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Affect of APOE on information processing speed in non-demented
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Abstract APOE is one of the strongest genetic factors asso-
ciated with information processing speed (IPS). Herein, we
explored the neural substrates underlying APOE-related IPS
alteration by measuring lobar distribution of white matter
hyperintensities (WMH), cortical grey matter volume
(GMV) and thickness. Using the ADNI database, we evaluat-
ed 178 cognitively normal elderly individuals including 34
APOE ε2 carriers, 54 APOE ε4 carriers and 90 ε3 homozy-
gotes. IPS was determined using Trail Making Tests (TMT).
We quantified lobar distribution of WMH, cortical GM lobar
volume, cortical thickness among three groups. Finally, we
used Pearson’s correlation and general linear models to exam-
ine structural MRI markers in relation to IPS. There were
significant differences of IPS among groups, with ε4 carriers

displaying the worst performance. Across groups, significant
differences in frontal and parietal WMH load were observed
(the highest in ε4 carriers); however, no significant differences
in cortical GMVand thickness were found. Pearson’s correla-
tion analysis showed parietal WMH volume was significantly
related with IPS, especially in ε4 carriers. Subsequently a
general linear model demonstrated that parietal WMH vol-
ume, age and the interaction between parietal WMH volume
and age, was significantly associated with IPS, even after
adjusting total intracranial volume (TIV), gender and vascular
risk factors. Disruption of WM structure, rather than atrophy
of GM, plays a more critical role in APOE ε4 allele-specific
IPS. Moreover, specific WMH loci are closely associated with
IPS; increased parietal WMH volume, especially in ε4 car-
riers, was independently contributed to slower IPS.

Keywords APOE . Information processing speed .White
matter hyperintensities . Voxel-basedmorphometry (VBM) .

Surface-based analysis

Introduction

Information processing speed (IPS) is a fundamental compo-
nent of general intelligence and may affect quality of life in
patients with neurodegenerative diseases (Barker-Collo 2006).
IPS is specifically defined as the execution time needed to carry
out a cognitive task. Apart from age (Tombaugh 2004), the
apolipoprotein (APOE) gene is one of the strongest genetic
factors associated with IPS. Individuals with different APOE
genotypes may have different trajectory of IPS development
(Corder et al. 1993). Epidemiologic studies have revealed that
APOE ε4 allele is associated with steeper age-related IPS de-
cline (Lyall et al. 2014; Raz et al. 2009; Staehelin et al. 1999);
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while conversely, the APOE ε2 allele is associated with higher
IPS performances (Staehelin et al. 1999).

According to neuroimaging studies, APOE is associated
with widespread alteration of brain structure (Reinvang et al.
2013). However, few studies had investigated the neural sub-
strates underlying APOE related IPS alteration. Regardless of
the phenotype of APOE, some studies have been shown that
slower IPS is associated with grey matter volume (GMV) atro-
phy and cortical thinning (Rosano et al. 2012; Camilleri et al.
2015; Roher et al. 2002; Tuladhar et al. 2015). Meanwhile,
there is an emerging literature from diffusion studies linking
the disruption of white matter structure to slower IPS (Jacobs
et al. 2013; Dong et al. 2015). Increased WMH volume, partic-
ularly when distributed in brain area involving parieto-frontal
pathway, has been linked to slower IPS (Brickman et al. 2014;
Bornebroek et al. 1997; Schilling et al. 2013). In summary, it is
unclear whether APOE related effects on GM orWM structure,
or both, contribute to IPS slower.

In the current study, our team aimed to explore the role of
regional WMH and GM in APOE related IPS slower. This
analysis was performed by assessing Trail Making Tests
(TMT), regional WMH, cortical grey matter volume and
thickness in different APOE genotype groups (ε2, ε4 and ε3
homozygotes). We explored and discussed the following hy-
pothesis: 1) APOE ε4 carriers have heavier load ofWMH than
ε3 homozygotes, especially in the frontal and parietal lobe; 2)
larger WMH volume is an important risk factor for APOE
related IPS slower.

