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Abstract: Neurodegenerative diseases such as Alzheimer’s disease (AD) have been recognized to exhibit
disease-specific brain vulnerability patterns. Apolipoprotein E (APOE) E4 allele imparts a high genetic risk of
developing AD. Whether the APOE E4 allele damages the brain when cognitive functions are still intact is
important to understand, especially for possible early detection and intervention. This study aimed to examine
the selective degeneration pattern associated with the APOE E4 allele in the brains of cognitively normal elderly
subjects. We enrolled 35 cognitively healthy E4 carriers and 40 non-carriers (53 to 81 years old) to evaluate group
differences in cortical thickness and brain activation during a memory-encoding task. We also assessed the functional connectivity of the brain regions with both structural and functional damages. The results from the neuropsychological tests showed that the performances of E4 carriers and non-carriers were comparable. Primarily,
we found that the precuneus exhibited thinner cortical thickness and decreased deactivation during memory
encoding. Furthermore, the connectivity analyses show that carriers exhibited damaged connectivity of the precuneus to several regions in the default mode network and the attention/executive control network. Our study
reveals the degeneration pattern of the E4 allele, which could be used as a potential biomarker for early detection
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INTRODUCTION
Alzheimer’s disease (AD) is a severe neurodegenerative
disease characterized by progressive cognitive decline
[Ferri et al., 2005]. Several studies have suggested that the
initial brain degeneration caused by AD is selective in
nature, i.e., the pathological alterations in the brain emerge
from a limited number of vulnerable brain regions that
can be structurally or functionally networked [Buckner
et al., 2009; Murray et al., 2011]. Supporting the view of
this selective degeneration process, several studies have
revealed the influence of regional atrophy in specific brain
structures on functional networks in AD [La Joie et al.,
2014; Zhou et al., 2012], such as the default mode network
(DMN) and consequent episodic memory dysfunction
[Buckner et al., 2005; Seeley et al., 2009]. Furthermore, evidence from amyloid pathology, one of the hallmark
pathologies of AD, has indicated that the DMN is preferentially degenerated due to amyloid retention in AD
[Klunk et al., 2004]. The selective degeneration concept
synthesizes both structural and functional dynamic
changes in AD as a way to comprehend neural pathological lesions starting before the onset of the disease, i.e., in
the preclinical phase of the disease.
The apolipoprotein E (APOE) E4 allele is the best known
genetic risk factor of late-onset AD [Coon et al., 2007].
People who possess the APOE E4 allele have an early
onset age [Reinvang et al., 2013]. The relationship between
APOE E4 and specific degeneration patterns in cognitively
normal elderly individuals is unknown. As for episodic
memory, the APOE E4 carriers, those without dementia at
baseline, showed a faster decline in task performance during 6 years of clinical evaluations [Barnes et al., 2013].
With regard to brain structure and function, APOE E4 was
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associated with significant impairments long before the
onset of AD in cognitively normal people [Reinvang et al.,
2013]. Separately, APOE E4 carriers were shown to accelerate brain atrophy rates before the onset of cognitive
impairments in middle-aged persons [Chen et al., 2007]
and in elderly subjects [Donix et al., 2010]. Even in healthy
children and adolescents, the APOE E4 allele causes thinning of the cortex in the left entorhinal region [Shaw et al.,
2007]. Additionally, increased activation in the medial temporal lobe was observed in healthy older E4 carriers during an episodic memory task [Nichols et al., 2012], which
was similar to AD patients during repeated stimuli in the
same regions [Pihlajamaki et al., 2008]. In addition, several
studies on cognitively normal elderly people demonstrate
that the E4 allele disrupts brain network connectivity,
including connectivity of both the posterior [Damoiseaux
et al., 2012; Machulda, 2011; Sheline et al., 2010a] and the
anterior [Damoiseaux et al., 2012] DMNs and the salience
network [Sheline et al., 2010a]. In middle-aged cognitively
healthy adults, the connectivity of the DMN and the executive control network are also decreased in the E4 carriers
compared with non-carriers [Goveas et al., 2013].
These persuasive and consistent findings have highlighted
the need for a systematic examination to clarify the existence of a possible selective degeneration pattern in people
who are cognitively normal but who have an increased
risk of AD due to carrying the E4 allele. If such a degeneration phenotype was identified in the preclinical stages, it
may help clinicians understand the disease onset characteristics and better plan AD prevention and early treatment trials despite the absence of longitudinal studies to
verify these findings.
Specifically, we hypothesized that the APOE E4 allele
first leads to selective degeneration in specific regions
structurally and/or functionally in the preclinical stage
and that such degeneration affects functional integration
throughout the brain regions. We first examined the atrophy of selective regions induced by the E4 allele in cognitively normal elderly people. Second, we determined brain
efficiency during a memory-encoding task and investigated whether the task-dependent activation variations were
affected by the relevant structural abnormalities. Finally,
we considered the functional connectivity (FC) of the targeted brain region through the structural impairment and
memory-encoding activation deficits.

