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Abstract: The polymorphism of the Apolipoprotein E (APOE) promoter rs405509 can regulate the tran-
scriptional activity of the APOE gene and is related to Alzheimer’s disease (AD). However, its effects on
cognitive performance and the underlying brain mechanisms remain unknown. Here, we performed a
battery of neuropsychological tests in a large sample (837 subjects) of nondemented elderly Chinese peo-
ple, and explored the related brain mechanisms via the construction of diffusion MRI-based structural
connectome and graph analysis from a subset (84 subjects) of the sample. Cognitively, the rs405509 risk
allele (TT) carriers showed decreased attention and execution functions compared with noncarriers
(GG/GT). Regarding the topological alterations of the brain connectome, the risk allele group exhibited
reduced global and local efficiency of white matter structural networks, mainly in the left anterior and
posterior cingulate cortices (PCC). Importantly, the efficiency of the left PCC is correlated with the
impaired attention function and mediates the impacts of the rs405509 genotype on attention. These
results demonstrated that the rs405509 polymorphism affects attention function in nondemented elderly
people, possibly by modulating brain structural connectivity of the PCC. This polymorphism may help
us to understand the neural mechanisms of cognitive aging and to serve as a potential marker assessing
the risk of AD. Hum Brain Mapp 36:4847—4858, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Genes are a major factor influencing human behavior and
cognition; this is reportedly even more so the case for the
elderly [Harris and Deary, 2011; McClearn et al., 1997]. One
of the most studied genes is the Apolipoprotein E (ApoE,
protein; APOE, gene). The €4 allele of APOE is associated
with higher risks of late-onset Alzheimer’s disease (AD)
[Liu et al., 2013] and with earlier cognitive decline with
aging in those who are cognitively normal [Caselli et al.,
2009; Deary et al., 2002; Wisdom et al., 2009]. With the
advanced neuroimaging techniques, evidence has also
shown that the APOE ¢4 allele is associated with brain struc-
tural and functional changes, which may underlie the
reported cognitive impairment [Heise et al., 2011; Machulda
etal., 2011; Reiman et al., 2004; Shaw et al., 2007].

Recently, the roles of polymorphisms of other genes,
especially polymorphisms of the APOE promoter, have
been unearthed [Poirier et al., 1993]. The APOE promoter
rs405509, also known as —219T/G or Thl/E47cs, is a
DNA sequence that acts as a transcriptional factor-binding
site and has been strongly suggested to control APOE
expression such as influencing the parenchymal AB depo-
sition [Lambert et al., 1998b, 2005]. The TT allele of the
APOE promoter has been reported to be a possible risk
factor for AD [Beyer et al., 2002; Lambert et al., 1998b,
2002]. However, the effects of the rs405509 variation (TT
vs. GG/GT) on cognitive performances in healthy elderly
people and the related neural mechanisms remain largely
unexplored.

Neuroimaging techniques are tools for bridging the gap
in our understanding of how genetic risks impact cognition
by modifying the underlying brain circuitry. Given that
high-level cognitive processes depend on interaction among
distributed brain regions, MRI-based brain connectome
analyses can be used to explore the possible neural mecha-
nisms of brain diseases and related cognitive alterations.
Using the network model and graph-theory approaches,
several recent studies have shown that the topological effi-
ciency of white matter (WM) structural networks con-
structed from diffusion MRI (dMRI) was decreased in AD
[Lo et al., 2010] and mild cognitive impairment (MCI) [Bai
et al., 2012; Shu et al., 2012], and was sensitive to cognitive
decline during normal aging [Wen et al., 2011]. Importantly,
Brown et al. found different age-related trajectories in the
local clustering of WM structural networks for carriers of
APOE ¢4 allele compared with noncarriers [Brown et al.,
2011]. Recently, our group has revealed the modulation
effect of rs405509 genotype on cortical thickness of parahip-
pocampus during nondemented aging [Chen et al., 2015].
However, in contrast to these advances, the impact of the
APOE promoter (rs405509) variants on the topological orga-
nization of brain connectome is still unclear, and the influ-
ence of the brain endophenotypes on genotype-related
cognitive differences is unknown.

The present study is primarily interested in nondemented
older subjects. First, the effects of the APOE promoter

rs405509 risk variants on cognitive performance were
assessed using a battery of neuropsychological tests in a
large Chinese population. Second, to identify the promoter
polymorphism that is related to brain alterations, we used
dMRI and fiber tractography techniques to construct the
WM structural networks and investigate the alterations of
the topological organization of brain connectome in the risk
allele carrier group compared with the noncarriers. Finally,
we explored the relationship between the disrupted cogni-
tive functions and altered topological metrics of the brain
structural connectome.

