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Apolipoprotein E �4-related thickening of the cerebral cortex
modulates selective attention
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Abstract

APOE �4 carriers have thicker cortex in several neocortical areas than �4 noncarriers (Espeseth T., Westlye L.T., Fjell A.M., Walhovd
.B., Rootwelt H., Reinvang I., 2008. Accelerated age-related cortical thinning in healthy carriers of apolipoprotein E �4. Neurobiol. Aging
9, 329–340). To investigate potential physiological and cognitive correlates of these anatomical effects structural magnetic resonance
maging (MRI) data were obtained from 20 APOE �3 homozygotes and 20 �4 hetero- and homozygotes, and event-related potentials (ERPs)
ere recorded during a selective attention task (i.e. three-stimulus oddball). Several areas in both hemispheres were thicker in �4 carriers

han in noncarriers. �4 carriers also had lower amplitudes to distractors (P3a) and lower target detection accuracy than noncarriers. Mean
hickness in cortical areas were correlated with P3a amplitudes, which in turn correlated with accuracy. Path analyses showed that
POE-related difference in accuracy was mediated by APOE-related differences in cortical thickness and P3a amplitudes. The results
uggest that APOE �4 modulates the structural integrity of critical nodes in brain attentional networks.
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1. Introduction

Inheritance of the apolipoprotein E (APOE) �4 genotype
is associated with increased risk of developing Alzheimer’s
disease (AD) and younger age of AD onset (Corder et al.,
1993; Raber et al., 2004). The �4 allele has been associated
with impaired repair mechanisms following lesions in ani-
mals and humans (Sundstrom et al., 2004; Teter et al.,
2002), and a growing literature shows that APOE �4 also
modulates brain morphology in healthy participants, includ-
ing white matter volume and integrity (Bartzokis et al.,
2006; Espeseth et al., 2006; Nierenberg et al., 2005; Persson
et al., 2006; Smith et al., 2008; but see Adamson et al.,
2008; Cherbuin et al., 2008; Schmidt et al., 1996), hip-
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pocampal volume (Cohen et al., 2001; Den Heijer et al.,
2002; Lemaître et al., 2005; Moffat et al., 2000; Plassman et
al., 1997; but see Reiman et al., 1998; Schmidt et al., 1996),
and amygdalar volume (Den Heijer et al., 2002). When
significant differences are found, �4 carriers are typically
reported to have smaller volumes and reduced structural
integrity. In recent reports from our own work on APOE and
magnetic resonance imaging (MRI)-derived morphological
measures (Espeseth et al., 2006, 2008), there was nonsig-
nificant trends for lower total cortical and white matter
volumes for �4 carriers. �4 carriers were also shown to
have attentional deficits compared with noncarriers, and
these effects were partly mediated by total white matter
(WM) volume (Espeseth et al., 2006). However, in the same
sample there were also a distributed set of cortical areas in
which �4 carriers had thicker cortex than noncarriers
(Espeseth et al., 2008). Among these were bilateral prefron-

tal areas, the parahippocampal gyrus, and occipital and
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temporal regions. Potential physiological and cognitive cor-
relates of these genotype-related differences, which would
be important for the assessment of the functional signifi-
cance of the differences in cortical thickness, were not
investigated. Hypothetically, if the �4-related cortical thick-
ening is part of a dysfunctional process associated with the
�4 allele, one should expect a negative correlation between
thickness in these areas and relevant physiological and cog-
nitive processes. The purpose of the present study is to
investigate this hypothesis directly, by identifying cortical
areas where thickness is related to APOE status, and then
test whether these cortical areas mediate effects of APOE on
event-related potentials (ERPs) and behavioral accuracy and
reaction time in a selective attention task (P3a/ P3b). To
show how the variance can be explained across separate
neurobiological levels, we make use of a path analysis
approach based on structural equation modeling in which
the causal relations between the variables are explicitly
modeled.

In the human central nervous system apolipoprotein E
(apoE) plays a key role in transport and metabolism of
plasma cholesterol and triglycerides, and is involved in
synaptogenesis, as well as maintenance and repair of neu-
rons (Mahley et al., 2006; Mauch et al., 2001). Its gene
locus at chromosome 19q13.2 (APOE, GenBank accession
AF261279) includes a distributed set of intronic and exonic
single-nucleotide polymorphisms (SNPs) (Nickerson et al.,
2000) but more than 95% of the apolipoprotein E protein
variation in Caucasians is attributable to only 2 SNPs
(Gerdes et al., 1992). They give rise to APOE alleles �2, �3,
and �4, and their 3 corresponding isoforms of the protein
(see Fig. 1 for details).

APOE has been shown to influence a broad range of
cognitive functions both in AD and normal aging (Bondi et
al., 1995; Deary et al., 2002; Driscoll et al., 2005; Parasura-
man et al., 2002; Rosen et al., 2002; Small et al., 2004;
Wisdom et al., in press; but see Jorm et al., 2007; Luciano
et al., 2009; Raz et al., 2009), including replicated findings
of APOE-related modulation of attentional functions
(Espeseth et al., 2006; Greenwood et al., 2000, 2005). Se-
lective attention gives salient or task-relevant stimuli priv-
ileged access to limited capacity information processing
systems and reduces interference from competing stimuli,
and is dependent on the finely tuned coordination of activity
generated by a distributed set of cortical and subcortical
sites (Bundesen et al., 2005; Corbetta and Shulman, 2002;
Desimone and Duncan, 1995; Knudsen, 2007; Mesulam et
al., 2005; Posner and Petersen, 1990; Soltani and Knight,
2000). Two corticocortical neural systems are involved in
controlling attentional deployment. Goal-directed attention
is implemented by a bilateral dorsal frontoparietal network.
Areas in the intraparietal sulcus and the superior parietal
lobule, and a dorsal frontolateral area along the precentral
gyrus near the frontal eye fields embody the critical nodes in

this network. Goal-directed attention results from top-down
signals sent from this network to sensory regions where they
function to bias the competition for limited processing re-
sources between sensory signals stimulating the same re-
ceptive fields of sensory neurons (Bundesen et al., 2005;
Desimone and Duncan, 1995). A separate but partly over-
lapping right hemisphere system known as the ventral fron-
toparietal network includes the temporoparietal junction
(defined as the intersection of the ventral part of the supra-
marginal gyrus, the posterior part of the superior temporal
sulcus and gyrus, and the anterior part of the lateral occipital
cortex), and regions in the ventral frontal cortex (parts of the
middle frontal gyrus, the inferior frontal gyrus, frontal oper-
culum and anterior insula). This system is not activated by
goals or task-defined expectations but responds together
with the dorsal system when expectations are violated by
the detection of behaviorally relevant objects. For example,
both systems are activated by the detection of invalidly cued
targets in the Posner paradigm (Corbetta et al., 2000; Kin-
cade et al., 2005; Macaluso et al., 2002; Vossel et al., 2006).
In a letter discrimination version of the Posner cued spatial
attention task (Parasuraman et al., 1992; Posner, 1980),
APOE genotype has been shown to modulate selective at-

Fig. 1. Schematic illustration of chromosome 19 of the human genome. The
golden area represents a 5.5 kilobase fraction of DNA at position 19q13.2
constituting the APOE gene, including promoter regions. The purple areas
represent exons and the lines in between represent introns. The approxi-
mate positions of the 2 most well-known single-nucleotide polymorphisms
(SNPs) are indicated by arrows. Positions are identified by genomic marker
numbers as provided by Nickerson et al. (2000). The �2 allele encodes the
E2 isoform which contains cysteine at amino acid positions 112 and 158
(Cys112–Cys158), the �3 allele encodes the E3 isoform (Arg112–Cys158),
nd the �4 allele encodes the E4 isoform (Arg112–Arg158). Bottom left:
napshot of a 3-dimensional rendering of the apolipoprotein E4 isoform.
he 2 polymorphic sites are indicated by arrows. APOE �4 carriers have

arginine at both sites (amino acid 112 and 158), whereas non-carriers have
cysteine at 1 or both sites.
tention in middle-aged and old healthy participants (Espes-
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eth et al., 2006; Greenwood et al., 2000, 2005). In these
studies, �4 carriers were disproportionably penalized by
invalid spatial cueing, probably reflecting deficient atten-
tional reorienting.

