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Apolipoprotein E (APOE) is the best-known susceptibility gene for AD. It has been well demonstrated that the �4 allele of the APOE gene
can affect brain structure/function in nondemented individuals; however, other polymorphisms in the APOE gene have been largely
overlooked when assessing the effects of APOE on the neural system. Rs405509 is a newly recognized AD-related polymorphism located
in the APOE promoter region that can regulate the transcriptional activity of the APOE gene. To date, it remains unknown whether and
how this APOE promoter polymorphism affects the human brain in aging. Here, for the first time, we investigate the effects of the rs405509
genotype (T/T vs G-allele) on human cortical morphology using a large cohort of nondemented elderly subjects (120 subjects in total; aged
52– 81 years). High-resolution structural MRI was performed; cortical thickness and surface area were analyzed separately. Intriguingly,
nondemented carriers of the rs405509 T/T genotype showed an accelerated age-related reduction of thickness in the left parahippocampal
gyrus compared with the G-allele carriers. Furthermore, the cortical thickness covariance between the left parahippocampal gyrus and
left medial cortex, including the left medial superior frontal gyrus, supplementary motor area, and paracentral lobule, was modulated by
the interaction of the rs405509 genotype and age. These novel findings suggest an important role for the APOE promoter polymorphism
in the human brain and also provide valuable insights into how the rs405509 genotype shapes the neural system to modulate the risk of
developing AD.
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Introduction
Apolipoprotein E (APOE) is the best-known susceptibility gene
for AD (Farrer et al., 1997). Carriers of the �4 allele of the APOE
gene are much more likely to develop AD than noncarriers
(Corder et al., 1993). Numerous APOE-related neuroimaging
studies have investigated brain structural differences between �4-
carriers and noncarriers earlier in life, before the development of
mild cognitive impairment (MCI) or AD (Bookheimer and Burg-
gren, 2009), and mixed findings have been reported. There were

studies suggesting a smaller hippocampus in elderly �4-carriers
(den Heijer et al., 2002) or a thinner entorhinal cortex in child
and adolescent �4-carriers (�7–21 years) (Shaw et al., 2007);
however, other studies reported no significant �4-related effects
on these mesial-temporal lobe (MTL) structures ( Lemaîitre et
al., 2005; Fennema-Notestine et al., 2011).

Notably, the �4 allele is not the only AD-related APOE poly-
morphism. Strong evidence suggested significant effects of poly-
morphisms within the APOE promoter region on the AD
occurrence (Lambert et al., 1998a, 2002; Bertram et al., 2007;
Lescai et al., 2011). Among these polymorphisms, rs405509 ex-
hibited the strongest impact on neural APOE gene expression and
the strongest risk of developing AD, with the T/T allele as the risk
factor (Lambert et al., 1998b). This polymorphism was also asso-
ciated with myocardial infarctions, constituting a common risk
factor for both neurodegenerative and cardiovascular diseases
(Lambert et al., 2000; Ye et al., 2003), and therefore is of particu-
lar interest in aging.

The rs405509 polymorphism is putatively functional in nature
as a regulator to modify the APOE gene expression, most proba-
bly by modulating specific transcription factor binding activities
(Laws et al., 2003). In vitro experiments using electrophoretic
mobility shift assays have demonstrated a differential binding
activity of the two alleles with multiple transcription factors in
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different cells (e.g., hepatoma cells and neuronal cells; Artiga et
al., 1998; Lambert et al., 2004; Maloney et al., 2010). Biochemical
analyses of postmortem brain tissue provided direct evidence for
its regulatory role in the neural system, showing an association of
the T/T genotype with a decrease in APOE expression (i.e., APOE
mRNA; Lambert et al., 1998b, 2005). To date, however, there are
no published neuroimaging studies exploring the rs405509 ef-
fects on the human brain in vivo, in contrast with the large num-
ber of studies performed for the �4 allele.

The present study aims to assess the rs405509’s effects on
cortical morphology during nondemented aging. Investigating
nondemented aging individuals is critical to understand the poly-
morphism’s influence on the neural system, which may shed light
on how this polymorphism modulates the risk of developing AD.
Given the previous findings showing the earliest AD-related neu-
ropathological changes in MTL as well as the most pronounced
atrophy in these structures, we hypothesized that the two
rs405509 alleles would show MTL morphometric differences in
nondemented aging. To test this, structural MRI was performed
to measure cortical morphology in a large cohort of nonde-
mented elderly subjects. Cortical thickness and surface area were
compared separately, as they show distinct genetic determinants
(Panizzon et al., 2009).

