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Abstract
The apolipoprotein E (APOE) ε4 allele increases the risk for late-onset Alzheimer's disease (AD)
and age-related cognitive decline. We investigated whether ε4 carriers show reductions in gray
matter volume compared to ε4 non-carriers decades prior to the potential onset of AD dementia or
healthy cognitive aging. Fourteen cognitively normal ε4 carriers, ages 26 to 45, were compared
with 10 age-matched, ε4 non-carriers using T1-weighted volumetric magnetic resonance imaging
(MRI) scans. All had reported first or second-degree family histories of dementia. Group
differences in gray matter were tested using voxel-based morphometry (VBM) and a multivariate
model of regional covariance, the Scaled Subprofile Model (SSM). A combination of the first two
SSM MRI gray matter patterns distinguished the APOE ε4 carriers from non-carriers. This
combined pattern showed gray matter reductions in bilateral dorsolateral and medial frontal,
anterior cingulate, parietal, and lateral temporal cortices with co-varying relative increases in
cerebellum, occipital, fusiform, and hippocampal regions. With these gray matter differences
occurring decades prior to the potential onset of dementia or cognitive aging, the results suggest
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longstanding, gene-associated differences in brain morphology that may lead to preferential
vulnerability for the later effects of late onset AD or healthy brain aging.
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1. Introduction
The apolipoprotein E (APOE) ε4 allele, a common susceptibility gene for late-onset
Alzheimer's disease (AD), increases the risk for dementia (Saunders et al., 1993) and has
been associated with cognitive decline in healthy aging (Caselli et al., 2004; Caselli et al.,
2009). In cognitively normal, young and late-middle aged adults, studies measuring cerebral
metabolism with positron emission tomography (PET) have shown reductions in ε4 carriers
compared to non-carriers (Reiman et al., 1996, 2004, 2005) in brain areas previously shown
to be affected in AD, including in parietal, temporal, and frontal regions (Frackowiak et al.,
1981; de Leon et al., 1983; Duara et al., 1986; Alexander et al., 2002). Recent studies have
shown an association between APOE ε4 and increased deposition of β-amyloid with PET
C11PIB in late middle age and older adults (Reiman et al., 2009; Morris et al., 2010), but no
cortical binding of the PIB amyloid tracer was observed in younger individuals 45 to 49
years of age (Morris et al., 2010).

The question of whether and when observable differences in structural brain anatomy occur
in relation to increased genetic risk for late onset AD is less clear. Patients with AD in the
early stages of dementia show atrophy affecting the medial and lateral temporal lobes, but
also extending into parietal and frontal cortices (Jack et al., 1992; Basso et al., 2006;
Whitwell et al., 2007; Hua et al., 2009). In non-demented adults with average ages in late
middle age or older, some studies have found greater reductions in medial temporal lobe
structures in ε4 carriers than non-carriers (Plassman et al., 1997; den Heijer et al., 2002;
Wishart et al., 2006; Burggren et al., 2008; Mueller et al., 2008), whereas others have
observed no APOE group differences (Schmidt et al., 1996; Reiman et al., 1998; Trivedi et
al., 2006). Studies of young adults using magnetic resonance imaging (MRI) univariate
voxel-based morphometry (VBM) to evaluate regional gray matter throughout the brain
found no differences between ε4 carriers and non-carriers (Mondadori et al., 2007; Filippini
et al., 2009; Dennis et al., 2009), whereas one study of children and adolescents observed
reductions of MRI cortical thickness in the entorhinal cortex in ε4 carriers compared to non-
carriers (Shaw et al., 2007). The variability of findings across studies may be, in part, related
to differences in the subject samples studied, as well as differences in MRI post-processing
methods ranging from manual traced regions of interest for selective brain structures to the
use of voxel-based whole brain approaches that have often relied on different inter-subject
registration algorithms. In addition, these studies have all applied univariate analysis
techniques that do not consider group differences in the patterns of covariance across brain
regions. Multivariate covariance analysis methods may provide greater sensitivity in
detecting regionally distributed effects of interest in neuroimaging data (Alexander and
Moeller, 1994; Habeck et al., 2005).