Critically, both systems are also activated when objects
appear infrequently as in oddball tasks (Bledowski et al.,
2004; Braver et al., 2001; Corbetta et al., 2008; Halgren et
al., 1998; Kiehl et al., 2001; Knight, 1984, 1996; Linden et
al., 1999; Marois et al., 2000; Ranganath and Rainer, 2003;
Soltani and Knight, 2000; Yamaguchi and Knight, 1991,
2004). Oddball task are among the most widely used atten-
tional paradigms in ERP research. In the 3-stimulus version
of this task, infrequent target and distractor stimuli and
frequent standard stimuli are randomly intermixed and pre-
sented sequentially to subjects who are instructed to respond
to target stimuli only. Typically, target stimulus processing
elicits a centroparietal positivity known as the P3b compo-
nent which peaks at about 300–600 ms after stimulus onset
(Donchin and Coles, 1988). Infrequent distractors and also
novel stimuli elicit a positive waveform at fronto-central
scalp sites known as the P3a or novelty P3 (Courchesne et
al., 1975). P3a and P3b have been proposed to be correlates
of partly separate attentional processes. P3a is thought to
reflect stimulus-driven distractor processing (i.e., transient
signal-driven reorienting, Corbetta et al., 2008) when the
target/standard discrimination is transiently interrupted by
distractor stimuli. On this account, distractor encoding leads
to a disengagement of attention from the task-relevant fea-
tures and subsequent reallocation of attention toward the
salient distractor stimuli (Bledowski et al., 2004a, 2004b;
Linden, 2005). P3b is considered to reflect top-down pro-
cesses related to voluntary attention and working memory.
In particular, P3b is thought to reflect the “template-match-
ing” process occurring when an external stimulus is
matched to the internally represented target template (Sol-
tani and Knight, 2000). It is suggested that target detection
predominantly involves retrieval processes while the detec-
tion of salient distractors engage working memory updating
(Bledowski et al., 2004a).

Event-related functional MRI (fMRI) has shown that in
contrast to standard stimuli, novel or distractor stimuli ac-
tivate the superior and middle frontal gyri, the cingulate
gyrus, the precuneus and inferior and superior parts of the
parietal lobes, middle temporal gyrus, the cuneus and fusi-
form gyrus, and the hippocampus (Bledowski et al., 2004;
Braver et al., 2001; Corbetta et al., 2008; Kiehl et al., 2001;
Linden et al., 1999; Marois et al., 2000; Ranganath and
Rainer, 2003; Yamaguchi et al., 2004). Target stimuli acti-
vate many of the same areas but several motor-related
regions, the supramarginal gyrus, thalamus, caudate nu-
cleus, and insula were preferentially activated in target trials
(Yamaguchi et al., 2004). A recent morphometric study
including an old age sample (mean age 70 years), and
involving MRI protocols and ERP paradigms similar to

those used in the present study, showed a positive correla- �
tion between thickness in a set of cortical areas (i.e., middle
and inferior frontal gyri, superior parietal lobes, the tem-
poroparietal junction [TPJ] and the posterior cingulate) and
P3a amplitude (Fjell et al., 2007). P3b amplitude was not
significantly related to cortical thickness in this sample.
Thus, intracranial ERP (Halgren et al., 1998), fMRI and
MRI-based morphometry converge fairly well on identify-
ing a distributed but limited set of cortical areas for the
generation of P3a and P3b components. Notably, bilateral
prefrontal, parietal and temporoparietal, and hippocampal
areas seem to be particularly important for the generation
of P3.

Accumulating evidence suggests that attention selec-
tively synchronizes the rhythmic responses of neurons that
are tuned to the spatial and feature attributes of the attended
sensory input at a local level, and also regulates which
locally synchronized neuronal groups phase-synchronize
their rhythmic activity across long-range connections (Sie-
gel et al., 2008; Womelsdorf and Fries, 2007; Womelsdorf
et al., 2006). Because the strength of synchronization is
functionally related to perceptual accuracy and behavioral
efficiency, relatively small changes in structural integrity in
this highly interconnected network may therefore alter at-
tentional function, and more generally, cognitive function
and mental health (Uhlhaas and Singer, 2006). Possibly,
APOE-related effects on attentional functions may be me-
diated by brain changes detectable by magnetic resonance
imaging and accompanying brain activity changes detect-
able by ERP. Consistent with this assumption, several stud-
ies have demonstrated correlations between regionally spe-
cific cortical thickness and cognitive functions associated
with these regions (Dickerson et al., 2008; Fjell et al., 2006;
Makris et al., 2007; Narr et al., 2007; Shaw et al., 2006;
Sowell et al., 2008; Walhovd et al., 2006).

Although significant effects of APOE genotype have
been obtained with relatively small samples (total n �
100–200) in behavioral studies (Espeseth et al., 2006;
Greenwood et al., 2000, 2005), penetrance of genetic poly-
morphisms could be even greater for physiological rather
than for behavioral functional measures (Goldberg and
Weinberger, 2004). Thus, direct physiological indexes of
attention, such as ERPs that are directly generated by the
activity of neuronal assemblies, are probably more sensitive
to variability in cortical thickness than behavioral measures.
Electrophysiological studies (i.e., electroencephalogram
[EEG] and ERP) have demonstrated that in persons at fa-
milial risk for AD, and patients with mild cognitive impair-
ment (MCI) and mild AD, �4 carriers have reduced resting-
state �-frequency power (Babiloni et al., 2006; Ponomareva
t al., 2008), and lower amplitudes in auditory ERPs (Green
nd Levey, 1999; Reinvang et al., 2005).

In the present study, structural MRI scans and ERP data
ere obtained from 40 healthy persons aged 48–75 years of
hom half were carriers of at least 1 �4 allele and half were

3 homozygotes. Genotype groups were statistically well-
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matched on demographic and neuropsychological measures
except for better delayed verbal memory scores for �4
carriers on California Verbal Learning Test (CVLT)-II (see
Methods and Table 1). The effect of APOE genotype on
cerebral cortical thickness was first tested on a point-by-
point basis across the entire cortical mantle. We then iden-
tified regions where APOE genotype affected cortical thick-
ness and asked if APOE-related differences in cortical
hickness mediated APOE-related changes in P3a and P3b
mplitudes and task performance. The present sample was a
ubsample extracted from the sample used in Espeseth et al.

(2008), excluding �2 carriers. We expected to replicate the
POE-related differences in cortical thickness reported

here with this smaller sample. Based on the assumption that
ttentional reorienting is an underlying computational com-
onent in both distractor processing in the oddball task and
rocessing of invalidly cued targets in the cued spatial
ttention task, we predicted that �4 carriers might have

attenuated P3a amplitudes. We finally hypothesized that
genotype would be associated with thicker cortex in atten-
tional networks and that regions with thicker cortex in �4
carriers would correlate negatively with ERP amplitudes
and behavioral accuracy.

2. Methods

2.1. Participants

An initial sample of 42 persons with ages ranging from
48 to 75 years were included. Two participants were sub-
sequently excluded from analysis (1 missing MRI, 1 with

Table 1
Group demographic characteristics, means and standard deviations of
estimated full-scale IQ (WASI) and raw scores on selected
neuropsychological tests

Variable Genotype pa

APOE �4� APOE �4�

n Mean (SD) n Mean (SD)

articipants (n � 40) 20 20
ale/female 13/7 15/5 0.49
ge 61.5 (8.2) 63.2 (8.2) 0.50
ducation 14.4 (2.6) 14.6 (2.9) 0.82
ASI 123.5 (11.5) 121.1 (9.7) 0.49

troop CW 59.8 (20.8) 57.4 (12.0) 0.66
MT A 35.5 (13.8) 37.1 (13.9) 0.73
MT B 74.0 (29.1) 74.3 (25.1) 0.97
igit-symbol 52.6 (13.1) 52.3 (9.4) 0.95
VLT 1–5 total 58.1 (13.3) 50.9 (10.3) 0.06
VLT long delay 13.7 (2.5) 11.7 (2.7) 0.02

igit-symbol from WAIS-R. CVLT 1–5 total � total score on trial 1
hrough 5. CVLT long delay � Score on 30-minute delay recall.

Key: WAIS-R, Wechsler Adult Intelligence Scale-Revised; CVLT, Cali-
fornia Verbal Learning Test; Stroop CW, Stroop color-word conflict; TMT
A and B, Trail Making Test part A and B; WASI, Wechsler Abbreviated
Scale of Intelligence.

a p-values are 2-tailed and based on independent samples t tests with
APOE genotype as grouping variable.
high error rate in the ERP paradigm), leaving 40 complete
datasets. Participants were recruited through advertisements
in local newspapers. Candidates were first interviewed by
phone according to a check list about health and previous
illness or injuries. Exclusion criteria were previously diag-
nosed neurological or psychiatric illness, any other chronic
illness that might influence test performance, or sensory or
motor impairments. Participants with a history of alcohol or
substance abuse, or present addictive disorders, were also
excluded. Participants had to be native speakers of Norwe-
gian and have completed obligatory basic education (7 years
for this age group) without diagnosed reading or learning
disorders. Persons using adequate medication for hyperten-
sion, diabetes, or hypercholesterolemia were not excluded.
Participants were not allowed to consume nicotine or caf-
feine during the test period or in the laboratory premises, but
were not required to abstain from these substances before
attendance. The groups were selected from a larger sample
(see Espeseth et al., 2006) on the basis of having a balanced
frequency of the APOE alleles (50% with �4, no participants
with �2). All Participants completed Beck’s Depression
Inventory (BDI) as a measure of the presence of symptoms
of depression. The range of scores was 1–12, well below the
lower cutoff for presence of mild depression. Mean scores
were 5.2 and 4.8 for �4 carriers and noncarriers, respec-
tively. The difference was not statistically significant (p �
.67). The Vocabulary and Matrix reasoning subscales of
he Wechsler Abbreviated Scale of Intelligence (WASI,

echsler, 1999) were used to estimate IQ. Furthermore, we
sed tests of psychomotor speed, attention, and executive
unctions [Trail Making A and B, Wechsler Adult Intelli-
ence Scale-Revised (WAIS-R) Digit Symbol, Delis-Ka-
lan Executive Function System (D-KEFS) Stroop Color
ord (Delis et al., 2001)], and of memory [California Ver-

al Learning Test II (CVLT-II; Delis et al., 2000)]. Table 1
summarizes the participants’ demographic and neuropsy-
chological characteristics. There was no significant age, sex,
IQ, or neuropsychological differences between genotype
groups except significantly better delayed recall scores on
CVLT-II for �4 carriers.

