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a b s t r a c t

Previous studies have consistently suggested that the �4 allele of apolipoprotein E (APOE) gene is a major
risk factor for Alzheimer’s disease (AD). However, whether the �2 allele, a possible protective factor for
AD, will express its protective effect in terms of cortical thickness in healthy elderly carriers is unclear.
The goal of this study is to clarify the effects of APOE genotypes on cortical thickness in nondemented
eywords:
ortical thickness
polipoprotein E
lzheimer’s disease

elderly subjects. We used 164 healthy, cognitively normal, elderly subjects, who were grouped into �2
carriers, �3 homozygotes, and �4 carriers respectively. The APOE �2 carriers had a significant thicker
(corrected p < 0.05) cortical thickness in the superior temporal cortex compared with the �3 homozygotes.
In addition to this area, the APOE �2 carriers had a significantly thicker region in the dorsolateral prefrontal
cortex (corrected p < 0.05) than did the �4 carriers. These findings suggest that the different alleles of the
APOE gene have distinct neuroanatomic effects in elderly healthy subjects and may play specific roles in

the development of AD.

lzheimer’s disease (AD), the most common neurocognitive disor-
er, is characterized by a progressive loss of neurons and synapses,
ith cerebral deposits of amyloid-� (A�) senile plaques [21] and
eurofibrillary tangles (NFTs) [18]. The apolipoprotein E (APOE)
olymorphism, specifically the �4 allele, is widely accepted as the
ost robust genetic risk factor for late onset Alzheimer’s disease

LOAD) [4,33]. APOE �4 has been reported as being related to a
ower level of A�42 in normal elderly adults [25,28] and a high level
f tau in AD [17,34,35]. Both of these appear to contribute to the
evelopment of AD [20,31].

A growing number of studies have indicated that APOE �4

odulates brain morphology specifically by a loss in hippocampal

olume [6,24,29] and by causing abnormal white matter integrity
27]. The correlation between APOE �4 and cortical thickness has
lso been increasingly reported. For example, healthy adults with

∗ Corresponding author. Tel.: +86 10 8261 4469; fax: +86 10 6255 1993.
E-mail address: jiangtz@nlpr.ia.ac.cn (T. Jiang).
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2 Data used in the preparation of this article were obtained from the ADNI
atabase (www.loni.ucla.edu/ADNI). As such, the investigators within the ADNI
ontributed to the design and implementation of ADNI and/or provided data but
id not participate in the analysis or the writing of this report. Complete listing
f ADNI investigators is available at www.loni.ucla.edu/ADNI/Collaboration/ADNI/
anuscript/Citations.pdf.

304-3940/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2010.05.092
© 2010 Elsevier Ireland Ltd. All rights reserved.

the �4 allele showed age-related reductions in cortical thickness
in the medial prefrontal and pericentral cortex [9]. Thinner corti-
cal thickness was also observed in the entorhinal cortex and the
subiculum in healthy adults who had the �4 allele [2].

Just as the APOE �4 allele has been identified as a major risk fac-
tor for LOAD, other studies have found that the �2 allele may have
some protective qualities, since carriers appear to have a lower risk
of developing Alzheimer’s disease [10,37]. One study [32] observed
increased cortical thickness in healthy children and adolescents
who were �2 carriers. Other researchers [6], however, did not find
any effect of �2 on brain volume in healthy elderly subjects.

Since APOE has been identified as major risk factor in LOAD, find-
ing the effects of this gene on cortical thickness in elderly adults is
important. Our goal was, therefore, to examine the cortical thick-
ness across the entire cortex of healthy, elderly adults to see if it
correlates with the various APOE genotypes, especially with the �2
allele. We expected that we would find increased cortical thickness
for the �2 allele carriers and decreased cortical thickness for the �4
allele carriers, each compared to the �3 homozygotes.

Data used in this article were obtained from the Alzheimer’s

Disease Neuroimaging Initiative (ADNI) database (www.loni.ucla.
edu/ADNI). The initial goal of ADNI was to recruit 800 adults, ages
55–90, to participate in the research—approximately 200 cogni-
tively normal older individuals to be followed for 3 years, 400
people with MCI to be followed for 3 years, and 200 people with
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Table 1
Sample demographic characteristics.