Materials and methods

Alzheimer’s disease neuroimaging initiative

Data used in this study were 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 com-
panies 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. For up-to-date
information, see www.adni-info.org.

Study participants

This study was approved by all of the participating institution,
and informed written consent was obtained from all participants
at each site. And this study was also approved by the Medical
Ethics Committee of the Second Affiliated Hospital, Zhejiang
University School of Medicine. At the time of analysis, individ-
uals carrying at least one APOE ε4 allele (genotype ε4/ε4 and
ε4/ε3) were classified as APOE ε4 carriers and carrying at least
one ε2 allele (genotype ε2/ε2 and ε2/ε3) were classified as
APOE genotype ε2 carriers. Moreover, individuals with geno-
type ε3/ε3 were classified as the controls. Given the possible
confounding APOE-related effect, individuals with the APOE
genotype ε2/ε4 were excluded (Suri et al. 2013a). Using the
ADNI GO and ADNI 2 databases, 193 right-handed cognitively
intact healthy participants, comprised of 35APOE ε2 carriers, 59
APOE ε4 carriers and 99 non-carriers, who had undergone 3D
MPRAGE T1-weighted structural scans, T2 FLAIR scans, and
neuropsychological assessments, were identified. These study
data were downloaded from the ADNI publically available da-
tabase prior to November 15, 2015. According to the ADNI
manual, the classification of cognitive normal were: the subject
had an MMSE between 24 and 30 (inclusive), a clinical demen-
tia 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 score < 5), or
dementia were present. All subjects were screened and excluded
for history of obvious head trauma that could impair cognitive
function, history of addictions, neurologic or psychiatric disease,
or treatments that would affect cognitive function.

After careful screening, 3 participant was excluded due to
depression (geriatric depression scale score > 6); 1 subject was
excluded because of disease-related occupation in the occipital
lobe, 11 subjects were excluded due to poor image quality,
often caused by excess head motion. Importantly, the subjects
in this study were not preselected for presence or absence of
WMH. Table 1 presents the demographic data for the remaining
178 subjects.

Neuropsychological assessment and APOE genotyping

The neuropsychological assessment used in the current study
was downloaded from the ADNI database. The cognitive tests
included the MMSE as a global measure for cognitive perfor-
mance. Processing speed was determined using TMT (includ-
ing the Part A and Part B). TMT is a standard component of
Halstead-Reitan Neuropsychological Test Battery. Part A re-
quires the subjects to draw lines to connect 25 consecutive
numbers (i.e. 1–2-3…) while Part B requires drawing lines
between both number and letters (i.e. 1-A, 2-B, 3-C…)
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(Miner and Ferraro 1998). The score on each part represents
the amount of time required to complete the task. Memory
functioning was assessed using WMS-LM tests (including
Immediate and Delayed part) for subjects screening.
Depression was assessed by geriatric depression scale.
Vascular disease was ascertained by self-report, which incor-
porated current or past diagnosis and treatment of diabetes.
The risk of cerebrovascular component was assessed by
Hachinski Ischemic Score (HIS). Detailed information of vas-
cular factors could be found in ADNI database.

Genotyping of all subjects for APOE allele status was per-
formed 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. Please see the
ADNI-1 Procedures manual for more detailed information.

Data acquisition

Both the 3DMPRAGET1-weighted and T2 FLAIR scans were
acquired across sites following a standardized protocol that was
validated across platforms. All participants were scanned using
a 3.0-Tesla MRI scanner. The ADNIMRI scanner protocols are
available for GE, Philips and Siemens devices. Given potential
differences among these MRI scanners, the scanner types were
controlled as a covariate in following statistical analysis. The 3D
MPRAGE T1-weighted sequence were acquired using the fol-
lowing 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 T2
FLAIR scans were obtained using an echo-planar imaging

sequence with the following parameters: TR = 9000 ms,
TE = 90 ms, and TI = 2500 ms. Additional details regarding
MRI acquisition are available elsewhere (http://adni.loni.usc.
edu/methods/documents/mri-protocols/).