MATERIALS AND METHODS
Participants
Data from a total of 75 right-handed, native Chinese
participants were used in this study [Chen et al., 2015].
The data were obtained from the Beijing Aging Brain
Rejuvenation Initiative (BABRI) database. The Ethics Committee and institutional review board of Beijing Normal
University’s Imaging Centre for Brain Research approved
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TABLE I. Demographic and neuropsychological characteristics of APOE E4 carriers and non-carriers

Age (years)
Male/Female
Education (years)
General mental status
MMSE
Memory function
AVLT-delay recall
AVLT-T
ROCF-delay recall
Backward digit span
Digit span
Visuo-spatial processing
ROCF-Copy
CDT
Language
CVFT
BNT
Attention
SDMT
SCWT-B Time (s)
TMT-A time (s)
Executive function
SCWT C-B Time (s)
TMT-B time (s)
Episodic memory task
Encoding accuracy (%)
Encoding RT (msec)
Recognition accuracy (%)
Recognition RT (msec)

APOE E4 Carriers (n 5 35)

APOE E4 Non-carriers (n 5 40)

F/T-value (X2)

P-value

67.26 6 1.29
17/18
11.31 6 0.54

64.45 6 1.15
19/21
10.75 6 0.49

1.63
0.01
0.77

0.11a
1.00b
0.44a

27.11 6 0.33

27.30 6 0.24

0.01

0.93

4.23 6 0.50
26.06 6 1.88
11.11 6 1.15
4.45 6 0.27
12.09 6 0.52

3.68 6 0.41
23.98 6 1.41
10.53 6 1.08
3.87 6 0.20
10.85 6 0.31

0.42
0.19
0.01
2.54
1.96

0.52
0.66
0.92
0.12
0.17

33.06 6 0.64
24.80 6 0.67

32.83 6 0.43
23.55 6 0.60

0.61
0.13

0.44
0.72

43.51 6 1.82
23.71 6 0.66

40.23 6 1.27
23.38 6 0.64

1.52
0.01

0.22
0.94

31.83 6 1.98
41.77 6 1.74
64.71 6 5.79

33.08 6 1.77
39.68 6 1.11
55.56 6 3.98

0.37
0.52
1.06

0.55
0.47
0.31

43.26 6 3.15
191.57 6 12.47

42.85 6 4.22
177.58 6 10.61

0.70
2.68

0.41
0.11

93.00 6 3
1079.13 6 64.60
77.33 6 5
1036.50 6 94.32

95.54 6 3
1058.09 6 39.27
81.67 6 4
1004.15 6 46.27

1.45
0.05
1.33
0.12

0.24
0.82
0.26
0.73

Values are mean 6 S.E.M. or Nos. of participants.
The comparison of neuropsychological scores, episodic memory accuracy and reaction time between the two groups was performed
with an analysis of covariance. MMSE 5 Mini-Mental Status Examination; AVLT 5 Auditory Verbal Learning Test; ROCF 5 ReyOsterrieth Complex Figure test; CDT 5 Clock-Drawing Test; CVFT 5 Category Verbal Fluency Test; BNT 5 Boston Naming Test;
SDMT 5 Symbol Digit Modalities Test; SCWT 5 Stroop Color and Word Test; TMT 5 Trail Making Test.
a
The P value for age and education were obtained using an independent two-sample t-test.
b
The P value for sex was obtained using a Chi-square test.