Genotype p-Value

APOE �2+ (n = 21) APOE �3�3 (n = 103) APOE �4+ (n = 37)

Age (years) 74.45 ± 5.97 75.94 ± 5.06 75.83 ± 4.80 0.483a

Gender (f/m) 11/9 55/47 18/19 0.710b

Education (years) 14.2 ± 3.31 16.12 ± 2.80 16.16 ± 2.79 0.081a

MMSEa 28.51 ± 0.32 28.6 ± 4 0.21 29.13 ± 0.91 0.170a
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(Fig. 1). No significant association between the APOE genotype and
the MMSE score was observed (p = 0.170).

The results of the group comparisons of cortical thickness are
displayed in Fig. 2. No increases, only decreases, in cortical thick-
ness were found in any region in the APOE �4 carriers and the �3
Race (Asian/African American/White) 0/3/18

/m: female and male; MMSE: Mini Mental State Examination.
a The p-value was obtained by ANOVA.
b The p-value was obtained by Pearson Chi-square.

arly AD to be followed for 2 years. For up-to-date information see
ww.adni-info.org.

Our downloaded data initially included 225 baseline NC scans.
e excluded 5 subjects because they converted to MCI or AD in 36
onths. To ensure the accuracy of the segmentation, we manually

hecked the interface between the grey matter and white matter
s well as the one between the white matter and the cerebrospinal
uid (CSF), and on this basis excluded 46 additional subjects due to
egmentation errors. The resulting data for the cortical thickness
nalysis included 164 healthy, cognitively normal, elderly subjects,
ll collected from ADNI sites. The individuals were grouped into
2 carriers (21), �3 homozygotes (103) and �4 carriers (37), with
2�4 individuals excluded from consideration. The Mini Mental
tate Examination (MMSE) and the education level had also been
ecorded as baseline data. Sample characteristics are presented in
able 1. In addition, those individuals in this study group for whom
n intact record of their CSF biomarkers, including total tau (t-tau),
yperphosphorylated tau (p-tau), and A�42, was available were
eparately grouped into APOE �2 carriers (14), �3 homozygotes (50)
nd �4 carriers (14).

The data sets included standard T1-weighted MR images
cquired sagittally using volumetric 3D MPRAGE with 1.25 mm
1.25 mm in-plane spatial resolution, TE = 3.9 ms, TR = 90 ms and

.2 mm thick sagittal slices (8◦ flip angle). All of the images were
btained using 1.5 T scanners. The MRI scans were acquired at mul-
iple sites using a GE, Siemens or Philips 1.5 T system. The images
ere preprocessed using a number of steps detailed on the ADNI
ebsite. This preprocessing was done to correct for differences

cross scanners used at various ADNI sites.
We processed each scan using FreeSurfer [5,12] (http://surfer.

mr.mgh.harvard.edu/) with its volume and surface pipeline. Start-
ng with the segmentation of white matter and the tessellation of
he grey/white matter boundary, an initial surface was obtained
fter an automated topological correction. We used this surface as
he initial shape for a deformable model that was used to recon-
truct the pial surface.

When all the surfaces had been reconstructed, the cortical thick-
ess was computed. Each subject’s cortical thickness was measured

n native space [11]. Surface based registration [13] was used to
onstruct an average template, and all the individual reconstructed
ortical surfaces were aligned to it. The cortical thickness mea-
urements at the interconnection between the two hemispheres
ere masked because there is very little grey matter there. Finally,
e smoothed the thickness using a heat kernel [3] 30 mm wide to

ncrease the signal-to-noise ratio and improve the ability to detect
orphometric variations.
We performed an Analysis of Covariance (ANCOVA) using SPSS