WMH segmentation and quantification

For each subject, WMH lesion map was automatically created
based on 3D MPRAGE T1-weighted and T2 FLAIR image
using Lesion Segmentation Toolbox in SPM8 (Schmidt et al.
2012). To be specific, this software classifies the tissue into
gray matter, white matter and cerebrospinal fluid based on the
3DMPRAGE T1-weighted image. Then the T2 FLAIR inten-
sity was used to determine lesion beliefs. Next, a conservative
lesion belief is expanded; neighboring voxels are added to
lesion under certain threshold and the likelihood of the voxel
being WM or GM is weighed against the likelihood of being
lesion. This process will repeat iteratively until no new voxels
are added to the lesions (Schmidt et al. 2012).

The masks were then manually corrected by two experi-
enced neuroradiologists (MMZ, HPY) using ITK-SNAP soft-
ware (www.itksnap.org). Then we coregistered the 3D
MPRAGE T1 image, T2 FLARI and corrected masks to the
standard atlas (UNC adult brain atlas template, created by
University of North Carolina at Chapel Hill, www.nitrc.org).
We combined our corrected masks with the UNC lobar
parcellation mask, separating WMH ROI into the 4 brain
lobes (fontal, occipital, temporal and parietal lobe, Fig. 1).
Notably, WMH in the subcortical region were not taken into
account, which may influence our result. The WMH volume
in each brain lobe was subsequently calculated by multiplying
voxel numbers in each lobar ROI by voxel size.

Table 1 Comparison among
three subgroups of demographic
and behavior data

ε2 carriers ε4 carriers Controls F/χ2 P

Number 34 54 90

Demographic characteristics

Age, y, mean (SD) 74.92 ± 5.61 74.59 ± 7.33 74.53 ± 5.71 0.05 0.95

Female, n(%) 16(0.47) 28(0.52) 43(0.48) 0.28 0.87

Education, y, mean (SD) 16.97 ± 2.54 16.11 ± 2.74 16.71 ± 2.54 1.37 0.26

Vascular risk factors, n(%)

Smoking history 11 (0.32) 13 (0.24) 18 (0.20) 2.1 0.35

Diabetes 1 (0.03) 1 (0.02) 7 (0.08) 2.81 0.25

Hachinski Ischemic Score 0.53 ± 0.79 0.44 ± 0.50 0.46 ± 0.56 0.24 0.79

Cognitive scores

MMSE 28.21 ± 5.13 28.25 ± 4.12 28.56 ± 4.48 1.09 0.34

Log-transformed TMTA 1.47 ± 0.12 1.53 ± 0.13 1.48 ± 0.10 3.71 0.03*

Log-transformed TMT B 1.85 ± 0.11 1.89 ± 0.17 1.83 ± 0.16 2.12 0.12

TIV 1361.81 ± 134.83 1362.45 ± 148.15 1342.34 ± 127.11 0.38 0.69

MMSEMini-Mental State Examination, TMT Trail Making Test, TIV Total intracranial volume

*represent P < 0.05

Brain Imaging and Behavior

http://adni.loni.usc.edu/methods/documents/mri-protocols/
http://adni.loni.usc.edu/methods/documents/mri-protocols/
http://www.nitrc.org


The mean of all corrected and coregisteredWMHmasks in
each group was calculated using the MRIcroN software
(www.mricro.com Version 4 April 2011). Figure 2
represents the cumulative WMH maps in each group.

