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Abstract
Apolipoprotein E (ApoE) ε4 genotype is a strong risk factor for developing Alzheimer’s disease
(AD). Conversely, the presence of the ε2 allele has been shown to mitigate cognitive decline.
Tensor-based morphometry (TBM), a novel computational approach for visualizing longitudinal
progression of brain atrophy, was used to determine whether cognitively intact elderly participants
with the ε4 allele demonstrate greater volume reduction than those with the ε2 allele. Healthy
“younger elderly” volunteers, aged 55–75, were recruited from the community and hospital staff.
They were evaluated with a baseline and follow-up MRI scan (mean scan interval = 4.72 years,
s.d. = 0.55) and completed ApoE genotyping. Twenty-seven participants were included in the
study of which 16 had the ε4 allele (all heterozygous ε3ε4 genotype) and 11 had the ε2ε3
genotype. The two groups did not differ significantly on any demographic characteristics and all
subjects were cognitively “normal” at both baseline and follow-up time points. TBM was used to
create 3D maps of local brain tissue atrophy rates for individual participants; these spatially
detailed 3D maps were compared between the two ApoE groups. Regional analyses were
performed and the ε4 group demonstrated significantly greater annual atrophy rates in the
temporal lobes (p = 0.048) and hippocampus (p = 0.016); greater volume loss was observed in the
right hippocampus than the left. TBM appears to be useful in tracking longitudinal progression of
brain atrophy in cognitively asymptomatic adults. Possession of the ε4 allele is associated with
greater temporal and hippocampal volume reduction well before the onset of cognitive deficits.
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INTRODUCTION
Apolipoprotein E (ApoE) ε4 genotype, coded on chromosome 19, is a strong risk factor for
developing Alzheimer’s disease (AD), second only to advancing age. The lifetime risk of
AD for an individual without the ε4 allele is approximately 10%, whereas the lifetime risk
for an individual carrying at least one ε4 allele is 30% [1]. Epidemiological studies have
demonstrated that ApoE ε4 genotype shifts the age of onset for AD by more than a decade,
thus accounting for the vast majority of observed cases of AD that occur before age 80 [2–
5]. Conversely, presence of an ApoE ε2 allele has been shown to mitigate cognitive decline
[6–8] and delay the onset age for dementia [2, 5, 9, 10].

Several magnetic resonance imaging (MRI) studies have attempted to map brain structural
changes associated with the ApoE gene in non-demented elderly subjects. These
investigations, focused primarily on the hippocampus, have yielded mixed results. Within
cross-sectional designs, a handful of studies have reported reduced hippocampal volume in
carriers of the ε4 allele relative to non-carriers [11–13], but many others have failed to detect
an ApoE effect on hippocampal size [14–21]. Longitudinal reports were more consistent in
finding an association between accelerated hippocampal atrophy and ApoE ε4 genotype
[15–17] although not all investigators have confirmed these findings [18].

Whole brain volume has thus far not been shown to be sensitive to the effects of ApoE in
multiple cross-sectional [11, 13, 14] and longitudinal [17] studies, as global brain atrophy
likely occurs in later stages of AD. A recent longitudinal report did show greater annual rate
of whole brain atrophy for homozygous but not heterozygous ε4 carriers when compared to
non-carriers [22]. The effect of the ApoE gene on white matter integrity has also been
investigated. Using diffusion tensor imaging (DTI), lower fractional anisotropy (FA) values
were obtained for ε4 carriers, compared to non-carriers, in the posterior regions of the
corpus callosum [23]. More recently, Honea et al. [24] and Nierenberg et al. [25] both
reported decreased FA in the left parahippocampal gyrus white matter. We previously
demonstrated, using transverse relaxation rate (R2), that ApoE genotype can affect the
trajectory of age-related myelin breakdown in healthy, cognitively-intact older adults [26].
Specifically, individuals with the ε4 allele displayed a steeper slope of age-related decline in
R2 of frontal white matter and genu of the corpus callosum than subjects with the ε2
genotype.

