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BACKGROUND AND PURPOSE: The basis for decreased vulnerability to AD among apoE &2 carriers is
unknown. The purpose of this study was to use diffusion tensor imaging to detect possible differences
in white matter integrity between cognitively normal elderly apoE &2 carriers and apoE &3/&3 controls.

MATERIALS AND METHODS: Thirty-nine cognitively normal elderly individuals (19 heterozygous carriers
of the apoE &2 allele, 20 apoE £3/e3 subjects as controls) underwent diffusion tensor MR imaging on
a 4T scanner. Fractional anisotropy, MD, and axial and radial diffusivity were compared using a ROI
approach. In addition, an exploratory whole-brain analysis of fractional anisotropy between the 2
groups was undertaken using TBSS.

RESULTS: apoE &2 carriers had higher FA in the posterior cingulate white matter (P = .01) and anterior
corpus callosum (P = .005) than apoE &3/e3 controls, secondary to lower radial diffusivity. No
significant differences in the FA of the posterior corpus callosum, anterior cingulate white matter, or
parahippocampal white matter were seen. Whole-brain TBSS analysis detected regions of higher FA
in the apoE &2 group in the superior longitudinal fasciculus, right thalamus, and the bilateral anterior
limbs of the internal capsule, in addition to the posterior cingulum and corpus callosum (P < .005).
There were no regions in which the apoE &£3/e3 group had higher FA.

CONCLUSIONS: apoE &2 carriers harbor more robust white matter integrity that may be associated
with decreased vulnerability to developing AD. This provides further evidence that regional DTI metrics

may serve as early imaging biomarkers of AD risk.

ABBREVIATIONS: AD = Alzheimer disease; apoE = apolipoprotein E; FA = fractional anisotropy;
MD = mean diffusivity; MMSE = Mini-Mental State Examination; TBSS = tract-based spatial

statistics

he 3 alleles of the apoE gene are associated with varying

future risk of developing AD, though the biologic basis for
this relationship is unknown."* Whereas apoE 4 carriers have
an increased lifetime risk for AD,> most of the population
carries the apoE &3/e3 genotype and 8% of the population
carry an apoE &2 allele,” which is believed to decrease the risk
of developing AD."

One potential approach to better understanding the bio-
logic impact of apoE &2 is through neuroimaging. Specifically,
DTIis an MR imaging technique that is sensitive to directional
diffusivity of water in tissue, thereby noninvasively capturing
microstructural white matter alterations in the brain.* The
directionality of water diffusion is most commonly expressed
as FA, which is a scalar metric summarizing the shape of the
diffusion tensor and calculated from the 3 orthogonal tensor
eigenvalues in each image voxel (A;, A,, A;). FA values can
range, theoretically, from 0 (isotropic spherical diffusion) to 1
(complete anisotropic diffusion along a single direction), with
high values suggesting well-oriented white matter tracts. MD
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is the average of the 3 eigenvalues. The diffusion tensor can be
further decomposed into axial diffusivity (A,), the diffusion
coefficient in the direction of maximal diffusion, and radial
diffusivity ([A, + A5]/2), the average of the 2 orthogonal dif-
fusion coefficients. Animal studies have suggested that de-
creased FA dominated by axial diffusivity reflects wallerian
degeneration and axonal loss, whereas decreased FA domi-
nated by increased radial diffusivity reflects myelin break-
down, though this has yet to be proved in humans.”® We eval-
uated axial and radial diffusivity to potentially gain more
specificity with respect to the underlying microstructural
alterations.

Several studies applying DTI to AD subjects have found
white matter degeneration manifesting primarily as decreased
FA in the posterior cingulate white matter.”® Decreased FA
has also been reported in the hippocampus, parahippocampal
white matter, and frontoparietal white matter, though this
is less consistently observed.”'* A few studies have applied
DTI to asymptomatic individuals with a high risk of develop-
ing future AD—namely, apoE &4 carriers—and found de-
creased FA in the cingulate white matter, parahippocampal
white matter, posterior corpus callosum, and inferior longitu-
dinal fasciculus.'®'*> However, no known studies, to date, have
described white matter changes specific to the apoE &2 allele.