We investigated whether genetic risk for late onset AD in adults with the APOE ε4 allele is
associated with regional gray matter reductions occurring decades before the potential onset
of dementia or healthy cognitive aging by using MRI VBM with the Scaled Subprofile
Model (SSM; Moeller et al., 1987). The SSM is a multivariate analysis method that tests for
regional covariance patterns in neuroimaging data and is sensitive to group differences
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without requiring conservative correction for multiple comparisons across voxel-based brain
regions. This approach has been applied in numerous functional neuroimaging studies
(Alexander and Moeller, 1994; Eidelberg et al., 1995; Alexander et al., 1999; Smith et al.,
2006); and applications to structural MRI VBM in humans and non-human primates have
shown this method to be sensitive in identifying robust regional patterns of gray matter
associated with healthy aging (Alexander et al., 2006, 2008; Brickman et al., 2007, 2008;
Bergfield et al., 2010), with frontal reductions as a common feature.

In this study, structural MRI scans from cognitively normal APOE ε4 carriers and non-
carriers between the ages of 26 and 45 reporting first or second-degree family histories of
dementia were investigated using Statistical Parametric Mapping (SPM8, Wellcome
Department of Imaging Neuroscience, London, UK) VBM with DARTEL combined with
multivariate SSM analysis. We hypothesized that APOE ε4 carriers would show a
regionally-distributed pattern of gray matter reductions in brain regions known to be
preferentially affected in late onset AD and healthy cognitive aging, including temporal,
parietal, and frontal regions.

2. Methods and Materials
2.1. Subjects

Twenty-four adults between the ages of 26 and 45 were selected from a cohort of 143
participants enrolled in a longitudinal study of genetic risk for late onset AD with ages
ranging from 25 to 79 years. All subjects were medically screened to exclude any history of
psychiatric or neurological illness or injury that could affect brain function and cognition.
Details of the screening procedures have been previously described (Caselli et al., 2002) and
included a neurological exam with a review of medical history and rating scales and tests of
mental status, mood, psychiatric symptoms, and risk factors for cognitive impairment. Only
subjects younger than 46 years of age with a reported first or second-degree family history
of dementia and good quality MRI scans available were included in the current study.
Participants were selected with either a first or second-degree family history as the indicator
of self-reported familial risk, since many of the subjects had parents who were not yet in the
age range to have a significant risk for dementia. Although the self-reported first-degree
family history of dementia was numerically more frequent in the ε4 carrier group than ε4
non-carriers, the difference was not statistically significant (Table 1). The APOE ε4 carriers
did not differ significantly from the comparison group of APOE ε4 non-carriers in age,
gender, and years of education, but there was a trend for more years of education in the ε4
non-carriers (Table 1). Further, they did not differ significantly in the Mini-Mental Status
Exam (Folstein et al., 1975). The ε4 carrier group consisted of 12 participants with ε3/4 and
two with the ε4/4 genotype, whereas the non-carrier group included 10 participants with the
ε3/3 genotype.

2.2. Neuropsychological testing
A battery of neuropsychological tests was administered to each participant to assess
performance on measures of general cognitive ability and specific domains of verbal
memory, attention, language, and visuospatial function. The tests included the Dementia
Rating Scale (DRS; Mattis, 1976), a 12-item, 12-trial version of the Selective Reminding
Test (SRT; Buschke, 1973), the Trail Making Test, parts A and B (Reitan, 1958), the Stroop
Color-Word Interference Test (Dodrill, 1978), Boston Naming Test (Kaplan, 1983), a
measure of verbal fluency (FAS; Benton and Hamsher, 1976), and the Extended Range
Drawing Test (ERDT; Haxby et al., 1985).
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2.3. APOE genotyping
APOE alleles were determined from genomic DNA obtained from blood samples with a
polymerase chain reaction (PCR) method that has been described (Saunders et al., 1993).
Briefly, genotyping was performed with DNA amplification by PCR using APOE primers
and the HhaI restriction isotyping enzyme. Amplified DNA was digested by HhaI, resolved
on a polyacrylamide gel, and autoradiographed for allele detection. Each autoradiograph was
visualized by two independent observers who were blind to subject characteristics.