Tensor-based morphometry (TBM) is a novel computational approach that can compare
longitudinally acquired images and visualize the spatial profile of brain atrophy over time,
including estimates of tissue volume loss rates at each voxel in the brain (reviewed in [27]).
This approach has been successfully used to study neurodegenerative and psychiatric
disorders, as well as normal brain development [28–30]. We applied the TBM method to
characterize and compare the pattern of brain atrophy in cognitively intact elderly adults
who are either ε2 or ε4 carriers. We specifically chose to study these two groups because of
the contrasting effects of these two genotypes on the development of incipient AD. We
hypothesized that ε4 carriers would demonstrate greater rate of brain atrophy than ε2
carriers, specifically in the temporal lobes and hippocampus, regions associated with AD
pathology.
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MATERIALS AND METHODS
Participants

Normal adult volunteers between the ages of 55 and 75 were recruited from the community
and hospital staff for a study on healthy aging. All subjects received written and oral
information about the study and signed written informed consents approved by the local
institutional review board prior to study participation. Potential subjects were excluded if
they had a history of neurological disorder or a family history of AD or other
neurodegenerative disorder, psychiatric illness (including drug or alcohol abuse), or head
injury resulting in loss of consciousness for more than 10 minutes. The subjects were
physically very healthy and were excluded if they were obese (defined as body mass index
[BMI] of >30 kg/m2), or if they had a history of diabetes, cardiovascular disease, or difficult
to control hypertension. Determination of normal cognition and independent functioning
was based on semi-structured clinical interview that included questions directed to subjects
regarding performance of basic and instrumental activities of daily living, neurological
examination by the study physician (GB), and formal neuropsychological testing. None of
the participants met the diagnosis of dementia by Diagnostic and Statistical Manual of
Mental Disorders, 4th edition (DSM-IV) criteria [31] or mild cognitive impairment based on
Petersen criteria [32]. Specifically, none of the subjects had any subjective cognitive
complaints or performed ≥1.5 s.d. below published normative means [33] on objective
memory testing (California Verbal Learning Test; CVLT); all had normal global cognitive
ability (≥27) on the Mini-Mental State Examination [34] and intact activities of daily living.

At baseline and at the 5-year follow-up visit, the subjects underwent MRI scan and a battery
of neuropsychological tests; all subjects were genotyped at baseline. Eleven subjects with
the ApoE ε2 allele (all with the ε2ε3 genotype) and 16 heterozygous ε4 carriers (all with
ε3ε4 genotype) completed the 5-year follow-up visit. The demographic characteristics and
cognitive test data are summarized in Table 1, indicating that the two Apoe groups were
well-matched on demographic variables and exhibited intact memory functioning across
time. There were 15 women and 12 men in the sample, and the racial composition was
comprised of 22 (82%) Caucasians, 2 (7%) Asians, 1 (4%) African–American, and 2 (7%)
Hispanics.

MRI acquisition
At baseline, all the subjects were scanned using a single 1.5 Tesla (T) MR instrument with a
T1-weighted spoiled gradient recalled (SPGR) 3D MRI sequence. The following scanning
parameters were used: repetition time (TR) of 24 ms, echo time (TE) of 7 ms, flip angle of
35°, 25 cm field of view (FOV), 208 × 208 acquisition matrix with slice thickness of 1.5
mm, and acquired resolution of 1.2 × 1.2 × 1.5 mm. All follow-up scans were conducted on
a different 1.5 T MRI scanner using T1-weighted spoiled GRASS (SPGR) sequences. A
sagittal plane image acquisition protocol was used with TR = 25 ms; TE = 5 ms; flip angle
of 35°; acquisition matrix = 256 × 192 × 25 with slice thickness of 1.4 mm; and FOV = 25
cm. The image voxel size was 0.98 × 0.98 × 1.4 mm.

Image preprocessing
An automated Brain Surface Algorithm (BSE) from Brainsuite [35] was applied, along with
manual editing, to remove skull and other non-brain tissues. We then corrected intensity
inhomogeneity caused by nonuniformities in the radio frequency (RF) receiver coils using
the N3 bias field algorithm proposed by Sled et al. [36]. To adjust for global differences in
brain positioning, orientation, and scaling across individuals, all scans were affinely
registered to the stereotactic space defined by the International Consortium for Brain
Mapping (ICBM-53) [37] using a 9-parameter (9P) transformation (3 translations, 3
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rotations, and 3 scales). All follow-up scans were then aligned to the same subject’s baseline
scan, and both were aligned to the ICBM space. Globally aligned images were resampled in
an isotropic space of 230 voxels along each axis (x-, y-, and z-dimensions) with an
interpolated voxel size of 1 mm3.

To inspect the quality of the 9-parameter registrations, we used a 3D visualization tool
called REGISTER, which automatically overlays the arbitrary slice geometry of each scan
pair in ICBM space. All scans were confirmed to have satisfactory alignment without
noticeable distortion or mismatch.