Surface-based association analysis

Cortical GM segmentation data were downloaded from the
ADNI database. Surface-based cortical analyses were per-
formed with the FreeSurfer software package, version 5.1
(http://surfer.nmr.mgh.harvard.edu). These procedures have

been fully described in previous publications (Fischl and
Dale 2000). Surface-based analyses in FreeSurfer involved
the removal of non-brain tissue by a hybrid watershed algo-
rithm, and automated Talairach transformation, segmentation
of subcortical WM and GM, intensity normalization, tessella-
tion of GM/WM boundary, automated correction of topolog-
ical defects, and surface deformation to form the GM andWM
boundary. Regional cortical volume was determined as the
difference between the pial and WM surface. Cortical thick-
ness were also obtained using Freesurfer, by measuring the
distance between reconstructed representations of the inner
and the outer surface of the cortical mantle. Subjects with
quality control result of BPartial^ or BFail^ are excluded from
further analysis. After screening, 164 subjects remained in the
study (including 84 controls, 29 APOE ε2 carriers and 51
APOE ε4 carriers. More detail in Supplement A). Please see
the ADNI-1 Procedures manual for more detailed information
(http://www.adni-info.org). Finally, the results of regional
GMVand cortical thickness were shown in Supplement A.

VBM

Scans were processed with VBM in SPM8, using previously
described methods (Nho et al. 2012). Briefly, 3D-MPRAGE
scans were aligned to the T1-weighted template image. We seg-
mented them into GM, WM, and CSF compartments with bias
correction. Finally, the GM density maps were normalized to
MontrealNeurologicalInstituteatlasspaceas1mm×1mm×1mm
voxels and smoothed using 8 mm FWHM Gaussian kernel.
Then, modulated GM maps were generated and analyzed. A
threshold of p < 0.05 (corrected by FWE) and minimum cluster
size of 10 voxels was considered significant.

Fig. 1 For each subject, WMH lesion map was automatically created
based on 3D T1-weighted and T2 FLAIR image. We coregistered the
3D T1 scan, T2-FLAIR and corrected masks to the standard atlas.
Then, we combined our corrected masks with the UNC lobar parcellation
mask (www.nitrc.org), separating WMH ROI into the 4 brain lobes (red
color represents the frontal lobe, yellow represent the temporal lobe,
green color represent occipital lobe and blue represent parietal lobe)

Fig. 2 CumulativeWMHmap in
(a) APOE ε2 carrier group, (b)
the controls and (c) APOE ε4
group. Only areas with WMH in
at least 5 % of the patients are
shown. Compared with the
controls, APOE ε4 carriers have
more WMH burden, especially in
the parietal and frontal lobe

Brain Imaging and Behavior

http://www.mricro.com
http://surfer.nmr.mgh.harvard.edu
http://www.adni-info.org
http://www.nitrc.org


Statistical analysis

All statistical analyses were performed using IBM SPSS19
statistical software on Windows (http://www-01.ibm.
com/software/analytics/spss). Descriptive statistics on the
subjects were given as means ± SD for continuous variables
and percent prevalence for dichotomous variables. The TMT
scores were log-transformed due to positively skewed distri-
bution. Gender data, vascular risk factors and MRI scanner
type were analyzed using a Chi-square test. Differences in
age, education, log-transformed TMTscores, lobarWMH vol-
ume, cortical GMV, cortical thickness, TIV among three
groups were examined by one-way analysis of variance
(ANOVA). Using Bonferroni correction, post-hoc pair wise
T tests was performed if ANOVAwas significant (p < 0.05).
To assess the possible correlation between MRI markers and
IPS, Pearson’s correlation was firstly performed across the
entire sample and in subgroup level. Then the general lineal
model was used. With dependent variable was log trans-
formed TMT-A ranking; fixed factors were: gender, smoking
(yes/no), diabetes (yes/no), ε4 carrying and ε2 carrying.
Covariates were WMH volume, intracranial volume, HIS,
age, education attainment and MRI scanners. The impact of
interaction between 1) age and WMH 2) WMH and ε4 carry-
ing 3) WMH and ε2 carrying were also tested.

