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Abstract

This paper examines how age intervenes in the APOE e4 allele’s effects upon the volume and
shape morphometrics of the hippocampus and the amygdala in mild cognitive impairment and
Alzheimer’s disease. We evaluate the structural morphological differences between the 4 carriers
and non-carriers in two age-dependent subgroups; younger than 75 years (Young-Old) and older
than 80 years (Very-Old). While we show that the four structures of interest atrophy significantly
in the e4 carriers, relative to the non-carriers, of the Young-Old group, this effect is not observed
in their Very-Old counterparts. The structures in the right hemisphere are found to be more
affected by the APOE genotype than those in the left hemisphere and we identify the relevant
regions in which significant atrophy occurs to be parts of the basolateral, centromedial, and lateral
nucleus subregions of the amygdala and the CA1 and subiculum subregions of the hippocampus.
We also observe that the APOE genotype only affects MCI patients that deteriorated to dementia
within 3 years while leaving their “non-converting” counterparts unaffected.
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1 Introduction

The apolipoprotein E (APOE) gene has been reported to be the major genetic source of
common forms of late-onset Alzheimer’s disease (AD) [1]. It has been suggested that the
APOE &4 allele increases the genetic risk and lowers the mean age of onset in AD [1,2].
Furthermore, studies have shown that the APOE e4 carriers in the AD population have a
greater impairment than the non-carriers in terms of global cognitive function, episodic
memory, and executive function [3-5]. With that being said, the underlying biological
mechanism through which the APOE €4 allele exerts its effects on AD patients has not yet
been fully understood. Atrophy of medial temporal lobe limbic structures, such as the
entorhinal cortex, the hippocampus, and the amygdala, has been observed in patients with
mild cognitive impairment (MCI) and AD when compared to the normal aging population.
Morphological abnormalities of those limbic structures serve as anatomical hallmarks of the
Alzheimer dementia on a macroscopic level [6-12]. Based on these observations, one
hypothesis arises naturally; a statistical association exists between the APOE genotype and
the morphometric phenotype of the medial temporal lobe limbic structures, a topic which
has been explored extensively (a detailed review can be found elsewhere [13]). When such
an association was considered previously, inconsistencies can be seen between the results
reported by individual neuroimaging studies. For instance, it has been suggested that the
hippocampal volumes did not differ significantly within either the elderly control group or
the AD population on the basis of APOE genotype [14]. Meanwhile, evidence showed that
increased rates of hippocampal volume loss in AD were indeed associated with a presence of
the APOE €4 allele [15]. Moreover, one study showed that the APOE e4 carriers with AD
atrophied significantly relative to the non-carriers in terms of the right hippocampal volume
and the right amygdalar volume while not differing in terms of the left hippocampal, nor the
left amygdalar, volume [16]. Adding further diversity to this question, it has been reported
that the two AD subgroups (APOE e4 carriers and non-carriers) differed in terms of the
amygdalar volume (the amygdalar volume was significantly smaller in e4 carriers than the
non-carriers) but not the hippocampal volume [17].

These varying observations on the association between the APOE genotype and the
hippocampal and amygdalar morphometrics may be related to an age effect. Indeed, studies
have shown that the effect of the APOE ¢4 allele on the cognitive function of subjects with
MCI or AD diminishes after a specific age [18-21]. Recently, the interaction between age
and the APOE genotype was analyzed longitudinally [22,23], in terms of their combined
influence on the decline of various cognitive functions and brain structure volumes in
healthy control (HC) and AD populations. Evidence to support the role of age in the APOE
e4 allele’s influence on hippocampal and cerebral atrophy was demonstrated in [23]; here
the APOE e4 allele was found to significantly affect only the Young-Old AD population
(mean age younger than 75 years old), showing no significant impact on the Very-Old AD
population (mean age older than 80 years old).

Existing studies have mainly focused on analyzing the APOE genotype’s effects on the
volumes of various brain structures in age-dependent dementia sub-groups (e.g. Young-Old
AD and Very-Old AD). A primary concern when examining the APOE effects on the
volume of a specific brain structure, such as the hippocampus, is that it does not allow for
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identification of subregions within the structure that are directly affected. Indeed,
inhomogeneity of these effects within a single structure is not accounted for at all. To shed
light on this angle, we need approaches that are capable of revealing associations between
the APOE genotype and the localized anatomical phenotypes of the structures of interest.
With the advent of recent innovations in brain mapping techniques, diffeomorphometry-
based statistical shape analysis pipelines have been proposed and applied to various
Alzheimer related studies [24,25]. In diffeomorphometry-based statistical analyses, one
studies the morphometrics of a set of anatomical shapes by quantitatively analyzing the
diffeomorphisms that connect each of those shapes to a common template shape. Herein, we
will rely on Large Deformation Diffeomorphic Metric Mapping (LDDMM) as our tool of
choice for creating the diffeomorphisms for analysis. The robustness and sensitivity of
LDDMM, in detecting and quantifying the shape variations for a range of medial temporal
lobe structures in MCI and AD, have been successfully demonstrated in several previous
works [24-27].