MATERIALS AND METHODS
Participants

A total of 837 nondemented subjects (age range 55-80
years, mean age 65.1+7.1, 534 females) were included in
the present study. All participants were right-handed and
native Chinese speakers from the BABRI (Beijing Aging
Brain Rejuvenation Initiative) database. The inclusion crite-
ria of the participants were as follows: (a) a score of at least
24 on the Mini-Mental Status Examination (MMSE); (b) no
history of neurologic, psychiatric, or systemic illnesses
known to influence cerebral function, including serious vas-
cular diseases, head trauma, tumor, current depression,
alcoholism, and epilepsy; and (c) no prior history of taking
psychoactive medications; and (d) able to cope with the
physical demands of the MRI scanning. The exclusion crite-
ria were as follows: (a) structural abnormalities other than
cerebrovascular lesions, such as tumors, subdural hemato-
mas, and contusions due to previous head trauma that could
impair cognitive function; (b) history of addictions, neuro-
logic or psychiatric diseases, or treatments that would affect
cognitive function; (c) large vessel disease, such as cortical
or subcortical infarcts and watershed infarcts; and (d) dis-
eases with white matter lesions according to their medical
history and the age-related white matter changes (ARWMC)
rating scale [Wahlund et al., 2001]. This study was approved
by the Institutional Review Board of the State Key Labora-
tory of Cognitive Neuroscience and Learning, Beijing Nor-
mal University. Written informed consent was obtained
from each participant. The demographic information of all
participants is presented in Table I.

Neuropsychological Testing

All participants received a battery of neuropsychological
tests assessing general mental status and other cognitive
domains, such as memory, attention and executive func-
tion. The general mental status was assessed with MMSE
[Crum et al., 1993], which served as exclusion criteria for
subjects scoring <23 who were considered to have possible
dementia [Zhang, 1993]. The comprehensive neuropsycho-
logical battery comprised the following three cognition
domains (and the included test in each): (a) memory
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TABLE I. Demographic information and neuropsychological characterization of all participants

TT carriers (n =415)  GG/GT carriers (1 =422)  F(t/y?) value P

Age (yr) 65.39 (6.99) 64.79 (7.26) 1.21 0.23
Gender (M/F) 170/245 133/289 5.28 0.033
APOE €4 (carrier/noncarrier) 95/320 31/391 39.5 <0.001
General cognition

Mini-Mental Status Examination (MMSE) 27.33 (2.21) 27.75 (1.91) 5.61 0.018*
Episodic Memory

Auditory Verbal Learning Test (AVLT) delayed-recall 5.37 (2.61) 5.75 (2.66) 2.13 0.15

Rey-Osterrieth Complex Figure test (ROCF) recall 12.83 (6.53) 13.18 (6.58) 0.09 0.77
Attention

Symbol Digit Modalities Test (SDMT) 33.29 (11.57) 35.03 (11.87) 3.92 0.048*

Trail Making Test-A (TMT-A) (s) 62.78 (32.03) 61.24 (30.76) 0.06 0.81
Executive Function

Stroop Color and Word Test (SCWT)-C Time 77.39 (23.82) 78.33 (23.85) 2.15 0.14

SCWT-C Number 44.77 (6.86) 44.57 (4.59) 0.35 0.56

Trail Making Test-B (TMT-B) (s) 190.2 (86.06) 178.94 (70.28) 5.24 0.022*

The values are represented with mean (standard deviation) of each group. For the details of the neuropsychological tests, see Materials

and Methods.
*P <0.05.

[Auditory Verbal Learning Test (AVLT) [Guo et al., 2007],
Rey-Osterrieth Complex Figure test (ROCF) (recall) [Rey,
1941]]; (b) attention [Trail Making Test-A (TMT-A) [Reitan,
1958] and Symbol Digit Modalities Test (SDMT) [Sheridan
et al., 2006]]; and (c) executive function [Trail Making
Test-B (TMT-B) [Reitan, 1958] and Stroop Color and Word
Test (SCWT)-C [Guo, 2005]].

Genetic Analysis

Genomic DNA for each participant was extracted from
peripheral blood (200 pl) using the QuickGene-Mini80
equipment and QuickGene DNA whole blood kit S (Fuji-
film, Tokyo, Japan). We genotyped the rs405509 polymor-
phism using the Custom Tagqman® SNP Genotyping
Assays (Applied Biosystems, Foster City). An additional
two SNPs, rs429358, and rs7412, which collectively form
the APOE €2 (with haplotype of rs429358-rs7412: T-T), €3
(T-C), and 4 alleles (C-C), were also genotyped. The sam-
ple success rates for all three SNPs were 100%, and the
reproducibility of all the genotyping was 100% according
to a duplication analysis of at least 10% of the genotypes.
According to the rs405509 genotyping, all subjects were
divided into two groups: 415 TT homozygotes and
422 G-allele carriers (including 58 GG and 364 GT carriers).