this study, and all participants gave written informed consent. To be included in this study, a subject had to meet
the following criteria: (1) score of at least 24 on the MiniMental Status Examination (MMSE); (2) no history of neurologic, psychiatric, or systemic illnesses known to influence cerebral function, including serious vascular diseases,
head trauma, tumour, current depression, alcoholism, and
epilepsy; (3) no prior history of taking psychoactive medications; (4) able to cope with the physical demands of the
magnetic resonance imager; and (5) Clinical Dementia Rating of 0. The following exclusion criteria were used in this
study: (1) structural abnormalities other than cerebrovascular lesions, such as tumours, subdural haematomas, and
contusions due to previous head trauma, that could impair
cognitive function; (2) history of addictions, neurologic or
psychiatric diseases, or treatments that would affect cognitive function; (3) large vessel disease, such as cortical or
subcortical infarcts and watershed infarcts; and (4)

r

diseases with white matter lesions, such as normalpressure hydrocephalus and multiple sclerosis.

Neuropsychological Testing
All participants underwent a battery of neuropsychological tests that assessed their general mental status and other cognitive domains, such as memory, attention, spatial
processing, executive function and language ability; the
tests have been described in detail previously [Chen et al.,
2014]. Thirteen neurocognitive measures were derived
from 10 separate neuropsychological tests (Table I).

Analysis of Genotyping
Participants were pre-screened for the APOE genotype
using a TaqMan SNP genotyping assay on a 7900HT Fast
Real-Time PCR system (Applied Biosystems, Foster City,
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USA). DNA was extracted from the blood samples of subjects for the subsequent characterization of the APOE
genotype via PCR according to standard procedures. All
participants were genotyped for two SNPs in the APOE
gene (rs429358 and rs7412) using previously published
methods [Felsky et al., 2012]. Genotype identifications
were manually and independently verified by two laboratory personnel. Ten percent of sample genotypes underwent quality control duplication. There were 35 APOE E4
carriers (including 32 subjects with an E3/E4 genotype and
3 subjects with an E4/E4 genotype) and 40 APOE E4 noncarriers (including 30 subjects with an E3/E3 genotype and
10 subjects with an E2/E3 genotype) included in our present study.

Experimental Paradigm
The episodic memory task has a blocked periodic design
and has been described in detail previously [Wang et al.,
2013]. It consisted of an encoding task with two conditions
(encoding and fixation) and a recognition task during the
functional magnetic resonance imaging (MRI) acquisition.
The task started with a 12-second presentation of a fixation
cross. Then, four encoding blocks of 40 seconds were interleaved with four fixation blocks of 24 seconds. There were
10 trials per encoding block, of which five were natural
and five were artificial (i.e., manmade) stimuli (each picture lasted 3.5 seconds followed by a fixation cross for 0.5
seconds) in two runs per subject. The participants were
instructed to indicate their response by pressing the button
on the MRI-compatible response box in their left or right
hand (left, natural stimuli; right, artificial stimuli). For the
fixation condition, a white cross on a black background
was presented for the entire trial, and no response was
required during this test. Recognition accuracy was
assessed using a recognition task immediately after the
encoding run. Subjects saw 40 pictures presented in random order, of which 20 pictures were previously shown
during the encoding runs and the other 20 were new. Subjects were instructed to indicate whether the picture had
been shown previously by pressing the button on the
response box in either their left or right hand (left, yes;
right, no). To make sure that each participant understood
the instructions and performed the task correctly, they
were asked to practice for 10–15 minutes before the
experiment.

MRI Data Acquisition
All participants were scanned with a SIEMENS TRIO 3T
scanner in the Imaging Center for Brain Research at Beijing Normal University, and high-resolution T1-weighted
structural MRIs, episodic memory tasks and resting state
functional scans were obtained. Participants laid supine
with their heads fixed snugly by straps and foam pads to
minimize head movement. T1-weighted, sagittal 3D
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magnetization prepared rapid gradient echo (MP-RAGE)
sequences were acquired and covered the entire brain [176
sagittal slices, repetition time (TR) 5 1900 ms, echo time
(TE)53.44 ms, slice thickness 5 1 mm, flip angle 5 98,
inversion time 5 900 ms, field of view (FOV)5256 3
256 mm2, acquisition matrix 5 256 3 256]. Functional
images were collected using an echo-planar imaging
sequence that consisted of a TE 5 30 ms, TR 5 2000 ms,
flip angle 5 908, 33 axial slices, slice thickness 5 3.5 mm,
acquisition matrix 5 64 3 64, FOV 5 200 3 200 mm2. During the single-run resting acquisition, subjects were
instructed to stay awake, relax with their eyes closed and
remain as motionless as possible. The resting acquisition
lasted for 8 minutes, and 240 image volumes were
obtained. For episodic memory task imaging, each of the
two functional runs had 221 volumes.