2.4. Image acquisition and processing
Volumetric T1-weighted spoiled gradient-recalled acquisition in a steady state (SPGR) MRI
scans were acquired for each subject with a 1.5T GE Signa Horizon LX scanner (General
Electric Medical Systems, Waukesha, WI, USA) at Banner Good Samaritan Medical Center
with 124 contiguous axial 1.5 mm thick slices and 0.94 by 1.25 in plane resolution
(repetition time = 33.3 msec, echo time = 5 msec, flip angle = 30 deg, matrix = 256 × 256,
number of excitations = 1, field of view = 24 cm). The MRI scans were processed using
Statistical Parametric Mapping (SPM8, Wellcome Department of Imaging Neuroscience,
London, UK) with VBM (Ashburner and Friston, 2000; Good et al., 2001) and the DARTEL
toolbox, which was used to perform diffeomorphic anatomical inter-subject registration and
to produce the segmented gray matter maps (Ashburner, 2007; Ashburner and Friston,
2009). Briefly, we used the DARTEL routine in SPM8 to first segment gray and white
matter, which were used subsequently for the simultaneous registration and customized
template generation in the sample's average MRI space, performed iteratively with
increasing accuracy. The non-linear spatial normalization information in this iterative
procedure reflects flow fields, mapping the individual brain to a set of increasingly refined
templates over all subjects in the sample. These segmented gray matter maps were
subsequently brought into the standard Montreal Neurological Institute (MNI) template
space for the SSM analysis and reporting of regional findings. Each gray matter map was
processed to preserve volume information with spatial deformation and filtered using a
Gaussian kernel with 8 mm full width at half maximum to produce smoothed maps of gray
matter volume. An estimate of total intracranial volume (eTIV) was obtained by combining
the gray, white, and cerebrospinal fluid segments in the native MRI brain scan for each
subject.

2.5. Statistical analyses
SSM analysis was performed on the MRI VBM smoothed gray matter volume maps using
MATLAB (Math Works, Natick, Massachusetts, USA). SSM assumptions and procedures
have been described in detail (Moeller et al., 1987; Alexander and Moeller, 1994). Briefly,
the means across regions and subjects were subtracted at each voxel, after the natural log
transformation of the gray matter maps. A principal component analysis (PCA) was
subsequently performed, producing a set of regional covariance patterns and corresponding
subject scores reflecting the degree to which each subject expressed the identified network
patterns. We performed SSM on VBM gray matter images to identify patterns of gray matter
volume that distinguished the APOE ε4 carriers from non-carriers in this young to early
middle-aged group of healthy adults. Multiple regression analysis was used to identify the
best set of SSM component patterns distinguishing the APOE groups. We used the Akaike
Information Criterion with adjustment for small sample sizes (AICc; Burnham and
Anderson, 2002) as a model selection method that seeks to optimize a trade-off between bias
and variance in selecting the best set of components in the regression model (Habeck et al.,
2005). In this case, the first set of sequential components that together produced the lowest
AICc value in the regression model to identify the APOE ε4 related network was selected as
the best set of component predictors. Regression analyses were subsequently used to test the
effect of gender, age, and education on the APOE ε4 related gray matter network pattern.
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The eTIV was used as a covariate to test for individual differences in total intracranial size.
In addition, we performed follow up regression analyses to test the robustness of observed
group differences in pattern expression after removing the subjects with two copies of the ε4
allele and those with a first degree family history of dementia from the group comparisons.