Results

Demographics and behavioral data

An overview of demographic variables and neuropsychological
performance is presented in Table 1. There were no significant
differences among groups in MMSE, gender distribution, age or
educational status. Additionally, there was no significant differ-
ence in the cardiovascular risk profile among groups as deter-
mined by the HIS, smoking history and diabetes. As expected,
there was significant difference in log-transformed TMT-A
(P = 0.026). The post-hoc T test showed that ε4 carriers had
inferior TMT-A than controls (p = 0.032, corrected by
Bonferroni). However, there was no significant difference
among groups in log-transformed TMT-B (p > 0.05).

Comparison of WMH burden, cortical grey matter
volume and thickness

The frequency maps of WMH in three groups are shown in
Fig. 2. Following an ANOVA analysis, significant differences
in global WMH volume across groups were observed
(p = 0.017). Subsequent post-hoc T test demonstrated that ε4
carriers hadmore globalWMHvolume than controls (p = 0.017,
corrected by Bonferroni). The analysis result of Freesurfer dem-
onstrated that there were no differences in any regional cortical

GMV or cortical gray matter thickness among three groups
(details in Supplement A). Similarly, VBM analysis did not
identify any differences in grey matter density among three
groups (Cluster size > 10 voxel, P < 0.05, corrected by FWE).

Further comparison of lobar WMH volume showed signif-
icant differences in parietal and frontal lobe between groups
(p < 0.05). The post-hoc T test demonstrated that APOE ε4
carriers displayed significantly increased WMH volume in
parietal and frontal lobe (p < 0.05, corrected by Bonferroni)
as compared to controls (Fig. 3).

Correlation between WMH volume and IPS

Across groups, a correlation analysis noted that global WMH
volume was significantly related with log-transformed TMT-
A (r = 0.15, p < 0.05), and only the parietalWMH volumewas
significantly related with log-transformed TMT-A (r = 0.224,
p = 0.006). In subgroup level, parietal WMH volume was
significantly related with log-transformed TMT-A in ε4 car-
riers (r = 0.32, p = 0.032, Fig. 4). However, there was no
statistically significant association between parietal WMH
volume and log-transformed TMT-A observed in ε2 carriers
and controls (p > 0.05).

Subsequent GLM showed that parietal WMH volume, age,
and the interaction between parietal WMH volume and age
was significantly associated with log-transformed TMT-A.
However, gender, total intracranial volume (TIV), HIS, frontal
WMH volume, MRI scanners and the interaction of APOE
genotype with WMH volume had no impact on log trans-
formed TMT-A (Table 2).

Discussion

Although the neurobiological underpinnings are poorly under-
stood,many epidemiological studies had suggested there exist an
APOE-related effect on IPS. The current study aimed to explore

Fig. 3 Lobe distribution of mean WMH volume across groups. The
histogram showing ε4 carriers had significant increased WMH burden
in parietal and frontal regions relative to controls. *represents p < 0.05,
corrected by Bonferroni
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the neural basis underlying APOE related IPS alteration by mea-
suring lobar distribution of WMH and regional cortical volume
in cognitively normal elderly population. Our results demonstrat-
ed that: (1) ε4 carriers had more WMH volume than controls,
particularly in frontal and parietal lobe; (2) parietal WMH vol-
ume was associated with IPS, especially in ε4 carriers.

The effects of APOE on lobar distribution of WMH

In the present study, irrespective of regional distribution, the
APOE ε4 carriers had significantly increased global WMH
volume relative to controls. It is known that APOE ε4 allele
is associated with aggregation of Aβ protein and decreased
clearance of Aβ deposition relative to ε3 allele (Jiang et al.
2008; Reinvang et al. 2013). One of the physiological

interpretations of our observations is that, relative increased
Aβ deposition in ε4 carriers affect arterial wall and reduce
vessel lumen, leading to chronic hypoperfusion and formation
of WMH (Kalaria 1997; Schilling et al. 2013). Additionally,
the mechanism by which APOE ε4 allele is linked to in-
creased WMH volume can also be considered from the per-
spective of myelin metabolism. ApoE is the most abundant
cholesterol transporter in the brain, and cholesterol is an es-
sential component of myelin sheaths (Han 2007; Mahley
1988). Since the number of apoE molecules in ε4 is 12 %
lower than controls, the decrement in myelin repair process
of APOE ε4 carriers may also contribute to formation of
WMH (Boyles et al. 1989; Poirier 2005).