Structural Image Processing: Vertex-Based
Morphology
We used the CIVET pipeline to measure the thickness
and surface area on the cortical surface as previously
described [Gong et al., 2012]. Briefly, the native T1weighted magnetic resonance images were first linearly
aligned into the stereotaxic space and corrected for nonuniformity artefacts using the N3 algorithm [Sled et al.,
1998]. This algorithm does not require prior knowledge of
the brain tissue classes and can iteratively estimate both
the multiplicative bias field and the distribution of true tissue intensities for the automatic correction of intensity
non-uniformity in MRI data. The resultant brain images
were then automatically segmented into gray matter, white
matter, cerebrospinal fluid, and background by using a
partial volume (PV) classification algorithm, in which a
trimmed minimum covariance determinant method was
applied to estimate the parameters of the PV effect model;
the parameter, b, controlling the relative strength of the
Markov random field was set to 0.1 [Tohka et al., 2004].
Next, the inner and outer gray matter surfaces were automatically extracted for each hemisphere using the CLASP
algorithm [Kim et al., 2005]. The individual surfaces were
further aligned with a surface template to allow for comparisons across subjects at corresponding vertices. Cortical
thickness was measured between the two surfaces at
40,962 vertices per hemisphere using the linked distance in
the native space [Lerch and Evans, 2005]. The middle cortical surface, defined at the geometric centre between the
inner and outer cortical surfaces, was used to calculate the
cortical surface area in the native space [Lyttelton et al.,
2009]. The thickness/surface area map was further blurred
with a 30 mm surface-based diffusion smoothing kernel
[Chung et al., 2003]. These methods have been validated
using both manual measurements [Kabani et al., 2001] and
a population simulation [Lerch and Evans, 2005] and have
been widely applied.
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We assessed the group differences in cortical thickness
at each vertex. Specifically, a GLM with “group” as a predictor variable was applied, in which age, gender, education and intracranial volume (ICV) were included as
covariates. To correct for multiple comparisons, a random
field theory (RFT) based method was applied at the
cluster-level [Taylor and Adler, 2003], and cortical clusters
surviving an FWE-corrected P < 0.05 were considered significant. All statistical procedures were implemented using
SurfStat (http://www.math.mcgill.ca/keith/surfstat/).

Functional Data Preprocessing
Functional data were preprocessed, and statistical analyses were performed using an SPM5 package (http://www.
fil.ion.ucl.ac.uk/spm/software/spm5). Preprocessing procedures included slice timing, within-subject interscan
realignment to correct for possible movement, spatial normalization to a standard brain template in the Montreal
Neurological Institute coordinate space, resampling to 3 3
3 3 3 mm3, and smoothing with an 8 mm full-width halfmaximum Gaussian kernel. Finally, the task functional
data were high-pass filtered with a cutoff frequency of
0.01 Hz, whereas resting functional imaging data were
processed with linear detrending and 0.01–0.08 Hz bandpass filtering.

Memory-Encoding Task Functional Data Analysis
In the single-subject level, data were analysed according
to the fixed effects model (SPM5). The 6 head movement
parameters were included in the model as confounding
factors. Contrast images for encoding minus fixation were
calculated. We considered the deactivated regions (i.e.,
those more active during fixation than encoding), which
were assumed to constitute the DMN [McKiernan et al.,
2003], during the episodic memory task. At the group level, one-sample t tests were further performed to characterize the DMN for the carrier and non-carrier groups
separately. Statistical images were analysed using a corrected threshold of P < 0.05 (AlphaSim-corrected) to generate significant deactivation in each group. Therefore, we
obtained the sum of regions mask based on significantly
deactivated voxels in two groups for subsequent analyses.
Finally, deactivation differences between groups were
computed by a two-sample t-test using an inclusive
regions mask. An AlphaSim-corrected threshold of
P < 0.05 was identified as significantly activated.