We applied a bootstrap re-sampling procedure (Efron and Tibshirani, 1994) with 500
iterations to the SSM analysis as previously described (Alexander et al., 2008; Bergfield et
al., 2010) to provide reliability estimates at each voxel for the observed pattern weights
associated with APOE group. In this case, the computed bootstrap distributions were used to
provide confidence intervals for the voxel weights of the linearly combined network pattern
associated with the subject score prediction that differed between APOE groups.

The MNI coordinates for the local minima and maxima values for the bootstrapped SSM
pattern weights were selected with Z scores ≥ +2.0 and ≤ -2.0 and were converted to
coordinates of the Talairach and Tournoux (1988) brain atlas (http://www.mrc-
cbu.cam.ac.uk/Imaging/Common/mnispace.html). This Z score threshold was used to
provide brain maps with color scales showing the full extent of regions robustly contributing
to the SSM APOE group related pattern.

Group differences in demographic characteristics and neuropsychological test scores were
evaluated using the Fisher's exact test and non-parametric Mann-Whitney U test where
appropriate to address the non-normal distributions with small samples.

3. Results
The APOE ε4 carrier and non-carrier groups did not differ significantly on measures of
neuropsychological function, but there was a trend for better performance on one long-term
memory score of the Selective Reminding Test in the ε4 carriers than non-carriers (Table 2).

The group difference between the APOE ε4 carriers and non-carriers in the SSM analysis of
the MRI VBM gray matter maps was investigated with a multiple regression model using
the AICc method to select the best linear combination of components that differed between
groups. This model included the first two components and accounted for 43.6% of the
variance in distinguishing the APOE ε4 carrier from non-carrier groups (F(2,21) = 8.11, p ≤
0.002) with the ε4 carriers showing higher expression of the network pattern than non-
carriers (Figure 1). With eTIV added to the regression model, the APOE group effect
remained significant (F(1,21) = 11.03, p ≤ 0.003) and eTIV was not a significant predictor (p
= 0.97). To evaluate the potential effects of demographics on the APOE-related gray matter
pattern, we subsequently tested the SSM pattern prediction by APOE group after including
demographic covariates in the model. After entering age, gender, and years of education in
separate multiple regression models combined with APOE group, APOE status remained a
highly significant predictor of the APOE-related gray matter network pattern (F's(1,21) ≥
11.71, p ≤ 0.003), with age (p = 0.27), gender (p = 0.56), and years of education (p = 0.25)
not significantly contributing to the respective models.

Bootstrap re-sampling of the linearly combined pattern of the first two SSM components
was characterized by gray matter volume reductions indicated by voxels with maximal
negative Z scores mainly occurring in the vicinities of bilateral inferior frontal, middle
frontal, superior frontal, superior medial frontal, anterior cingulate, inferior and middle
temporal, inferior parietal and precuneus, and right pre/post-central regions. Areas showing
relative increases indicated by voxels with maximal positive Z scores were observed in
vicinities of the middle occipital cortex, bilateral cerebellum, bilateral fusiform and right
lingual gyri, bilateral thalamus, and small areas in bilateral hippocampal regions (Figure 2;
Table 3).
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Since two subjects in the APOE ε4 carrier group were ε4 homozygotes (each with a first-
degree family history of dementia), we performed a regression analysis to evaluate whether
the group difference in SSM pattern expression could be related to the inclusion of these two
participants with two copies of the ε4 allele. Analysis of the group difference for only the ε4
heterozygotes (n = 12) and ε4 non-carriers (n = 10), showed that the group effect was
unchanged, accounting for 47.5% of the variance (F(2,19) = 8.59, p ≤ 0.002). The overall
APOE group difference in the regional pattern of gray matter was also present after
removing subjects 40 years of age and older, with the ε4 carriers (n = 8) showing a higher
pattern expression than non-carriers (n = 7; F(2,12) = 8.95; p ≤ 0.004).