MRI Data Acquisition

The MRI data were acquired using a SIEMENS TRIO 3T
scanner at the Imaging Center for Brain Research, Beijing
Normal University. Among the participants, 84 subjects
underwent high-quality MRI scanning, which included a 3D
T1-weighted MRI scan and a dMRI scan. A Tl-weighted
image was acquired by using magnetization-prepared rapid
gradient-echo (MPRAGE) sequence: 176 sagittal slices, slice

thickness = 1 mm, repetition time (TR) = 1,900 ms, echo time
(TE) = 3.44 ms, field of view (FOV) = 256 X 256 mm?, acquisi-
tion matrix = 256 X 256. The diffusion-weighted images were
acquired by a single-shot EPI sequence: 70 axial slices, slice
thickness =2 mm, no gap, 30 diffusion directions with b =
1,000 s/mm?, and an additional image with b = 0, TR = 9,500
ms, TE=92 ms, FOV=25 X 256 mm? acquisition
matrix = 128 X 128, average = 3. Through genetic analysis, 40
TT allele carriers and 44 GG/GT allele carriers with MRI data
were identified. Demographic information for the partici-
pants with MRI data is presented in Supporting Information
Table S1.

MRI Data Preprocessing

The preprocessing of dMRI data included eddy current
and motion artifact correction, estimation of the diffusion
tensor, and calculation of the fractional anisotropy (FA).
Briefly, the eddy current distortions and motion artifacts
in the dMRI data were corrected by applying an affine
alignment of each diffusion-weighted image to the b = 0
image. After this process, the diffusion tensor elements
were estimated by solving the Stejskal and Tanner equa-
tion, and the FA value of each voxel was calculated
[Basser et al., 1994; Basser and Pierpaoli, 1996]. All the pre-
processing procedure of dMRI data was performed with
the FDT toolbox in FSL (http://www.fmrib.ox.ac.uk/fsl).

Brain Connectome Construction
Network node definition

For a brain network at the macroscale, the entire gray mat-
ter (GM) was typically parcellated into a number of regions
of interest (ROIs), each representing a network node. The
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FA Image

White Matter Fibers

Structural Network

Figure I.

The flowchart of WM network construction by diffusion MRI.
The reconstruction of whole-brain WM fibers was performed
using dMRI deterministic tractography with the Diffusion toolkit
(http://trackvis.org). The network nodes were defined by parcel-
lating the brain into 90 regions of AAL template through a TI-
weighted image. Two regions were considered structurally con-
nected if at least three fiber streamlines with two endpoints was
located in these two regions. Then, the weighted networks of
each subject were created by computing the mean FA along the

procedure of defining the nodes has been previously
described [Gong et al., 2009; Shu et al., 2011]. Briefly, the indi-
vidual FA image was first coregistered to the T1-weighted
image. The T1-weighted image was then non-linearly nor-
malized to the ICBM-152 template in MNI space using
FMRIB’s Non-linear Image Registration Tool (FNIRT, FSL,
http:/ /www.fmrib.ox.ac.uk/fsl/). Finally, the inverse trans-
formations were applied to the Automated Anatomical
Labeling (AAL) atlas [Tzourio-Mazoyer et al., 2002] with 90
cortical and subcortical brain regions in the MNI space,
resulting in native-space GM parcelletions for each subject.
The transforming procedures were implemented by using
PANDA (http://www.nitrc.org/projects/panda/) (Fig. 1).

WM tractography

Diffusion tensor tractography was implemented with the
Diffusion toolkit (http://trackvis.org) [Wang et al., 2007] by

fiber pathways (FA-weighted) that connect each pair of brain
regions. The matrix and three-dimensional representation (axial
view) of the WM network of a normal subject are shown in the
right panel. The nodes and connections were mapped onto the
cortical surfaces using the in-house BrainNet viewer software
(www.nitrc.org/projects/bnv/). For further details, see Materials
and Methods. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

using the “fiber assignment by continuous tracking” method
[Mori et al., 1999]. The tracking procedure was seeded from
the center of each voxel with a FA >0.2 across the entire
brain and was terminated if the turning angle was greater
than 45 degrees or the fiber entered a voxel with a FA lower
than 0.2. For each subjects, tens of thousands of streamlines
were generated to etch out all of the major WM tracts.