Resting-State Data: Functional Connectivity
Analysis With the Identified Atrophic Region as
the Seed ROI
We selected seed locations based on the peaks of the
group cortical morphology differences as spheres centred
at each coordinate with a 6 mm radius. For each subject,
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time series in each ROI were obtained by averaging the
functional MRI (fMRI) time series across all voxels over
the given ROI. To regress out the nuisance covariates, time
series were corrected for the patient movement, the global
mean signal, the white matter signal and the cerebrospinal
fluid signal. Pearson’s correlation coefficient between the
seed ROI signal time course and that of every voxel in the
brain was computed. Prior to group comparisons, the correlation coefficients were converted to z-scores using the
Fischer r-to-z transformation. Regions that have positive zscores between two fluctuating time-courses indicate “inphase” connections and the regions with negative z-scores
indicate “out-of-phase” connections. These z-score images
were entered into the statistical analysis.
For each group, one-sample t tests were further performed to generate significant positive and negative connectivity images (FDR-corrected, q < 0.05). Therefore, a
conjunction analysis was used to identify the positive and
negative regions common to both groups for subsequent
analyses. We then used a two-sample t test to investigate
between-group positive and negative connectivity differences in the common positive and negative masks (AlphaSim-corrected, P < 0.05).

Statistical Analysis
The Hardy-Weinberg test was completed using PLINK
software [Purcell et al., 2007]. Independent two-sample ttests were used to assess between-group differences in age
and education. A chi-square test was used to compare
gender ratio differences. For neuropsychological assessment, an analysis of covariance (ANCOVA) was used to
test between-group differences (age, gender and education
were included as covariates).

RESULTS
Demographic and Neuropsychological
Measurements
A total of 75 cognitively normal elderly subjects participated in this study and were pre-screened for the APOE
genotype and then split into two groups: APOE E4 carriers
and non-carriers. The demographic characteristics and neuropsychological test scores of the E4 carrier and non-carrier
groups are shown in Table I. No differences in age, gender,
or education were found between carriers and non-carriers.
After controlling for the effects of age, gender, and education, there were no statistically significant group differences
in any neuropsychological measures, response times or
accuracies during the episodic memory task.

APOE E4 and Cortical Thickness
Cortical thickness was analysed to find the cortical
thickness differences in carriers and non-carriers. For the
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Figure 1.
The effect of the APOE E4 genotype on cortical thickness. The F statistic map for the APOE E4
genotype effect across the entire cerebral cortex. The significant cluster (FWE-corrected,
P < 0.05) after the RFT based correction.
mean thickness of the entire cortical cortex, a significant
group difference was observed (F 5 4.43, P 50.039). The
vertex-based F map for the group effect on the thickness is
illustrated in Figure 1. After RTF-based correction for multiple comparisons, three cortical clusters were significantly
less thick in carriers (Fig. 1); the clusters were located on
the left calcarine (mean cluster thickness: 3.34 6 0.15 mm
in carriers and 3.50 6 0.16 mm in non-carriers), the right
precuneus (PreCu.R, mean cluster thickness: 2.89 6
0.14 mm in carriers and 3.03 6 0.15 mm in non-carriers)
and the right inferior frontal gyrus (IFG.R, mean cluster
thickness: 3.67 6 0.22 mm in carriers and 3.84 60.17 mm in
non-carriers) (FWE-corrected, P < 0.05). The regions of difference are also indicated in Table II.

APOE E4 Effects on Regions During Tasks
In each group, contrasting the encoding condition with
the fixation condition revealed consistency in the deactivated brain regions; these areas included the medial prefrontal cortex (MPFC), anterior cingulate cortex (ACC),
precuneus/posterior cingulate cortex (PreCu/PCC), and
angular gyrus, which comprised the DMN (Fig. 2a). Both

groups exhibited activation in regions such as the inferior
frontal gyrus, precentral gyrus, postcentral gyrus, and inferior occipital gyrus (Fig. 2a). A comparison of deactivation
in the two groups showed lesser deactivation of the bilateral PreCu in the E4 carriers (Fig. 2b). Additionally, we
observed that the postcentral gyrus, precentral gyrus, inferior parietal lobule, and inferior occipital gyrus were significantly less active in carriers (AlphaSim-corrected,
P < 0.05).

