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Abstract Apolipoprotein E (APOE) ε4 allele is the best
established genetic risk factor for sporadic Alzheimer’s disease (AD). However, there is a need to understand the effects
of this genotype on the brain by simultaneously assessing
intrinsic brain network and cerebral spinal fluid (CSF) biomarkers changes in healthy older ε4 carriers. Thirteen cognitively intact, elderly APOE ε4 carriers and 22 ε3 homozygotes
were included in the present study. Eigenvector centrality
mapping (ECM) was used to identify brain network hub organization based on resting-state functional MRI (rsfMRI).
We evaluated comprehensive cognitive ability and tested
levels of Aβ1–42, total-tau (t-tau) and phosphorylated-tau (ptau181) in CSF. Comparisons of ECM between two groups
were conducted, followed by correlations analyses between
EC values with significant group differences and cognitive

ability/CSF biomarkers. APOE ε4 carriers showed significantly decreased EC values in left medial temporal lobe
(MTL), left lingual gyrus (LG) and increased EC values in
left middle frontal gyrus (MFG) as compared to non-carriers.
Correlation analysis demonstrated that left LG EC value correlated with Rey Auditory Verbal Learning Test total learning
(RAVLT, r = 0.57, p < 0.05) and t-tau level (r = −0.57,
p < 0.05), while left MFG EC values correlated with logtransformed Trail-Making Test B (TMT-B, r = −0.67,
p < 0.05) in APOE ε4 carriers. This study suggests the
APOE ε4 allele contributes to disruption of brain connectedness in certain functional nodes, which may result from neuronal death caused by toxicity of neurofibrillary tangles.
Keywords Apolipoproteins E . Alzheimer disease .
Functional connectivity . Resting-state fMRI . CSF
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Introduction
Alzheimer’s disease (AD) is the most common form of dementia and is clinically characterized by memory loss and
cognitive decline. The essential neuropathologic alteration of
AD is extracellular β-amyloid deposits and intraneuronal neurofibrillary tangles (Braak and Braak 1997). Multiple risk factors contribute to pathogenesis of AD. The apolipoprotein E
(apoE, protein; APOE, gene) allele is the strongest genetic risk
factor for sporadic AD - which account for 40 % of cases
(Corder et al. 2004; Rocchi et al. 2003; Strittmatter et al.
1993) - and epidemiologic studies have shown that APOE
ε4 carriers are prone to develop AD (Corder et al. 1993;
Reinvang et al. 2013). Presently, the specific role of APOE
ε4 allele in the pathogenesis of AD is complex and remains
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unclear. Studies in animal models have demonstrated that the
APOE ε4 allele might confer increased risk for AD via promoting tau hyperphosphorylation or reduction of betaamyloid clearance (Jiang et al. 2008; Teter et al. 2002). The
well-established association between APOE ε4 allele and AD
suggests that assessing brain changes in healthy APOE ε4
carriers may enrich our understanding of the pathogenesis of
this disease.
Resting-state functional magnetic resonance imaging
(rsfMRI) is widely used to detect APOE ε4 allele-related effects on brain. Currently, most published connectivity pattern
studies deal with two fundamental approaches: seed-based
correlation analysis and independent component analysis
(ICA) (Cole et al. 2010). By setting seed region in bilateral
precuneus (PCu), Sheline and colleagues noted that ε4 carriers
have decreased functional connectivity in MTL and dorsal
anterior cingulate regions (Sheline et al. 2010). Using a posterior cingulate seed, Machulda et al. reported posterior default mode network (DMN) of ε4 carriers have decreased
connectivity (Machulda et al. 2011); Based on ICA, increased
hippocampal DMN synchronization has been observed in elderly ε4 carriers (Westlye et al. 2011). To date, most studies
evaluating the effects of APOE genotype have needed to select pre-defined brain regions or subnetwork (e.g., number of
independent component) to conduct networks analysis, which
may result in a selection bias. Moreover, none of the previous
studies had simultaneously assessed brain functional network
and AD-related pathology (e.g., CSF β-amyloid1–42 and tau
levels), which can help for understanding pathophysiologic
substrates of APOE related effects.
Graph theory-based network analysis has increasingly been
used as a theoretical framework to describe brain network
characteristics. More specifically, centrality, a kind of graph
theory-based network measures estimating the centrality or
functional importance, is receiving great interest from functional neuroimaging (Koschützki et al. 2005). Unlike seedbased correlation analysis or ICA, centrality measure consider
the brain as one large network rather than dividing it into
several subnetwork, and it do not rely on a priori knowledge. There is a variety of metrics for network centrality,
each emphasizing different aspects of connectivity.
Presently, centrality measures mainly consist of: 1) degree
centrality, counting the number of edges directly attaching
to the node, 2) closeness centrality, computing the average
distance from a node to all other nodes, and differentiates
between both central nodes and end nodes 3) betweenness
centrality, computing the fraction of shortest paths that go
through a node, 4) leverage centrality, considering the extent of connectivity of a node relative to the connectivity of
its neighbors (Joyce et al. 2010) and 5) eigenvector centrality (EC), the sum of centralities of the node’s direct neighbors (Zuo et al. 2012; Binnewijzend et al. 2014; Lohmann
et al. 2010; Wink et al. 2012).