Network edge definition

For the network edges, two GM regions were considered
structurally connected if there was at least three fiber
streamlines with its two end-points located in these two
regions [Shu et al., 2011]. We defined the average FA
along the pathways of the interconnecting streamlines
between two regions as the weights of the network edges.
As a result, the FA-weighted WM network for each partic-
ipant was constructed, which was represented by a sym-
metric 90 X 90 matrix (Fig. 1).
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Graph Analysis

To characterize the topological organization of WM
structural networks, several common graph measures
were considered: network strength (S,), global efficiency
(Eglob), local efficiency (Ei.), shortest path length (L), clus-
tering coefficient (C,), and small-world parameters (4, 7,
and ¢) [Rubinov and Sporns, 2010]. For regional character-
istics, we investigated the nodal efficiency [Achard and
Bullmore, 2007]. The detailed definitions of these graph
metrics are described below. All network analyses were
performed using in-house GRETNA software (http://
www.nitrc.org/projects/gretna/) and were visualized
using BrainNet Viewer software (http://www.nitrc.org/
projects/bnv).

Network strength

For a network (graph) G with N nodes and K edges, we
calculated the strength of G as:

5e(G) =1 > S(0)

ieG

where 5(i) is the sum of the edge weights w;; linking to
node i. The strength of a network is the average of the
strengths across all of the nodes in the network.

Small-world properties

Small-world network parameters (clustering coefficient,
Cp, and shortest path length, L,) were originally proposed
by Watts and Strogatz [1998]. In this study, we investigated
the small-world properties of the weighted brain networks.
The clustering coefficient of a node i, C(i), which was
defined as the likelihood whether the neighborhoods were
connected with each other or not, is expressed as follows:

. \1/3
BT 2 (i)

ix

where k; is the degree of node 7, and w is the weight, which
is scaled by the mean of all weights to control each partici-
pant’s cost at the same level. The clustering coefficient is
zero, C(i) = 0, if the nodes are isolated or with just one con-
nection, i.e., k; =0 or k; = 1. The clustering coefficient, C,, of
a network is the average of the clustering coefficient over all
nodes, which indicates the extent of local interconnectivity
or cliquishness in a network [Watts and Strogatz, 1998].

The path length between any pair of nodes (e.g., node i
and node j) is defined as the sum of the edge lengths
along this path. For weighted networks, the length of each
edge was assigned by computing the reciprocal of the
edge weight, 1/w;;. The shortest path length, L;; is defined
as the length of the path for node i and node j with the
shortest length. The shortest path length of a network is
computed as follows:

1
L,(G)= mi;ézje:G Ly

where N is the number of nodes in the network. The L, of
a network quantifies the ability for information propaga-
tion in parallel.

To examine the small-world properties, the clustering
coefficient, Cp,, and shortest path length, L,, of the brain
networks were compared with those of random networks.
In this study, we generated 100 matched random net-
works, which had the same number of nodes, edges, and
degree distribution as the real networks [Maslov and
Sneppen, 2002]. Of note, we retained the weight of each
edge during the randomization procedure such that the
weight distribution of the network was preserved. Further-
more, we computed the normalized shortest path length
(lambda), 7»=L;eal / Lg‘“d, and the normalized clustering
coefficient (gamma), y=CI‘;‘al/C;a“d, where L;ﬂr‘d and C;a“d
are the mean shortest path length and the mean clustering
coefficient of 100 matched random networks. Of note, the
two parameters correct the differences in the edge number
and degree distribution of the networks across individuals.
A real network would be considered small-world if y > 1
and A >1 [Watts and Strogatz, 1998]. In other words, a
small-world network has not only the higher local inter-
connectivity but also the approximately equivalent shortest
path length compared with the random networks. These
two measurements can be summarized into a simple quan-
titative metric, small-worldness,

o=vy/\

which is typically greater than 1 for small-world networks.

Network efficiency

The global efficiency of G measures the global efficiency
of the parallel information transfer in the network [Latora
and Marchiori, 2001], which can be computed as:

1 1
Eo O N1 22, Iy

where L; is the shortest path length between node i and
node j in G.

The local efficiency of G reveals how much the net-
work is fault tolerant, showing how efficient the com-
munication is among the first neighbors of the node i
when it is removed. The local efficiency of a graph is
defined as:

1
Eioc(G)= > Egon(Gi)
i€G

where G; denotes the subgraph composed of the nearest
neighbors of node i.
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Regional nodal characteristics

To determine the nodal (regional) characteristics of
the WM networks, we computed the regional efficiency,
Erodal(i) [Achard and Bullmore, 2007]:

1 1

Enodal(i) = T

N-1 i;;G Ly
where L; is the shortest path length between node i and
node j in G. Epoqal(f) measures the average shortest path
length between a given node i and all of the other nodes

in the network.