Relationship Between Thickness and Precuneus
Deactivation
Going over the results presented above, we noted that
the PreCu.R is a region where APOE E4 carriers showed a
simultaneous thickness reduction and an encoding-related
deactivation abnormality (Fig. 3a). Differences in taskpositive activations did not overlap with any structural
differences. We therefore examined the correlations
between task-related deactivation (PreCu.L and PreCu.R)
and cortical thickness (IFG.R, Calcarine.L, and PreCu.R)
for each group separately. Importantly, we found significant negative correlations between deactivation in the

TABLE II. Regions with significantly cortical thickness differences
Clusters

Left calcarine

PreCu.R

IFG.R

Peak MNI coordinates

Regions

Precuneus
Cuneus
Calcarine
Precuneus
Posterior cingulate gyrus
IFG._orbital
IFG._triangular
Insula

Vertices

x

y

z

27

272

18

5

267

43

33

25

24

r
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442
491
101
515
86
318
26
119

P-values

0.0003
0.0001

<0.0001
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Figure 2.
The effects of APOE on memory-related brain activity changes.
(a) Memory-induced activation and deactivation patterns in carriers and non-carriers (FDR-corrected, q < 0.05). Regions of
brain activation are shown in red and yellow, and regions of

brain deactivation are shown in blue. (b) Areas of task-induced
deactivation demonstrating a significant group difference (AlphaSim-corrected, P < 0.05). Error bars represent the standard
error of the mean parameter estimates.

PreCu.R and the cortical thickness in the IFG.R, left calcarine, and PreCu.R and between PreCu.L activation and
IFG.R thickness in non-carriers. However, we found no
such significant correlations in carriers (Table III).

DISCUSSION

APOE E4 Effects on Functional Connectivity
Based on the convergence across functional and structural differences, we created a PreCu.R spherical ROI from
which to compute seed-based FC maps. As shown in Figure 3b, these brain regions-MPFC, PreCu/PCC, parietal
cortex and medial temporal areas have positive FC with
the PreCu.R (FDR-corrected, q < 0.05). Areas in the insula,
superior temporal gyrus (STG) and inferior parietal lobule
exhibited negative FC with PreCu.R (FDR-corrected,
q < 0.05).
Several anterior regions [the ACC, superior frontal gyrus
(SFG), and middle frontal gyrus (MFG)] had decreased
connectivity with the PreCu.R in carriers in positive connectivity comparisons. In the negative connectivity patterns, the STG showed an increased FC with the PreCu.R
in carriers compared with non-carriers (AlphaSim-corrected, P < 0.05, Figure 3c and Table IV).

r

Neurodegenerative diseases such as AD are known to
cause atrophy circumscribed by intrinsic FC networks
[Seeley et al., 2009]. The main objective of our present
study was to determine whether the effect of APOE E4, the
most prominent susceptibility gene for the risk of AD, on
the brain also starts at an initial targeted region or regions
serving as core areas to a subsequent large-scale network(s). We demonstrated our hypothesis that the degeneration pattern in the brains of subjects with APOE E4 at
the preclinical stage is similar to the degenerative pattern
reported for AD. More specifically, we found that the PreCu.R is pivotal for the APOE effect and that it exhibited
reduced cortical thickness, abnormal positive activation
during a memory-encoding task and decreased FC with
crucial nodes of DMN and attention/executive control networks in the APOE E4 allele carriers compared with noncarriers. These findings, taken as a whole, seem to suggest
that the damage pattern of APOE E4 allele is precuneusbased.
Our approach in the current study is that of a selective
degeneration hypothesis based on the atrophic region
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Figure 3.
Connectivity differences derived from thickness- and activationspecific seed convergence in the right precuneus. (a) Patterns of
gray matter atrophy and episodic memory activation and deactivation deficits in carriers and their overlap. Brain regions coloured in dark blue and green exhibit significant group
differences in activation and deactivation during memory encoding between carriers and non-carriers. Regions coloured in light
blue have a significantly lower cortical thickness in carriers
(FDR-corrected, q < 0.05). The PreCu.R area coloured in orange
indicates a common disrupted region. (b) Connectivity maps