3.0 statistical software to assess the effects of APOE genotypes

n biomarker levels (tau, A�42), controlling for age and gender.
fter that, a post hoc multiple comparison using Fisher’s LSD was
onducted when the ANCOVAs were significant. In all tests, results
ith probability values less than 0.05 were considered statistically

ignificant.
1/7/95 1/0/36 0.222

We used SurfStat (http://www.math.mcgill.ca/keith/surfstat/)
toolbox for Matlab (R2007a, The Mathworks, Natick, MA, USA) to
perform statistical analyses of the cortical thicknesses. Statistical
tests were performed at every unmasked point on the pial surface.
To test for variability in the thickness of the cortex, we applied a
general liner model to check point-wise thickness differences using
the APOE genotypes as fixed factor, and age and gender as covari-
ates. The ensuing p-values were adjusted for multiple comparisons
on the cortical surface to control for the false positive rates by the
random field theory [39]. We discarded statistically significant clus-
ters containing fewer than 50 points, in order to reduce the possible
influence of noise.

We tested the effects of the APOE genotypes on the CSF biomark-
ers t-tau, p-tau and A�42 level on a smaller subset of 78 samples.
The ANCOVA showed a significant effect of APOE on A�42 level
(p < 10−4). In addition, a post hoc comparison showed a statisti-
cally significant stepwise trend toward lower A�42 levels, with �2
being the highest, �4 the lowest, and �3 homozygotes occupying
an intermediate position (p = 0.034 for the step from �2 to �3, and
p < 10 e−4 for the one from �3 to �4) (Fig. 1). In contrast to A�42, the
effects of APOE on CSF t-tau or p-tau were only a trend (p = 0.063
and p = 0.054 respectively), and this was limited to comparisons of
APOE �4 and �2 carriers (p = 0.024 for t-tau, and p = 0.016 for p-tau)
Fig. 1. Mean biomarker levels (t-tau, p-tau and A�42) for the APOE genotype groups.
The APOE �2 carriers are represented in black, the �3 homozygotes in grey and the �4
carriers in white. The CSF A�42 levels show a significant stepwise trend downward,
from �2 carriers to �3 homozygotes to �4 carriers; whereas the t-tau and the p-tau
levels show the opposite trend.

http://www.adni-info.org/
http://surfer.nmr.mgh.harvard.edu/
http://www.math.mcgill.ca/keith/surfstat/
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omozygotes when compared with the same regions in the �2 car-
iers. This was also true in the APOE �4 carriers when they were
ompared with the �3 homozygotes. The APOE �2 allele carriers
ad significantly increased cortical thickness primarily in the bilat-
ral superior temporal cortices, bilateral dorsolateral prefrontal
ortices, left supramarginal gyrus, left precentral and postcentral
yri, left parietal operculum and right parahippocampal region
ompared to the APOE �3�3 subjects. The APOE �2 carriers also
ad a significantly thicker cortex primarily in the bilateral lat-
ral and medial frontal regions, the right parahippocampal cortex,
ight temporoparietal cortex and bilateral temporal regions than
id subjects who were �4 allele carriers. The APOE �4 carriers
howed significant atrophy in the left medial prefrontal cortex
nd left orbitofrontal cortices compared with the �3 homozygotes.
fter performing multiple comparison corrections using random
eld theory, we determined that the APOE �2 carriers had signifi-
antly thicker cortical thickness in the left superior temporal cortex
ompared with the �3 homozygotes. Moreover, the cortices in the

eft superior temporal and left dorsolateral prefrontal region were
hicker in the APOE �2 carriers than in the �4 carriers. However,
o significant differences remained when comparing the APOE �3
omozygotes with the �4 carriers after applying the multiple com-
arison correction.

ig. 2. Cortical thinning maps (in percentage). Only points with statistically significant diff
hows p < 0.05 corrected. The color bar displays the T value of the cortical thickness differ
ters 479 (2010) 332–336

In this study, we used a surface-based approach to quantify the
local cortical thickness in healthy nondemented adults with dif-
ferent APOE genotypes. We observed a stepwise lower A�42 level
for different APOE genotypes, and thicker cortical thickness when
comparing APOE �2 carriers to �4 carriers or �3 homozygotes in
specific regions.