Materials and Methods
Subjects
Participants were selected from the Beijing Aging Brain Rejuvenation
Initiative study, an ongoing longitudinal study examining the brain and
cognitive decline in an elderly, community-dwelling sample (aged �50
years). All enrolled participants were Han Chinese. Participants qualified
for our study if they met the following criteria: (1) no history of neuro-
logical or psychiatric disorders; (2) clinically nondemented when the
MRI scan was performed; (3) had a qualified high-resolution T1-
weighted MRI image; (4) no visible abnormalities on the MR images,
confirmed by an experienced radiologist; and (5) a successful blood sam-
ple for the genotyping analysis. Specifically, the status “clinically nonde-
mented” was determined by using (1) the DSM IV, (2) Petersen’s dementia
criteria, and (3) Clinical Dementia Rating (score � 0). Accordingly, 120
nondemented subjects (aged 52–81 years; 50 males/70 females) were in-
cluded in the present study. The age distribution in the entire sample is as
follows: 52–61 years, 57 subjects; 62–71 years, 45 subjects; 71–81 years, 18
subjects. The protocol was approved by the institutional review board at the
Imaging Center for Brain Research at Beijing Normal University. Written
consent was obtained from each subject.

Genotyping
The rs405509 polymorphism (also named Th1/E47cs) is located in the
promoter region of the APOE gene. For each subject, we genotyped the
rs405509 polymorphism using a TaqMan SNP genotyping assay on a
7900HT Fast Real-Time PCR system (Applied Biosystems). Another two
APOE polymorphisms, rs429358 and rs7412, which collectively form the
APOE �2 (with the rs429358-rs7412 haplotype of T-T), �3 (T-C), and �4
alleles (C-C), were also genotyped. No other polymorphisms within the
APOE gene were tested at this stage. The sample success rates for all the
three polymorphisms were 100%, and the reproducibility of the geno-
typing was 100% according to a duplication analysis of at least 10% of the
genotypes. According to our sample, the rs405509 polymorphism did not
show deviations from Hardy–Weinberg equilibrium ( p � 0.5).

All subjects were divided into two groups according to their rs405509
genotype: 61 G-allele (including 55 G/T and 6 G/G genotype carriers)
and 59 T/T carriers. Given the relatively small number of the G/G geno-
type, we combined the G/G and G/T genotypes into G-allele carriers.

Cognitive tests
All participants received a widely used screening test for the general
cognitive ability, i.e., Minimum Mental State Examination (MMSE), and
several classical neuropsychological tests that are representative for as-

sessing specific cognitive functions in the research of aging. These tests
were as follows: (1) Auditory Verbal Learning Test (AVLT) Delayed Re-
call, (2) Clock Drawing Test, (3) Category Fluency Test, (4) Boston Nam-
ing Test, (5) Symbol Digit Modifying Test, (6) Trail Making Test A, (7)
Trail Making Test B, and (8) Stroop Color and Word Test C. The specific
neuropsychological test procedures have been previously described
(Wang et al., 2013).

MRI acquisition
High-resolution structural MRI data were acquired from a 3 T Siemens
Tim Trio MRI scanner in the Imaging Center for Brain Research, Beijing
Normal University. The scanning parameters were as follows: T1-
weighted MPRAGE sequence, flip angle 9°, acquisition matrix 256 � 256,
FOV 256 � 256 mm 2, slice thickness 1 mm, voxel size 1 � 1 � 1 mm 3,
TR 1900 ms, and TE 3.44 ms.

Image processing: vertex-based morphology
We used the CIVET pipeline to measure thickness and surface area on the
cortical surface as previously described (Gong et al., 2012). Briefly, the
native T1-weighted MR images were first linearly aligned into the stereo-
taxic space and corrected for nonuniformity artifacts using the N3 algo-
rithm (Sled et al., 1998). This algorithm does not require prior
knowledge for the brain tissue classes, and can iteratively estimate both
the multiplicative bias field and the distribution of true tissue intensities
for automatic correction of intensity nonuniformity in MRI data. The
resultant brain images were then automatically segmented into gray mat-
ter, white matter, CSF, and background by using a partial volume (PV)
classification algorithm, in which a trimmed minimum covariance de-
terminant method was applied for estimating the parameters of the PV
effect model; the parameter � controlling the relative strength of the
Markov random field was set to 0.1 (Tohka et al., 2004). Next, the inner
and outer gray matter surfaces were automatically extracted for each
hemisphere using the CLASP algorithm (Kim et al., 2005). The individ-
ual surfaces were further aligned with a surface template to allow com-
parisons across subjects at corresponding vertices. Cortical thickness was
measured between the two surfaces at 40,962 vertices per hemisphere
using the linked distance in the native space (Lerch and Evans, 2005). The
middle cortical surface, defined at the geometric center between the inner
and outer cortical surfaces, was used to calculate the cortical surface area
in the native space (Lyttelton et al., 2009). The thickness/surface area
map was further blurred with a 30 mm surface-based diffusion smooth-
ing kernel (Chung et al., 2003). These methods have been validated using
both manual measurements (Kabani et al., 2001) and a population sim-
ulation (Lerch and Evans, 2005) and have been widely applied.