All participants read an information sheet and signed a
tatement of informed consent approved by the regional
thical committee for medical research. Permission to ob-
ain and store blood samples for genotyping together with
henotype data in a biobank was given by the Department
f Health, and permission to establish a registry with rele-
ant information for a time period of 10 years was given by
he Department of Health.

.2. DNA extraction and genotyping

Genotyping was performed by real-time polymerase
hain reaction (PCR) with allele-specific fluorescence en-
rgy transfer probes and melting curve analyses on the
ightCycler™ system (Roche Diagnostics, Mannheim, Ger-
any). DNA was extracted from 300 �L whole blood using
Magna Pure LC DNA Isolation Kit – Large Volume on the
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Magna Pure LC (Roche Applied Science, Indianapolis, IN),
eluted and diluted to 1 mL, of which 5 �L was applied in
each assay.

Typing of the APOE �2, �3 and �4 genotypes was per-
formed using the LightCycler APOE Mutation Detection
Kit (Roche Diganostics). The assay was performed as spec-
ified by the supplier, except for scaling down the total assay
volume from 20 �L to 10 �L. The laboratory participates in
n external quality assurance program (Equalis, Uppsala,
weden) that includes APOE genotyping.

.3. Mri protocol and volumetric analysis

A Siemens sonata 1.5 Tesla magnet (Siemens, Erlangen,
ermany) with a conventional head coil was used. Two
-dimensional magnetization prepared rapid gradient echo
MP-rage) T1-weighted sequences, each 8 minutes and 46

seconds, were run for all participants. Each volume con-
sisted of 128 sagittal slices (1.33 � 1 � 1 mm), with an
in-plane voxel size of 1 mm3 and were acquired with repeti-
ton time (TR) � 2730 ms, echo time (TE) � 3.43 ms,
inversion time (TI) � 1000 ms, flip angle � 7°, and 256 �
256 matrix. All morphometric analyses were done with the
FreeSurfer software (surfer.nmr.mgh.harvard.edu/fswiki).
Total brain volume was estimated using the procedures
described by Fischl et al. (2002). This procedure automat-
ically assigns a neuroanatomical label to each voxel in an
MRI volume based on probabilistic information automati-
cally estimated from a manually labeled training set. Intra-
cranial volume (ICV) was computed using the procedure
specified by Buckner et al. (2004). The procedures for
automatic volumetric measurement of the cortical mantle
are described by Salat et al. (2004). Cortical thickness
measurements were obtained by reconstructing representa-
tions of the gray/WM boundary (Dale and Sereno, 1993;
Dale et al., 1999) and the cortical surface and then calcu-
lating the distance between those surfaces at each point
across the cortex. Cortical thickness was measured in native
space. This method uses both intensity and continuity in-
formation from the entire 3-dimensional magnetic reso-
nance (MR) volume in segmentation and deformation pro-
cedures to construct representations of cortical thickness.
The maps are created using spatial intensity gradients across
tissue classes and are therefore not simply reliant on abso-
lute signal intensity. As the maps are not restricted to the
voxel resolution of the original data, submillimeter differ-
ences between groups can be detected (Fischl and Dale,
2000). Thickness measures are mapped onto the inflated
surface of each participant’s reconstructed brain (Dale and
Sereno, 1993; Fischl et al., 1999), thus allowing visualiza-
tion without interference from cortical folding. Maps were
smoothed using a circularly symmetric Gaussian kernel
across the surface with a standard deviation of 12.6 mm and
averaged across participants using a nonrigid high-dimen-
sional spherical averaging method to align cortical folding

patterns (Fischl et al., 1999). This procedure provides ac- d
curate matching of morphologically homologous cortical
locations among participants on the basis of each individu-
al’s anatomy while minimizing metric distortions, resulting
in a mean measure of cortical thickness for each group at
each point on the reconstructed surface. The methodology
for morphometric analysis has been validated with histolog-
ical (Rosas et al., 2002) and manual measurement (Kuper-
berg et al., 2003). Regional WM volume calculation and
parcellation depends on the preceding cortical parcellation
in which the cortex was divided into 33 different gyral-
based areas in each hemisphere by use of an automated
labeling system (Desikan et al., 2006; Fischl et al., 2004).
Mean intraclass correlation between this method and man-
ual labeling has been reported to be .84 across all 66 areas,
with a mean distance error of less than 1 mm (Desikan et al.,
2006). Based on this cortical parcellation, a newly devel-
oped algorithm was used to calculate the WM volume in the
gyrus underneath each cortical label. Each WM voxel
within a gyrus was labeled according to the label of the
nearest cortical vertex. Deep WM was not assigned to a
particular cortical area, with a 5 mm distance limit. This
yielded 33 WM areas in each hemisphere, corresponding to
the 33 cortical areas. The volume of each region was ob-
tained by counting the number of 1 mm3 voxels included
all scans were resampled to 1 mm isotropic voxels during
he first FreeSurfer processing step). Estimated ICV was
sed to correct the volumetric data. WM volume underlying
ach of the user-defined cortical labels was calculated using
imilar methods. In particular, each WM voxel within a 5
m distance of any vertex included in 1 of the cortical

abels was classified as part of that specific cortical label’s
nderlying WM volume.

.4. Visual oddball paradigm and event-related potentials
nalysis

The 3-stimulus oddball paradigm was modeled on Com-
rchero and Polich (1999) and Fjell and Walhovd (2004),
onsisting of standard and target blue ellipses (horizontal
nd vertical radius � 10.2 and 11 cm for the standard
timuli, and 11.7 and 13.2 cm for the target stimuli). Dis-
ractors were large blue squares (28 � 28 cm). The stimuli
ere thus much larger than those used in Comerchero and
olich (1999) and also somewhat larger than the stimuli
mployed by Fjell and Walhovd (2004). There were 1000
rials in all with the standard/target/distractor ratio at .80/
10/.10. The stimuli were presented on a 21-inch screen with

uniform black background, at a viewing distance of 100
m, and visual fields of about 11.7° � 12.6°, 13.4° � 14.3°,
nd 16° for the standard, target, and distractor stimuli. The
timuli were presented for 500 ms and the interstimulus
nterval (ISI) was randomly jittered between 0.5 and 2
econds. The stimuli were presented in a pseudorandom
rder limited by the rules that all targets were separated by
minimum of 5 standards and that a target never followed
irectly after a distractor, and vice versa. Participants were

http://surfer.nmr.mgh.harvard.edu/fswiki
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instructed to fixate on the center of the screen and press a
button on the response box with their right index finger
whenever a target appeared, but never to standards or dis-
tractors. The participants were asked to respond as quickly
as possible without making mistakes. Thus, both speed and
accuracy were emphasized. Before the experimental trials
began, participants completed a minimum of 100 practice
trials to ascertain their ability to discriminate between stan-
dard and target stimuli. Accuracy cutoff criteria were set to
20% for each of the stimulus types, resulting in the exclu-
sion of 1 participant who had 44% omissions.

Continuous EEG was recorded digitally during the task
at a sampling rate of 500 points per second with 18 elec-
trodes placed according to the 10–20 system, including
frontal (Fz, F7, F3, F8, F4), central (Cz, T3, C3, T4, C4),
parietal (Pz, P7, P3, P8, P4), and occipital (Oz, O1, O2)
sites. The left mastoid was used as reference, and electrodes
placed above and below the left eye and at both canthi were
used for eye movement registration. EEG segments of
1-second duration relative to each stimulus presentation
were baseline corrected (�200 ms to stimulus onset) and
band-pass filtered in the frequency domain of 0.1–20 Hz.
Procedures for eye movement correction were used to re-
move blink artifacts (Semlitsch et al., 1986), and remaining
segments containing amplitudes above � 100 �V were
rejected. The modified set of EEG segments were then
sorted according to stimulus type and averaged to give the
event-related potentials.