To test whether the observed difference between APOE groups in the gray matter pattern
expression could be explained by the relatively higher occurrence of first-degree relatives
with dementia in the ε4 carrier group, we subsequently performed a regression analysis
evaluating the ability of the linear combination of the first two component patterns to
distinguish the groups, including only subjects reporting a second-degree family history of
dementia in the ε4 carriers (n = 9) and non-carriers (n = 9). The difference between these
two APOE subgroups in SSM subject scores remained significant, accounting for 56.5% of
the variance (F(2,15) = 9.75, p ≤ 0.002) with ε4 carriers showing a higher expression of the
combined SSM pattern (Figure 1).

4. Discussion
Our study investigating the effects of APOE genotype in cognitively normal young to early
middle-aged adults identified a regional network pattern of MRI gray matter reductions that
showed greater expression in ε4 carriers than non-carriers. This APOE-related pattern was
characterized by reductions in dorsolateral and medial prefrontal, lateral temporal, and
parietal cortices. The brain regions showing gray matter differences in the young to early
middle-aged ε4 carriers are among those previously found in studies of healthy aging and
late onset AD (Alexander et al., 2006; Whitwell et al., 2007; Fjell et al., 2009; Hua et al.,
2009; Bergfield et al., 2010). Our findings demonstrate brain morphological differences
occurring in young to early middle age adulthood in relation to APOE genotype, with
structural effects observed decades prior to the potential onset of the dementia of late onset
AD or the effects of cognitive aging.

Functional neuroimaging studies with PET have shown cerebral hypometabolism in relation
to APOE genotype in cognitively normal late middle-aged adults, with ε4 carriers showing
reductions in brain regions affected early in late onset AD (Reiman et al., 1996; 2005),
including parietotemporal, posterior cingulate, and to a lesser extent frontal brain regions.
These PET findings were further demonstrated in cognitively normal young adults, ages 20
to 39 (Reiman et al., 2004). Some studies of brain activity in similarly young adults with
fMRI performed during cognitive tasks and in a “default mode” resting state have suggested
alterations in the efficiency of functional networks in APOE ε4 carriers compared to non-
carriers (Filippini et al., 2009; Dennis et al., 2009). Differences in activation in these fMRI
studies, with increased activity in medial temporal lobes, as well as increased functional
connectivity, suggests that some regions supporting frontal and temporal mediated cognitive
functions may be preferentially affected in early adulthood in ε4 carriers.

Previous studies investigating structural brain differences in relation to APOE genotype
have typically relied on univariate analyses for structures, such as the hippocampus (Reiman
et al., 1998; Mueller et al., 2008), or throughout the brain using voxel-based methods such
as VBM (Filippini et al., 2009; Dennis et al., 2009). We used a multivariate network
analysis method with VBM and bootstrap re-sampling that is sensitive for identifying robust
regionally-distributed patterns of gray matter throughout the brain without the need for
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conservative correction for multiple comparisons often required with univariate analyses
(Habeck et al., 2005; Bergfield et al., 2010). Further, we performed image post-processing
with SPM8 VBM and DARTEL, a method that has been suggested to provide greater
accuracy for MRI registration (Klein et al., 2009) than the voxel-based methods used in
previous APOE group studies in young healthy adults. The use of multivariate analysis
methods, like SSM, combined with improved MRI registration algorithms may afford
greater sensitivity in detecting regionally distributed patterns of gray matter differences in
those carrying an increased risk for brain aging and dementia in later life.

A limitation of this study was the small sample of young and early middle-age, APOE ε4
carriers and non-carriers in our cohort who reported family histories of dementia and had
MRI scans available for analysis. Despite this limitation, we observed highly significant
differences using our multivariate network analysis with bootstrap re-sampling methods.
The robustness of our findings was further supported by the APOE group effect remaining
significant after we controlled for age, gender, educational level, and eTIV. The APOE
group difference in the regional pattern of gray matter was also present after removing two
ε4 homozygotes from the analysis, and after removing subjects 40 years of age and older.
Further research is needed with larger cohorts of young and older cognitively normal adults
to evaluate the consistency and individual differences in expression of this APOE-related
network gray matter pattern across multiple samples and age groups.