Among these centrality measures, EC has gained the most
attention due to Google’s well-known BPageRank^ algorithm,
which employs a variant of EC (Langville and Meyer 2011).
The recursive definition of EC is computing a node’s centrality by adding the centralities of its neighbors, makes it able to
identify different layers in the network hierarchy (Newman
2008; Binnewijzend et al. 2014). More importantly, when
used as a metric index for intrinsic brain network, EC has
proven to be easily computable from the connectivity matrix
(e.g., much faster to compute than betweenness centrality and
closeness centrality), and robust against global physiological
effects (Lohmann et al. 2010). As with its success in the context of internet search engines, eigenvector centrality mapping
(ECM) has proven valuable in analyzing various neurodegenerative diseases, such as AD and depressed Parkinson’s disease (Binnewijzend et al. 2014; Lou et al. 2015). These findings suggest that the specific pattern of brain interconnectedness disruption could reflect the functional consequences of
pathologic damages in the associated disease.
Our goal is to explore APOE ε4-related effects on the brain
network of healthy older APOE ε4 carriers and well-matched
ε3 homozygotes using the model-free, data-driven approach,
fECM (Wink et al. 2012). We also investigate whether changes of hub organization may relate with cognitive ability and
AD pathology.

Materials and methods
Alzheimer’s disease Neuroimaging Initiative
Data set used in this study was obtained from the Alzheimer’s
disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). The ADNI was launched in 2003 by the
National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food
and Drug Administration (FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-year
public-private partnership. The primary goal of ADNI has
been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can
be combined to measure the progression of mild cognitive
impairment (MCI) and early Alzheimer’s disease (AD).
Determination of sensitive and specific markers of very early
AD progression is intended to aid researchers and clinicians in
developing new treatments and monitor their effectiveness, as
well as lessen the time and cost of clinical trials.
Study participants
This study was approved by the Institutional Review Boards
of all of the participating institutions, and informed written