Statistical Analysis

Demographic factors, including age, gender and APOE
€4 carrier distribution of the rs405509 genotypes were
compared using either two-sample t-test or the y* test. For
the genotype effects on the neuropsychological tests and
the graph metrics of brain structural networks, compari-
sons were performed with a multiple linear regression
analysis, with age, gender, and APOE &4 effects as covari-
ates of no interest. For regional differences, the false dis-
covery rate (FDR) correction for multiple comparisons was
performed. Finally, we investigated the relationship
between the altered network metrics and the neuropsycho-
logical scores by partial correlation, with removal of the
effects of age, gender, APOE €4 and rs405509 genotype.
All of the above statistical analyses were performed with
SPSS software (version 17.0; SPSS, Chicago, IL). The geno-
type distribution in our samples was tested with the
Hardy-Weinberg test by the software PLINK [Purcell
et al., 2007].

Mediation Analysis

After examining rs405509 genotype effects on cognitive
performance and network metrics, we performed a series
of mediation analyses [Hayes, 2013] to identify if the topo-
logical metrics of brain connectome could mediate the role
of risk allele in cognitive decline. A mediator model typi-
cally consists of one (or more) independent (or exogenous)
variable(s), a mediator variable, and a dependent variable.
Both the independent and the mediator variables are
assumed to influence the dependent variable. The inde-
pendent variable can influence the dependent variable
both directly and indirectly (i.e., through its effect on the
mediating variable). Accordingly, in the present study, the
rs405509 risk allele carrying status (TT: 1, GG/GT: 2)
constituted the independent variable, disrupted cognitive
performance was the dependent variable and altered net-
work measures were the mediator variables. Therefore, we
would assume that the association between genotype and
cognitive performance is mediated by the altered brain
connectome. The mediation analyses were performed with
SPSS software.

Reproducibility Analysis

Previous studies have shown that brain graph metrics
are highly dependent on the resolution of the network
(i.e., number of nodes) [Zalesky et al., 2010]. In addition to
coarse AAL parcellation (L-AAL), we also use the high-
resolution template (H-1024) [Zalesky et al.,, 2010] with
1,024 ROIs with equal size to define network nodes. For
each participant, the H-1024 FA-weighted WM network
was constructed and the same procedure of network anal-
ysis was performed as in the L-AAL network. We calcu-
lated the network strength, efficiency metrics and small-
world parameters for global network properties and the
nodal efficiency for regional network properties. Statistical
analyses were used for both global and regional network
properties to investigate the genotype effects on the topo-
logical organization of the H-1024 WM networks.

RESULTS

Effects of rs405509 Polymorphism on the
Cognitive Performance

Demographic information and neuropsychological char-
acteristics for the participants are presented in Table I and
Supporting Information Table S1. For the genotype distribu-
tion in our samples, no deviation from the Hardy-Weinberg
equilibrium was found (P > 0.05). In the large samples (415
TT allele carriers and 422 G-allele carriers), the TT allele car-
riers showed significantly decreased MMSE (P = 0.018),
decreased SDMT (P =0.048) and increased TMT-B time
(P =0.022) compared with the GG/GT allele carrier (Table
I), suggesting a decline in the general cognition, attention
and executive functions in the risk allele group. Based on
the relatively small samples with available MRI data (40 TT
allele carriers and 44 GG/GT carriers), similar findings
were obtained (MMSE: P = 0.044; SDMT: P = 0.0001;
TMT-B: P = 0.001; TMT-A: P = 0.004) (Supporting Informa-
tion Table S1).

Effects of rs405509 Polymorphism on the
Topological Organization of Brain Structural
Connectome

First, the WM networks of both the TT allele carriers and
G-allele carriers showed prominent small-world properties
(A =1, y>1), which suggests a balance of information inte-
gration and segregation of the human brain. However, for
the global network metrics, the TT allele carriers exhibited
decreased global efficieny (P = 0.007) and local efficiency
(P = 0.044), decreased clustering coefficient (P = 0.045),
increased absolute and normalized shortest path length (L:
P =0.006; /: P = 0.003) than the G-allele carriers (Fig. 2). For
the regional alterations, the most significantly disrupted
regions in the TT allele group were located in the left ante-
rior cingulate cortex (ACC), left posterior cingulate cortices
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Figure 2.