The purpose of this study was to determine whether
healthy apoE &2 carriers demonstrate microstructural white
matter alterations, reflected by DTI metrics, compared with
noncarriers. Specifically, we hypothesized that apoE €2 carri-
ers would have higher FA values compared with apoE &3/e3



Baseline group characteristics

apoE 2/3  apoE 3/3 P Value

N 19 20
Age (years) 68 (11.6) 69(10.3) 0.9
Gender (male:female) 10:9 9N 0.8
CVLT 1l

Immediate recall total ST 56 (10) 59(9) 0.2

Short free recall ST 0.6(1.3) 0.8(1.1) 0.8

Long free recall ST 0.4(1.4) 0.8(0.5) 0.9

Delayed recall discriminability ST 1.3(1.4) 1.9(0.8) 0.3
White matter lesion load (0:1:2) 3.8:8 8:7:5 0.3
Data shown are means (standard deviations). White matter lesion load: 0 = none, 1 = mild,

2 = moderate. CVLT indicates California Verbal Learning Test; ST indicates standard score.

controls in white matter tracts believed to be affected in AD,
particularly the posterior cingulate white matter. We further
examined whether group differences in FA reflected differ-
ences in primarily axial or radial diffusivity. Finally, we per-
formed an exploratory whole-brain voxel-based analysis to
determine whether other regions of the brain showed signifi-
cant FA differences between groups.

Materials and Methods

Subjects

Thirty-nine cognitively normal individuals, between the ages of 49
and 90, participated in this study: 19 were heterozygous for the
apoE &2 allele, and the 20 controls were homozygous for the apoE &3
allele (Table). Written informed consent was obtained by all partici-
pants, and the study was approved by the institutional review boards
of the University of California, San Francisco and the San Francisco
Veteran Affairs Hospital. Study participants were included based on
apoE genotype and matched by age. Thirty-five of the 39 participants
were recruited from the San Francisco community via flyers, online
bulletin boards, and word of mouth, then underwent neuropsycho-
logical assessment at the San Francisco Veteran Affairs Hospital to
confirm normal cognitive functioning. Four were recruited by the
University of California, San Francisco and San Francisco Veteran
Affairs Hospital memory clinics as cognitively normal individuals. In
addition, following informed consent, the physicians of all partici-
pants were contacted for known clinical diagnoses, and caregivers or
family members were contacted to determine the participants’ daily
level of functioning. All participants lacked major neurologic or psy-
chiatric illness and scored at least 27 of 30 on the MMSE."¢

apoE Genotyping

All participants underwent apoE genotyping. Approximately 10 mL
of blood was obtained from each participant in an ethylenedi-
aminetetraacetic acid tube, gently mixed by inversion, and shipped at
ambient temperature to an outside laboratory (Athena Diagnostics)
for analysis within 24 hours of collection. The analysis was performed
by restriction endonuclease digestion of a polymerase chain reaction—
amplified DNA fragment of the apoE gene.

Data Acquisition

Diffusion tensor imaging data were acquired on a 4T MR imaging
scanner (MedSpec system; Bruker/Siemens, Erlangen, Germany), us-
ing a twice-refocused spin-echo echoplanar pulse sequence (TR =
6000 ms, TE = 77 ms). Images through the whole brain were acquired
with 40 contiguous 3-mm-thick sections, 128 X 112 matrix size, and
a factor 2 generalized autocalibrating partially parallel acquisition ac-

celeration to reduce geometric distortions, resulting in a spatial reso-
lution of 2 X 2 X 3 mm. A reference image (b = 0) and 6 diffusion-
weighted images (b = 800 seconds/mm?’, along 6 noncollinear
directions) were acquired, using 4 averages to boost signal
intensity—to-noise.

Given the possible confounding effects of vascular lesions, FLAIR
images were acquired on the same 4T MR imaging scanner to evaluate
white matter hyperintensities. Imaging parameters were TR/TE/TI =
7000 ms/400 ms/2050 ms with rapid echo readouts, flip angle = 180°,
and matrix size = 256 X 192, yielding 1 X 1 X 1 mm spatial
resolution.