There is strong support for an association between APOE ε4 and increased deposition of
Alzheimer's disease pathology, assessed by PET and cerebrospinal fluid markers in late
middle age and older adults (Reiman et al., 2009; Morris et al., 2010). In a study using the
PET C11PIB amyloid tracer, however, no cortical binding was observed in those 45 to 49
years of age with or without the ε4 allele (Morris et al., 2010). In addition, a recent study of
neuropathology for subjects with ages ranging from 0 to 97 years found no differences
between APOE groups for senile plaques from 0 to 49 years, but increases were observed
for ε4 carriers compared to non-carriers in those ages 50 and older (Kok et al., 2009).

Together, these results suggest that the morphological brain changes observed in our sample
likely pre-date the potential for significant residual deposition of amyloid associated with
the ε4 allele. In combination with previous neuroimaging findings, our results suggest a time
course for the impact of APOE ε4 on brain aging that includes young adult to early middle
age differences in regional morphology, metabolism, and network connectivity followed by
increased accumulation of amyloid with aging that begins to show appreciable effects in the
brain during the sixth decade and beyond. It is now well established that patients with late
onset AD have high levels of fibrillar amyloid compared to healthy controls, but 20-50% of
healthy non-demented elderly show positive PIB binding consistent with amyloid deposition
that may impact age-related brain function and connectivity (Sperling et al., 2009).

APOE ε4 may exert effects on brain structure in early adulthood, promoting regional
vulnerability in brain networks as we age and affecting the clinical expression of late onset
AD dementia or the cognitive effects of healthy aging in later life. It is possible that altered
efficiency in functional networks may develop early as a form of neural compensation to
maintain high levels of cognitive performance in the context of reduced regional gray
matter. The ability of the brain to compensate may represent an important component of a
“cognitive reserve” that can help to delay or diminish the cognitive expression of developing
neurodegenerative disease or the effects of cognitive aging (Stern et al., 1995, 2005;
Alexander et al., 1997; Grady, 2008; Stern, 2009). With reduced gray matter related to
APOE ε4, compensatory connectivity in the development of functional networks supporting
frontal and temporal mediated cognitive functions may occur by early adulthood, but at a
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potential cost that may ultimately lead to greater vulnerability to the effects of cognitive
aging and age-related deposition of late onset AD pathology.

It is also possible that the observed APOE group differences in structural neuroimaging in
young and middle-age adults represent one of multiple distinct effects of APOE genotype on
the brain over the lifespan, some having direct effects early in life on the organization of
brain anatomy, function, and connectivity, while others having potentially independent
effects on the accumulation of late onset AD pathology in later life. Multiple mechanisms
underlying APOE ε4-related risk for brain aging and dementia have been suggested,
including effects on amyloid metabolism and accumulation, effects on lipid metabolism and
synaptic plasticity, regulatory effects on brain immunoreactivity, and direct neurotoxic
effects (Keene et al., 2011; Verghese et al., 2011). Such multiple APOE effects may interact
with other genetic, environmental, or disease risk factors that together contribute to
individual differences in neural and functional compensation reflected in neuroimaging
studies and the trajectory toward cognitive aging or the development of dementia.

Further research is needed to evaluate the time course and underlying mechanisms of
structural and functional brain effects of the APOE ε4 allele over the full age spectrum and
to help determine why some individuals go on to develop dementia or age-related cognitive
decline and others demonstrate “successful cognitive aging” without overt declines in
cognitive abilities.

Recent studies have reported that having a first-degree family history of dementia may affect
brain function, suggesting that additional, as yet unidentified, genetic factors may interact
with APOE genotype to influence functional brain changes associated with an increased risk
for dementia (Johnson et al., 2006). In our study, greater expression of the APOE-related
gray matter pattern in the ε4 carriers than non-carriers was observed with and without those
with a first-degree family history of dementia. We cannot, however, exclude the possibility
that our young adults with only a current second-degree family history of dementia will
subsequently develop a first-degree familial risk.

