra,
dorsal raphe nucleus and hypothalamus of AD patients.
These brain regions were important for mediating many
aspects of emotional experience and regulating appetite,
sleep and circadian rhythms [11]. Thus, the common

pathological changes might explain the substantial overlap
and close relation among these symptoms.
In this investigation, it was found that apathy
significantly compromised the ADL of AD patients.
Other studies also observed that apathy caused
impairment in the functional activities of AD patients
[12]. Therefore, clinicians should pay great attention to
the early identification and intervention of apathy and
thus improve the quality of life of AD patients.

Figure 1. Correlation between the Modified Apathy
Evaluation Scale (MAES) score and the volume of
posterior corpus callosum in AD patients.

The ε4 allele of ApoE is the most robust risk gene for
the late onset AD. Individuals carrying ε4 allele of
ApoE had significantly increased risk of AD compared
with those carrying ε3 allele. By contrast, ε2 allele
decreased the risk of AD [13, 14]. However, there is no
evidence indicating the direct association between
ApoE genotype and apathy of AD. In this investigation,
the frequency of all ApoE genotypes, including ε2/ ε2,
ε2/ ε3, ε2/ ε4, ε3/ ε3, ε3/ ε4, and ε4/ ε4, was not
significantly different between the AD-A and AD-NA
groups (P>0.05),which demonstrated that ApoE
genotype had no influence on apathy in AD patients.
Previous study showed the evidence that both APOE ε4
and apathy increased the risk of AD, and the hazard of
developing AD was almost eleven times higher for ε4
carriers with apathy [15]. In another study, apathy and
APOE ε4 were both associated with the reduced levels
of brain-derived neurotrophic factor (BDNF) in AD
patients, which was considered as a pathogenic event of
AD [16]. However, a systematic review and metaanalysis including 53 studies found no association
between apathy and APOE ε4 [17], which was

Figure 2. Correlation between the Modified Apathy
Evaluation Scale (MAES) score and the cortical thickness
of left cuneus in AD patients.

Figure 3. Correlation between the Modified Apathy
Evaluation Scale (MAES) score and the cortical thickness
of left temporal pole in AD patients.
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Table 5. Multiple linear regression analyses between the cortical thickness/volume and related factors.
Factors

Included
variables

Left cuneus

MMSE

Left temporal pole

MEAS

Posterior corpus
callosum

MEAS

Excluded
variables
Age, disease
duration, NPI and
MAES scores
Age, disease
duration, NPI and
MMSE scores
Age, disease
duration, NPI and
MMSE scores

β

P

∆R2

Adjusted R2

0.422

0.016*

0.178

0.151

-0.516

0.002*

0.267

0.242

-0.373

0.035*

0.139

0.111

*: P<0.05.