Group differences in global metrics of WM structural connec-
tome. The bar and error bar represent the mean values and
standard deviations of the network properties in each group
after removing the effects of age, gender and APOE ¢4, respec-
tively. Significantly reduced global efficiency, local efficiency,
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Figure 3.

The distribution of brain regions with decreased nodal efficiency
in the TT allele group. (A) The node sizes indicate the significance
of between-group differences in the regional efficiency. Nodes in
yellow and red showed reduced efficiency in risk allele carriers
versus noncarriers (P < 0.01); nodes in red represent regions with
group differences remained after FDR corrections. The network
shown here was constructed by averaging the structural connec-
tion matrices across all subjects and thresholded with a sparsity
of 10%. The nodal regions are located according to their centroid
stereotaxic coordinates. ACC: anterior cingulate cortex; PCC:
posterior cingulate cortex; DCC: dorsal middle cingulate cortex;
MTG: middle temporal gyrus; STG: superior temporal gyrus. (B)
The bar and error bar represent the mean values and standard
deviations of the nodal efficiency of the left PCC in each group
after removing the effects of age, gender and APOE ¢4, respec-
tively. (C) Plots showing the decrease in nodal efficiency of the
left PCC with SDMT scores. The blue and red dots represent
the adjusted values of TT allele carriers and GG/GT carriers after
controlling for age, gender, APOE €4 and rs405509 genotype,
respectively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

clustering coefficient and increased Lp and lambda of WM net-
works in risk allele carriers relative to the noncarriers were
observed (all P<0.05). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

(PCC) and right superior temporal gyrus (P < 0.05, FDR cor-
rected) (Fig. 3A,B), and a trend of differences in left middle
cingulate cortex and left middle temporal gyrus were also
identified (P < 0.01, uncorrected) (Fig. 3A). No regions with
increased efficiency in the TT allele carriers relative to the
G-allele carriers were found.

Relationship Between Altered Network
Topology and Disrupted Cognition

We correlated the altered global and regional network
metrics with the disrupted general cognition (MMSE),
attention (SDMT), and executive (TMT-B time) functions
across all subjects, while removing the effects of age, gen-
der, APOE €4 and rs405509 genotype. We found that the
nodal efficiency of the left PCC was positively correlated
with the SDMT score (r=0.31 P = 0.006) (Fig. 3C). No
other correlations between the network metrics and neuro-
psychological scores were found.

Mediation Analysis

In the mediation analysis, the independent factor was
rs405509 variants and dependent variables were cognitive
measures that showed significant genotype differences,
such as MMSE, SDMT and TMT-B. The proposed media-
tors were the altered global and nodal network metrics,
which showed significant genotype effects in the above
regression analyses. As shown in Figure 4, mediation anal-
ysis indicated that the nodal efficiency of the left PCC
mediated the effect of rs405509 variants on SDMT score
(Z=2.01, P = 0.045). No other significant mediation effects
were found.

Reproducibility of Findings

For the high-resolution network, similar group differen-
ces in global and regional network metrics were found as
those from the L-AAL network. Compared with G-allele
carriers, TT allele carriers showed decreased global and
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Enodal of PCC.L

a=0.04 b=49.88

¢=8.70
rs405509 SDMT
c’'=6.65
Figure 4.

Mediation analysis. Independent factor was rs405509 variants,
dependent variables were SDMT scores and the mediator was
the nodal efficiency of the left PCC. Path a shows coefficient for
the effect of genotype on the nodal efficiency of left PCC. Path
b shows the coefficient for the effect of the nodal efficiency of
left PCC on SDMT. Paths ¢ and ¢show coefficients for the total
(yellow) and direct (blue) effects of genotype on SDMT, respec-
tively. The nodal efficiency of the left PCC in the WM structural
network mediated the effect of rs405509 variants on SDMT. All
coefficients standardized. Sobel test was performed for media-
tion analysis (Z=2.0l, P = 0.045). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

local efficiency (Egiob: P = 0.008; Ejoc: P = 0.030), increased
Ly, (P = 0.007), increased 4 (P = 0.003) and increased y (P
= 0.031). For the regional alterations, TT group showed
reduced nodal efficiency, mainly located in the bilateral
posterior and middle cingulate cortices, bilateral putamen,
right middle temporal gyrus, left hippocampus, left
cuneus and right insula (P <0.05, corrected). No regions
with increased efficiency in the TT allele carriers relative
to the G-allele carriers were found.