Notably, APOE ε4 carriers had more WMH volume than
controls in frontal and parietal lobe rather than in other lobes.

Fig. 4 Scatter plot association between parietal WMH volume and TMT-
A score in all subgroup. Parietal WMH volumes was significantly asso-
ciated with log-transformed TMT-A score (r = 0.32, p = 0.032) in ε4

carriers. No significant associations existed between parietal WMH vol-
ume and log-transformed TMT-A score in controls and ε2 carriers

Table 2 General linear model for
TMT-A score (log10-
transformed)

Factors Type III sum of square F value Sig.

ε2 carrying 0.006 0.534 0.466

ε4 carrying 0.014 1.185 0.278

Age 0.153 12.829 <0.001*

Gender (female or male) 0.011 0.943 0.333

Education(years) 0.00005483 0.005 0.946

HIS 0.008 0.679 0.411

Diabetes (yes or no) 0.004 0.346 0.558

Smoking (yes or no) 0.006 0.469 0.495

MRI scanner 0.009 0.377 0.687

Parietal WMH volume (mm3) 0.058 4.824 0.03*

Frontal WMH volume (mm3) 0.009 0.748 0.389

ε2 carrying × parietal WMH volume 0.006 0.505 0.479

ε2 carrying × frontal WMH volume 0.008 0.643 0.424

ε4 carrying × parietal WMH volume 0.021 1.745 0.189

ε4 carrying × frontal WMH volume 0 0.014 0.906

age × parietal WMH volume 0.056 4.684 0.032*

age × frontal WMH volume 0.01 0.865 0.354

TIV 0.032 2.724 0.101

WMHs white matter hyperintensities, HIS Hachinski Ischemic Score, TIV Total intracranial volume

*represent P < 0.05
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This was broadly in line with one recent study, which showed
ε4 carriers had higher WMH in parietal in 1233 subjects (in-
cluding 1178 healthy elderly) (Brickman et al. 2014). As for
the regional selectivity of WMH, the exact mechanism is still
unclear, but may stem from the perilous blood supply (Wen
and Sachdev 2004). Specifically, the supply vessels of frontal
and parietal WM come from two origins: superficially from
the subarachnoid circulation, and at the base of the brain, from
the large vessel as arterial perforators. The two systems, pass-
ing cortical layers and the deep gray structures respectively,
converge towards each other at the periventricular WM (most-
ly located in parietal and frontal lobe). Anastomoses in this
area are scarce and arterioles are tortuous (Yoshita et al. 2006).
Given the possible effect of APOE ε4 status on perfusion
alteration, the frontal and parietal WM may particularly sus-
ceptible to ischemic events resulting from APOE ε4 status
(Pantoni 2010; Pantoni and Garcia 1997).

It should be noted that we did not identify any protective
effects of ε2 allele on WM; rather, we found that APOE ε4
carriers and ε2 carriers had a similar WMH volume.
Moreover, one recent study reported that healthy ε2 allele
carriers had larger frontal WMH volume than ε3 homozy-
gotes and even ε4 carriers. Intriguingly, a number of studies
using resting state functional MRI or DTI approach also
revealed ε4 and ε2 carriers exhibited similar brain function
alterations relative to ε3 homozygotes, rather than showing
opposite effects (Suri et al. 2013b; Westlye et al. 2012).
Although the mechanism remains unclear, our findings sup-
port the hypothesis that APOE ε2 may have other effects on
the brain, beyond the originally reported protective function
(Suri et al. 2013b).