We examined the effect of APOE �2 on brain morphology by
comparing subjects with this genotype with �3 homozygotes and
�4 carriers. Interestingly, when we compared the others with the �2
carriers, the �3 homozygotes and the �4 carriers had a similar thin-
ner cortical area, which was primarily located in the bilateral lateral
prefrontal cortices, the bilateral temporal cortices, and the right
parahippocampal region. The differences in the left superior tem-
poral gyrus, which is associated with speech production [22,30],
remained significant after a multiple comparison correction. A loss
of the speech production function is a symptom in the development
of AD [16]. Moreover, we observed a significant stepwise lowering
of the A�42 levels across the APOE genotypes and a significantly

higher t-tau or p-tau level when comparing APOE �2–�4 carriers.
Importantly, the accumulation of A� peptide and tau in neurons
has been implicated in the development of AD [20,31]. A� peptide
deposition [8] and neurofibrillary tangle development [36] have
been found to occur early in the development of AD. Thus, the same

erences (p < 0.05) are displayed. The top shows uncorrected p < 0.05, and the bottom
ences in millimeters.
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iological markers, that is, those for tau and A�42, which contribute
o the A� peptide and neurofibrillary tangles could also induce a

etabolic decline leading to neuronal loss and thus perhaps cortical
hinning [19].

In addition to thinning in the superior temporal cortex, the �4
llele was associated with greater atrophy in the bilateral pre-
rontal cortex when compared with the �2 allele. Moreover, after
pplying a multiple comparison correction, the differences in the
eft dorsolateral prefrontal cortex, which has been suggested as
eing correlated with cognition control [26] and long term mem-
ry formation [1], remained significant. Again, the failure of these
unctions is characteristics of AD [15]. Thus, we can conclude that
he finding that APOE �2 allele carriers possess a thicker left dor-
olateral prefrontal cortex may indicate a specific protective role
gainst possible memory loss in the development of AD.

We also found that APOE �4 carriers displayed atrophy (uncor-
ected p < 0.05) in the left prefrontal cortex and the left orbitofrontal
ortex compared to �3 homozygotes. Although when compar-
ng �3 with �4 individuals we did not observe atrophy in the
arahippocampal cortex, which is the earliest region affected in
D [23], atrophy was present in this region in the �3 homozygotes
r �4 carriers when compared with the APOE �2 carriers (uncor-
ected p < 0.05). Published studies about APOE �4s effect on brain
orphology, especially in the parahippocampal region, are contro-

ersial. Several studies have suggested that APOE �4 is related to
ippocampal volume loss [6,24,29], but one recent study [29] which
lso used ADNI data found no effect of APOE �4 on hippocampal
olume loss in the normal control group. Because most published
tudies have subdivided APOE genotypes into APOE �4 non-carriers
nd carriers, the inclusion of the �2 carriers may have caused a con-
inuum of thicknesses that caused any e4-related thinning of the
arahippocampal cortex to be lost in the data.

The results of the present study may also indicate that APOE
enotypes affect cognitive function in normal aging. A large meta-
nalysis study [38] investigated the effects of the APOE genotype on
ognition in the nondemented population. Specifically, in the non-
emented population the APOE �4 allele carrier often had impaired
ognitive functioning, and �2 allele carriers showed better perfor-
ance on episodic memory. Moreover, increased cortical thickness,

ncluding that in the frontal and temporal regions, was associated
ith higher cognitive performance in older healthy adults [14]. Our

esults are compatible with these findings. In this study, we did not
nd a significant relationship between the APOE genotypes and
he MMSE scores. One of major reasons may be a ceiling effect that
ppeared because the healthy nondemented individuals had high
cores that were similar to those of the subjects on these measures.
owever, in a previous study, APOE �4 carriers were observed to
ave a greater rate of cognitive decline as shown by their MMSE
cores using nondemented individuals [7]. Thus, the effects of APOE
enotypes on cognitive decline in normal aging require further
nvestigation.

In conclusion, the APOE �2 allele may have a specific protective
ole in the development of AD. To our knowledge, this is the first
tudy to explore the cortical thickness pattern between APOE geno-
ypes in nondemented elderly subjects. Further studies are needed
o clarify the exact mechanism and role of the APOE genotypes in
he cognitive decline associated with normal aging as well as in the
evelopment of AD.
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