Peaks of some ERP components vary substantially be-
tween individuals and may be difficult to identify in indi-
vidual datasets. ERP amplitudes measured as an average in
a specified temporal window are less affected by variable
latency (Luck, 2005), and may be more stably related to
structural measures. We therefore focus on mean amplitude
within defined temporal windows in the present study, and
peak latency is not reported. Time windows around the ERP
components of interest were identified by visual identifica-
tion based on the grand average plots (i.e., Cz for P3a and
Pz for P3b). Mean amplitudes were calculated between 300
and 600 ms for P3a and 400–600 ms for P3b.

2.5. Statistical analysis

First, we asked whether APOE genotype was related to
ICV, total brain volume, total cortical volume, and total
WM volume. Subsequently, to explore the effects of APOE
polymorphism on regional cortical thickness we conducted
a general linear model (GLM) with APOE genotype (�4�,
�4�) as classification variables (main effect). In addition,
mean cortical thickness was calculated within labels drawn
around the major effect sites to enable visualization and
further statistical testing of the cortical thickness and ERP
amplitude correlations. We picked out 7 major effect sites
and set p-value threshold to 0.01, and used this border to
mark the areas with labels. A split-half analysis on mean

cortical thickness in the labeled areas was performed to c
explore the stability of the results across samples. To control
for false-positives because of multiple comparisons, p value
istributions for each hemisphere limited by 2 separate �

levels (p � 0.05 and p � 0.01) were computed to enable
nspection of number of vertices with either positive or
egative p values. The standardized residuals of gyral WM
olumes regressed on ICV were submitted to separate uni-
ariate analysis of variance (ANOVA) with APOE genotype
s fixed factor.

ERP amplitudes correlate highly between electrodes, and
n a paradigm with central stimulus presentation such as the
resent, electrodes within each anterior-posterior line (e.g.,
rontal electrodes) should correlate more strongly than elec-
rodes along the same laterality line (e.g., left side elec-
rodes). To determine which of the electrodes contributed
ost strongly to the main effect of P3a amplitude, we

nalyzed the component structure of the P3a amplitudes for
electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4). A prin-

ipal-component analysis with varimax rotation was used.
To test whether APOE-related differences in cortical thick-

ess mediated ERP amplitudes and behavioral stimulus dis-
rimination efficiency, we first calculated Pearson’s correla-
ions between cortical thickness in each of the labels with ERP
mplitudes, and with target detection accuracy. Subsequently,
he information from the ANOVAs and correlation analysis
as used in a path analysis based on structural equation mod-

ling to test the hypothesis that effects of APOE genotype on
ehavioral accuracy is mediated by APOE-related effects on
ortical thickness and ERP amplitude.

The pattern of susceptibility to cognitive decline and
ementia may vary with age such that participating �4
arriers are relatively less susceptible to cognitive decline
he older they get (Farrer et al., 1997; Small et al., 2004).
amilial risk for dementia (i.e., parents or siblings with
iagnosed dementia) may be an index of this effect. We
herefore obtained data from 35 of the original 40 subjects
n the incidence of first degree relatives with diagnosed
ementia. We divided these 35 individuals into 2 age groups
middle-aged and old) and used univariate ANOVAs to
heck whether APOE genotype was associated with report-
ng parents or siblings with dementia diagnoses. We also used
eparate univariate ananlysis of covariance (ANCOVA) to test
or possible age � genotype interactions. Statistical analyses
ere done with SPSS 14.0, and the path analysis was done
ith AMOS 7.0 (SPSS Inc., Chicago, IL).

. Results

.1. Intracranial volume, total brain volume, and total
ortical and white matter volumes

To test whether the genotype groups differed on global
easures of brain structure we performed a series of inde-

endent samples t tests with APOE genotype as grouping
ariable. Intracranial volume (ICV) did not differ signifi-

antly between �4 carriers and noncarriers [Mean (SD)],
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(1,599,366 (155,881) vs. 1,704,687 (323,690) mm3), [t(38) �
.31, p � 0.20]. Total brain volumes did not differ significantly
etween �4 carriers and noncarriers (1,004,989 (71,188) vs.
,051,317 (122,958) mm3), [t(38) � 1.46, p � 0.15]. Next, we

tested whether APOE genotype modulated total cortical vol-
ume and total WM volume. As with ICV and brain volume,
cortical and WM volumes did not differ between �4 carriers
nd noncarriers (520,046 (38,376) vs. 539,194 (48,814) mm3

for cortical, [t(38) � 1.38, p � 0.18], and 524,872 (47,892) vs.
554,554 (71,363) mm3 for WM [t(38) � 1.55, p � 0.13]).

hen these global measures were corrected for ICV, all trends
or lower volumes in �4 carriers disappeared (p � 0 .50, 0.59,
nd 0.41 for ICV-corrected brain, cortical, and WM vol-
mes, respectively).

.2. APOE-related regional differences in cortical
hickness

A GLM analysis showed several areas where �4 carriers
ad significantly thicker cortex than non-carriers (Fig. 2).
he largest effect sites were found in the right hemisphere
edial orbital frontal gyrus, the right hemisphere parahip-

ocampal gyrus, the right hemisphere sulcus between lateral
ccipital gyrus and inferior temporal gyrus, the right-sided
upramarginal gyrus, right hemisphere sulcus between su-
erior and middle prefrontal gyri, left hemisphere superior
refrontal gyrus, and left hemisphere lateral occipital gyrus.
roup differences were unaffected by ICV correction. The
nly areas estimated to be thicker in noncarriers were 2

Fig. 2. The pial (left) and inflated (right) brain models show the effect of A
Pale gray represents gyri and dark gray represents sulci. Blue and cya

�4-participants. Red and yellow indicate the inverse relation.
mall patches on the left inferior temporal gyrus and the left
recentral gyrus. As can be seen from Fig. 3, the number of
ertices with negative p values is much larger than the

number of positive p values for p values lower than 0.05,
nd especially for p values lower than 0.01. Thus, a large

majority of vertices were thicker in �4 carriers, especially at
the more stringent � level (85.4% thicker vertices in left
hemisphere, 90.3% in right hemisphere). Labels were drawn
around 7 of the largest effect sites (Fig. 4 and Table 2) and
mean thickness was calculated in each label for each of the
genotype groups.

A split-half strategy was employed to validate the results.
The 40 participants were sorted according to APOE geno-
type group (i.e., �3/�3, �3/�4, �4/�4), gender, and age, and
then alternately allocated to split-half group 1 or 2. In
addition to the factors used in the sorting procedure, IQ and
level of education was checked to be similar across sample

notype by general linear modeling (different offset, same slope, assumed).
ate areas where �4� participants had significantly thicker cortex than

Fig. 3. Number of vertices in left hemisphere (LH) and right hemisphere
(RH) significantly thicker (blue) or thinner (red) in APOE �4 carriers.
Results for p � 0.05 (left) and p � 0.01 (right) are shown.
POE ge
n indic
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subsets [t(38) � .68, p � 0.50, and t(38) � .05, p � 0.96,
respectively]. In Fig. 4, mean thickness of each of the 7
labels was plotted in histograms for both split-half groups.
The plots reveal consistency across sample subsets. �4 car-
riers had thicker cortex in each of the 7 labels for both
sample subsets. This indicates that it is unlikely that the

Fig. 4. Inflated brain models showing the extent of the 7 labels chosen on
the basis of group differences (as depicted in Fig. 2) and histograms
showing mean thickness of each of 7 labels drawn around major areas
affected by APOE genotype for each split-half group. Cortical thickness in

POE �3 homozygotes is shown in blue and �4 carriers in green. Effects
of APOE genotype on cortical thickness were stable as the cortical mantle
was thicker in �4 carriers in both subgroups in all cortical areas. Error bars
represent standard error of the mean.
effect of APOE �4 on cortical thickness in the chosen labels
is a result of false-positives from multiple statistical com-
parisons.

Impact of APOE genotype on gyral WM volume directly
underlying the cortical labels was tested with separate t
tests. ICV was regressed out from all the 7 labels based on
the areas with cortical thickness difference. There were no
significant differences between genotype groups. There
was, however, a number of marginal p-values (0.05 � p �
.1), and WM volumes were in all cases nominally smaller in
�4 carriers, consistent with the global WM volume measure.

3.3. Visual oddball

3.3.1. Behavioral results
Mean accuracy across all subjects and stimulus types

was 98.3%, where 1.1%, 7.7%, and 0.7% errors were made
on standard, target and distractor stimuli, respectively.
There was no difference between APOE genotype groups on
rate of false alarm responses to standard and distractor
stimuli. Target trial miss rate was 5.6% for �4 noncarriers
versus 9.9% for the �4 carriers [t(38) � 2.04, p � 0.048].

his difference cannot entirely be attributed to different
ensitivity because d= (3.96 and 3.70 for non-�4 and �4
espectively) did not reach significance, [t(38) � 1.31, p �
.199], due to the slightly higher false alarm rate in non-
arriers than in carriers (2.0% and 1.7% respectively). Beta
nd criterion were also nonsignificant. Mean reaction time
RT) to target hits was 511 and 528 ms for �4 carriers and
oncarriers respectively, which was not significantly differ-
nt [t(38) � .84, p � 0.40].