Image Preprocessing

FLAIR images for all subjects were reviewed by an experienced neu-
roradiologist, who scored the severity of white matter hyperintensities
based on Scheltens scale.'” Briefly, the Scheltens scale is a semiquan-
titative measure of white matter lesion severity. In this study, we mod-
ified the Scheltens scale to 3 categories: 0, if the subject had no white
matter lesions; 1, mild disease, if the subject had less than or equal to
5 white matter lesions, each measuring less than or equal to 3 mm; and
2, moderate disease, if the subject had more than 5 white matter le-
sions or lesions measuring greater than 3 mm.

Maps for FA and the 3 orthogonal tensor eigenvalues (A, A,, A5)
were created from the raw data using the FMRIB software library
(FSL version 3.3). This set of tools was used to perform eddy cur-
rent correction, skull-stripping, and voxelwise diffusion tensor re-
construction. For further details regarding processing, please see
http://www.fmrib.ox.ac.uk/fsl/.

ROI Analysis

ROI analysis was performed using MRIcro (http://www.cabiatl.com/
mricro/) in batches by a single operator (G.C.C.), who was blinded to
apoE status and clinical information. ROIs were placed on the native
FA maps in the anterior and posterior corpus callosum, the bilateral
anterior and posterior cingulate white matter, and the bilateral para-
hippocampal white matter (Fig 1). The following landmarks were
used for ROI placement. In the axial plane, the genu and splenium
were used for anterior/posterior corpus callosum ROI placement, and
the parahippocampal white matter ROIs were placed at the level of the
midbrain. In the coronal plane, ROIs were placed in the anterior and
posterior cingulate white matter, anterior and posterior to the level of
the corticospinal tracts. Each ROI encompassed approximately 3—6
voxels. The ROI measurements were repeated after 3 months, yielding
the following intraclass correlation coefficients: anterior corpus cal-
losum 0.88, posterior corpus callosum 0.81, right parahippocampal
white matter 0.94, left parahippocampal white matter 0.95, right an-
terior cingulate white matter 0.94, left anterior cingulate white matter
0.92, right posterior cingulate white matter 0.91, left posterior cingu-
late white matter 0.92. Since there were no significant differences
between left and right measurements (P > .05), the bilateral measure-
ments were averaged in the analysis. The same ROIs were then applied
to each eigenvalue map to examine differences in mean, axial, and
radial diffusivity.

Ordinary least squares regressions, with age as a covariate, were
used to assess for statistical differences in FA, MD, axial diffusivity,
and radial diffusivity between the apoE €2 and apoE &3 groups. A
Pvalue of less than 0.05 was considered statistically significant. Cohen
d effect sizes were also calculated using the following formula: d =
(meanl — mean2)/pooled standard deviation.
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Fig 1. ROIs (red) manually delineated on fractional anisotropy maps: anterior/posterior corpus callosum, anterior/posterior cingulate white matter, and the parahippocampal gyrus white

matter.

Fig 2. Tract-based spatial statistics demonstrates regions of higher FA in apoE &2 carriers relative to apoE 3/3 controls (P < .005, uncorrected). THAL indicates thalamus; SLF = superior
longitudinal fasciculus; ALIC = anterior limb of the internal capsule; PCC = posterior corpus callosum; PCG = posterior cingulate; ACC = anterior corpus callosum.

Whole-Brain Analysis

An operator-independent voxel-based approach, known as TBSS
(version 1.0, http://www.fmrib.ox.ac.uk/fsl/tbss/),'® was used to in-
terrogate the white matter between groups across the whole brain.
Briefly, this approach first aligns each individual FA image to a com-
mon target FA image, using a 12-parameter affine transformation
used in the FMRIB Linear Image Registration Tool. All the FA images
are then affine-registered into standard 1 X 1 X 1 mm Montreal
Neurologic Institute152 space. The registered FA images are subse-
quently merged into a single file to create a mean FA image for the
group, which is then used to create a mean FA “skeleton.” The pur-
pose of this step is to define the white matter tracts that are common
to all subjects in the analysis. The skeleton is thresholded at a partic-
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ular FA value, 0.3 in our study, to include the white matter tracts that
are common to all subjects and most successfully aligned, as well as to
exclude regions possibly containing gray matter, CSF, or misaligned
voxels.

Each subject’s aligned FA image is then projected onto the mean
skeleton, and voxelwise statistics are performed between groups. For
this exploratory analysis, we used a statistical significance threshold of
P < .005, uncorrected for multiple comparisons.