Statistical analysis
To evaluate group differences (T/T vs G-allele carriers) in age and edu-
cation, two-sample t tests were performed. For gender and the APOE-�4
genotype, the � 2 test was applied. For each cognitive test, we used a GLM
to determine whether there was a significant age � group interaction. If
not, the main group effect was assessed after excluding the interaction
term (Engqvist, 2005).

For all cortical analyses, to correct for multiple vertex-wise compari-
sons, a random field theory (RFT)-based method was applied at the
cluster level (Taylor and Adler, 2003), and cortical clusters surviving an
FWE-corrected p � 0.05 were considered as significant. All these statis-
tical procedures were implemented using SurfStat (http://www.math.
mcgill.ca/keith/surfstat/). Here, we first tested the “APOE-�4 genotype �
group” and the “gender � age � group” interactions across the cerebral
cortex, respectively, but no significance was found; therefore, these in-
teraction terms were excluded in the following GLM analyses.

rs405509 genotype � age or rs405509 genotype � gender interaction
effect on cortical morphology. We first assessed the effect of the rs405509
genotype � age interaction on cortical thickness and surface area at each
vertex. Specifically, a GLM with “age,” “group,” and “group � age” as
predictor variables was first applied across the entire cerebral cortex,
wherein gender, education, intracranial volume (ICV), and APOE-�4
genotype were included as covariates and cortical clusters with an FWE-
corrected p � 0.05 were considered as significant. For the remaining
cortical vertices showing no significant group � age interaction, we fur-
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ther tested the main group effect after removing the group � age inter-
action term in the linear model and therefore set the control for age,
gender, education, ICV, and APOE-�4 genotype. The RFT-based correc-
tion for multiple vertex-wise comparisons was also applied (FWE-
corrected p � 0.05).

We further assessed the effect of the rs405509 genotype � gender
interaction on cortical thickness and surface area. Specifically, a GLM
with “gender,” “group,” and “group � gender” as predictor variables was
used, wherein age, education, ICV, and APOE-�4 genotype were in-
cluded as covariates. Similarly, cortical clusters with an FWE-corrected
p � 0.05 were significant.

rs405509 genotype � age interaction effect on thickness– cognition rela-
tionship. For the cortical clusters showing a significant rs405509 geno-
type � age interaction for thickness (no such clusters were found for the
surface area metric), we further tested whether the thickness– cognition
relationship was also influenced by the rs405509 genotype � age inter-
action. Specifically, for each cognitive test, we applied a GLM with
“thickness,” “age,” “group,” “thickness � age,” “group � thickness,”
“group � age,” and “thickness � group � age” as predictor variables.
Additionally, gender, education, ICV, and APOE-�4 genotype were in-
cluded as covariates. The three-way interaction term thickness �
group � age was evaluated, representing the effect of the rs405509 geno-
type � age interaction on the relationship between the cluster thickness
and cognitive scores. If the three-way thickness � group � age interac-
tion was not significant, we performed a simpler GLM with thickness,
group, and thickness � group as predictor variables and age, gender,
education, ICV, and APOE-�4 genotype as covariates. In this model, the
thickness � group interaction was tested, representing the effect of the
rs405509 genotype on the thickness– cognition relationship.

rs405509 genotype � age interaction effect on cortical thickness covari-
ance. The covariance of cortical thickness between different vertices or
regions is neurobiologically meaningful (Gong et al., 2012; Evans, 2013).
Therefore, we further investigated how the rs405509 genotype, together
with age, influences thickness covariance between the above-identified
cortical cluster (i.e., the seed region) and other vertices on the cortical
surface. Specifically, a GLM was applied for the thickness at each vertex,
in which “seed thickness,” “age,” “group,” “seed thickness � age,” “seed
thickness � group,” “age � group,” and “seed thickness � group � age”
served as predictor variables. Gender, education, brain size, and
APOE-�4 genotype were included as covariates in the model. For each
subject, the seed thickness was defined as the mean thickness of vertices
within the seed region (i.e., the cluster identified in step 1). The three-way
seed thickness � group � age interaction was assessed for each vertex, and
the RFT-based correction for multiple vertex-wise comparisons was also
applied (FWE-corrected p � 0.05). The surviving cluster in this analysis

indicates a significant effect of the rs405509 genotype � age interaction on
the thickness correlation between the cluster and the seed region.