Jacobian maps quantifying structural changes over time
To quantify 3D patterns of volumetric brain atrophy over time for each subject, an
individual change map, or Jacobian map, was computed by non-linearly registering the
follow-up scan to the baseline scan with mutual information based unbiased registration
algorithm [38]. Mutual information is a measure of how much information one random
variable has about another and it can be used to align images of different modalities, without
requiring knowledge of the relationship (joint intensity distribution) of the two registered
images [39, 40]. The unbiased image registration technique computes deformation fields by
penalizing statistical bias in the resulting Jacobian maps, thus eliminating skew from the
distribution of the corresponding Jacobian determinants, and has been shown to perform
favorably in recovering true physiological changes in serial MRI data [41].

For each subject, a local tissue growth/atrophy map was obtained by calculating the local
Jacobian determinant (i.e., “expansion factor”) of the deformation field, which measures
progressive volume contraction (Jacobian < 1) or volume expansion (Jacobian > 1). To
adjust for variable time differences between scans, individual Jacobian maps were
normalized by dividing each map (percent tissue change) by its corresponding inter-scan
interval (in years) to create the annualized Jacobian maps, which represent the average
change over 1 year. All results and statistical analyses are based on the annualized Jacobian
maps.

Regions of interest
The regions of interest (ROI), comprised of frontal, temporal, parietal, and occipital lobes,
and the hippocampus, were manually hand-traced by a trained anatomist on the ICBM
template using the Brainsuite software program [35]. Brain slices depicting the ROIs for the
temporal lobe regions and the hippocampus for both hemispheres are shown in Fig. 1.

Statistical analyses
To illustrate systematic difference in atrophic rates between ε2 and ε4 carriers, we
constructed voxel-wise statistical maps based on the Student’s t-statistic. The annualized
Jacobian maps of ε2 and ε4 groups were compared using permutation-based two sample t
tests to assess overall significance of group differences inside each ROI, corrected for
multiple comparisons [42–44]. In brief, a null distribution for the group differences in
atrophic rates (Jacobian values) at each voxel was constructed using 10,000 random
permutations of the data. For each test, the subjects’ genetic status (ε2 vs. ε4 carriers) was
randomly permutated and voxel-wise t-tests were conducted to identify voxels more
significant than p = 0.05. The volume of voxels inside a mask (i.e., temporal lobes) more
significant than p = 0.05 was computed for the real experiment and for the random
assignments. A ratio, describing the fraction of the time the t-statistic was more extreme in
the randomized tests than the original test, was calculated to yield an overall p-value for the
significance of the map (corrected for multiple comparison by permutation). A numeric
summary, the mean atrophy rate for all voxels within each ROI, was computed for each
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person, to summarize the annual change within the ROI. This approach has been used
extensively in prior work [28, 29].

RESULTS
Individual Jacobian maps were averaged for the ε2 and ε4 groups to demonstrate the average
amount of annual brain tissue loss (in blue colors) and ventricular enlargement (in red
colors) for each group (Fig. 2). As expected, the maps displaying the pattern of progressive
brain changes were not clearly distinguishable between the ε2 and ε4 carriers since both
groups were comprised of healthy, cognitively intact elderly subjects. However, closer
inspection reveals subtle but visible changes showing greater ventricular expansion and
temporal lobe atrophy in the ε4 group relative to the ε2 carriers.

Mean annualized Jacobian values within each ROI, normalized to indicate annualized rates
of atrophy (in percent volume loss per year), were computed for each subject, and group
averages for each genotype are graphically depicted in Fig. 3. In general, a consistent trend
was observed with the ε4 group demonstrating greater rates of atrophy across all regions of
interest; however, independent t-tests of these numerical values did not reveal any
statistically significant group differences (p > 0.06).

Permutation tests, using suprathreshold percentages, provide a detailed 3D visualization of
the local atrophy profile. Significantly greater atrophy rates were observed for ε4 carriers
compared to ε2 group for temporal lobes (p = 0.048) and more specifically, the hippocampus
(p = 0.016). The p-value maps representing the regions of significant genotypic group
difference are presented in Fig. 4. Interestingly, when the right and left hippocampus were
examined separately, the difference between ε4 and ε2 groups was greater in the right
hippocampus (p = 0.008) than the left hippocampus (p = 0.096). This is consistent with our
previous findings that permutation testing, using the suprathreshold volume of statistics in a
map, may be more powerful for detecting group differences than performing univariate tests
on regional averages (numeric summaries) derived from the maps.