derived from specific thickness and memory activation seeds
converge in the PreCu.R. The seed-based connectivity analyses
performed within the carriers and non-carriers using restingstate fMRI data (FDR-corrected, q < 0.05). Regions with positive
correlations are shown in red and yellow, and negative correlations are shown in blue. (c) Altered FC of the PreCu.R in cognitively normal carriers versus non-carriers. Error bars represent
the standard error of the mean connectivity values. ACC: Anterior cingulate cortex; SFG: Superior frontal gyrus; MFG: Middle
superior frontal gyrus; STG: Superior temporal gyrus.

identification and its subsequent negative effects on the
related networks. Overall, our results were consistent with
previous findings. In probable AD patients, E4 carriers
exhibited progressive atrophy in the PreCu area relative to
non-carriers [Hashimoto et al., 2009]. Cognitively normal
individuals with a family history of LOAD exhibited a
reduced PreCu volume compared to individuals without a

family history [Berti et al., 2011; Honea et al., 2011; Honea
et al., 2010]. Thus, we suggest that the structural deficit of
the PreCu starts at the preclinical stage before disease
onset. Moreover, the PreCu is particularly vulnerable to
the early deposition of amyloid [Sperling et al., 2009]. Considering the trajectory of AD biomarkers modified by the
APOE E4 allele [Jack et al., 2014], one could suggest that
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TABLE III. Relationship between thickness and precuneus deactivation
Regional thickness
Regional deactivation
during encoding task
PreCu.L
PreCu.R

IFG.R
Carriers
Non-carriers
Carriers
Non-carriers

r 5 20.33, P 5 0.196
r 5 20.39, P 5 0.043
r 5 20.256, P 5 0.322
r 5 20.480, P 5 0.011

APOE may act as a proxy of underlying neuropathology
and a potential neuroimaging biomarker for early AD
diagnosis.
Previous fMRI findings in healthy subjects suggested a
central role for the PreCu in episodic memory [Lundstrom
et al., 2005; Lundstrom et al., 2003]. Episodic memory deficits are exhibited in the early stage of AD [Welsh et al.,
1991]. Our results show that the E4 allele carriers exhibit a
reduced magnitude of deactivation, which was similar to
the pattern observed in patients with AD [Lustig et al.,
2003; Pihlajamaki and Sperling, 2009], whereas the noncarriers exhibit proper deactivation in the bilateral PreCu
under the encoding phase. Consistent with our results,
diminished PreCu deactivation is also present in patients
with AD and mild cognitive impairments (MCI) [Pihlajamaki and Sperling, 2009]. Previous studies in line with our
results support the finding that cognitively normal elderly
individual carriers exhibited decreased deactivation of
PreCu in episodic memory tasks compared to non-carriers
[Pihlajamaki and Sperling, 2009]. In the present study,
although no group differences were found in any episodic
memory measures, the deactivation of PreCu.R was lower
in APOE E4 carriers. Moreover, our post-hoc correlation
analysis found that the decreased suppression of PreCu
activity correlated with better encoding task performance
in E4 carriers. This could be interpreted by a recent
hypothesis proposing that prefrontal engagement and
reduced DMN suppression in older adults reflected an
adaptive shift in the cognitive approach to support goaldirected task performance [Turner and Spreng, 2015]. Similar to the volumetric atrophy findings in the current study
and consistent with findings from previous reports
[Buckner et al., 2005; Knopman et al., 2014; Langbaum
et al., 2010; Seeley et al., 2009], our task activation results
also support the finding that one of the key areas affected
by the APOE E4 allele is the PreCu. Furthermore, we
found negative correlations between deactivation in the
PreCu and cortical thickness in non-carriers but not in E4
carriers. This may indicate that the relationship between
structure and function is less tightly coupled in E4 carriers,
which is a similar phenotype to that of AD patients [Delbeuck et al., 2007; Delbeuck et al., 2003].
Further, we found that the networks that are linked to
the APOE E4 allele and seeded at the PreCu were the

r

Calcarine.L

PreCu.R

r 5 0.025, P 5 0.925
r 5 20.251, P 5 0.207
r 5 20.152, P 5 0.559
r 5 20.377, P 5 0.05

r 5 20.19, P 5 0.463
r 5 20.327, P 5 0.096
r 5 20.234, P 5 0.367
r 5 20.40, P 5 0.039