DISCUSSION

This present study revealed significant effects of the
APOE promoter (rs405509) variation on cognitive perform-
ance in nondemented elderly people and explored the
related topological alterations in the brain structural con-
nectome, which are independent of the effects of the
APOE €4 polymorphism. The risk allele carriers showed
decreased cognitive attention and execution functions
compared with the noncarriers. With respect to brain alter-
ations, the risk allele group exhibited reduced global and
local efficiency of WM networks, primarily located in the
left anterior and posterior cingulate cortices. Importantly,
the decreased efficiency in the left PCC was correlated
with the impaired attention function, and the genotype
impact on attention was mediated by the efficiency of left
PCC. The results suggested that the rs405509 polymor-
phism targets a specific pattern of cognitive decline in
healthy elderly people and demonstrated the effects of
rs405509 variations on brain structural connectivity of the

PCC. This polymorphism may help to understand the neu-
ral mechanisms of cognitive decline in nondemented
elderly people and serve as a potential marker to assess
the preclinical abnormal changes related to AD.

rs405509 Polymorphism Affects Attention and
Executive Functions

According to previous studies, normal aging and AD-
related decline in cognitive performance mainly affects
attention, memory and execution functions; a high herit-
ability of cognitive aging was established by the behav-
ioral genetic studies [Grady, 2012]. Until now, the only
confirmed genetic variant that influenced cognitive ability
in normal elderly was the APOE ¢4 allele [Wisdom et al.,
2009]. APOE €4 carriers performed significantly worse
than noncarriers when testing for episodic memory, execu-
tive functioning, global cognitive functioning and percep-
tual speed [Deary et al., 2002; Schiepers et al., 2011]. In the
present study, we found similar effects of the risk variant
of APOE promoter rs405509 on global cognition, attention
and execution functions, but not on memory. Neuropatho-
logically defined subtypes of AD with distinct clinical
characteristics, ~hippocampal sparing and limbic-
predominant AD subtypes might account for approxi-
mately 25% of cases. Various domains of cognitive disrup-
tion may be related to different subtypes of AD [Murray
et al., 2011; Wolk and Dickerson, 2010]. Therefore, we
hypothesized that risk allele carriers of rs400509 may inter-
act with APOE &4 on pathological lesions of AD, because
of this their effects may not be the same, which would
lead to different influences on cognition and even different
subtypes of AD.

rs405509 Polymorphism Affects the Topological
Organization of Brain Structural Connectome

Brain network analysis has provided a new way to
quantify the information integration and segregation of
brain systems. The risk allele group showed decreased
global and local efficiency of WM networks, suggesting
less efficient information transfer across different regions,
thus providing possible substrate for the disrupted atten-
tion and executive functions [Wen et al., 2011], although
we have not found a direct relationship here. The topolog-
ical alterations were similar to the findings of the DTI net-
work studies in AD, MCI, and normal aging [Bai et al,,
2009; Lo et al., 2010; Shu et al., 2012]. Importantly, a recent
study has investigated the effects of a common risk allele
for AD, APOE €4, on the brain WM connectome [Brown
et al,, 2011]. They found different age-related trajectories
in the local clustering of brain structural networks for car-
riers of APOE €4 allele compared with noncarriers. And
the present study is the first time to investigate the effects
of APOE promoter rs405509 genotype on the topology of
WM structural connectome. Some similar and specific
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findings were found in different studies. Specifically,
decreased clustering of WM networks and accelerated dis-
ruption in some limbic regions, such as ACC, PCC/Precu-
neus in the risk allele group were found in both studies.
The disrupted architecture of WM networks in the TT
allele group is supposed to be related to more rapid
degeneration in structural connectivity during aging,
which may be due to neuronal shrinkage, loss of small
axon fibers and WM demyelination [Bartzokis et al., 2012;
Terry et al., 1987; Yeatman et al., 2014], which is also sup-
ported by our recent finding of accelerated age-related
reduction of cortical thickness in the risk allele group
[Chen et al., 2015]. Some other possible factors, such as
invisible vascular lesions, cerebral atrophy, or the age dif-
ferences between two groups may also contribute to the
reduced global connectivity in the risk allele group. Inter-
estingly, most of the regions affected by the APOE pro-
moter, such as the ACC, PCC and superior temporal
gyrus, are located in the higher-order association cortices
that are responsible for information integration [Mesulam,
1998]. Moreover, these regions have been implicated as
key components of the default-mode network (DMN)
[Raichle et al, 2001], and consistently reported to be
affected in early AD and APOE &4 carriers [Buckner et al.,
2005; Machulda et al., 2011].