DISCUSSION
Using TBM, the results from the present longitudinal study demonstrate that cognitively
intact adults with the ApoE ε4 allele showed significantly increased rate of temporal lobe
and hippocampal atrophy than those with the ε2 genotype. Furthermore, the rate of volume
loss in the right hippocampus was significantly greater than the left hippocampus. While not
statistically significant, greater percent volume loss was observed in the frontal, parietal, and
occipital lobes of the ε4 group, indicating that ongoing atrophy is widely distributed but
significantly greater in areas that are among the first to be involved with AD pathology.

Longitudinal neuroimaging studies of the effects of ApoE ε4 genotype on brain structural
changes typically combine individuals with the ε3ε3 and ε2ε3 genotypes into a single “non-
carrier” group with inter-scan intervals ranging from 17 months to 3.5 years [15–18]. The
present study focused on the comparison between ApoE ε2 and ε4 carriers due to the
contrasting effects of these two genotypes on the age of onset for AD. The extended time
interval of approximately 5 years between MRI examinations also allows for brain structural
volume differences to emerge in cognitively intact, high functioning “younger-elderly”
individuals. Present findings confirm and extend existing literature reporting accelerated
hippocampal atrophy in ε4 carriers [15, 17] as well as contribute to the mounting evidence
of decreased brain atrophy in ε2 carriers. While these results may be suggestive of a
protective role of the ε2 genotype against the development of AD [2, 5, 9, 10], this cannot be
conclusively demonstrated without the inclusion of an ε3ε3 group, since it is possible that
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individuals with the ε3ε3 genotype may show the same attenuated atrophy rate as the ε2
group or they may atrophy at a rate that is intermediate to that of ε2 and ε4 carriers. Future
studies that include ε3ε3 subjects can better elucidate the effects of each specific genotype
on hippocampal volume and allow more definitive conclusions regarding the potential
protective effect of the ε2 allele.

The asymmetric finding of more severe right hippocampal atrophy in association with the ε4
allele has been repeatedly demonstrated in non-demented subjects [11–13, 45–47] and
patients with AD [48–51]. However, some studies have reported the absence of hemispheric
differences in hippocampal volume in relation to ApoE genotype [20, 21]. The observation
of a “normal” asymmetry favoring the right hippocampus has been reported in several MRI
studies, and a recent meta-analysis confirmed that the right hippocampal volume is reliably
larger than the left in normal adults [52]. Therefore, the absence or reversal of such a
discrepancy was postulated to be a possible indicator of existing or impending pathology
[45, 46, 48] although the functional implication for the differential hemispheric vulnerability
in the hippocampus remains incompletely understood.

The finding of significantly greater volume loss associated with ApoE ε4 genotype in this
healthy “younger-elderly” sample cannot be easily explained given that neuronal loss is not
associated with aging [53, 54]. On the other hand, the process of age-related myelin
breakdown and loss has been thoroughly demonstrated [55–61]. When compared with other
structural indices of brain health, age-related degenerative changes are most pronounced in
late-myelinating regions [62], such as the frontal lobe white matter (FLwm) that contain
higher proportions of smaller thinly-myelinated axons [58, 63, 64].

Histopathological studies have demonstrated white matter degeneration in AD, independent
of gray matter lesions or vascular disease [65, 66]. Specifically, myelin staining is reduced
in the perforant pathway, the main input fibers projecting neocortical information from the
entorhinal cortex to the granule cells of the dentate gyrus in the hippocampal formation [66].
Absence of myelin due to poor development can reduce overall hippocampal volume despite
normal numbers of neurons [67, 68], and the reverse is also possible as hippocampal volume
can increase despite neuronal loss [69]. ApoE is the principal brain cholesterol transporter
and is essential to the process of “recycling” cholesterol by helping reclaim it from damaged
myelin and supplying it for rapid membrane biogenesis during re-myelination [70, 71]. The
number of ApoE molecules necessary for this recycling process is lowest in ε4 carriers and
highest in individuals with the ε2 allele [72, 73]. Therefore, the mechanism underlying the
connection between the ApoE gene and the pathophysiology of AD, namely hippocampal
atrophy, may be better understood by examining the role of ApoE in myelin maintenance
and repair.