3.3.2. Amplitudes
To determine which of the electrodes contributed most

strongly to the main effect of P3a amplitude, we analyzed
the component structure of the P3a amplitudes for 9 elec-
trodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4). This resulted in
2 components with total initial eigenvalues of 6.95 and 1.35
respectively, accounting for 77.2% and 15.0% of the total
variance. The rotated component matrix (see Supplemen-
tary Table 1) indicated that electrodes within each anterior-
posterior line constituted relatively unitary groups. We
therefore calculated mean amplitudes within each line to
yield an estimate of mean frontal (F3, Fz, F4), central (C3,
Cz, C4) and parietal (P3, Pz, P4) amplitudes for each par-
ticipant.

Table 2
List of labels and their approximate brain region

Label Brain region

A Right hemisphere medial orbital frontal gyrus.
B Right hemisphere parahippocampal gyrus.
C Right hemisphere sulcus between lateral occipital gyrus and

inferior temporal gyrus.
D Right hemisphere supramarginal gyrus in inferior parietal lobule.
E Right hemisphere sulcus between superior and middle

prefrontal gyri.
F Left hemisphere superior prefrontal gyrus.

G Left hemisphere lateral occipital gyrus.
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Mean amplitudes (frontal, central, and parietal) were
submitted to repeated-measures ANOVA as the within-
subjects factor. Genotype group (APOE �4 carrier vs. non-
carrier) was set as the between-subject factor. There was a
significant main effect of genotype group on mean ampli-
tude, [F(1,38) � 4.79, p � 0.035] where �4 carriers had
ower amplitudes. There was no interaction between geno-
ype group and within-subjects factors. For target stimuli
he same ANOVA strategy as for the distractor trials were
sed. There were no genotype-related effects, [F(1,38) �
.41, p � 0.24]. Grand average ERP curves are presented in
ig. 5.

.4. Correlations between cortical thickness,
vent-related potentials amplitudes, and target detection
ccuracy

Mean thickness in each of the chosen labels were sub-
itted to a series of analyses of correlation with P3a am-

litudes. See Table 3 for an overview of correlations. P3a
mplitude at frontal electrodes correlated significantly with
hickness in label E (right lateral prefrontal lobe). P3a am-
litude at central electrodes correlated significantly with
ean thickness in label D (right-sided supramarginal

yrus). Parietal P3a amplitude correlated with mean thick-
ess in label F (left lateral prefrontal lobe). All correlations
ere negative, that is, thicker cortex was associated with

ower P3a amplitude. Labels A, B, C, and G were not
ignificantly correlated with P3a amplitudes. There were no
ignificant correlations with P3b amplitudes. Scatter plots of

Fig. 5. Visual event-related potentials (ERPs) at frontal, central, and parieta
to the left and ERPs to distractors to the right. Transparent colored bars i
he relation between cortical thickness and P3a amplitudes
indicate that the negative correlation may be stronger for the
�4 carrier group (Fig. 6) [r range �.37 to �.29 for the �4
carrier group, and �.19 to .00 for the �4 noncarrier group].
However, due to reduced statistical power when the sample
is split, no correlation remains significant for 1 genotype
group only.

P3a and P3b were highly significantly correlated with
each other, [r � .62, r � .60, and r � .66, for Fz, Cz, and

z, respectively], and with behavioral accuracy. In particu-
ar, P3a at frontal electrodes, for which there was both
enotype-related differences and significant correlations
ith cortical thickness, were related to accuracy, [r � .47,
� 0.002, r � .40, p � 0.01, r � .33, p � 0.039, for

rontal, central, and parietal electrode amplitudes]. P3b had
imilar correlations with behavioral accuracy, [r � .48, r �
36, and r � .34 for Fz, Cz, and Pz, respectively]. Cortical
hickness did not correlate with target detection accuracy.

Table 3
Pearsons correlations between thickness of cortex in labeled areas and
P3a amplitudes

Labels

lectrode A B C D E F G

rontal .00 .11 .07 �.26 �.37* �.11 �.04
entral .06 .05 �.06 �.32* �.30 �.18 .01
arietal .02 .07 �.02 �.27 �.26 �.33* .06

eft, midline, and right electrodes are shown. ERPs to targets are displayed
the temporal windows of interest (see bottom of figure for code).
l sites. L
* p � 0. 05, 2-tailed.
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3.5. Path analysis

To model causality in the present correlational dataset
we made use of a path analysis approach to test the statis-
tical fit of a theoretical model to the data. The model is
presented in Fig. 7A. For the present purposes we assume
that genotype will modulate brain structure, which in turn
may modulate brain physiology and, indirectly, behavioral
performance. Based on the results from the ANOVA, cor-
relation analysis, and PCA presented above, this theoretical
model was tested in an initial path analysis. Mean thickness
in label E (superior-middle prefrontal cortex) was chosen as
an index of brain structure, frontal line P3a amplitudes was
chosen as an index of brain physiology, and behavioral
accuracy represented behavioral performance in the model.
As expected, all path estimates were significant, confirming
the previous analyses. More importantly, the model yielded
a good fit to the data with a relative �2 lower than 2 [cmin
.4/3 df � 1.14] and root mean square error of approxima-
ion (rmsea) lower than .05 [rmsea � .021]. According to
rowne and Cudeck (1993) a value of the rmsea of about

Fig. 6. Scatter plot of relation between cortical thickness of label E (super
electrodes.

Fig. 7. Path models (A) and (B) of APOE genotype, cortical thickness of
label E (superior-middle prefrontal cortex), mean P3a amplitude of 3
frontal electrodes (F3, Fz, F4), and target detection accuracy. * Indicate
lsignificant paths at level p � 0.05. See text for details.
05 or less would indicate a close fit of the model in relation
o the degrees of freedom. In an alternative model genotype
odulates each of the phenotypes independently. Only di-

ect paths from genotype to each of the phenotypes were
rawn (see Fig. 7B). This model gave a poorer fit to the
ata. Relative �2 was higher than 2 [cmin 11.3/3 df � 3.76],

and rmsea higher than .05 [rmsea � .091].

3.6. Influence of familial risk for dementia and
participant age

Familial risk for AD was assessed by comparing re-
ported incidence of diagnosed dementia among first de-
gree relatives which was obtained from 35 of the 40
subjects included in the analysis. These were split into 2 age
groups (middle-aged (n � 17) and old (n � 18)). The data
were submitted to a univariate ANOVA with genotype and age
group as fixed factors, and the results showed that there were
no significant main effects, but a significant genotype � age
group interaction, F(1,35) � 5.76, p � 0.023. The middle-aged
group �4 was more strongly associated with familial demen-
tia (89%) than �3 (25%), t(15) � 3.3, p � 0.005. By contrast,
in the old group the pattern was reversed between �4 car-
riers (33%) and �3 homozygotes (44%), although the dif-
ference was nonsignificant t(16) � .46, p � 0.65. Thus, there

as a sharp age-related decrease in familial risk for demen-
ia in the �4 carrier group, but a slight increase in the �3
omozygote group.

Separate univariate ANOVAs with familial risk for de-
entia and age group as fixed factors revealed no main

ffect of familial risk on any of the quantitative MRI, ERP,
r behavioral phenotypes used in this study, but there was
ignificant familial risk � age group interaction on the
VLT learning measure (CVLT, 1–5 total), F(1,35) � 4.44,
� 0.043, and the CVLT delayed recall measure (Long
elay), F(1,35) � 7.77, p � 0.009. Post hoc analyses with
tests showed that there was no significant difference be-

ween middle-aged familial risk groups on delayed recall.
owever, for the old group participants at increased familial

isk had significantly lower delayed recall scores than old
articipants without increased familial risk (p � 0.023).

Separate univariate ANCOVAs with each of the cortical

dle prefrontal cortex) and mean amplitude at frontal, central, and parietal
ior-mid
abels as dependent variables, APOE genotype as fixed
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factor, and age as covariate showed that, with 1 exception,
there were no significant or trend-level age � genotype
interactions for cortical thickness. The only exception was
the left hemisphere lateral occipital gyrus in which �4 car-
riers showed an age-related thinning whereas the noncarri-
ers appeared to have a slight thickening of the cortex,
[F(1,39) � 6.36, p � 0.016]. Testing for age � genotype
interactions on WM regions of interest (ROIs) with univar-
iate ANCOVAs revealed no significant results. Finally, sep-
arate univariate ANCOVAs on each of the ERP components
revealed no significant age � genotype interactions.