PCC Mediates the Effects of rs405509
Polymorphism on Attention Function

The most disrupted brain region in the T homozygotes
is found to be located in the PCC. Previous neuroimaging
studies have consistently revealed both structural and
functional alterations in the PCC and related connectivity
in APOE ¢4 carrier, normal aging and AD [Buckner et al.,
2005; Heise et al., 2011; Machulda et al., 2011; Tomasi and
Volkow, 2011; Zhang et al., 2007]. As a central part of the
DMN [Buckner et al., 2009], the PCC has a high baseline
metabolic rate [Raichle et al.,, 2001] and wide structural
and functional connections, responsible for multimodal
information integration [Hagmann et al, 2008]. As a
highly connected hub region of brain networks, the PCC is
more vulnerable to normal aging and disease processes
compared with other brain regions [Crossley et al., 2014;
Stam, 2014; van den Heuvel and Sporns, 2013], thus pro-
viding a potential imaging-based biomarker for early dis-
ease detection and prevention. Specifically, the PCC has
been consistently implicated in the pathology of early AD,
including cortical atrophy, metabolic disruption, and amy-
loid deposition [Buckner et al., 2005]. Reduced nodal effi-
ciency in the PCC reflected disrupted interactions with
other regions, which suggests decreased structural connec-
tivity within the DMN or between the DMN and other
systems. This result is consistent with several other studies
that report effects of the APOE &4 allele on WM integrity
in brain tracts of the DMN, such as cingulum bundles
[Ryan et al., 2011], parahippocampal WM [Honea et al.,

2009], and the corpus callosum [Westlye et al., 2012].
According to previous genetic studies, the rs405509 can
regulate the transcriptional activity and expression levels
of the APOE gene [Artiga et al., 1998; Campillos et al.,
2003; Ramos et al., 2005], such as influencing parenchymal
AB deposition [Lambert et al., 1998b, 2005]. However, the
relationship between the biological changes and macro-
scale alterations in the brain connectome need to be fur-
ther studied.

Furthermore, we found that the reduced efficiency of
the left PCC is correlated with a decreased attention/proc-
essing speed in healthy elderly people, and also revealed a
significant mediation effect of the PCC nodal efficiency on
the association between genotype and attention function.
The result may have important implications for the mecha-
nisms underlying individual differences in cognitive per-
formance and may be explained from a neuroanatomical
perspective: the information transfer efficiency of the PCC
with other regions accounts for attention function, espe-
cially processing speed in the elderly. This theory is also
supported by a systematic review that showed that the
PCC plays an important role in attention function in both
cognition and disease [Leech and Sharp, 2013]. The media-
tion effect of WM provides new insight into understanding
the mechanisms of genotype-related cognitive differences,
which may be related to the role of the APOE promoter in
the WM development process of the human brain, includ-
ing dendritic and axon growth and synaptogenesis that
underlie circuit development [Judson et al., 2011].

Currently, the interaction between the APOE promoter
and the APOE ¢4 allele in the development of AD remains
unclear. According to previous genetic studies, the
rs405509 was shown to have a major effect on APOE
expression levels [Artiga et al., 1998; Campillos et al., 2003;
Ramos et al., 2005]. However, whether this gene is an aux-
iliary factor that augments the influence of the APOE &4
allele or is an independent risk factor for AD is still being
debated. Based on large samples and well controlled stud-
ies, as well as a strict meta-analysis [Lambert et al., 2002],
the important and significant association of rs405509 with
AD is widely accepted. Several epidemiological studies
have consistently shown that the frequency of rs405509 TT
genotype in AD patients is significantly higher than that
of healthy controls [Lambert et al., 1998a,b,2004], and the
genotype has a significant odds ratio in AD [Heijmans
et al.,, 2002]. Further studies are needed to elucidate the
relationship of APOE promoter polymorphisms and the
APOE ¢4 allele [Poovindran Anada et al., 2012].

Methodological Issues

Several methodological issues should be addressed.
First, although these findings are useful for developing a
more mechanistic understanding of the neurobiology of
cognitive aging and risk of AD, the present study focuses
on common variations in a single candidate gene. Future
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work should characterize the additive effects of, and inter-
actions between, multiple risk alleles, such as APOE &4
and TT allele of the APOE promoter, in the context of both
normal and abnormal aging. Second, longitudinal studies
will be important in determining the time course of any
alterations of structural and functional connectivity for at-
risk populations. Large population samples with the neu-
ropathological /biochemical examination would be needed
to study the contribution of other genes to accelerated cog-
nitive aging and risk of AD. As this investigation was an
exploratory study of the APOE promoter, replication in
other independent dataset with larger samples is also
required to further establish the gene-imaging phenotype
association.
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