Results
The demographic data and cognitive scores are summarized in
Table 1. The rs405509 T/T genotype group did not differ signifi-
cantly from the G-allele carriers in age, education, gender, or
APOE-�4 genotype.

Among the cognitive scores, only MMSE showed a significant
age � group interaction (F � 6.49, p � 0.01), and post hoc anal-
ysis revealed a faster age-related decrease in the MMSE score in
T/T carriers relative to G-allele carriers. There were no significant
age � group interactions for any of the specific cognitive tests.
For the main group effect, T/T carriers performed significantly
worse than G-allele carriers in Boston Naming Test (F � 4.94,
p � 0.03). A trend of poorer performance in T/T carriers was also
observed in AVLT Delayed Recall (F � 3.58, p � 0.06) and Trail
Making Test B (F � 3.25, p � 0.07). Notably, the significant
cognitive results were not corrected for multiple comparisons
and therefore should be regarded as exploratory in nature.

Rs405509 genotype � age interaction effect on the thickness
of the left parahippocampal gyrus
The ICV showed no significant group � age interaction (F �
1.16, p � 0.28) and no group differences (F � 2.08, p � 0 0.15)
between the T/T and G-allele carriers.

For the mean thickness of the entire cerebral cortex, no signif-
icant group � age interaction was observed (F � 0.62, p � 0.43).
Additionally, there was no group difference (F � 0.84, p � 0.36)
between the T/T and G-allele carriers. The vertex-based F map for
the group � age interaction on thickness is illustrated in Figure
1A. After RFT-based correction for multiple comparisons, only
one cortical cluster, located on the left parahippocampal gyrus
(PHG; Fig. 1B), showed a significant group � age interaction
effect (FWE-corrected p � 0.007). The significant group � age
interaction here indicates a group difference in the regression
slopes between thickness and age. Specifically, the scatter plot
revealed that the thickness of this cluster in the T/T carriers de-
creased faster with increasing age (Fig. 1C). We further examined
partial correlations between age and thickness of the left PHG
cluster, separately for the T/T and G-allele carriers, after control-

Table 1. Demographic data and cognitive tests

Main group effect Group � age interaction

T/T carrier G-allele carrier p value (uncorrected) p value (uncorrected)

Demographic
Number 59 61 N/A N/A
Age (years) 63.8 � 7.0 63.2 � 7.0 0.61 N/A
Education (years) 10.6 � 3.2 10.1 � 3.1 0.36 N/A
Gender (male/female) 26/33 24/37 0.60 N/A
APOE-�4 genotype (�/	) 18/41 10/51 0.07 N/A

Cognitive assessment
General cognitive test

MMSE 26.4 � 2.2 27.3 � 1.8 N/A 0.01*
Specific cognitive test

AVLT Delayed Recall 3.2 � 2.1 4.1 � 2.7 0.06 0.65
Clock Drawing Test 24.1 � 5.3 24.5 � 3.7 0.55 0.61
Category Fluency Test 39.9 � 10.0 42.5 � 8.2 0.11 0.55
Boston Naming Test 22.0 � 3.9 23.3 � 3.6 0.03* 0.59
Symbol Digit Modifying Test 30.7 � 12.1 32.6 � 10.9 0.30 0.84
Trail Making Test A 65.2 � 30.7 63.6 � 23.0 0.96 0.49
Trail Making Test B 219.4 � 107.4 190.2 � 76.2 0.07 0.81
Stroop Color and Word Test C 84.8 � 36.2 78.5 � 26.0 0.32 0.22

*p � 0.05 (uncorrected).
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ling for gender, education, ICV, and APOE-�4 genotype. The
correlation coefficient was significantly negative for both T/T
(r � 	0.62, p � 0.001) and G-allele carriers (r � 	0.30, p �
0.02). In the remaining cerebral cortex, we found no significant
clusters for the main group effect.

To validate this finding, we divided all 120 subjects into two age-
matched subgroups (60 subjects for each subgroup) and evaluated
the split-half reliability of the group � age interaction on the cluster
thickness. The two subgroups both replicated the significant inter-
actions of the whole cohort (subgroup 1: F � 7.09, p � 0.01; group 2:
F � 7.56, p � 0.008). In addition, a voxel-based morphometry
(VBM) analysis was conducted. In accord with the prior results, the
left PHG showed a significant group � age interaction on gray mat-
ter volume (FWE-corrected p � 0.05; Fig. 1B).