Physiological interpretation of APOE related effects
on IPS

In the current study, ε4 carriers had significantly reduced
TMT A score relative to controls. However, when age and
WMH are included as covariant in the GLM, the ε4 car-
rying status no longer had any impact on IPS., GLM sug-
gested that parietal WMH load, age and the interaction
between parietal WMH load and age exerted significant
effect on IPS. Therefore our results suggest that differ-
ences in IPS observed between APOE genotype groups
were mainly driven by WMH volume. The parietal re-
gions served as the Bhubs^ within the brain functional
network (Buckner et al. 2009; Drzezga et al. 2011), which
had disproportionately numerous connections to other
brain regions. In particular, the parieto-frontal connection
is necessary for the processing of the visual scene and is
pivotal for IPS (Thiebaut et al. 2005). Thus, we speculat-
ed that the primary mechanism underlying the association
of parietal WMH with IPS could be considered as a func-
tional Bdisconnection^ symptom. The deficits in superior

longitudinal fasciculus of parieto-frontal connection may
influence the efficiency of integrating diverse informa-
t iona l sources and mani fes ted as reduced IPS
(O’Sullivan et al. 2001).

Notably, we did not identify any significant differences
in regional cortical GMV or cortical thickness among
groups, despite differences in WMH among groups. This
suggest WM may be more susceptible to the modification
effects of ε4 allele, before volume changes are detectable
by GM. Similar result had been reported by a previous
study, which examined both the WM integrity and GM
volume in cognitively normal APOE ε4 carriers and
found only decreased WM integrity (Gold et al. 2010).
Several factors may influence in our findings. First, GM
having better perfusion than WM and thus more resilient
to ischemic event may account for our findings (Wright
et al. 2015). Second, APOE ε4 allele is linked with mye-
lin metabolisms in central neuron system and may inter-
fere with myelin repairing, which may partially explain
the selective damage on myelin-rich WM rather than
GM (Wen and Sachdev 2004). However, some prior stud-
ies carried out on healthy elderly have shown that slowed
IPS was associated with both WM deterioration and GM
atrophy (Schiavone et al. 2009; Chee et al. 2009; Eckert
et al. 2010; Hong et al. 2015). Apart from the effects of
APOE genotype, several reasons may also account for the
discrepancy between our results and these works. Firstly,
the rate of brain atrophy can be influenced by the differ-
ence of education, ethnic group or environmental factors
(Brickman et al. 2008; Staff et al. 2006). Compared to
these studies, we found that the subjects of our study,
downloaded from ADNI database, were mainly composed
of Caucasian (92.9 %) and had relative higher educational
attainment (mean 16.58 ± 2.6 years). Secondly, the rela-
tively simple neuropsychological test of IPS (TMT A&B)
and different brain structure measures (WMH volume)
may also attribute to the discrepancy.

It is important to note that there exist several limita-
tions with this exploratory analysis. The current cross-
sectional study has limited ability to draw definitive con-
clusions about causal relationships of APOE status and
brain structural, and thus, longitudinal studies are needed.
Moreover, although ε4 carriers had more frontal WMH
volume than controls, no significant association between
frontal WMH and log-transformed TMT A score was ob-
served. Thus, further studies to detect the relationship be-
tween IPS and microstructure of WM obtained by DTI
data are needed. Furthermore, to acquire more information
on brain structure, more sensitive measures such as
Vertex-wise analysis of cortical thickness should be done
in the further. Finally, despite the large sample size, the
number of APOE ε2 carriers was relative low and there-
fore not powerful enough to detect small differences.
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Thus, our results should be confirmed in future studies
using a larger subject cohort, ideally with more ε2 carriers
(including subjects with APOE ε2/ε4 genotype).

Conclusion

Our findings revealed that APOE ε4 allele has a detrimental
effect on parietal and frontal WM in cognitively normal elder-
ly; and we demonstrate that IPS deficits can be explained by
parietal WMH volume, age and interaction between parietal
WMH volume and age. Clinically, this research may provide
additional insight into therapy of cognitive decline diseases by
developing drug targeting WMH progression.
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