In this study, our primary goal is to investigate the relationship of both volume and shape of
the bilateral amygdalas and hippocampi to the APOE genotype in age-dependent subgroups
of MCI and AD. To be specific, we analyze and compare the APOE €4 allele’s effects in two
age-dependent subgroups (younger than 75 years, Young-Old, and older than 80 years, Very-
Old) for each of the two disease groups (MCI and AD) in terms of the morphometrics of the
amygdala and the hippocampus in both hemispheres. Both the volume and the shape
measurements of the two age-dependent disease groups have been normalized to their
respective age-matched HC subgroups (Young-Old HC and Very-Old HC) before group
comparison so as to subtract the impact of normal aging on the structural atrophy.

It is well known that patients with MCI are at higher risk of developing AD compared to
normally aging people [28,29]. Nonetheless, a great heterogeneity exists in MCI patients in
terms of their cognitive profiles and clinical progressions. It is not certain that an MCI
patient will definitely deteriorate to dementia; some MCI patients convert to AD over time
while others remain stable or even revert to being cognitively normal [30,31]. Certain studies
have shown that a presence of the APOE ¢4 allele is a strong clinical indicator for
progression from MCI to AD [32], especially when combined with other types of dementia
biomarkers, such as PET measures [33]. In previous work, we have demonstrated a contrast
in the shape profiles of the amygdala and the hippocampus between MCI converters (MCI
patients who convert to AD within a fixed time, e.g. 3.5 years from baseline) and MCI non-
converters (MCI patients who remain stable or revert to normal status within the same fixed
period) [25]. The shape morphometrics of deep gray matter structures, especially those of
the amygdala and the hippocampus, have been successfully applied to the automated
prediction of MCI-to-AD conversion [34]. In light of these previous findings, we aim to also
analyze the association between the APOE genotype and the conversion of MCI patients
from an amygdalar/hippocampal morphometric perspective. To be specific, we examine how
the APOE genotype affects the shape and volume of the amygdala and the hippocampus,
individually, in the MCI converter (MCI-C) population and the MCI non-converter (MCI-
NC) population. In addition, we investigate whether or not age plays a significant role in the
APOE genotype’s effects on each of the two MCI subgroups. For both MCI-C and MCI-NC,
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we compare the volume and shape of the four structures of interest between the APOE e4
allele carriers and the non-carriers in the Young-Old group as well as the Very-Old group.

Data for the investigations in this work come from the baseline scans of a subset of subjects
in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) study, including a total of 135
HC subjects (93 Young-Old and 42 Very-OlId), 276 subjects with MCI (174 Young-Old and
102 Very-0Old), out of which 123 have converted to AD within 3 years from baseline while
the other 153 did not, and 129 subjects with AD (80 Young-Old and 49 Very-Old).

2 Materials and Methods

2.1 Alzheimer’s Disease Neuroimaging Initiative

Data used in the preparation of this article were obtained from the ADNI database (http://
adni.loni.usc.edu/). ADNI was launched in 2003 by the National Institute on Aging, the
National Institute of Biomedical Imaging and Bioengineering, the Food and Drug
Administration, private pharmaceutical companies and non-profit organizations, as a $60
million, 5-year public-private partnership. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging, positron emission tomography, other biological
markers, and clinical and neuropsychological assessment can be combined to measure the
progression of MCI and early AD. Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and clinicians to develop new treatments
and monitor their effectiveness, as well as lessen the time and cost of clinical trials.

ADNI is a result of the efforts of many co-investigators from a broad range of academic

institutions and private corporations. Subjects in ADNI have been recruited from over 50
sites across the U.S. and Canada. ADNI was approved by each local institutional review
board. Written informed consent was obtained from each participant.

2.2 Participants

In this study, we included data from 135 HC subjects, 276 subjects with MCI and 129
subjects with AD. In the MCI group, 123 subjects converted to AD (MCI-C) within a
follow-up period of 36 months while the other 153 remained MCI or reverted to cognitively
normal status (MCI-NC). At baseline, each subject’s age ranged between 55 and 92 years
old and none of the participants were depressed (depression was defined as Geriatric
Depression scores no smaller than 10 or treatment with medication). The control subjects
had Mini-Mental State Examination (MMSE) scores of 25-30 and a clinical dementia rating
(CDR) of 0. The MCI subjects had MMSE scores of 23-30, a CDR of 0.5, preserved ability
to perform daily living activities, and an absence of dementia. The AD subjects had MMSE
scores of 20-28, a CDR of 0.5 or 1.0 and met the criteria for probable AD.