Brain Imaging and Behavior

consent was obtained from all participants at each site. At the
time of analysis, individuals carrying at least one APOE ε4
allele (genotype ε4/ε4 and ε4/ε3) were classified as APOE ε4
carriers, while individuals with genotype ε3/ε3 were classified
as non-carriers (controls). Individuals with ε2 allele were excluded due to its possible protective effects (Suri et al. 2013).
Using the ADNI GO and ADNI 2 databases, 40 right-handed
cognitively intact healthy participants, comprised of 14 APOE
ε4 carriers and 26 non-carriers, who had undergone structural
scans, rsfMRI scans, and neuropsychological evaluation, were
identified. Study data were downloaded from the ADNI publically available database prior to June 15, 2015. For the
ADNI, to be classified as control normal (CN), the subject
had an MMSE between 24 and 30 (inclusive), a clinical
dementia rating (CDR) score of 0. The subjects were also
required to meet distinctive cutoffs for Wechsler Memory
Scale-Logical Memory (WMS-LM) delay score (in detail: ≥
9 for subjects with 16 or more years of education; ≥ 5 for
subjects with 8–15 years of education; and ≥3 for 0–7 years
of education). Additionally, no signs of depression (geriatric depression scale, GDS score < 5) or dementia were present. All subjects were screened and excluded for a history of
obvious head trauma, other neurological or major psychiatric disorder and alcohol/drug abuse. We excluded those
individuals who are subjective memory complaint defined
by ADNI database. After careful screening, one participant
was excluded due to depression; one participant was excluded due to big calcification in the occipital lobe; one
participant was excluded for excessive head motion (details
later); two subjects were excluded due to damaged structural image. Table 1 presents the demographic data for the
remaining 35 subjects.
Neuropsychological assessment and APOE genotyping
All neuropsychological assessment used in the current
study were downloaded from the ADNI clinical data repository on the Laboratory of Neuro Imaging (LONI)
site. Specifically, we evaluated participant performance
on the Mini-Mental State Examination (MMSE), Rey
Auditory Verbal Learning Test (RAVLT; including the
total learning and delayed recall score), Weschler’s
Logical Memory Scale (including Immediate and
Delayed), Clock Drawing Test (CDT), Trail-Making
Test A&B, Boston Naming Test (BNT), Semantic
Verbal Fluency (SVF) and stroke/vascular incident history (Modified Hachinski Ischemic Scale, HIS). Table 1
presents the details of the neuropsychological performances of the subjects.
APOE genotyping for all participants were performed as
previously described (Saykin et al. 2010). In brief, APOE
genotyping for all subjects was performed using DNA extracted from peripheral blood cells. The cells were collected in 1

EDTA plastic tubes (10 ml) and sent by overnight delivery, at
room temperature, to the University of Pennsylvania AD
Biofluid Bank Laboratory.
CSF samples and quantification of β-amyloid and tau
CSF was downloaded from the LONI site. Levels of Aβ1–42,
total tau (t-tau) and phosphorylated tau (p-tau181) were measured from CSF samples, which were obtained using the standardized ADNI protocol as previously described (Shaw et al.
2011). Meanwhile, participants with CSF levels outside 3 SDs
above or below the mean were excluded. It should be noted
that not all subjects in present study have CSF sample because
lumbar puncture is an invasive procedure and not obligatory
for healthy subjects. Thus, the final samples for CSF analyses
included 12 out of 13 APOE ε4 carriers and 18 out of 22 noncarriers.
Data acquisition
Both the structural scans and rsfMRI scans were
downloaded from the ADNI database. All participants were
scanned using a 3.0-Tesla Philips MRI scanner. Structural
images were acquired using a 3D MPRAGE T1-weighted
sequence with the following parameters: repetition time
(TR) =2300 ms; echo time (TE) = 2.98 ms; inversion time
(TI) =900 ms; 170 sagittal slices; within plane
FOV = 256 × 240 mm2; voxel size = 1.1 × 1.1 × 1.2 mm3;
flip angle = 9°; bandwidth = 240 Hz/pix. The rsfMRI images
were obtained using an echo-planar imaging sequence with
the following parameters: 140 time points; TR = 3000 ms;
TE = 30 ms; flip angle = 80°; number of slices = 48; slice
thickness = 3.3 mm; spatial resolution = 3.31× 3.31× 3.31mm3;
matrix = 64 × 64.
Imaging preprocessing
Data preprocessing was performed using the Data
Processing Assistant for Resting-state fMRI, DPASF
(http://www.rfmri.org/DPARSF) (Yan and Zang 2010),
which is based on the Statistical Parametric Mapping software (SPM8) package (http://www.fil.ion.ucl.ac.uk/spm/;
Wellcome Trust Center for Neuroimaging, University
College London, United Kingdom) and Resting-State
fMRI Data Analysis Toolkit, REST (http://www.restingfmri.sourceforge.net/) (Song et al. 2011). The first 10 image
volumes of rsfMRI scans were discarded for the signal
equilibrium and subject’s adaptation to the scanning noise.
The remaining 130 images were corrected for timing differences between each slice and head motion (six- parameter
rigid body). Data set with more than 2.0 mm maximum
displacement in any of the x, y, or z directions or 2.0° of
any angular motion was discarded. Subsequently, based on