The strengths of the present study include the longitudinal design in which each subject acts
as his/her own control and measurement of intra-individual rates of change yields greater
sensitivity for detection of subtle brain changes over time. Furthermore, TBM may have an
advantage over standard ROI-based, manual tracing methods for detecting subtle or highly
localized differences. Several study limitations should also be acknowledged. The absence
of a ε3ε3 group limits the interpretation on the protective effects of the ε2 allele. Another
important limitation is the small sample size, thus replication with larger sample sizes is
warranted; however, the number of participants in the present study is comparable to most
longitudinal MRI studies of the ApoE effect on brain changes with sample sizes ranging
from 25 to 42 participants [15–18]. The heterozygous makeup of the ε4 group may limit the
generalizability of the findings to homozygous ε4 carriers, but several cross-sectional studies
have demonstrated a dose effect such that homozygous ε4 groups exert a greater influence
on brain changes than heterozygous ε4 carriers and non-carriers [13, 22]. Another limitation
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is the difference in MR instrument for the baseline and follow-up scans due to machine
change, but the registration method for fluid alignment in our version of TBM optimizes the
mutual information between images, which is a cost function that is deliberately designed to
be robust under changes in image contrast. It is also important to emphasize that the study
design is balanced such that the scanner change affects all subjects and is not specific to one
genetic group. The maps of annual change thus reflect both aging and the scanner effect; this
would be a concern for interpreting age-related change but should not be a problem for
interpreting modulators or correlates of change including ApoE genotype. In addition, while
the relatively strict inclusion criteria (no AD family history, no cardiovascular disease, no
obesity) reduce the number of factors that may contribute to the brain changes, it also makes
the results less generalizable to the overall US population.

Analysis of serial MRI scans using TBM appears to be sensitive in tracking age-related
progression of brain changes and the modifying effects of the ApoE gene on this process.
The ApoE ε4 gene appears to exert its impact via accelerated atrophy that is not reliably
detected upon cross-sectional study. Additionally, greater right hippocampal reduction may
suggest that ApoE genotypic risk is manifested in a reduction in normal hippocampal
asymmetry. Therefore, longitudinal decline in hippocampal volume as well as hippocampal
asymmetry may hold more promise as possible biomarkers of an approaching cognitive
decline than absolute differences within either left or right hippocampus examined at only
one time point.
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Fig. 1.
Regions of interest of the temporal lobe regions (left panel) and the hippocampus (right
panel) of both hemispheres are shown. The ROIs were manually delineated on the ICBM
template by a trained anatomist using the Brainsuite software program [32].
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Fig. 2.
Jacobian maps showing the mean annual rate of atrophy of brain tissue (in blue color) and
ventricular enlargement (in red color) for the ε4 carriers (top row) and the ε2 carriers
(bottom row). These tissue changes are shown as percentages, relative to the baseline scan,
and are computed within each individual before averaging across subjects in the group.
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Fig. 3.
Bar plots showing percent volume loss per year in the brain regions of interest for ApoE ε2
and ε4 groups. The group differences were not statistically significant for any region (p >
0.06).
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Fig. 4.
Significance maps showing that the ε4 carriers demonstrate significantly greater annual
atrophy rate (as indicated in blue) in the hippocampus (left panel) and the superior temporal
gyrus (right panel) than the ε2 group.
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Table 1

Demographic and cognitive variables by ApoE group

Demographic variables ApoE 2/3 (n = 11) ApoE 3/4 (n = 16) t or χ2 p

Mean (s.d.) Mean (s.d.)

Age, y 67.0 (5.2) 65.0 (4.5) 1.06 0.301

Education, y 14.2 (1.9) 15.6 (2.4) −1.65 0.112

Gender (m/f) 5m/6f 7m/9f 0.008 0.930

% white 64% 94% 3.92 0.048

Time between scans, y 4.8 (0.5) 4.8 (0.5) 0.30 0.770

Cognitive variables Mean ± s.d. (range) Mean ± s.d. (range) t p

MMSE 28.2 ± 1.1 (27–30) 28.7 ± 0.9 (27–30) −0.92 0.376

CVLT-long delay-baseline

 Raw scores 11.5 ± 1.5 (9–14) 11.6 ± 2.0 (8–15) 0.05 0.960

 z-scores 0.36 ± 0.50 (0.0 to +1.0) 0.31 ± 0.79 (−1.0 to +1.0) 0.19 0.852

CVLT-long delay-follow-up

 Raw scores 11.3 ± 3.1 (7–16) 11.2 ± 1.9 (9–15) −0.19 0.854

 z-scores 0.60 ± 1.07 (−1.0 to +2.0) 0.56 ± 0.81 (−1.0 to +2.0) 0.10 0.920
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