For the purpose of our first analysis, the differentiation of the APOE 4 allele’s effects by
age in individual disease cohorts, we separate each of the three cognitive groupings (HC,
MCI, and AD) into subject age dependent subgroups; Young-Old (baseline age, between 55
and 75 years old) and Very-Old (baseline age, between 80 and 92 years old). The result is 93
Young-Old HC (HC-YO) subjects, 42 Very-Old HC (HC-VO) subjects, 174 Young-Old MCI
(MCI-YO) subjects, 102 Very-Old MCI (MCI-VO) subjects, 80 Young-Old AD (AD-YO)
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subjects, and 49 Very-Old AD (AD-VO) subjects. Our reasoning in setting this age criterion
is three-fold; firstly, as suggested in [35], individuals over the age of 80 represent the fastest
growing segment of our population, the development of AD in the so-called “Very-Old” (i.e.
age 80 and above) is a public health problem of increasing magnitude. Secondly, our dataset
is a subset of the ADNI database, as is that of [23,36], and for consistency we have followed
the criterion for age subgrouping published in those two works. Lastly, to distinguish the two
age-dependent groups, some gap must be created and between this intuition and
compatibility with other studies using the same criteria we arrive at our thresholds. There are
a total of 196 participants that fell between the ages of 76 years and 80 years; 23 HC &4
carriers, 47 HC non-carriers, 43 MCI e4 carriers, 41 MCI non-carriers, 31 AD &4 carriers,
and 11 AD non-carriers.

All subjects underwent APOE genotyping using DNA extracted from peripheral blood cells.
Based on an individual’s APOE allele status, all of the aforementioned six age-diagnosis
patient groups were further divided into two genotype subgroups — e4 carriers (at least one
APOE 4 allele) and e4 non-carriers (no APOE 4 allele). It has been suggested that the
APOE &4 allele is associated with an increased risk for AD and an earlier age of AD onset
[1] whereas the €2 allele of APOE is associated with a lower risk [37]. Given this conflict of
influence between the £2 and 4 alleles (a protective role for the APOE €2 allele and a
detrimental role for the APOE e4), subjects with the APOE genotype e4/e2 were excluded
from this study (3 HC, 9 MCI, and 4 AD instances). This further division resulted in: 71 HC-
YO e4 non-carriers, 22 HC-YO &4 carriers, 33 HC-VO e4 non-carriers, 9 HC-VO &4
carriers, 63 MCI-YO e4 non-carriers, 111 MCI-YO &4 carriers, 64 MCI-VO &4 non-carriers,
38 MCI-VO &4 carriers, 22 AD-YO 4 non-carriers, 58 AD-YO &4 carriers, 23 AD-VO &4
non-carriers, and 26 AD-VO &4 carriers. The demographic characteristics of each of these
groups are listed in Table 1.

For the purpose of our second analysis, investigating the APOE e4 allele’s effects in age-
dependent subgroups of the MCI converters and non-converters, we divided both the MCI-C
and the MCI-NC group using the same age criterion as above. This results in four
subgroups; MCI-C-YO (MCI converters that are younger than 75 years old, a total of 80),
MCI-C-VO (MCI converters that are older than 80 years old, a total of 43), MCI-NC-YO
(MCI non-converters that are younger than 75 years old, a total of 94), and MCI-NC-VO
(MCI non-converters that are older than 80 years old, a total of 59). Based on a further
division by the APOE genotype information, we have 60 e4 carriers and 20 non-carriers in
the MCI-C-YO group, 18 e4 carriers and 25 non-carriers in the MCI-C-VO group, 51 4
carriers and 43 non-carriers in the MCI-NC-YO group, 20 &4 carriers and 39 non-carriers in
the MCI-NC-VO group. The demographic information for each of the aforementioned MCI
subgroups is tabulated in Table 2.

2.3 Image processing and volumetric segmentation

The raw data included in this analysis were collected from multiple 1.5T scanners. Only
baseline information from the ADNI database was used in this study. The raw Digital

Imaging and Communications in Medicine (DICOM) magnetic resonance (MR) images
were downloaded from the public ADNI website (http://adni.loni.usc.edu/data-samples/
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mri/). Locally, the raw MR data were corrected for spatial distortion due to gradient
nonlinearity [38] and B1 field inhomogeneity [39]. For each subject, the two T1-weighted
images of the baseline scan were rigid-body aligned to one another, averaged to improve the
signal-to-noise ratio, and then resampled to be isotropic of 1mm voxel resolution.
Volumetric segmentations of the four structures of interest (the bilateral amygdala and
hippocampus) were obtained using the segmentation module [40] of the FreeSurfer software
(version 4.3.0).