Brain Imaging and Behavior
Table 1 Patient characteristics

APOE ε4 allele
T/χ2−value

p-value

Non-carriers (n = 22)

Carriers (n = 13)

Age(years)

78.01 ± 5.85

75.24 ± 5.92

1.35

0.19

Female/male

9/13

9/4

2.62

0.16

Education(years)
First-degree relative with dementia

15.50 ± 2.18
6

16.77 ± 2.05
8

−1.7
3.98

0.1
0.07

GDS

0.32 ± 0.65

0.62 ± 1.19

−0.83

0.42

General mental status
MMSE

28.91 ± 1.19

28.54 ± 1.81

0.73

0.47

Memory function
WMS-LM immediate

14.77 ± 2.76

14.31 ± 2.53

0.5

0.62

WMS-LM delay

13.82 ± 3.54

13.31 ± 3.12

0.43

0.67

RAVLT total learning

41.91 ± 12.95

41.62 ± 7.89

0.07

0.94

Decision-making function
Log-transformed TMT-B

1.84 ± 0.15

1.93 ± 0.26

Attention
Log-transformed TMT-A

−1.1

0.31

1.55 ± 0.13

1.53 ± 0.11

0.59

0.56

Visuospatial processing
CDT
Language

4.73 ± 0.55

4.46 ± 0.88

1.11

0.28

Category fluency
BNT total

19.41 ± 4.24
28.59 ± 1.62

22.92 ± 3.22
28.77 ± 1.36

−2.58
−0.33

0.02*
0.74

176.93 ± 42.38
69.46 ± 38.70
38.16 ± 16.52

174.79 ± 64.03
83.25 ± 40.02
54.75 ± 38.24

0.11
−0.94
−1.64

0.91
0.35
0.11

CSF biomarker
amyloid (ng/L)
t-tau (ng/L)
p-tau181 (ng/L)

Data is presented as means ± standard deviations
It should be noted that mean level of Aβ1–42, t-tau and p-tau181 levels in Table 1 only represent the subjects who
had CSF sample
Abbreviation: MMSE Mini-Mental State Examination, TMT Trail-Making Test, CSF cerebrospinal fluid

through rigid-body transformation, the T1-weighted image
was co-registered to the mean rsfMRI image, and spatially
normalized to the Montreal Neurological Institute (MNI)
stereotactic space, then re-sampled into of 3 mm × 3 mm × 3
mm cubic voxels. The functional images were spatially
smoothed with a Gaussian kernel of 6 × 6 × 6 mm3 full
width at half maximum to decrease spatial noise. Finally,
linear trends and temporally filter (0.01 Hz < f < 0.08 Hz)
were performed. To remove any residual effects of motion
and other non-neuronal factors, six head motion parameters, WM signal, cerebrospinal fluid signal were used as
nuisance variables in the functional connectivity analysis.
The output of these preprocessing steps was a 4D residual
functional volume in native functional space, for each participant. These 4D native data was registered to the
MNI152 space with 2 mm resolution based on the affine
transformation. Given the disputation of removing the
global signal in the pre-processing of rsfMRI data, we

omitted regress the global signal out. Given that two groups
may display differences in the occurrence of micromotions’
artifact, the framewise displacement (FD) values were computed for each subject.
It should be noted that the cerebellum was excluded from
the present analysis due to insufficient scanning range of the
MRI (incomplete cerebellum). This may not dramatically influence our results as the cerebellum is the area known to be
relatively unaffected by AD-related pathological changes
(Klunk et al. 2004; Li et al. 2015a, b).
ECM
ECM of the rsfMRI time series in MNI-space were performed using fast ECM (fECM) software (https://www.
github.com/amwink/bias/tree/master/matlab/fastECM)
(Wink et al. 2012), which yielded a voxel-wise measure of
relevance to the functional brain network. ECM required
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the computation of the voxel-wise connectivity matrix to
calculate its eigenvector. The fECM software is faster and
computationally more efficient because it computes matrixvector products without having to compute or store the
connectivity matrix.
As the comparisons of networks with different size are
problematic, it is necessary to restrict graph computations beforehand (van Wijk et al. 2010). Therefore, a group mask was
first generated to include all voxels presented across all subjects in our study (in MNI 152 standard space). All subjects’
masks were multiplied to produce the group mask and the
subjects’ network analyses were then constrained within the
group mask at voxel level (Fig. 1). As ECM does not require
thresholding or binarizing of the connectivity matrix, all individuals’ network had the same topology and size (Adriaanse
et al. 2016).