4. Discussion

The principal focus of interest in the present study was
APOE-related differences in cortical thickness, and to what
extent these differences in cortical thickness mediate atten-
tional function differences between genotype groups. The
main results were that: (1) APOE genotype modulated re-
gional cortical thickness such that �4 carriers had thicker
cortex than noncarriers in several areas of the cortical man-
tle; (2) APOE genotype modulated ERPs such that �4 car-
riers had lower P3a amplitudes than noncarriers, suggesting
that APOE genotype modulates involuntary aspects of at-
tentional capture possibly related to attentional reorienting
processes; (3) regions of the cortical mantle defined by
APOE genotype differences in thickness correlated signifi-
cantly with amplitudes on electrodes for which there were
also genotype group differences; moreover, these ERP am-
plitude differences were associated with target detection
accuracy, where �4 carriers scored significantly lower than
non-carriers; and (4) path analyses based on structural equa-
tion modeling revealed that a model in which behavioral
accuracy is mediated by frontal P3a amplitude, which is
mediated by frontal cortical thickness, represents a very
close fit to the data.

Volumetric measures such as total brain, cortical, and
WM volumes have in some studies been shown to be asso-
ciated with APOE genotype (Cohen et al., 2001; Den Heijer
et al., 2002; Lemaître et al., 2005; Moffat et al., 2000;
Plassman et al., 1997), but these effects are not always
found (Adamson et al., 2008; Cherbuin et al., 2008; Reiman
et al., 1998; Schmidt et al., 1996). Because volumetric
measures are particularly sensitive to ICV variation we
opted to check whether the trend level effects on total brain
volumes were influenced by regressing out ICV. All trend
level effects disappeared with this procedure. Recently,
Panizzon et al. (2009) showed in a twin study that cortical
surface area and cortical thickness are both highly heritable,
but are genetically independent. Because cortical volume is
a function of both surface area and thickness, this measure
conflates separate underlying genetic factors. Given these
lines of evidence it can be argued that regressing ICV out of
cortical thickness measures may introduce noise in the data

instead of removing it. It is therefore not clear that ICV
should be regressed out for these measures. However, if we
do, the results are not much altered, consistent with the a
priori suggestion.

Regional cortical thickness patterns were very similar to
our previous findings (Espeseth et al., 2008), replicating
these within a subsample excluding �2 carriers. Results for
all regional labels in the present sample were stable across
split-half subsets defined on the basis of genotype, sex, age,
IQ, and years of education. APOE �4 was associated with
thicker cortex in several areas, many of which are impli-
cated in specified attentional processes and other cognitive
processes (Bledowski et al., 2004a; Braver et al., 2001;
Corbetta and Shulman, 2002; Corbetta et al., 2008; Kiehl et
al., 2001; Linden et al., 1999; Marois et al., 2000; Soltani
and Knight, 2000). A processing component specifically
related to novelty processing (P3a) was modulated by cor-
tical thickness in a set of areas known to function as nodes
in attentional networks. In particular, cortical thickness of
the right supramarginal gyrus and an area located between
the superior and middle right prefrontal dorsolateral cortex
mediated P3a amplitude. Evidence that these areas are in-
volved in generation of P3a, and more generally, attentional
reorienting and novelty processing, comes both from human
brain lesion studies, functional imaging studies, and from
combined morphometric and ERP studies.

Patients with focal prefrontal, temporo-parietal, or pos-
terior medial temporal lobe lesions have attenuated P3a
responses to stimuli of auditory, visual, or somatosensory
origin (Soltani and Knight, 2000). Furthermore, evidence
from patients with prefrontal lesions exposed to deviant
stimuli do not show peripheral indexes of attentional ori-
enting such as galvanic skin conductance responses
(Knight, 1996) and have also been shown to divert less
attention to novel stimuli, which in turn was correlated with
an attenuation of the P3a (Daffner et al., 2000). Heteroge-
neity of lesion localization and extent in clinical groups
makes more precise localization of critical cortical areas
difficult. Brain imaging studies point to more specific loci
within the general regions identified in lesion studies (Ble-
dowski et al., 2004b; Braver et al., 2001; Corbetta and
Shulman, 2002; Kiehl et al., 2001; Linden et al., 1999;
Marois et al., 2000; Ranganath and Rainer, 2003; Yamagu-
chi et al., 2004). In a recent meta-analysis on fMRI studies
on attentional reorienting Corbetta et al. (2008) showed that
the interconnected dorsal and ventral corticocortical net-
works are typically activated in tasks with infrequent or
otherwise unexpected stimuli. According to current think-
ing, P3a should signal the activation of both networks in
addition to regions in the medial temporal lobe and anterior
cingulate for rapid attentional reorienting after novel or
deviant events (Corbetta et al., 2008; Ranganath and Rainer,
2003; Yamaguchi et al., 2004). These systems seem to be
functionally coherent and interconnected even in absence of
any specific task. Based on the correlation between regional

patterns of spontaneous hemodynamic fluctuations during
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rest, Fox et al. (2006) delineated the dorsal and ventral
etworks and a few regions of overlap. In particular, an area
n the middle frontal gyrus, an area near the frontal eye
elds, and an area near the temporoparietal junction/supra-
arginal gyrus, all in the right hemisphere, correlated with

oth networks. Interestingly, of the areas where cortical
hickness was modulated by APOE genotype, 3 seem to
orrespond fairly well to the areas of overlap between the
orsal and ventral networks as delineated by Fox et al.
2006), 2 of which (i.e., labels D and E) also correlate with
3a amplitude (see Fig. 2 in the present study and Figure 5

n Fox et al. (2006) for comparison). Among several other
ortical regions, these were recently described as neural
ubs characterized by disproportionately high connectivity
nd also A� deposition (Buckner et al., 2009). Healthy �4
arriers as well as AD patients may be particularly vulner-
ble to tasks dependent on simultaneous activation of the
timulus-driven and goal-directed attentional systems
Espeseth et al., 2006; Greenwood et al., 2000, 2005; Oken
t al., 1994; Parasuraman et al., 1992). Cortical thickness in
abel E (right superior-middle prefrontal cortex), which cor-
esponds closely to 1 of the major cortical sites reported to
enerate P3a (Soltani and Knight, 2000; Yamaguchi et al.,
004), mediated genotype-related P3a differences. This sug-
ests that APOE genotype modulates neuronal processing
fficiency in 1 of several P3a generators and thereby P3a
mplitude and novelty processing. The supramarginal gyrus
epresents a node in the ventral network subserving novelty
rocessing and is also known to be involved in attentional
isengagement (Parasuraman et al., 1992), and in this sam-
le predicted amplitude on more posterior electrodes (C3,
z, C4) than the prefrontal area (primarily F3, Fz, and F4).
arietal P3a amplitude showed a nonsignificant trend for
orrelation with labels D and E, but was significantly cor-
elated with thickness in the left hemisphere prefrontal label
label F), in contrast to frontal and central amplitudes. It is
nown from connectivity studies (e.g., Fox et al., 2006) that
eft frontal and right inferior parietal regions are function-
lly connected. Because both regions may constitute parts of
he ventral reorienting system, one may reasonably expect
hat the integrity these regions should be associated with
eorienting efficiency. It is, however, currently unclear why
he correlation between the left frontal area and P3a ampli-
ude seems relatively specific to parietal sites.

It should be recognized that there is a continuing debate
n the field as to the specific processes indexed by P3a and
3b, respectively (see Polich, 2007 for a review). For ex-
mple, traditionally dominant views have stated that P3b
mplitude indexes working memory updating or context
pdating (Donchin and Coles, 1988), or resource allocation
Polich, 1996), whereas P3a amplitude is thought to reflect
nvoluntary and transient attentional allocation to salient
timuli (Courchesne et al., 1975). The oddball task is com-
utationally complex because it conflates several indepen-

ent processes, as all behavioral tasks do to some extent. p
RPs generated by the general target/distractor/standard dis-
inction includes information from processing on whether a
esponse should be made or not (e.g., categorizing the odd-
all), selecting a response (e.g., go/no-go) based on current
timulus-response mapping, making the response, and gen-
rating signals related to performance monitoring. Several
f these processes are common to P3a and P3b and there is
hus likely to be considerable functional and structural over-
ap between the processes indexed by these components. In
aradigms in which expectations are based on stimulus
requencies, an unexpected event such as an oddball violates
hese expectations and “signal-driven reorienting” is there-
ore mediated by the ventral system, perhaps particularly by
he frontal areas (Shulman et al., 2009). Violations of ex-
ectations signal that a new behavior or sensory stimulation
as occurred. This marks an event boundary which requires
hat the internal cognitive model is updated (Corbetta et al.,
008; Kurby and Zacks, 2008; Zacks et al., 2007). Current
heory suggests that the ventral network is activated by
ask-relevant stimuli, not simply salient stimuli (Indovina
nd Macaluso, 2007; Kincade et al., 2005). However, the
entral network is activated by irrelevant objects when they
re similar (i.e., share features) to the relevant stimuli (con-
ingent attentional capture [Serences et al., 2005]). For ex-
mple, if targets and oddballs are both infrequent and share
he same color (e.g., blue), then one would expect both
timuli to activate the ventral system.