consistent with our results. We suspected that ApoE ε4
and apathy might share some common pathogenic
mechanisms underlying the development of AD, such
as reduced BDNF level, but directly related to each
other.
In this investigation, we found that the atrophy of
temporal pole presented by MRI was independently
associated with apathy in AD patients. A previous study
reported that the decreased thickness of inferior
temporal cortex was associated with more severe apathy
over time after adjusting for multiple covariates, such as
sex, age, APOE genotype, premorbid intelligence,
memory performance, processing speed, antidepressant
use and AD duration [18]. Another cross-sectional study
recruiting 46 patients with probable AD showed the
medial temporal atrophy was significantly associated
with apathy (odds ratio =1.605, adjusted P = 0.042)
[19]. As far as we know, this is the first investigation
reporting the association between the temporal pole
atrophy and apathy in AD patients. Temporal pole is the
part of the limbic system, involves in detecting,
integrating and filtering relevant emotional, sensory and
autonomic information. It can help the target brain area
to generate behavioral responses to significant stimuli
and participates in the process of awakening, reaction to
threat and rewarding. Thus, we suspect that the atrophy
of the left temporal pole may play a role on the apathy
with AD.
In this study, it was also found the atrophy of posterior
corpus callosum presented by MRI was independently
associated with apathy in AD patients. In a previous
study performed on 37 patients with moderate to severe
AD in nursing home, the results displayed that the
bilateral damage of the corpus callosum detected by
tensor imaging (DTI) of MRI was associated with the
severity of apathy (cluster size 2435, p < 0.0005, familywise-error-corrected) [20]. In another DTI study,
fractional anisotropy (FA) value in the genu of corpus
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callosum in AD patients with apathy was significantly
decreased than those without apathy; additionally, FA
values of the genu, body and splenium of corpus
callosum were negatively correlated with the severity of
apathy in the apathetic AD patients [21], indicating a
close association between the extensive white matter
damage in corpus callosum and apathy. However, this is
the first report that the atrophy of temporal pole is
associated with apathy in AD patients. Corpus callosum
is connected with the broad regions of cortex and
provides a link between cortical with subcortical
structures, hence, damage to the integrity of corpus
callosum and corresponding regions (including
temporal cortex) might slow down the initiation,
prolong the reaction time on task, and eventually cause
apathy in AD patients [21].
This research indicated that the atrophy of the above
two brain regions, the left temporal pole and posterior
corpus callosum, were both related to apathy in AD
patients. Cortical atrophy presented by MRI might be
due to the degeneration or loss of neurons and glial
cells. However, the pathological changes in abovementioned brain regions that are exactly correlated to
apathy of AD need further explorations through brain
autopsy.
Anterior cingulate (ACC) or orbitofrontal cortex (OFC)
were previously reported in AD patients. It was
observed that apathy was significantly related to the
atrophy of ACC and OFC presented by MRI [7, 18,
22–24]. ACC and OFC are all involved in evaluating
actions and outcomes through efferences to the basolateral amygdala and nucleus accumbens. Interestingly,
amygdala and nucleus accumben are all connected with
dorsolateral prefrontal cortex (DLPFC), and accordingly cause the deficits in decision-making and response to
initiation. Autopsy study also supported this view. It
was reported that tau in small clusters within the right
ACC was associated with apathy in AD patients, and
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this phenomenon was particularly pronounced in the
individuals with more amyloid [25], implying that
atrophy of ACC might be resulted from AD pathology
and consequently related to apathy in AD patients. In
addition to ACC or OFC, it was reported that the
neuroimaging change of other brain areas, including
anterior insula [22], internal capsule [20], posterior
cingulate cortex, adjacent lateral cortex, bank of
superior temporal sulcus [26], medial frontal cortex,
pars triangularis and supplementary motor area [27],
were also associated with apathy in AD patients.
However, the related autopsy data is barely reported.
The results from different studies were not consistent.
These discrepancies might be due to the differences in
the severity of AD or the methodology used. For
example, in this study, we included the score of MMSE
scale as a confound factor to eliminate the influence
caused by cognitive performance, whereas cognitive
performance was not controlled in most of the previous
studies [20]. Secondly, apathy is characterized by the
loss of or diminished motivation in goal-directed
behavior, cognitive activity or emotion. A previous
study displayed an association between the lesion of
orbital-medial prefrontal cortex and emotional blunting,
and between the lesion of the medial prefrontal cortex
and deficit of thinking [28]. Another study showed the
evidence indicating the anatomical distinction among
the different components of apathy [20].Therefore, each
individual might have different type of apathy with
different brain structures affected. Hence, the
heterogeneity of the population studied might lead to
the discrepancy of the results. Accordingly, further
investigations distinguishing different subtypes of
apathy are urgently needed.
This investigation has limitations. Firstly, we did not
consider contextual factors that might impact
motivation, such as whether AD patients were provided
with the activities that might interest them, and whether
the background of each patient was enriched to avoid
social isolation. Secondly, there was a lack of follow up
evaluation, which was very important for understanding
the brain structural changes in MRI with time extending
in patients with AD-A. Thirdly, the data from normal
people cohort will be collected because it is very helpful
for identifying the difference among normal subjects,
AD-A group and AD-NA group.
In summary, apathy is a very common symptom of AD.
It is positively and significantly correlated with
cognitive decline and neuropsychiatric symptoms, and
significantly compromises the quality of life for AD
patients. Atrophy of left temporal pole and posterior
corpus callosum presented in MRI may be positively
correlated with apathy of AD. The novel findings from
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this investigation may provide new insights into the
clinical features and neuroimaging mechanisms
potentially underlying the apathy of AD.