2.4 Shape processing

To extract the shape of each structure of interest, from each individual scan, we took the
approach described in our recent study [25]. Briefly, for each subvolume of the brain
corresponding to a structure of interest, its bounding surface was obtained by applying an
optimized diffeomorphism to the Computational Functional Anatomy (CFA) subcortical
template surface [41] of that specific structure. The optimized diffeomorphism was obtained
from a multi-channel LDDMM-image registration between the CFA template subvolumes
and the scan-specific subvolumes obtained from FreeSurfer [25]. The CFA template surfaces
and subvolumes of the four structures of interest were created from manual delineations,
ensuring smooth boundary and correct anatomical topology. This surface-generation
methodology will generate the “target shapes” whose properties we will examine herein.
More details and validation of this methodology can be found in [25].

In shape-based diffeomorphometry, the focus of this study, the morphometrics of target
shapes are quantified in terms of the diffeomorphisms that connect a common template
shape to those target shapes. A template built from a single scan may not be truly
representative of the whole sample. Extreme variations between the template shape and a
target shape are likely to cause the subsequent mapping to fail, in which case the
diffeomorphism cannot accurately describe the morphological changes between the template
and the target shapes. To avoid this potential issue, we created a “population-averaged”
template surface, for each structure of interest, from a subset of the baseline surfaces as
demonstrated in [25]. All surfaces in that subset were first rigidly aligned to a common
spatial position before being used to compute an averaged template surface using the
estimation algorithm described in [42]. Constructing an averaged template surface that lies
in the center of the population surfaces allows for overall more accurate mappings between
the template space and each target space, when compared to using an arbitrary template [41].

After creating the common template surface for each structure, we employed the LDDMM-
surface mapping algorithm [43] to map the template surface to each individual subject
surface. From each template-to-subject LDDMM-surface mapping, a scalar field is
calculated as the log-determinant of the Jacobian of the diffeomorphism. This scalar field is
indexed at each vertex of the common template surface, quantifying the factor by which the
diffeomorphism expands or shrinks the vertex-based localized surface area in the subject
relative to the template in a logarithmic scale; i.e. a positive value corresponds to a localized
surface area expansion of the subject relative to the template while a negative value suggests
a localized surface area contraction. We shall call this scalar field the deformation marker.
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It is worthy of note that to remove the impact of normal aging on the morphometrics of the
amygdala and the hippocampus in the two disease groups (MCI and AD), the volumetric and
the vertex-based diffeomorphometric measurements of each age-dependent disease subgroup
have been normalized with respect to the corresponding age-matched HC subgroup. For
example, in any statistical analysis in which the left amygdala volume of the MCI-YO
population is used, instead of using the raw values, we have used the z-scores normalized by
the left amygdala volume measurement of the HC-YO group. As such, negative values
indicate smaller structure volumes or smaller localized shape areas. The z-score is computed

as z= % where x is the raw value, 4 is the appropriate mean value from the age-matched
HC subgroup, and & is the corresponding standard deviation. Please note the normalization
was not genotype-dependent; for example, we did not use the measurements of the HC-YO
e4 carriers to normalize those of the MCI-YO e4 carriers and similarly for the AD-YO e4
carriers et cetera.

2.5 Statistical analysis

For inter-group comparisons, we used a linear model as described in [25]

Yk (3) :Bk,o +Bk,1g(5)+zaconcov (5) +5k(5), (1)

where y (8) is the z-transformed deformation marker for subject s at vertex k< on the
template surface, g(s) is a binary group variable, and Xo(S) denotes the covariate
information of subject sincluded in the analysis. In this study, we covaried for sex, and the
estimated total intracranial volume (eTCV). The eTCV values were automatically computed

in FreeSurfer. The noise structure e(s) is modeled as a Gaussian process ¢, (s)~N (0, o7)-

The parameters (/J’k,m Br1: Qeovs 07, k=1,2, ) were obtained from maximum-likelihood
estimation, for details of which see [24].