For surface area, there was no significant group � age inter-
action on total cortical area (F � 1.86, p � 0.18), and no signifi-
cant group difference was found (F � 0.33, p � 0.57). At the
vertex level, we did not find cortical clusters with a significant
interaction or a significant main group effect. Consequently, no
further analyses regarding the rs405509 genotype � age interac-
tion on the surface area– behavior relationship or surface area
covariance were performed.

Rs405509 genotype � gender interaction effect on
cortical thickness
The F map for the group � gender interaction on thickness is
illustrated in Figure 2A. There were four significant cortical clus-
ters (Fig. 2B), which were located around (1) the left parahip-
pocampal and inferior temporo-occipital cortex (FWE-corrected

p � 0.0001), (2) the left superior occipital and mesial occipital-
parietal cortex (FWE-corrected p � 0.0001), (3) the right parahip-
pocampal and mesial temporal-occipital cortex (FWE-corrected
p � 0.0001), and (4) the left superior and middle frontal cortex
(FWE-corrected p � 0.02). The significant group � gender interac-
tion here indicates a gender difference in the thickness difference
between the T/T and G-allele carriers. The bar chart revealed a
greater thickness of the G-allele carriers in males but a greater thick-
ness of the T/T carriers in females, and this pattern was similar across
the four clusters (Fig. 2C).

For surface area, there was a significant group � gender inter-
action on total cortical area (F � 10.68, p � 0.001). However, we
did not observe any significant local cortical clusters showing
such a significant interaction.

The rs405509 genotype effect on the thickness–MMSE
relationship in the left PHG
For the above cluster located in the left PHG, no significant thick-
ness � group � age interaction was found for any of the cognitive
tests. After covarying the age factor, the MMSE showed a signif-
icant group � thickness interaction (F � 4.69, p � 0.03), suggest-
ing a significant group difference in regression slopes (Fig. 3).
Specifically, the T/T carriers had a steeper slope for the correla-
tion between the MMSE and thickness. However, the partial cor-
relations between MMSE and thickness of the left PHG cluster,
separately for the two genotype groups, after controlling for age,
gender, education, ICV, and APOE-�4 genotype, did not reach
the significance level (T/T carriers: r � 0.21, p � 0.12; G-allele
carriers: r � 	0.002, p � 0.99).

Figure 1. The rs405509 genotype � age interaction effect on cortical thickness. A, The F statistic map for the rs405509 genotype � age interaction across the entire cerebral cortex. B, The
significant cluster (FWE-corrected p � 0.007) after the RFT-based correction. The cluster is located on the left PHG. Additional VBM analyses also showed a significant rs405509 genotype � age
interaction in the left PHG. C, The scatter plot of the rs405509 genotype � age interaction for the left PHG cluster. Specifically, the partial residual plot was drawn to illustrate how the left PHG
thickness changes within the actual range of age, after adjusting for gender, education, ICV, and APOE-�4 genotype. This was implemented by the function of “surfstatplot” in SurfStat (http://www.
math.mcgill.ca/keith/surfstat/). R, right; L, left.
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Rs405509 genotype � age interaction effect on the thickness
covariance of the left PHG
Figure 4A illustrates the F map for the three-way seed thickness �
group � age interaction, representing the rs405509 genotype �

age interaction effect on the thickness covariance seeding from
the left PHG cluster. After the RFT-based correction, only one
large cluster covering the medial part of the left cerebral cortex
(Fig. 4B) showed such a significant seed thickness � age � group
interaction (FWE-corrected p � 0.003). Visibly, there are three
local significant peaks in this cluster, located on the left medial
superior frontal gyrus (SFGmed), supplementary motor area
(SMA), and paracentral lobule (PCL). Because there is no simple
way to plot a three-way interaction with two continuous variables
(i.e., seed thickness and age), we first divided all subjects into two
age subgroups: a low-age group with age �63 years (60 subjects
in total: 52–57 years, 30 subjects; 58 – 63 years, 30 subjects) and a
high-age group with age �63 years (60 subjects in total: 64 – 69
years, 35 subjects; 70 –75 years, 19 subjects; 76 – 81 years, 6 sub-
jects), and then plotted the three-way interaction accordingly.
Notably, for a better spatial specificity, we made the scatter plots
for the entire cluster and three local peaks, respectively. As illus-
trated in Figure 4B, within the high-age group, the entire cluster
exhibited a difference in the slope of mean thickness correlation
with the left PHG cluster between the T/T and G-allele carriers,
with G-allele carriers showing a steeper slope. However, there was
no obvious slope difference between rs405509 genotypes in the
low-age group. The scatter plots for the three local peaks consis-
tently exhibited a very similar pattern with the one for the entire
cluster (Fig. 4C). In these plots, the “thickness” for the local peak
at the left SFGmed, SMA, and PCL was computed as the mean
thickness of vertices within a 3 mm sphere of the peak for each
subject.