Results
Demographics, behavioral and micromotions data
An overview of demographic variables, neuropsychological performance and micromotions data is presented in
Table 1. There were no significant differences in age, gender, or education between APOE ε4 carriers and non-carriers. Moreover, the gender ratio and family history of dementia among first-degree relatives were equally distributed between groups. Other than the higher semantic verbal
fluency (SVF) observed in APOE ε4 carriers versus noncarriers (p < 0.05), no significant differences in other neuropsychological assessments were observed between
groups. No significant differences were detected in CSF
biomarkers between groups nor were any significant differences in mean FD value observed.

Statistical analyses
EC difference
Statistical analyses were performed using SPSS statistical
software (version 19; SPSS, Inc., Chicago, IL). Descriptive
statistics for variables were expressed as means ± SD. The
TMT scores were log-transformed due to positively skewed
distribution. Group differences were assessed using Student’s
t-test and Chi-square tests. Two sample t-tests were used for
sociodemographic continuous variables, including age, education, neuropsychological assessments and mean FD value.
The Chi-square test was used for categorical variables, including sex and family history. Statistical significance was set at
p < 0.05.
Given that EC follows a Wishart distribution (nonGaussian distribution), nonparametric permutation tests
(5000 permutations) were performed to detect statistically
significant differences of ECM between APOE ε4 carriers
and ε3 homozygotes (p < 0.01, corrected with a single voxel height of p < 0.05 and a cluster size >24 using the AFNI
AlphaSim program (Beckmann and Smith 2003; Cox
1996)). The nonparametric permutation tests were performed by SnPM13 (http://warwick.ac.uk/snpm) (Nichols
and Holmes 2002).
Fig. 1 Flow graph represents
ECM analyses pipeline

The mean EC maps of APOE ε3 homozygotes and ε4 carriers are shown in Fig. 2, where warm colors and cool colors
indicate high and low EC values, respectively. Visual inspection demonstrated that spatially separated brain areas
exhibited high EC in two groups, such as the posterior cingulate cortex (PCC), adjacent PCu, occipital regions of the
lingual gyrus (LG), calcarine and temporal regions of the
superior temporal gyrus. Of note, the PCC/PCu had the
highest EC values in both groups. Notably, mean EC value
was higher in controls when compared to ε4 carriers. With
regard to laterality, we observed that left hemisphere exhibited a generally higher EC value than the right in both two
groups.
The ECM between-group analysis is shown in Fig. 3. MNIcoordinates and number of voxels of all clusters are shown in
Table 2. APOE ε4 carriers demonstrated significantly decreased EC values in left MTL region (including left
hippocampal/parahippocampal gyrus, HP/PHG) and left LG
as compared to non-carriers; meanwhile, APOE ε4 carriers
showed significantly increased EC values in left MFG.
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Fig. 2 Figure 2 represents the mean EC maps for APOE ε3 homozygotes (a) and APOE ε4 carriers (b). The voxel-wise mean EC value is computed
from all single subject maps in each group. Warm and cool areas indicate high and low EC values respectively

Correlation of EC with cognition and CSF biomarkers
Averaged EC values from each cluster with significant group
differences were extracted. A one-sample KS test demonstrated these EC values were fitted with Gaussian distribution.
Pearson’s correlation analyses were performed to examine
the possible relationship between the EC values and cognitive
ability/CSF biomarkers.
Across groups, no statistically significant correlation of
mean EC values with behavioral data was observed. In ε4
carriers, mean EC in left LG was negatively related with ttau level (r = −0.57, p < 0.05), mean EC value in LG was
positively related with RAVLT total learning score (r = 0.57,
p < 0.05). Following correction with HIS, sex, age, and family,
correlation of mean EC in LG with t-tau level was still alive

(r = −0.71, p < 0.05). Meanwhile, left MFG EC values was
correlated with log-transformed TMT-B (r = −0.67, p < 0.05)
in APOE ε4 carriers. The scatter diagram map is displayed in
Fig. 4.