To check for differences between any two groupings, in terms of the z-transformed localized
surface area at vertex &, we tested the null hypothesis H,S:/;’M:O against the general
hypothesis Hétﬂm # 0. The complete null hypothesis is H;S:ﬂm:O simultaneously for all k.
RSSy(k)
The test statistic F4, computed for each vertex k; is defined as Fk:m ~ *, where
RSSy is the residual sum of squares under the null hypothesis, and RSS is the residual sum
of squares under the general hypothesis. Since we have performed the hypothesis testing at
multiple vertices simultaneously, we need to correct for multiple comparisons and thus the
familywise error rate (FWER) was controlled at a level of 0.05 with the maximum statistic
defined as A = maxy Fx The statistical significance of a group difference is quantified by a
p-value obtained from Fisher’s method of randomization. To be specific, p-values were
computed based on non-parametric permutation tests by randomizing the model residuals.
Details on the implementation of our permutation testing can be found in [26]. Briefly,
Monte Carlo simulations were used to generate 40,000 uniformly distributed random
permutations thus giving rise to a collection of F* statistics, one from each permutation. The
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p-value is then given by the fraction of permutations in the collection that have ~* values
larger than the value obtained from the true groupings. The set of vertices for which the null
hypothesis is not valid is estimated to be D= {k Fx= ¢*}, where g* is the 95! percentile of
the F* statistic [44]. The group difference in terms of the z-score of the localized shape area
at vertex kis quantified as — B 1, so that greater atrophy in the latter group of a comparison
induces a higher positive value. To make group-pairwise comparison of the z-scores of the
volume measurements of each structure, we used the same statistical model as in Eq. (1),
wherein y(s) is replaced by the z-transformed structure volume measurement of subject s.
Given that there are a total of 4 structures of interest, the Bonferroni correction was adopted
at the structure level so that statistical significance is achieved only when the structure-level
p-value satisfies p < 0.0125.

In this study, we adopt a coarse-to-fine evaluation strategy. For the first analysis, we
compare the z-scores of the volume and shape measurements of each of the four structures
between the 4 carriers and non-carriers within MCI and AD separately, followed by
comparisons between the e4 carriers and non-carriers, in terms of the z-scores of the
morphometric measures, for each of the four groups (MCI-YO, MCI-VO, AD-YO, and AD-
VO). For the second analysis, we compare the z-transformed volume and
diffeomorphometric-based shape measurements of those four structures, between the £4
carriers and non-carriers within MCI-C and MCI-NC, followed by z-score comparisons
between the two APOE genotype groups within each of the four groups (MCI-C-YO, MCI-
C-VO, MCI-NC-YO, and MCI-NC-VO).

The z-transformed volume measurements for all groups involved in this study, relative to
their age-matched healthy control counterparts, are listed in the Appendix (see
Supplementary Table 1).

2.6 Template surface partition

3 Results

To examine how the APOE genotype’s effect manifests itself at a subregional level, we
divide our template surface for each of the four structures into subregions using the approach
we detailed in our previous work [25]. This partition was achieved using pre-delineated
surfaces of high-field segmentations (obtained from a 7 Tesla scanner with an image voxel
resolution of 0.8mm) and a transfer of the boundary definitions of those subregions to our
population template surfaces. Both the left and right amygdala were partitioned into four
subregions; the basolateral, the basomedial, the centromedial, and the lateral nucleus. Each
of the bilateral hippocampi was also partitioned into four subregions; CA1, CA2, CA3
combined with the dentate gyrus, and the subiculum.

3.1 Alzheimer’s disease

3.1.1 Volume analysis—According to our analysis, there exists statistically significant
volumetric reduction, in the e4 carriers relative to the non-carriers in the AD group, of the
right hippocampus but not for the other three structures of interest. The p-values of those
comparisons are tabulated in Table 3. As for the two age-dependent AD subgroups (AD-YO
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and AD-VQ), significant group differences between the e4 carriers and their non-carrier
counterparts (carriers < non-carriers) are observed for all of the four structures within the
Young-Old AD group (all p-values smaller than 0.0125, see Table 3), whereas none of the
four Very-Old AD structures have exhibited differences between the two APOE groups in
terms of their volumetric measurements (all p-values larger than 0.0125, see Table 3 for
detailed values).

3.1.2 Shape analysis—From our vertex-based shape analysis upon testing the complete
null hypothesis, we find significant group difference between the two APOE genotype
subgroups of the entire AD group only for the left amygdala (p = 0.0101) but not the right
amygdala nor the hippocampus in either hemisphere (see Table 3 for the p-value of each
group comparison). The surface map demonstrating the left amygdalar differences that are
statistically significant, between AD-e3 (the e4 non-carriers) and AD-e4 (the e4 carriers), in
terms of the localized shape area is presented in panel A) of Figure 1. The amount of surface
area with significant atrophy in AD-e4 relative to AD-e3 is 26.71mm? for the left amygdala,
accounting for 3.94% of the entire structure surface.