We further assessed partial correlations of thickness between the
seed and target regions, separately for the T/T and G-allele carriers in
the low-age and high-age subgroups, after controlling for gender,

Figure 2. The rs405509 genotype � gender interaction effect on cortical thickness. A, The F statistic map for the rs405509 genotype � gender interaction across the entire cerebral cortex. B, The
significant four cortical clusters after the RFT-based correction. C, The bar charts of the rs405509 genotype � gender interaction for all the clusters. The corresponding cluster was displayed below
the bar chart. The bar charts were drawn using “surfstatplot,” with age, education, ICV, and APOE-�4 genotype adjusted. *p � 0.05.

Figure 3. The effect of the rs405509 genotype on the thickness–MMSE relationship. The effect of the
rs405509genotypeontherelationshipbetweenthicknessandMMSEintheclusteroftheleftPHGisindicated
byasignificant“rs405509genotype�thickness”interactionontheMMSEscore(F�4.69,p�0.03).The
partial residual isplottedaccordingly,withage,gender,education, ICV,and APOE-�4genotypeadjusted.
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education, ICV, and APOE-�4 genotype. When using the mean
thickness of the entire large cluster in the left medial cortex, there was
a significant partial correlation only in the G-allele carriers of the
high-age subgroup (r � 0.76, p � 0.001), but not in the other sub-
groups (the T/T carriers of the high-age subgroup: r�0.25, p�0.22;
the G-allele carriers of the low-age subgroup: r � 0.03, p � 0.86; the
T/T carriers of the low-age subgroup: r � 0.29, p � 0.17). Consis-
tently, for the three local peaks, the correlation coefficients were

significantly positive in the G-allele carriers of the high-age subgroup
(the left SFGmed: r � 0.67, p � 0.001; the left SMA: r � 0.64, p �
0.001; the left PCL: r � 0.75, p � 0.001), but nonsignificant in the
T/T carriers of the high-age subgroup (the left SFGmed: r � 0.26,
p � 0.18; the left SMA: r � 0.06, p � 0.77; the left PCL: r � 0.18; p �
0.38). In the low-age subgroup, no significant correlation was ob-
served for either the G-allele (the left SFGmed: r � 0.11, p � 0.57; the
left SMA: r � 0.10, p � 0.68; the left PCL: r � 	0.17, p � 0.38) or

Figure 4. The rs405509 genotype�age interaction effect on thickness correlation. A, The F statistic map for the seed thickness� rs405509 genotype�age interaction across the entire cerebral
cortex. The cluster on the left PHG identified in Figure 1 was chosen as the seed region. B, The significant cluster (FWE-corrected p � 0.003) after the RFT correction. C, The cluster mainly covers the
medial part of the left hemisphere, and three local statistically significant peaks are located around the left SFGmed (row 1), SMA (row 2), and PCL (row 3). After dividing all subjects into low-age (60
subjects, �63 years) and high-age (60 subjects, �63 years) groups, the three-way interactions for the entire cluster and three statistical local peaks were plotted using the “surfstatplot,” with
gender, education, ICV, and APOE-�4 genotype adjusted.

1428 • J. Neurosci., January 28, 2015 • 35(4):1423–1431 Chen et al. • The APOE Promoter Effect on Cortical Morphology in Aging



T/T carriers (the left SFGmed: r � 0.20, p � 0.36; the left SMA: r �
0.27, p � 0.21; the left PCL: r � 0.12, p � 0.58).

The comparison of the PHG thickness between �4-carriers
and noncarriers
Despite the very unbalanced sample size in our cohort, we per-
formed an exploratory group comparison between the �4-
carriers (28 subjects) and noncarriers (92 subjects). The mean
thickness of the left PHG cluster identified above showed no
significant group differences (F � 0.07, p � 0.80; after covarying
gender, education, ICV, and age). In addition, using prior mask
for PHG in the AAL atlas, we extracted the mean thickness of
left/right PHG for each subject. In consistency, there were no
significant thickness differences in the entire PHG (left: F � 3.85,
p � 0.052; right: F � 0.27, p � 0.60; after covarying gender,
education, ICV, and age). Notably, covarying the rs405509 geno-
type did not change the results.