Discussion
By assessing brain interconnectedness and CSF biomarkers
simultaneously, the present study aimed to explore the effects
of APOE ε4 on the brains of cognitively intact elderly populations. The main findings include: 1) ε4 carriers had significantly decreased functional connectivity in left MTL and left
LG regions, and increased functional connectivity in left MFG
as compared to the non-carriers. 2) Among ε4 carriers, there
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Fig. 3 a Group-wise ECM differences (APOE ε4 carriers VS. ε3 homozygotes). Cool areas represent clusters of EC value decreases in ε4 carriers when compared to ε3 homozygotes; Warm areas represent cluster of
EC value increased inε4 carriers when compared to ε3 homozygotes

(p < 0.01 and cluster size >24, corrected by Alphasim p < 0.05); b Box
graph displays mean EC value for MTL (Red), LG (Pink) and MFG
(Blue) in each group from left to right. Abbreviation: MTL, medial temporal lobe; LG, lingual gyrus; MFG, middle frontal gyrus

was significant correlation of EC in left LG with RAVLT, and
with t-tau level.
Papez circuit, mainly including MTL, cingulate cortices
and mammillary body, is a core pathway of the limbic system

involved in the formation and consolidation of the episodic
memory (Lech and Suchan 2013; Squire and Zola-Morgan
1991). The present study’s findings of significantly decreased
brain interconnectedness in left MTL region among ε4

Table 2 Overview of clusters
with EC differences in ε4 carriers
as compared to controls

Region

MNI coordinate

Cluster voxels

Statistical significance

x

y

z

Left MTL

−9

3

−18

39

p < 0.01, Peak intensity: −5.10

Left LG
Left MFG

−39
−21

39
15

−15
45

25
38

p < 0.01, Peak intensity: −4.29
p < 0.01, Peak intensity: 3.81

Abbreviation: MTL medial temporal lobe, LG lingual gyrus, MFG middle frontal gyrus
p < 0.01, corrected with a single voxel height of p < 0.05 and a cluster size >24 using the AFNI AlphaSim program
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Fig. 4 Figure 4 shows scatter plot association between a) mean EC value
in left LG region and RAVLT total learning performance in ε4 carriers
(r = 0.55, p < 0.05); b) mean EC value in left MFG and log-transformed

TMT-B in ε4 carriers (r = −0.67, p < 0.05); c) mean EC value in left LG
and t-tau level in ε4 carriers (r = −0.59, p < 0.05). Abbreviation: LG,
lingual gyrus; MFG, middle frontal gyrus