One may speculate that this is 1 of the reasons for the
igh correlation between distractor related ERP components
e.g., P3a) and behavioral accuracy on target detection. It is
ell known that the spatial distribution of P3a and P3b as
easured on the scalp overlaps to a substantial degree. It

hould therefore be expected that brain activation elicited by
oth types of stimuli should correlate with behavioral re-
ponse. In principle, if the P3a response were to be more
table (i.e., have less variation) than the P3b response, the
orrelation between P3a amplitude and accuracy could
e even stronger than the correlation between P3b am-
litude and accuracy.

Based on our previous results of specific attentional
eficits (Espeseth et al., 2006) and regionally thicker cortex
Espeseth et al., 2008) in �4 carriers, we predicted a nega-
ive relation between APOE-related differences in cortical
hickness and attentional function. We reasoned that if the
4-related cortical thickening is part of a dysfunctional
rocess associated with the �4 allele, one should expect a
egative correlation between thickness in these areas and
ttentional function for �4 carriers and positive or no cor-
elation for �4 non-carriers. The prediction of negative cor-
elation was confirmed for the attention-related P3a compo-
ent for which the APOE-related difference effect was
hown to be mediated by cortical thickness in an area
hought to be part of a P3a generator network. There was not
ufficient statistical power to unambiguously address the

rediction of differential thickness P3a amplitude correla-
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tion between genotype groups, but the scatter plots in Fig. 6
indicate that the negative relation may be stronger for �4
carriers.

The small but growing literature on cortical thickness
and cognitive function in healthy adults indicate that corti-
cal thickness may be positively correlated with cognitive
function (Dickerson et al., 2008; Fjell et al., 2006, 2007;
Makris et al., 2007; Walhovd et al., 2006). However, in
developing populations the correlation is often negative �
thinner cortex has been shown to be associated with better
cognitive performance (Shaw et al., 2006; Sowell et al.,
2004, 2008). A negative correlation is expected in these
populations likely because more mature cortical gray matter
(after about age 7.5 years, [Shaw et al., 2007a]) contains
fewer synapses and is more myelinated than less mature
cortical gray matter (Huttenlocher, 1979; Yakovlev and
Lecours, 1967). However, the gray matter/WM boundary is
not clear-cut, even in histological analysis (Annese et al.,
2004). Thus, in MRI images, unmylinated axonal fibers
close to the gray/white boundary may appear to be gray
matter tissue, and the gray matter may therefore appear to be
thicker. In 1 recent study on children with fetal alcohol
spectrum disorders, regions of the cortical mantle was up to
1.2 mm thicker than the average cortical thickness of their
healthy age-matched peers, and thickness in these areas
were associated with lower verbal and visuo-spatial perfor-
mance (Sowell et al., 2008). The authors concluded that
although prenatal alcohol exposure is generally associated
with microcephaly, cortical thickness is sensitive to the
regional functional integrity which is in part dependent on
regional myelination of axonal fibers.

Interestingly, Shaw et al. (2007b) reported that young �4
carriers (aged 21 or less) had thinner entorhinal cortices
than noncarriers. Cognitive data were unfortunately not
reported in this study and it is thus not known whether
thinner cortex was associated with better performance as
has been shown in other work by the same group. However,
in an fMRI study with young �4 carriers and noncarriers
(mean age � 22), Mondadori et al. (2007) showed that �4
was associated with better memory performance and lower
blood oxygenation level dependent (BOLD) responses in
medial temporal lobe (MTL) regions, a finding interpreted
by the authors to indicate enhanced neural efficiency in �4
carriers. This may be an example of antagonistic pleiotropy
in which �4 have beneficial effects early in life, but negative
effects after reproductive age.

Regions of counterintuitively thicker cortex have also
been observed in adult samples. Rosas et al. (2002, 2005)
reported thicker cortex in Huntington’s patients in regions
of the cortical surface, and although age-related thinning is
generally seen, several studies have reported age-related
cortical thickening in specific areas, particularly in medial
frontal regions in some samples (Espeseth et al., 2008; Fjell
et al., 2009; Salat et al., 2004). Thickness measurements in

these areas could be modulated by age-related changes in
MR tissue parameters such as T1 relaxation times, which
may be due to age-related demyelination (Davatzikos and
Resnick, 2002; Jernigan et al., 2001; Ogg and Steen, 1998).
If this hypothesis is correct, regional demyelination could
lead to an apparent thickening of the cortical mantle. An-
other model posits that there is an actual inverse relation
between WM volume and thickness of the cortical mantle
lying directly above it (Seldon, 2005, 2006). Increased my-
elination could cause the cortical surface to be stretched
tangentially, causing the columnar spacing to increase and
the cortical thickness to decrease. The model further sug-
gests that such a thinning of the cortex is associated with
better function through increased capacity for differentiat-
ing afferent signals. Conceivably, the inverse sequence of
events, in which there is a reduction in WM integrity, as has
been reported several times for �4-carriers compared with
non-carriers (Bartzokis et al., 2006, 2007; Espeseth et al.,
2006; Nierenberg et al., 2005; Persson et al., 2006; Smith et
al., 2008), cortical columns would become more tightly
packed, making the cortical mantle appear thicker and caus-
ing the functional efficiency to drop (Seldon, 2005, 2006;
see also Draganski et al., 2006). Thus, both models predict
that in MRI images the cortex could be estimated to be
thicker because of reduced WM integrity. Although mech-
anisms like these could in principle explain the current
pattern of results, each of the model’s predictions would
have to be tested in the data set individually. We segmented
WM volumes based on the T1-weighted images in the cur-
rent sample in an effort to investigate the potential role of
WM changes to the present results. However, these volumes
are dependent on the same estimation of gray/white bound-
ary as the cortical thickness measures. After controlling for
ICV there were only trend-level associations with APOE,
thus giving limited support to either hypothesis. To inves-
tigate this problem further, MRI techniques which can mea-
sure group differences in MR tissue parameters more di-
rectly would be useful (e.g., T1 relaxometry, diffusion
ensor imaging).

Certainly, other possible APOE-related biological mech-
nisms such as early A� aggregation (Reiman et al., 2009)

or defective neuronal pruning (Luo and O’Leary, 2005)
cannot be excluded. Another account suggests an initial
compensatory response to neuronal stress, and progressive
age-related loss of compensation (Bondi et al., 2005;
Bookheimer et al., 2000). If this account is correct, a lon-
gitudinal design in which we followed the participants for
another 5–10 years might show that areas where �4 carriers
presently have thicker cortex would even out with time or
may end up being thinner in �4 carriers than noncarriers, in
accordance with the results from the cross-sectional data
reported in Espeseth et al. (2008). Consistent with the no-
tion that thicker cortex in �4 carriers may be part of a
pathological process are data showing that negative effects
of APOE �4 on cognitive and neuropsychological measures

are equivalent or larger in samples from middle-aged than
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older individuals (Espeseth et al., 2006; Small et al., 2004).
The APOE �4 associated risk for AD is also stronger for
middle-aged compared with older individuals (Farrer et al.,
1997). Thus, the finding of thicker cortex in �4 carriers may
be an indication of underlying pathological processes, or the
response to such processes (e.g., compensation), that in-
creases the risk for developing AD later in life. A study
including also younger age cohorts, ideally in combination
with a longitudinal design, would be informative on this
issue.

An additional factor that should be considered is the
possibility of differential influence of APOE genotype on
recruitment over the age span studied. �4 was more strongly
associated with familial risk of dementia for the middle-
aged participants but not for old participants. This may
indicate that old at risk �4 carriers did not volunteer for this
study, or did not satisfy all inclusion criteria during screen-
ing. These sample characteristics may have contributed to
the scarceness of evidence for genotype � age interactions,
nd indicate that at least the old �4 carriers may not be
ypical for �4 carriers in the population. However, this does
ot explain the finding of better delayed recall for �4 car-
iers. �4 carriers had better delayed recall scores for both
ge groups. The association between �4 and episodic mem-
ry deficits does not seem to be conclusively established in
he literature. Probably due to differences in inclusion/ex-
lusion criteria in healthy samples results vary between
tudies, with some studies revealing a positive, and some a
egative effect of �4. Consistent with this view, findings
rom several other studies show positive, or no effect of �4
e.g., Jorm et al., 2007; Luciano et al., 2009; Raz et al.,
009; Walhovd et al., 2008). In addition, other studies have
hown that APOE is a stronger predictor of longitudinal
ecline in memory performance than cross-sectional differ-
nces (Bretsky et al., 2003; Caselli et al., 2004; Mayeux et
l., 2001). We speculate that variable selection criteria
ay influence results in cross sectional studies on epi-

odic memory partly through interactive effects between
POE and A�.