Discussion
Using a large cohort, the present study investigated the effects of
the rs405509 polymorphism within the APOE promoter region
on cortical thickness and surface area during nondemented ag-
ing. Intriguingly, the rs405509 T/T carriers showed an accelerated
age-related reduction of thickness in the left PHG compared with
G-allele carriers. Furthermore, the thickness covariance between
the left PHG and left medial cerebral cortex, including the left
SFGmed, SMA, and PCL, was modulated by the interaction of
rs405509 genotype and age. The present study provides direct
evidence for a significant role of the APOE promoter polymor-
phism in the neural system.

Many neuroimaging studies have assessed the APOE-�4 im-
pact on neurophysiology or neuroanatomy in healthy subjects.
To date, however, other polymorphisms in the APOE gene have
been largely overlooked when evaluating the effects of APOE on
the human brain. To our knowledge, the present investigation
represents the first neuroimaging study to explore how the poly-
morphism within the APOE promoter region affects the human
brain. Therefore, our findings are of particular interest for disen-
tangling the functions of APOE promoter polymorphisms in the
neural system. More generally, the current study highlights a
novel genetic factor, i.e., rs405509, for understanding individual
differences in the human brain, particularly during nonde-
mented aging.

The effects of rs405509 on cortical morphology and its
relationship with cognition
Cortical thinning has been well characterized in aging subjects.
Of interest, the current study demonstrated a faster thinning of
the left PHG for the rs405509 T/T carriers than G-allele carriers,
with a similar trend observed in the right PHG (Fig. 1). Many
cognitive processes, including visuospatial processing and epi-
sodic memory, are putatively associated with the PHG, and con-
textual associative processing was recently proposed as the core
function for this region (Aminoff et al., 2013). The accelerated
thinning of the PHG in T/T carriers is likely to be the neural
substrate underlying the faster decline of general cognitive abili-
ties in the T/T carriers, as indicated by a significant age � group
interaction (uncorrected) for the MMSE score.

The PHG is one of the most frequently identified regions with
degenerative pathology in AD. Volumetric atrophy or thinning of
the PHG has been observed in AD (Lerch et al., 2005, 2008), MCI
patients (Yao et al., 2012), and APOE-�4 carriers (Honea et al.,
2009). In the pre-AD stage, significant atrophy occurred in the

left PHG before the right (Rusinek et al., 2004; Yao et al., 2012),
which is compatible with the leftward results in our study. It has
been hypothesized that a “severe degeneration” in the PHG (e.g.,
reduced thickness/volume) is a sufficient and necessary condi-
tion for MCI to develop into AD: MCI patients with severe PHG
degeneration will much more readily develop AD and vice versa
(Visser et al., 2002). Therefore, it is possible that “severe degen-
eration” of the PHG is one of the preconditions for developing
AD in nondemented elderly adults. The T/T carriers showed a
faster decline of the PHG, as indicated by accelerated age-related
thinning, which likely leads to less time or a greater likelihood of
reaching the status of “severe degeneration” of the PHG for T/T
carriers, therefore increasing the risk of AD.

The APOE-�4 allele also influences PHG thickness in nonde-
mented elderly adults, with APOE-�4 carriers showing less PHG
volume than noncarriers (Honea et al., 2009). These findings
raise the question of whether the two APOE polymorphisms af-
fect the PHG independently. In fact, it remains controversial
whether the rs405509 T/T genotype is an independent risk factor
for AD (Lambert et al., 1998b; Beyer et al., 2002) or whether it
interacts with the �4 allele and modulates the risk of AD (Laws et
al., 2003). In the present study, we statistically tested the interac-
tion of the rs405509 and �4 genotypes on cortical thickness and
surface area but found no significant results. Additionally, con-
trolling for the APOE-�4 genotype did not change our statistical
results compared with not controlling for the APOE-�4 genotype.
Particularly, our exploratory comparison between the �4-carriers
and noncarriers showed no difference in PHG thickness. The
rs405509 effect on PHG thickness in aging seems independent
from the �4 status, favoring an independent role of the rs405509
T/T genotype for the risk of developing AD. However, the num-
ber of �4 allele carriers was much less than that of noncarriers in
our cohort, leading to a lower statistical power. Further studies
with a larger sample size as well as molecular neurobiological
techniques are needed to evaluate this speculation.

Interestingly, our data also showed that the thickness differ-
ences between rs405509 genotypes were affected by gender,
which did not change as age increases. The gender factor has
shown a substantial impact in the development and progression
of MCI and AD (Mielke et al., 2014). Our currently observed
interactions between rs405509 genotype and gender further sug-
gest a complex mechanism involving both genetic and hormonal
factors, possibly underlying the AD-risk modulation. More gen-
erally, this finding highlights an important role of genetic factors
on sexual dimorphism in the human brain (Sowell et al., 2007).