MATERIALS AND METHODS
Subjects
This is a cross-sectional study. A total of 137 AD
patients were consecutively recruited from April 2014
to April 2017. All patients were diagnosed with typical
phenotype of AD according to the International
Working Group-2 criteria [29]. The exclusion criteria
were as follows: the presence of neurological disorders
that might affect cognition besides AD, including
cerebrovascular diseases, dementia with Lewy bodies,
frontotemporal dementia, corticobasal degeneration,
Parkinson’s disease, multiple sclerosis, epilepsy, etc;
the presence of depression or other major mental health
disorders; the presence of conditions that might
interfere with the completion of clinical assessments
and MRI.
Among 137 AD patients, 52 cases (37.2%) were male,
ages were 45-93 years old with an average of 68; 85
cases (62.5%) were female and ages were 42-88 years
old with an average of 68.
All AD patients were evaluated by Modified Apathy
Evaluation Scale (MAES). MAES [30] is a modified
version of Apathy Evaluation Scale (AES) [31], which
is an abridged version of an apathy scale designed by
Robert Mann. In the evaluation, an examiner read 14
questions for each patient, and the patient chose the
level for each question among “not at all”, “slightly”,
“some” and “a lot”. Total score ranges from 0 to 42
point (s), and the higher score indicates more severe
apathy. MAES scale was first recommended for apathy
assessment in patients with Parkinson’s disease by
Movement Disorders Society [32] and its sensitivity and
specificity were reported as 66% and 100%,
respectively in Parkinson’s disease patients, by using a
cut-off value of 14 points [30]. It was also found that
the intra- and interrater reliability were very high [9]. In
this investigation, patients with MAES score >14 and
≤14 were divided into AD with apathy (AD-A) group
and AD with no apathy (AD-NA) group, respectively.
The mean score of AD-A group was significantly higher
than that of AD-NA group [26.5(18.8~37.0) vs.
5.0(0~9.0), P=0.000].
Patients’ demographic information, including gender,
age, age onset, disease duration and educational level,
et al, was collected. Disease duration was based on the
retrospective clinical information of the illness
timeline.
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Assessments of clinical symptoms
Global cognitive function was assessed by Mini-Mental
State Examination (MMSE) scale. Neuropsychiatric
symptoms were evaluated by Neuropsychiatric
Symptom Inventory (NPI) and quality of life was rated
by Activities of Daily Living (ADL) scale.
Detection of Apolipoprotein E (ApoE) genotypes
In 137 patients, 74 patients simultaneously participated in
an AD genetic study and were detected ApoE genotypes,
including ε2/ ε2, ε2/ε3, ε2/ ε4, ε3/ ε3, ε3/ ε4, and ε4/ ε4.
Blood from each patient was taken under fasting condition
and detected ApoE genotype through Real Time
Fluorescence Quantitative Polymerase Chain Reaction by
using nucleic acid detection reagents (Youzhiyou
company, Wuhan, China) in clinical laboratory of Beijing
Tiantan Hospital.
Images collection and processing
3.0T MRI system from the Siemens (Siemens,
Germany) was used for the image study. After routine
three-plane positioning, the T1-weighted threedimensional magnetization gradient echo sequence was
used to get transverse brain images. The scanning range
was from the cranial dome to the foramen magnum. The
parameters were as followed: TR was 2300 milliseconds, TE was 2.3 milliseconds, TI was 900
milliseconds, the scanning field was 240 mm x 240 mm,
the matrix was 256 x 256, the layer thickness was 1 mm
and the interlayer spacing was 1 mm.
Two experts, who had 10-20 years’ experience for
neuroimage reading and had no idea about the clinical
information of the patients were responsible for reading
and evaluating images to exclude other neurological
diseases. The studies were conducted independently and
consensus agreements were reached by discussions if
there were disagreements.
Cortical reconstruction and volumetric segmentation were
performed with the Freesurfer image analysis suite, which
was freely available for download online (http://surfer.
nmr.mgh.harvard.edu/). The technical details of these
procedures were described in prior publications [33, 34].
Briefly, this processing included motion correction and
averaging [33] of multiple volumetric T1 weighted