carriers are generally consistent with early neuropathologic
outcome (Sparks 1997). Similarly, extensive structural studies
of non-demented subjects have demonstrated that APOE ε4
allele is linked to smaller HP volume (Pievani et al. 2011),
accelerated HP volume atrophy (Jak et al. 2007) and disruption of white matter integrity in HP or its projection tract
(Salminen et al. 2013; Smith et al. 2010). Meanwhile, our
results are consistent with most rsfMRI studies documenting
the association between the ε4 allele and decreased functional
connectivity or task-related reduced deactivation in MTL regions (Luo et al. 2016; Machulda et al. 2011; Persson et al.
2008; Sheline et al. 2010). Our results thus suggest memoryrelated functional hubs are disrupted in APOE ε4 carriers.
Using the same ADNI database, one previous study constructed structural cortical networks of normal elderly subjects
using average gray matter volumes of each AAL area, and
described communication hub regions involved in LG (Yao
et al. 2010). LG is susceptible to AD-related neuropathology,
and multiple neuroimaging investigations have reported MCI
or AD patients have hyperactivity (Zhang et al. 2012), reduced
grey matter density and disrupted white matter integrity in LG
relative to controls (Braak et al. 2006; Zhuang et al. 2010).
Moreover, one recent meta-analysis (including 36 task-based
fMRI studies) reported that AD patients demonstrate
hypoactivation in regions within the visual network relative
to controls (Li et al. 2015a, b). On that basis, in AD high-risk
subjects, our data further revealed a possible brain interconnectedness disruption in LG. Additionally, subsequent correlation analysis demonstrated that mean LG EC value was associated with RAVLT, which is widely used and generally
reflects verbal memory function (Ricci et al. 2012). It is
known that LG is involved in processing vision or dreaming
rather than typically a primary target site for memory-related
research (Bogousslavsky et al. 1987). However, LG anatomically possesses robust structural connections with PHG,
which plays a key role in verbal memory (Cipolotti and Bird
2006; Mendoza and Foundas 2007). According to fMRI studies involving memory encoding, LG activation has also frequently been reported (Cho et al. 2012; Sulpizio et al. 2013).
Thus, we hypothesize that brain interconnectedness of LG
may contribute to verbal memory by means of regulating

encoding strategies (e.g., using visual imagery or integrating
visual tokens of the items into an imagistic representation
(Huijbers et al. 2011; Leshikar et al. 2012)).
Another notable observation in our study is that APOE ε4
carriers had significantly increased brain interconnectedness
in left MTG. Similarly, some recently meta-analyses of taskbased fMRI studies have consistently reported the elderly,
MCI individuals and AD patients recruit more activity than
controls in prefrontal regions across memory encoding and
retrieval tasks (Schwindt and Black 2009; Li et al. 2015a, b).
Notably, our results are supported by prior rsfMRI studies
using a similar cohort, which also reported increased functional connectivity of prefrontal cortex in aging APOE ε4 carriers
relative to non-carriers (Machulda et al. 2011; Sheline et al.
2010; Song et al. 2015). Subsequent correlation analysis demonstrated that mean EC value in left MTG was significantly
related with TMT-B in ε4 carriers, which generally reflecting
executive function (Richeson et al. 2003; Reitan 1958).
However, no differences in general cognitive ability or
TMT-B between groups were found. Taken together, we hypothesize that APOE ε4 carriers may counteract possible cognitive declines by invoking additional network hub to
strengthen brain interconnectedness; furthermore, frontalexecutive cognitive processes predominantly mediate these
compensatory mechanism (Han and Bondi 2008).
As for the observation that APOE ε4 carriers had significantly higher SVF scores than non-carriers, this result is consistent with the work of Alexander and colleagues (Alexander
et al. 2007). Herein, relatively higher education level and
younger age of APOE ε4 may account for this result. The
antagonistic pleiotropy of ε4 allele (the carriers experience
positive effects during their youth, despite being associated
with a terminal illness in the elderly population), may also
support our observation (Mondadori et al. 2007). It should
be noted that subjects received various behavioral tests, however, only RAVLT and log-transformed TMT-B performance
were significantly related with regional EC value with group
differences. Two reasons may account for these findings: 1)
All the subjects in our study are cognitively intact, and a relative narrow range of behavioral data may weaken the statistical power; 2) Small size of sample weakens the statistical
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power. Thus, further studies with larger sample sizes are urgently needed.
Previous neuropathologic studies have demonstrated that
the left hemisphere could be more susceptible to AD-related
neurodegeneration than the right (Janke et al. 2001). It is interesting to note that the differences of brain interconnectedness between groups including MTL, LG and MFG are all
located in the left hemisphere. One longitudinal study reported, in ε4 carriers, HP volume decreased in the left side is faster
than the right side (Jak et al. 2007). Furthermore, Donix and
Burggren also observed that healthy middle aged or elderly ε4
carriers have greater volumetric declines over time in the left
entorhinal cortex when compared with the right side (Donix
et al. 2013). When considered in conjunction with results from
animal studies that have documented the link between APOE
ε4 and increased amyloid plaque production and tau tangle
phosphorylation (Kim et al. 2009), we hypothesize that APOE
ε4 allele may exacerbate lateral spatial pattern of AD-related
neuropathology and contribute to left-sided disruption or compensation of brain interconnectedness.
Apart from neuroimaging biomarkers that could be associated with proposed clinical cascade of AD, CSF biomarkers
including Aβ1–42, t-tau and p-tau181, are also effective candidates as they are intimately related to amyloid plaques, neuronal death and accumulation of tangles respectively
(Blennow and Hampel 2003; Braak and Braak 1991). Early
studies examining CSF have demonstrated that elevated concentrations of t-tau, p-tau181 and decreased concentrations of
Aβ1–42 in AD or MCI patients relative to controls (for review,
see (Babic et al. 2014)). Recently, some studies have reported
that healthy ε4 carriers also have significantly decreased Aβ1–
42 and elevated tau levels as compared to non-carriers (Randall
et al. 2013; Sunderland et al. 2004). Although ε4 carriers in
the present study have increased trend of t-tau/p-tau181 levels
relative to non-carriers, no statistically significant differences
were detected. The reason for discrepancies may be attributed
to differences of in the subject populations. In the work of
Sunderland (Sunderland et al. 2004), 113 out of 142 subjects
had a first-degree relative with AD, which is a much higher
rate than observed in our cohort (14 out of 35 subjects). It is
known that family history risk of AD may reflect yet unknown
genetic and non-genetic risks for AD (Donix et al. 2012).
As an exploratory analysis, we further examined the relationship between mean EC in regions with significant differences between groups and CSF biomarker. We found only
mean LG EC was significantly related with t-tau level among
ε4 carriers. After controlling HIS, sex, age, and family, correlation of mean EC in LG with t-tau level was still alive. These
results are supported by neuropathological study of AD
documenting selective distribution of tau aggregation initially
starting in LG (Braak et al. 2006). We hypothesize that brain
interconnectedness abnormalities of LG in ε4 carriers probably result from subtle elevated neurofibrillary tangles, whose