Finally, we observed a significant difference in the relationship
between thickness of the left PHG and MMSE score. Specifically,
the MMSE showed a decreasing trend with thinning of the left
PHG in the T/T carriers (i.e., a steeper slope), but not in the
G-allele carriers. Interestingly, a recent study also demonstrated
changes in the relationship between thickness and cognitive
scores due to X-chromosome loss (Xie et al., 2014). These find-
ings highlight the necessity of taking brain– gene interactions into
account when studying individual variation in human cognitive
abilities.

The effects of rs405509 on cortical thickness covariance
The covariance of cortical thickness is neurobiologically mean-
ingful (Evans, 2013). Maps of cortical thickness covariance have
shown similar patterns as maps of corticocortical white matter
connectivity derived from diffusion MRI (Lerch et al., 2006) or
maps of corticocortical “functional connectivity” derived from
functional MRI techniques (Chen et al., 2008). There are changes

Chen et al. • The APOE Promoter Effect on Cortical Morphology in Aging J. Neurosci., January 28, 2015 • 35(4):1423–1431 • 1429



of cortical thickness covariance in brain diseases such as AD (He
et al., 2008) and during normal development (Raznahan et al.,
2011). Particularly, cortical regions with a high covariance in
thickness show strong shared genetic influences on thickness
(Schmitt et al., 2008). The observed rs405509 effects on cortical
thickness covariance between the left PHG and left medial cortex
in aging provide direct support for genetic influences on anatom-
ical covariance (Evans, 2013).

Specifically, in the early stages of aging, there was no evi-
dent thickness covariance between the left PHG and left me-
dial cortex in the two rs405509 genotype groups. However, this
covariance emerged as age increased but only in the G-allele car-
riers. The age-related changes of the thickness covariance in the
G-allele carriers might relate to the spatiotemporal dynamics of
APOE gene expression and transcript variants in the human brain
(Kang et al., 2011). One possibility is that specific functions of the
rs405509 G-allele in the neural system can only be triggered at late
age, ultimately leading to a thickness covariance afterward. No-
tably, the underlying mechanisms can only be speculative at this
point, and specific investigations are needed. Finally, given the
fact that thickness correlations can partly reflect underlying fiber
connections (Gong et al., 2012), one may expect a nontrivial
impact of the rs405509 polymorphism on specific white-matter
tracts linking these regions, which can be tested in future studies
by using diffusion MRI.

Limitations and future works
First, it is very important in the future to validate our findings by
replicating our analyses in a completely independent aging co-
hort. Also, a longitudinal dataset in aging is highly desired to
verify the current results from cross-sectional analyses. Next,
other polymorphisms within the APOE promoter regions exist.
Due to less positive evidence for their association with AD, par-
ticularly in Asian samples, these polymorphisms remain ungeno-
typed in our sample. However, it would be intriguing to genotype
these polymorphisms and evaluate the combinatorial effects of
these polymorphisms on cortical morphology. Moreover, it re-
mains unclear if other genes are implicated in the rs405509-
related effects on cortical morphology, which should also be
addressed in future studies. Third, the present study showed no
evidence for significant rs405509 effects on cognition (i.e., cor-
rected p � 0.05 for all cognitive scores). Fuller scales of cognitive
tests are warranted to more comprehensively understand related
cognitive mechanisms. Particularly, given the observed polymor-
phism effect on the PHG, more extensive memory tests were
desired. Finally, the rs405509 polymorphism likely affects the
human brain differently before aging, e.g., in children and ado-
lescences, particularly given our currently observed age-
dependent effects. Therefore, caution should be exercised when
extrapolating our findings across the entire life span.

Conclusion
The present study demonstrated a significant effect of the
rs405509 polymorphism on cortical thickness of the left PHG,
with the T/T carriers showing an accelerated thinning during
nondemented aging. The thickness covariance of the left PHG
was also affected by the interaction of the rs405509 genotype and
age. These novel findings suggest an important role for APOE
promoter polymorphisms in the human brain and provide valu-
able insights into how the rs405509 polymorphism shapes the
neural system to modulate the risk of developing AD.

References
Aminoff EM, Kveraga K, Bar M (2013) The role of the parahippocampal

cortex in cognition. Trends Cogn Sci 17:379 –390. CrossRef Medline
Artiga MJ, Bullido MJ, Sastre I, Recuero M, García MA, Aldudo J, Vázquez J,

Valdivieso F (1998) Allelic polymorphisms in the transcriptional regu-
latory region of apolipoprotein E gene. FEBS Lett 421:105–108. CrossRef
Medline

Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi RE (2007) Systematic
meta-analyses of Alzheimer disease genetic association studies: the Alz-
Gene database. Nat Genet 39:17–23. CrossRef Medline
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