In the APOE-related gray matter network pattern we observed areas of co-varying relative
increases of gray matter in the ε4 carriers compared to ε4 non-carriers, including in bilateral
cerebellar, occipital, bilateral thalamus, bilateral fusiform and right lingual gyri regions. The
implications of these areas of relative increases in gray matter are not clear, but may be part
of a regionally distributed network of brain regions that help to support and maintain normal
cognition in the context of reduced gray matter in frontal, lateral temporal, and parietal brain
regions among younger adult ε4 carriers.

We also observed small areas of relative gray matter increases in bilateral hippocampal
regions. Lower fMRI cognitive activation in the medial temporal regions has been observed
in some studies of older adult APOE ε4 carriers compared to ε4 non-carriers (Trivedi et al.,
2006), but greater activation has been reported in the medial temporal lobes in both young
and old adult ε4 carriers than non-carriers (Filippini et al., 2009; Dennis et al., 2009;
Bookheimer et al., 2000). Areas of greater cortical thickness have also been reported in older
adult APOE ε4 carriers than non-carriers including in frontal, occipitotemporal, and
parahippocampal regions (Espeseth et al., 2008). The relative increases with our network
analysis of gray matter suggest that those APOE ε4 carriers with greater regionally-
distributed reductions in young to early middle age adulthood were also those with the
greater relative co-varying increases in these regions of the medial temporal lobes known to
be vulnerable to developing late onset AD pathology in later life.

With confirmation in larger samples, such relative increases in hippocampal gray matter in
the context of reductions in prefrontal, lateral temporal, and parietal cortices could help
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explain preferential vulnerability to cognitive aging and dementia in some ε4 carriers. In this
case, it is possible that ε4 carriers rely on an intact hippocampus to a greater degree in
performing the normal functions of the brain network engaged in frontal and temporal lobe
mediated cognitive abilities. Some indirect support for this possibility is indicated by fMRI
studies reporting both greater hippocampal activation in young adult ε4 carriers than non-
carriers while performing memory encoding tasks, as well as increased resting state
connectivity between hippocampal and other brain regions (Filippini et al., 2009; Dennis et
al., 2009). When late onset AD pathology begins to develop in key medial temporal brain
regions to a greater extent in ε4 carriers in later life, the longstanding APOE ε4-associated
gray matter reductions in other brain areas may produce a neural memory system with a
diminished capacity for functional compensation and greater vulnerability to the developing
effects of cognitive aging and dementia. Thus, it is possible that for ε4 carriers the inherent
compensatory ability of this network is altered by early adulthood and becomes more reliant
on the hippocampus to maintain normal cognitive performance, which in turn makes the
network more vulnerable when this brain structure becomes a target for AD pathology in
later life.