Results

There were no significant differences in age, sex, MMSE, or

white matter lesion load between the 2 groups (Table 1).
Consistent with our a priori hypothesis, the ROI approach



demonstrated that apoE €2 carriers had higher FA in the pos-
terior cingulate white matter relative to apoE £3/&3 controls
(P = .01), yielding a Cohen d effect size of 0.87. apoE &2 car-
riers also demonstrated higher FA in the anterior corpus cal-
losum (P = .005), yielding a Cohen d effect size of 0.95. In
contrast, there were no significant differences in FA in the
posterior corpus callosum, anterior cingulate white matter, or
parahippocampal white matter between apoE groups. In ad-
dition to higher FA, the apoE &2 carriers demonstrated lower
radial diffusivity in the posterior cingulate white matter (P =
.01) and anterior corpus callosum (P = .03) ROIs relative to
the apoE &3/e3 group. No significant differences in mean or
axial diffusivity were detected in the ROIs between apoE
groups.

The whole-brain TBSS analysis detected regions of higher
FA in the apoE &2 group compared with controls in the bi-
lateral anterior thalamic radiations, corticopontine tracts,
superior longitudinal fasciculus, and right thalamus, in addi-
tion to the cingulate white matter and corpus callosum (P <
.005) (Fig 2).'"” Again, there were no regions in which the
apoE &3/e3 group demonstrated higher FA than the apoE &2

group.

Discussion

This study demonstrates that a single AD-protective apoE &2
allele is associated with regional differences in white matter
microstructure in subjects who lack clinical evidence of cog-
nitive impairment. The major findings were that 1) apoE &2
carriers had higher FA in the posterior cingulate white matter
and corpus callosum, consistent with a different white matter
fiber organization that probably reflects greater integrity;
2) apoE &2 carriers also demonstrated higher FA in association
tracts, such as the superior longitudinal fasciculus and ante-
rior limb of the internal capsule; and 3) the higher FA reflected
lower radial diffusivity with no apparent differences in mean
or axial diffusivity, which is believed to reflect stronger myelin
integrity without gross tissue loss. Taken together, these find-
ings suggest that the apoE &2 polymorphism is associated with
more robust microstructural white matter integrity, which
might serve as an index for greater resistance to AD pathology.
Alternatively, due to the known protective effect of the
apoE &2 polymorphism and the wide age range of partici-
pants, the more robust microstructural integrity could reflect
decreased preclinical AD in the apoE &2 group relative to the
apoE g3/€3 carriers.

The finding of higher FA in the posterior cingulate white
matter and corpus callosum of apoE &2 carriers, as evidenced
by our ROI and whole-brain approaches, mirrors the pattern
reported in prior literature comparing patients with AD and
healthy individuals.”® The posterior cingulate is an integral
component of the episodic memory network, receives major
efferent tracts from the hippocampus, and is believed to func-
tion in memory retrieval.*>*' Furthermore, decreased FA in
posterior cingulate white matter tracts and hypometabolism
of the posterior cingulate cortex are early findings of AD,
which have also been seen in subjects with mild cognitive im-
pairment and asymptomatic apoE €4 carriers with increased
genetic risk for AD.”*?*?? Hence, it is not surprising that more
robust posterior cingulate white matter, reflected by higher

FA, may be associated with genetic resistance against AD, as in
our apoE &2 carrier group.

Alterations in callosal fibers have also been associated with
AD, which some studies have reported in both the anterior
and posterior corpus callosum,'** whereas others only in the
anterior®” or posterior corpus callosum.”***” Whether studies
report adverse effects in the anterior or posterior corpus cal-
losum could be technical in nature. For example, our ROI
approach found higher FA in the anterior corpus callosum in
apoE &2 carriers, whereas the TBSS approach found signifi-
cant voxels in both the anterior and posterior corpus callo-
sum. It is likely that differences at the voxel level, as measured
using TBSS approach, are more sensitive than averaging FA
values across an anatomically defined ROI approach, thereby
diluting group differences. On the other hand, whole-brain
template approaches, including TBSS, are potentially suscep-
tible to image misregistrations, which may mimic FA differ-
ences. One study also proposed that lower FA in different areas
of the corpus callosum could be explained by different mech-
anisms>*; anterior callosal white matter changes could be sec-
ondary to retrogenesis,”® in which late-myelinating tracts are
most susceptible to AD pathology early on, whereas posterior
callosal changes could be secondary to wallerian degeneration
related to neuronal loss.”® Similarly, asymptomatic apoE &4
carriers have exhibited lower FA in the anterior corpus callo-
sum, possibly secondary to accelerated age-related loss,”® and
in the posterior corpus callosum, possibly related to AD pa-
thology in the temporoparietal cortex.'* Either protective ef-
fects of apoE &2 or decreased AD-related changes in the tem-
poral and parietal lobes may explain the higher callosal FA in
our study.