toxicity could cause neuronal death. However, it should be
noted that increased t-tau concentration merely reflects degree
of neuronal degeneration and is not specific to AD (Randall
et al. 2013). The APOE ε4-related effects on brain should not
be interpreted in relation to AD alone. Unexpectedly, some
recent studies have reported that APOE ε2 and ε4 allele exerts
similar effect on brain structure and function (for review, see
(Suri et al. 2013)). Therefore, it is possible that decreased brain
interconnectedness in ε4 carriers simply is a reflection of a
general change linked to susceptibility to future other neurological disease, but not specifically to AD.

Limitation
It is important to note that there exist several limitations with
this exploratory study. This cross-sectional study is lacking
clinical follow-up to make any possible inference between
current findings and AD, and thus, longitudinal studies are
needed to determine whether decreased brain interconnectedness within MTL and LG region is associated with a higher
risk of developing AD-related pathological changes.
Moreover, the sample we used was small with a relatively
narrow APOE genotype and weak statistical power. Finally,
not all subjects in present study have CSF sample because
lumbar puncture is an invasive procedure; although CSF material is available of 92.3 % among APOE ε4 carriers, only
81 % non-carriers have it. These may have influenced statistical tests sensitivity. Future studies with larger sample sizes
and wider APOE ε2 carriers are urgently required.

Conclusion
To the best of our knowledge, this is the first study using ECM
to analyze APOE ε4-related effects on whole-brain functional
connectivity in healthy elderly populations. We initially document that presence of APOE ε4 allele is linked to decreased
brain interconnectedness in brain regions susceptible to ADrelated pathology, including MTL and LG. Moreover, we observed a possible compensatory effect for ε4 allele in MFG.
Subsequent correlation analyses suggest that functional
changes of LG in APOE ε4 carriers may result from neuronal
death caused by toxicity of neurofibrillary changes. Finally,
we demonstrate that ECM is sensitive to APOE genotypic
differences several years before the occurrence of dementia
symptoms.
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