DMN and the attention/executive control network. It has
been documented that the PreCu is an important region in
the DMN [Fransson and Marrelec, 2008]. Studies have also
shown that the signals in the DMN and the attention/
executive control network are antagonistic [Sridharan
et al., 2008], which coincides with our results that the PreCu.R-based connectivity analyses revealed positive correlations in DMN and negative correlations in the attention/
executive control network. Moreover, the present results
further support the finding that the FC between the PreCu
and some major nodes in the DMN and the attention/
executive control network involving the ACC, SFG, MFG,
and STG is decreased in E4 carriers compared with noncarriers. This is consistent with another study that found
that reduced FC of the PreCu with the left hippocampus/
parahippocampus and middle temporal cortex existed in
cognitively normal E4 carriers [Sheline et al., 2010a]. Additionally, another report found diminished FC of the PreCu
with the left thalamus [Zhou et al., 2013] in AD patients
compared to healthy controls. A previous study also demonstrated that cognitively normal elderly individuals with
amyloid deposition showed decreased connectivity
between the PreCu and ACC compared to participants
without amyloid deposition [Sheline et al., 2010b]. Pulling
all of these findings together, we reiterate that the APOE
E4 allele not only disrupted the structure and function of
some specific brain regions, primarily the PreCu, but also
affected the whole network and weakened the relationship
between the key region and networks. It is plausible that
the effect of the E4 allele progresses from its initial targeted regions to large-scale networks with crucial
functions.
Extensive evidence indicates that the hippocampus is
involved in episodic memory [Nellessen et al., 2015; Sexton et al., 2010], and that the hippocampus is atrophied
and hypometabolic in patients with AD and MCI [La Joie
et al., 2012; La Joie et al., 2014; Schroeter and Neumann,
2011]. We did not, as in an early report [Protas et al.,
2013], find any structural or functional difference in this
region between the E4 carriers and non-carriers. It is worth
noting that both our study and that of Protas et al. used
cognitively healthy subjects characterized with the E4 status or the gene dose and that the damage to the PreCu
occurs earlier, a potential preclinical manifestation of the
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APOE E4 allele. Additional longitudinal studies are needed
to verify the mechanism of the effect of APOE E4 allele on
brain degeneration.
This study had several limitations. First, our study was
cross-sectional and the sample size was relatively small. A
larger longitudinal dataset of ageing individuals is needed
to verify the current results. It would be intriguing to evaluate the degeneration sequence on local cortical morphology and its spread over functional networks. Moreover,
while the present study revealed evidence that the memory performance of APOE E4 carriers seems to reflect the
disruption of targeted functional patterns from structural
atrophy and functional activity in cognitively normal
elderly people, more robust assessments of different cognitive and age stages are warranted to more comprehensively
understand
degeneration-related
mechanisms.
Therefore, caution should be exercised when extrapolating
our findings across the entire life span. Third, participants
of different social classes or with different levels of educational achievement may exhibit different effects, which
should be noted and applied in our future work. Fourth,
additional studies should consider the effects of noisier
data and the thinner cortical thickness in E4 carriers to elucidate the loose coupling between structure and function
in genetic risk carriers.
In conclusion, the present study emphasizes the preclinical effects of APOE E4 in pivotal brain regions and connectivity patterns. The PreCu, which serves a central role, is
not only a core brain region in AD and MCI [Drzezga
et al., 2008; Ikonomovic et al., 2011; Langbaum et al., 2009]
at the later stages of the diseases but also a vulnerable
region at the early asymptomatic stage as a major node of
the disease’s neural network, DMN [Simic et al., 2014].
The precuneus-based degeneration patterns could help to
understand the neural pathological lesions present in in
patients with preclinical AD and could facilitate early
network-based diagnosis and surveillance.
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