The exploratory whole-brain approach uncovered addi-
tional regions in which apoE €2 carriers demonstrated higher
FA, all of which involved association fiber tracts—namely, the
superior longitudinal fasciculus bilaterally, right thalamus,
and the anterior limb of the internal capsule. The superior
longitudinal fasciculus includes 3 bundles of long association
fiber tracts, which connect the parietal lobes to the prefrontal
cortex,”’ and has been reported to be involved in AD.*>*”?
The thalamus has also been reported to be involved early in
AD’*>?* and serves as the gateway for connections between the
cortex and brain stem. Finally, we found significant voxels in
the corticothalamic fibers passing through the anterior limb of
the internal capsule, which connect the anterior, medial dor-
sal, and lateral dorsal thalamic nuclei to the cingulate gyrus,
limbic cortex, and prefrontal association cortex.>* Involve-
ment of these fibers has been reported in prior studies com-
paring patients with AD and controls.*>>* Evidence for voxel-
wise differences in these areas among apoE €2 carriers is
compatible with the concept of apoE &2 being resistant to AD.

The finding that apoE €2 carriers have higher FA in certain
white matter tracts on the basis of lower radial diffusivity,
without concomitant changes in axial diffusivity, suggests
more robust myelination as a potential mechanism. Indeed,
animal studies of experimentally induced myelin loss,>*>> and
a human study following late demyelination after surgical cor-
pus callosotomy,® have demonstrated decreases in FA with
increased radial, and no change in axial, diffusivity. This pat-
tern of decreased FA and increased radial diffusivity has also
been reported among nondemented women carrying the
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apoE &4 risk allele and a family history of AD*” and has been
associated with higher cerebrospinal total tau,*® which sug-
gests that myelin disruption may represent an early patho-
genic process of AD.* Postmortem neuropathologic studies
have found white matter changes in approximately 60% of
patients with AD,?® with several studies reporting demyelina-
tion or myelin damage from beta-amyloid in these pa-
tients.’***"** Taken together, one hypothesis for the higher FA
and lower radial diffusivity in our apoE €2 carriers is that the
more robust myelination reflects less toxic demyelination
from underlying Alzheimer pathology. Indeed, several studies
have reported decreased amyloid among apoE &2 carriers.*>**
An alternative explanation is that apoE &2 carriers are less sus-
ceptible to AD due to intrinsically more robust myelination.
One prior study has reported higher synaptophysin among
apoE &2 carriers, which is a marker of synaptic integrity.*’
Furthermore, a study in apoE &2 targeted replacement
mice demonstrated longer dendritic spines and increased
arborization.*®

This study has several limitations. First, this is a case con-
trol study in which major confounders that are often reported
in AD literature—such as age, sex, cognitive function, and
concomitant vascular disease reflected by white matter le-
sions—were controlled; however, unforeseenable confound-
ers are possible. For example, family history of AD would be
another possible confounder and was not elicited in this study.
There is evidence in the literature to suggest that apoE €2 car-
riers have slower rates of hippocampal atrophy** and slower
rates of cognitive decline,*” though longitudinal monitoring
of our particular cohort would be necessary to validate our
findings as a true mechanism of AD protection. Furthermore,
validation of DTT as a robust biologic parameter has yet to be
performed. In particular, white matter lesion load may inter-
fere with DTT metrics, though there was no significant differ-
ence in lesion load at the group level. Because of small sample
size, our TBSS results were uncorrected for multiple compar-
isons and remain exploratory. Nevertheless, this study indi-
cates that the apoE &2 polymorphism has a biologic underpin-
ning in microstructural white matter integrity and lends
further support to DT metrics serving as promising biomark-
ers of future AD risk.
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