In summary, our findings suggest that genetic risk for late onset AD with APOE ε4 is
associated with a regional pattern of gray matter reductions involving prefrontal, parietal,
and selective temporal brain regions that occurred decades prior to the potential onset of
dementia or age-related cognitive decline in our sample. The use of multivariate network
analyses with SSM MRI VBM can help identify regionally distributed patterns of brain
morphology associated with measures of genetic risk to help elucidate mechanisms
underlying individual differences associated with healthy and pathological aging.
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Figure 1.
Gray matter network subject scores and apolipoprotein E (APOE) ε4 carrier status. Multiple
regression of Scaled Subprofile Model (SSM) subject scores from the network analysis of
magnetic resonance imaging (MRI) voxel-based morphometry in cognitively normal, young
to middle-aged carriers (n= 14) and non-carriers (n=10) of the APOE ε4 allele. The
scatterplot shows that the APOE ε4 carrier group has a higher expression of the MRI
network pattern than does the ε4 non-carrier group (*R2 = 0.44, p ≤ 0.002, n = 24) and this
difference remained significant after removing those subjects (filled circles) with a first-
degree family history of dementia from the analysis (*R2 = 0.55, p ≤ 0.002, n = 19). The
APOE ε4-related network subject scores were derived from the linear combination of the
first two SSM component patterns. 1° FHx = subjects with a first-degree family history of
dementia; 2° FHx = subjects with a second-degree family history of dementia. Bars = mean
network subject score for the APOE groups.
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Figure 2.
Regional gray matter network pattern related to apolipoprotein E (APOE) ε4 carrier status.
Magnetic resonance imaging (MRI) gray matter pattern reflecting the linear combination of
the first two Scaled Subprofile Model (SSM) components, whose mean subject scores
differed between the APOE ε4 carriers and non-carriers in cognitively normal, young to
early middle-aged adults. Voxels with Z scores ≥ +2.0 or ≤ -2.0 after bootstrap re-sampling
with 500 iterations to provide robust regional pattern weights are superimposed on MRI
projection maps (A) showing the right and left lateral and medial surfaces, as well as
selected axial slices (B) spatially normalized with statistical parametric mapping (SPM8).
The blue end of the color scale indicates brain regions showing lower gray matter volume in
relation to APOE ε4 carrier status, whereas the orange end of the scale shows co-varying
areas of relatively increased gray matter in relation to the presence of the ε4 allele. Regions
showing greater gray matter volume reductions in the APOE ε4 carriers compared to non-
carriers include areas in the vicinities of bilateral inferior frontal, middle frontal, superior
frontal, superior medial frontal, anterior cingulate, inferior and middle temporal, inferior
parietal, and right pre/post-central regions. Areas showing relative increases in the ε4
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carriers compared to non-carriers are in the vicinities of the bilateral cerebellum, occipital
cortex, thalamus, fusiform and right lingual gyri, and small bilateral areas in the vicinity of
the hippocampus.
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Table 1

Subject demographic and clinical characteristics.

APOE ε4 Carriers APOE ε4 Non-Carriers p-value

N 14 10

Age, mean (SD) 38.5 (5.5) 37.6 (4.8) 0.63

Gender, M/F 3/11 4/6 0.39

Education, mean (SD) 15.6 (1.8) 17.0 (1.7) 0.10

MMSE, mean (SD) 29.8 (0.4) 29.6 (0.7) 0.67

Family Hx, 1st/2nd degree 5/9 1/9 0.34

APOE = apolipoprotein E; SD = standard deviation; MMSE = Mini-Mental State Exam; Family Hx, 1st/2nd degree = Family history of dementia,
closest reported relative is first or second degree.
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Table 2

Subject neuropsychological performance.

APOE ε4 Carriers APOE ε4 Non-Carriers p-value

General Cognition

 DRS Total 142.5 (1.6) 141.7 (1.6) 0.26

Memory

 SRT Total 131.8 (6.1) 125.0 (10.6) 0.29

 SRT LTR 128.7 (8.4) 118.3 (14.2) 0.06

 SRT CLTR 134.8 (7.0) 124.0 (23.4) 0.40

 SRT 30min Delay 11.1 (0.7) 10.0 (1.5) 0.10

Attention/Executive Function

 Trails A 23.4 (6.4) 21.3 (4.6) 0.51

 Trails B 45.9 (17.2) 49.8 (14.3) 0.47

 Stroop I 80.5 (15.8) 78.4 (14.4) 0.71

 Stroop II 176.6 (37.9) 173.5 (44.2) 0.93

Language

 Boston Naming 58.2 (1.7) 57.8 (1.9) 0.59

 FAS 49.4 (12.7) 45.0 (12.2) 0.51

Visuospatial

 ERDT 17.9 (2.0) 18.1 (1.5) 0.98

Values are means (standard deviations). APOE = apolipoprotein E; DRS = Dementia Rating Scale; SRT = Selective Reminding Test; LTR = long-
term recall; CLTR = consistent long-term recall; FAS = measure of verbal fluency; ERDT = Extended Range Drawing Test.
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