Our shape-based diffeomorphometric comparison results of the 4 carriers and the non-
carriers for AD-YO and AD-VO are very consistent with the volumetric results. For the two
APOE genotype groups of AD-VO, we did not observe any significant shape difference in
any of the four structures while for the comparisons within AD-YO, we found significant
shape atrophy in the 4 carriers for the right hippocampus and the left and right amygdala.
The p-values obtained from all the AD shape comparisons are listed in Table 3 for the
purpose of a direct comparison with the volume analysis results. The surface map illustrating
the significant e3-versus-e4 right hippocampal shape differences, within the AD-YO group,
is shown in panel A) of Figure 2. The AD-YO genotype subgroup differences of the left
amygdalar shape are illustrated in panel B) of Figure 1. The right amygdalar shape
differences, between the carriers and the non-carriers within AD-YO, are presented in panel
A) of Figure 3. The amount of regions with statistically significant surface area reductions in
AD-YO-e4 relative to AD-YO-e3, for the right hippocampus, the left amygdala, and the
right amygdala, are respectively 449.87 mn? (25.14% of the entire surface), 18.71mim?
(2.76% of the entire surface), and 406.28mn7? (51.85% of the entire surface).

3.2 Mild cognitive impairment

For the MCI population, to account for the inhomogeneity induced by the conversion status,
we investigated two separate analyses. Initially we treated MCI as a single entity and
examined whether age plays a role in the APOE genotype’s effects on structural
morphometry. To be specific, we first compared the volume and shape measurements of the
four structures between MCI-e3 (non-carriers in the entire MCI group) and MCl-e4 (carriers
in the entire MCI group), and then between MCI-YO-e3 (non-carriers in the Young-Old
MCI group) and MCI-YO-e4 (carriers in the Young-Old MCI group), and finally between
MCI-VO-e3 (non-carriers in the Very-Old MCI group) and MCI-VO-e4 (carriers in the
Very-Old MCI group). For convenience, we will refer to this as our “Type | MCI analysis”.
For the next investigation, we divided MCI into two subgroups based on the conversion
status — MCI-C and MCI-NC. From this, we investigated whether the APOE genotype status
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affects those two groups and then how age factors into such effects. Specifically, we first
compared the volume and shape of the four structures for MCI-C-e3 (non-carriers in the
MCI converters) versus MCI-C-e4 (carriers in the MCI converters) and MCI-NC-e3 (non-
carriers in the MCI non-converters) versus MCI-NC-e4 (carriers in the MCI non-converters).
We then refined by age and compared MCI-C-YO-e3 (non-carriers in the Young-Old MCI
converters) versus MCI-C-YO-e4 (carriers in the Young-Old MCI converters), MCI-C-VO-
e3 (non-carriers in the Very-Old MCI converters) versus MCI-C-VO-e4 (carriers in the Very-
Old MCI converters), MCI-NC-YO-e3 (non-carriers in the Young-Old MCI non-converters)
versus MCI-NC-YO-e4 (carriers in the Young-Old MCI non-converters), and MCI-NC-VO-
e3 (non-carriers in the Very-Old MCI non-converters) versus MCI-NC-YO-e4 (non-carriers
in the Very-Old MCI non-converters). For convenience, we will refer to this as our “Type 1l
MCI analysis”.

3.2.1 Type | MCI analysis

3.2.1.1 Volume analysis: In comparing the volume of the four structures between MCl-e3
and MCIl-e4, we detected statistically significant group differences (MCl-e4 < MCl-e3) for
the bilateral hippocampi and the right amygdala but not for the left amygdala. This finding
was re-iterated in our subsequent comparison of the two APOE genotype groups of the MCI-
YO population. However, for the MCI-VO population, no volumetric difference was
observed between the 4 carriers and non-carriers in any of the four structures. Details on
the p-values obtained from these volumetric Type | MCI group comparisons are listed in
Table 4.

3.2.1.2 Shape analysis: For comparison between MCI-e3 and MClI-e4, in terms of the
shape-based diffeomorphometrics of each of the four structures, significant group
differences (MCl-e4 < MCl-e3) were observed in the right hippocampus (p = 0.0016) and
the right amygdala (o = 0.0000). Group differences in the shape of the left hippocampus are
almost statistically significant (o = 0.0382). No significant difference was detected for the
left amygdalar shape (p = 0.3265).

In comparing the four structures between the carriers and the non-carriers within MCI-YO
and MCI-VO, our hypothesis testing of the shape measurements yielded the same
conclusions as that of the volume ones. Specifically, the shape diffeomorphometrics of the
left hippocampus, the right hippocampus, and the right amygdala were all found to differ
significantly between the carriers and the non-carriers of the MCI-YO population but not the
shape of the left amygdala, which is also the case for the volume measurements. In the MCI-
VO population, no significant group difference, in terms of the shape of any of the four
structures, was detected between the two APOE genotype groups, an observation which is
mirrored in our volumetric results. All p-values for our diffeomorphometric Type | MCI
analysis are tabulated in Table 4.