images (when more than one were available), removal of
non-brain tissue by using a hybrid watershed/surface
deformation procedure [35], automated Talairach
transformation, segmentation of the subcortical white
matter and deep gray matter volumetric structures
(including hippocampus, amygdala, caudate, putamen and
ventricles) [36], intensity normalization [37], tessellation
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of the gray matter and white matter boundary, automated
topology correction [38], and surface deformation
following intensity gradients to optimally place the gray
matter/white matter and gray matter/cerebrospinal fluid
(CSF) borders at the location where the greatest shift
in intensity defined the transition to the other tissue
class [39].
Once the cortical models were completed, a number of
deformable procedures were performed, including
surface inflation [40], registration to a spherical atlas
which was based on individual cortical folding patterns
to match cortical geometry across subjects [40],
parcellation of the cerebral cortex into units with respect
to gyral and sulcal structure [41], and creation of a
variety of surface based data, including maps of
curvature and sulcal depth. This method used both
intensity and continuity information from the entire
three dimensional MRI volume in segmentation and
deformation procedures to produce representations of
cortical thickness, calculated as the closest distance
from the gray matter/white matter boundary to the gray
matter/CSF boundary at each vertex on the tessellated
surface [42]. The maps were created by using spatial
intensity gradients across tissue classes and were
therefore not simply reliant on absolute signal intensity.
The maps produced were not restricted to the voxel
resolution of the original data, thus were capable of
detecting submillimeter differences between groups.
Procedures for the measurement of cortical thickness
have been validated against histological analysis [43]
and manual measurements [44]. Freesurfer morphometric procedures have been demonstrated to show
good test-retest reliability across scanner manufacturers
and across field strengths [45]. To extract reliable
thickness and volume estimates, images where
automatically processed with the longitudinal stream
[34] in FreeSurfer. Specifically, an unbiased withinsubject template space and image was created by using
robust, inverse consistent registration [33]. Several
processing steps, such as skull stripping, Talairach
transforms, atlas registration as well as spherical surface
maps and parcellations are then initialized with
common information from the within-subject template,
significantly increasing reliability and statistical power
[34].
Data analyses
Statistical analyses were performed with SPSS Statistics
20.0 (IBM Corporation, NY, USA).
Continuous variables were presented as mean ±
standard deviation and compared by 2-tailed t test if
they were normally distributed, and presented as median
(quartile) and compared by nonparametric test if they
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were not normally distributed. Discrete variables were
compared by Chi square test.
Demographic
information,
cognitive
function,
neuropsychiatric symptoms, quality of life and ApoE
genotypes (ε2/ ε2, ε2/ε3, ε2/ ε4, ε3/ ε3, ε3/ ε4, and ε4/
ε4)were compared between AD-A and AD-NA groups.
We have calculated the sample size before starting to
recruit patients. Presuming the effect size = 0.5, α = 0.5,
power (1-β) = 0.8, the sample size of each group should
be no less than 64. The patients recruited were 67 cases
in AD-A group and 71cases in AD-NA group, both met
the demand of the sample size. Bonferroni correction
was performed and the corrected P value was significant
when it was less than 0.007 (0.05/7=0.007).
Due to MAES score is ordinal data, Spearman
correlation analyses and further multiple linear analyses
were performed between the cortical thickness or
volume and related factors, including age, disease
duration, the scores of MMSE, NPI and MAES.
Presuming the effect size = 0.3, α = 0.5, power (1-β) =
0.8, the sample size should be no less than 82 cases. The
total patients of this study were 137 cases, which met
the demand of the sample size. The difference was
considered to be significant when the P value was less
than 0.05.
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