Because APOE is related to elevated risk for AD, we
ay consider the hypothesis that the findings reflect a pat-

ern of premorbid AD changes. There are 2 major hypoth-
ses on the relation between APOE and neurodegeneration
Mahley et al., 2006). In the amyloid hypothesis �4 is
uggested to interact with A� to inhibit clearance and/or
timulate deposition of A� (Huang et al., 2004), enhance

A� production (Ye et al., 2005), and increase lysosomal
eakage and apoptotic cell death (Ji et al., 2006). In the
euronal repair hypothesis �4 is thought to lead to deficient
euronal health through enhanced neuron-specific proteolysis
here neurotoxic fragments of apolipoprotein E (ApoE) is

ranslocated into the cytosol where they lead to cytoskeletal
isruption and mitochondrial dysfunction (Mahley et al.,
006). Thus, according to the neuronal repair hypothesis

poE may be related to neuronal health throughout the life
pan, and may therefore have identifiable physiological phe-
otypes that are distinct from those caused by pathological
rocesses late in life, such as those suggested by the amy-
oid hypothesis. Notably, our finding of differential effects
f APOE genotype and familial risk of dementia on brain
tructure and function may underscore this distinction.
POE influenced cortical thickness, ERP amplitudes and

arget detection accuracy independently from participant
ge, but interacted with age in the association with familial
isk of dementia. In contrast to effects of APOE, familial
isk was not associated with cortical thickness or ERP
mplitudes, but was in interaction with age associated with
ecreased delayed recall scores, a known hallmark of incip-
ent dementia. These findings seem consistent with the no-
ion that APOE can influence brain integrity and function
hroughout adult life by way of mechanisms partly distinct
rom those that are typically associated with prodromal AD.
affner et al. (2001) showed that AD patients had severely

educed P3a in a novelty oddball task. AD patients also
how markedly increased reaction times to targets following
patially invalid cues (Parasuraman et al., 1992). Following
he reasoning of Greenwood and Parasuraman (2003), re-
uced P3a and increased cost of invalid spatial cues for �4
arriers may therefore be a manifestation of a qualitatively
imilar, but quantitatively different attentional function or
ysfunction in AD patients and healthy �4 carriers. In prior
esearch on APOE genotype effects on cortical thickness
here we investigated both main effects of genotype and
enotype � age interactions, we suggested that carriers of at
east 1 �4 allele showed evidence for steeper thinning slope
f the cortical mantle in areas where age-related thinning
as been reported in normal aging. In addition, �4 carriers
howed evidence of age-related thinning in areas associated
ith aggregation of A� and cortical thinning in initial stages

of Alzheimer’s disease (Espeseth et al., 2008). Several re-
ports on cortical thickness in AD and healthy aging using
similar methods have been published, making a comparison
of results pertinent (Dickerson et al., 2009; Du et al., 2007;
Fjell et al., 2009; Lerch et al., 2005; Salat et al., 2004; Singh
et al., 2006; Walhovd et al., 2008). For example, Dickerson
et al. (2009) showed in 4 independent samples that AD is
associated with cortical thinning in widespread regions,
including the medial temporal cortex, inferior temporal
gyrus, temporal pole, angular gyrus, superior frontal gyrus,
superior parietal lobule, supramarginal gyrus, precuneus,
inferior frontal sulcus, and the primary visual cortex. The
magnitude of thinning seemed to be associated with symp-
tom severity and was most prominent in temporal pole and
entorhinal regions, lateral temporal and temporoparietal ar-
eas, and the superior and middle frontal gyri, particularly in
the right hemisphere. The pattern of thinning in healthy
aging overlaps significantly but seems to be better charac-
terized by a relatively stronger frontal thinning (Fjell et al.,
2009; Salat et al., 2004). Thus, although there is clearly

overlapping patterns, including some prefrontal morpholog-
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ical changes in AD, medial and lateral temporal lobe and
posterior cortical areas may be more severely affected.
Reiman et al. (1996) found that areas of hypometabolism in
healthy �4 carriers overlapped with hypometabolic areas in
AD patients, but in addition included more anterior prefron-
tal areas less affected in AD. In the present sample, APOE-
related differences in or near MTL and posterior brain areas,
with the exception of the supramarginal gyrus, did not
correlate with P3a. The supramarginal gyrus is strongly
associated with AD, but also with advanced aging (Fjell et
al., 2009; Salat et al., 2004). However, without information
on the biological mechanisms underlying cortical thinning
in this area for the different groups, it is impossible to know
whether ApoE-related changes are due to deficient neuronal
health or A�-related processes. Thus, reduced P3a ampli-
tude in the current sample could be related to processes that
mediate P3a deficits in AD, age-related P3a reductions, or
both.

APOE �4 was associated with thicker cortex in several
areas. Generally, the finding of increased cortical thickness
especially in the right parahippocampal gyrus, situated close
to the medial temporal lobe structures known to be vulner-
able to volume reduction in early AD, seems inconsistent
with the interpretation of the present findings as indicating
very early AD. However, as discussed above, the reason for
the estimation of thicker cortex in �4 carriers may be related
to changes in underlying WM. Hypothetically, because
many of the areas where �4 carriers had thicker cortex were
situated adjacent to areas where �4 carriers appeared to have
thicker cortex in middle age but also a steeper age-related
decline (see Espeseth et al., 2008), the data suggest that
early thickening may be tied to subsequent thinning. We
cannot exclude the possibility that there is a subgroup of
participants with early signs of pathology, but the fact that
the morphological findings are robust even in a split-half
sample indicates that we are faced with general changes
affecting the whole group rather than effects in a subgroup.
These effects may be more related to the generally elevated
risk for AD development in �4 carriers than to the AD
process itself.

In the present study, we chose regions of significant main
effects of APOE genotype as regions of interest to investi-
gate possible physiological and behavioral correlates. We
therefore did not expect genotype � age interactions in
these data and in accordance with this expectation, the
effects seemed stable over the relatively constrained age
range of the sample. Consistent with this, there were no
APOE � age interactions on the ERP measures.

4.1. Conclusions

In cognitive neurogenetics, a new field of research con-
ceived as a merger between molecular genetics and cogni-
tive neuroscience (see Parasuraman and Greenwood, 2004),
a central ambition is to track effects of genetic variability on

multiple phenotypic levels of mechanisms. If successful,
this should result in convergence between molecular and
behavioral levels of knowledge, and indeed, between mo-
lecular and diagnostic classifications. One influential strat-
egy toward this goal is to focus on so-called “endopheno-
types” (see Meyer-Lindenberg and Weinberger, 2006 for a
review) where a coordinated analysis of candidates from
morphological, physiological and behavioral levels is po-
tentially fruitful approach exemplified by the present study.
Taken together, these results demonstrate convergence of
endophenotypes representing attention-related mechanisms
at multiple levels of analysis. APOE modulated dependent
variables at 3 separate levels (morphology, electrophysiol-
ogy, and behavior). Moreover, genotype group differences
on brain structure predicted genotype group differences on
brain function, where ERPs acted as a physiological inter-
mediate phenotype linking morphology and behavior. Re-
garding the nature of the tendency for thicker cortex in �4
carriers, the correlation with ERP measures seem to indicate
that cortical thickening cannot be explained solely as a
compensatory response. Rather, �4 carriers displayed event-
related potential reductions qualitatively similar to, but
quantitatively smaller than groups with focal lesions in the
areas where �4 carriers had thicker cortex (Ranganath and
Rainer, 2003; Soltani and Knight, 2000; Yago et al., 2004).
The �4-related pattern of novelty P3a also resembled ERP
results from patients with mild to moderate AD (Daffner et
al., 2001). Thus, 1 hypothesis is that APOE-related thicker
cortex may functionally represent small precursors of
broader processes related to accelerated aging and prodro-
mal dementia. However, these data do not rule out the
possibility that compensatory responses were initiated but
were insufficient to prevent functional decline. The mech-
anistic factors that drive these phenotypic differences re-
main to be revealed, and also how these mechanisms can be
modulated by other genetic and environmental forces.

4.2. Limitations

The primary limitation in the present study is the rela-
tively modest sample size which has precluded formal
methods of adjusting for multiple comparisons. Although
we believe the split-half method makes a strong case for the
reliability and stability of the data, the confirmation of this
pattern of results with permutations tests or false discovery
rate would be preferable. Another limitation is the unimodal
imaging strategy. Additional MRI sequences sensitive to
other biological properties (e.g., T1 relaxometry) could po-
tentially increase the interpretability of the current finding
of �4-related thicker cortex.
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Supplementary Table 1
Rotated component matrix

Electrode Rotated component loadings

1 2

F3 0.94 0.25
Fz 0.95 0.27
F4 0.91 0.22
C3 0.75 0.60
Cz 0.70 0.65
C4 0.75 0.59
P3 0.33 0.91
Pz 0.29 0.93

P4 0.21 0.91
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