We will now turn to a diagrammatic point of view by using surface maps to demonstrate
group differences in terms of the vertex-based z-scores of the structural localized shape
areas. Because the amount of surface regions showing significant area atrophy in MCI-YO-
e4 relative to MCI-YO-e3, in the left hippocampus, is of area 11.57 mm?, accounting for

J Alzheimers Dis. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 11

only 0.63% of the entire left hippocampus surface area, we will not display the
corresponding shape difference map. Panel (a) of Figure 4 maps vertex-wise statistically
significant genotype differences in z-scored diffeomorphometrics of the right hippocampus
in the MCI population (MCI-e3 versus MCl-e4). Such significant vertices account for an
area of 326.83m7, being 18.26% of the entire right hippocampus surface area. The surface
map of the right hippocampus, for the comparisons of MCI-YO-e3 and MCI-YO-e4, is
demonstrated in panel (b) of Figure 4, wherein the amount of affected surface area is
52.2mn? accounting for 2.92% of the entire structural surface area. Figure 5 proceeds in a
similar fashion, this time illustrating vertex-wise significant shape differences between the
right amygdala of MCl-e3 and MClI-e4, panel (a), and of MCI-YO-e3 and MCI-YO-e4,
panel (b). The amount of right amygdala surface area revealing significant group difference
between MCI-e3 and MCl-e4 is 437.73mn?, accounting for 55.87% of the entire structural
surface area. The corresponding numbers for the MCI-YO genotype comparison are
90.39/mn7? and 11.54% respectively.

3.2.2 Type Il MCI analysis

3.2.2.1 Volume analysis: The p-values obtained in comparing the four structure volumes
between the 4 carriers and the non-carriers within MCI-C, MCI-C-YO, and MCI-C-VO are
all listed in Table 5. According to that table, there is clear indication that the APOE ¢4 allele
makes a difference to the volumes of both the right amygdala and the right hippocampus of
the entire MCI converter population while not affecting the volumes of the other two
structures. After introducing the age variable, we did not observe any group difference,
between the two APOE genotype groups of the Very-Old MCI converter population, for any
of the four structures of interest. However, significant left hippocampal volume reduction
was detected in the carriers compared with the non-carriers of the Young-Old MCI
converters. For the volumetric analysis of the MCI non-converters, we did not detect any
genotype effects in any of the three groups (MCI-NC, MCI-NC-YO, and MCI-NC-VO). The
exact p-values are listed in Supplementary Table 2 of the Appendix.

3.2.2.2 Shape analysis: In the analysis of the shape diffeomorphometric measurements of
the four structures, we observed results consistent with those from the volumetric
comparisons of MCI-C-e3 and MCI-C-e4; significant shape differences (MCI-C-e4 < MCI-
C-e3) were detected for the right hippocampus and the right amygdala but not for the two
structures on the left hemisphere (see Table 5 for detailed p-values). However, in analyzing
whether age matters in terms of the APOE e4 allele’s effects on the shape morphometrics of
the four structures in MCI-C, we found no such age influence as was observed in the entire
MCI population. To be specific, there is no statistically significant group difference between
the carriers and the non-carriers of both the MCI-C-YO and the MCI-C-VO with respect to
the shape diffeomorphometrics of each of the four structures. The corresponding p-values
are listed in Table 5. For the MCI non-converter population, no APOE genotype effects were
observed in any of the structure shapes of MCI-NC, MCI-NC-YO, or MCI-NC-VO, which is
entirely consistent with the corresponding volume results. The p-values of the MCI-NC
shape analysis can be found in Supplementary Table 2.
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The surface maps of the shape diffeomorphometric differences of the right hippocampus and
the right amygdala, between MCI-C-e3 and MCI-C-e4, are shown in panel (c) of Figure 4
and Figure 5 respectively. The total surface areas spanned by vertices with significant shape
differences is respectively 58.46/mn? (accounting for 3.27% of the entire structural surface
area) and 208.07 mn? (accounting for 26.56% of the entire structural surface area).

4 Discussion

In this study, we have analyzed how age impacts the APOE e4 allele’s effects on the
volumes and shapes of the amygdala and the hippocampus in both hemispheres in MCI and
AD. Considering the heterogeneity in the MCI population brought about by the conversion
status (a subject may deteriorate to dementia or remain stable), we also investigated whether
there is any APOE genotype effect in the MCI converters and non-converters and whether
age exerts any influence in the APOE genotype’s effects on the four structures of interest in
those two MCI subgroups. Instead of directly analyzing the volumes and shape areas, we
worked with the z-scores of the measurements normalized by those of the age-matched
healthy control counterparts so as to reduce the impact of normal aging.

According to the results of our analysis on those four structures that play an important role
in cognitive memory function, the age range was found to be a key element in the APOE 4
allele’s influence on their volume and shape morphometrics in both the MCI and the AD
population. To be specific, for the MCI and AD patients that are older than 80 years of age
there were no significant group differences between the APOE e4 carriers and the non-
carriers in the z-transformed volumes and shape areas of the four aforementioned structures.
However, significant group differences were detected between the carriers and non-carriers
in those two patient groups that are younger than 75 years old (see Table 3 and Table 4).

In the entire AD population (without age-based stratification), there is no statistically
significant group difference between the two APOE genotype groups in terms of both the
volume and the shape of the left hippocampus although the volumetric difference is nearly
significant (p = 0.0134). In contrast, the volume of the right hippocampus was found to
differ significantly between the e4 carriers and the non-carriers (p = 0.005) while the shape
difference was nearly significant (p = 0.0235). This clearly suggests that the APOE genotype
affects the hippocampus of patients with AD in an asymmetric fashion. This finding is in
good agreement with those reported in several other studies [16,45]. Certain studies have
also demonstrated an important association between the APOE genotype and the asymmetry
of the hippocampal pattern in AD [46]. In this study, the volume of the amygdala in either
hemisphere, of the entire AD group, was not found to differ significantly depending on the
APOE genotype whereas the shape of the left amygdala differed significantly (o= 0.0101)
and the shape of the right amygdala differed nearly significantly (p = 0.0391). This
observation indicates that our vertex-based shape diffeomorphometrics of the bilateral
amygdalas are more sensitive than their volume counterparts, which has also been observed
in our other studies [25,47]. As shown in panel (A) of Figure 1, the locations on the left
amygdala revealing significant shape differences between AD-e3 and AD-e4 belong to the
basolateral, centromedial, and lateral nucleus subregions, with the affected area comprising
3.94% of the entire left amygdala surface. Such an investigation of the APOE genotype’s
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effects at each vertex of the amygdala surfaces is, as far as we know, the first of its kind ever
reported.

After dividing the entire AD population into two categories based on each subject’s age
(Young-Old AD and Very-Old AD), we found that the APOE genotype affects only the
amygdala and the hippocampus of the Young-OIld AD group but not the Very-Old AD one.
According to Table 3, there is significant volumetric difference, between the carriers and the
non-carriers of the AD-YO population, for each of the four structures. The shapes of the
right hippocampus, the left amygdala, and the right amygdala were all found to differ
significantly between AD-YO-e3 and AD-YO-e4 whereas the shape of the left hippocampus
differed nearly significantly (p = 0.0895).

According to the surface map shown in panel (B) of Figure 1, the locations on the left
amygdala revealing significant shape differences between AD-YO-e3 and AD-YO-e4 are
part of the basolateral and centromedial subregions. The comparison demonstrated in Figure
1 clearly suggests that the magnitude of the group difference between the two APOE
genotypes within the Young-Old AD group, at the same vertex location, is much stronger
than that within the entire AD group.

According to Figure 2, the locations on the right hippocampus showing significant shape
group differences between AD-YO-e3 and AD-YO-e4 occur in the CA1 and subiculum
subregions. The observation that the CA1 and subiculum of the hippocampus are the most
affected by the APOE e4 genotype agrees well with those from other studies [48-50]. The
CAL1 field and the subiculum of the hippocampus are generally recognized as the subregions
that are affected the earliest and also the most severely by the pathology of AD [25,51-54].
This may imply that the APOE e4 genotype is more likely to exert influences on subregions
that are more vulnerable to the AD pathology. Previous studies [16,55,56] have observed
significant effects of the APOE e4 genotype on the right hippocampal volume. That said, as
a novel contribution, we found that this selective influence of the APOE genotype on the
right hippocampus is specific to Young-Old AD patients and specific to CA1 and subiculum
subregions.

In our shape based comparison of the right amygdala between AD-YO-e3 and AD-YO-e4,
as presented in Figure 3, we found that a majority of the right amygdala (51.85% of the
entire right amygdala surface) atrophied in the carriers relative to the non-carriers with
almost the entire basolateral, centromedial, and the lateral nucleus being affected. In keeping
with our left amygdala findings, the basomedial subregion was mostly unaffected. This
further supports our previous statement that the APOE 4 genotype affects a given structure
in the right hemisphere more than it does in the left. Furthermore, to the best of our
knowledge, this is the first study observing an age-specificity in the effect of the APOE 4
genotype on subregional atrophy of the bilateral amygdalas in patients with AD.

In summary, our aforementioned observations in AD-YQO, along with our finding of no
statistical difference in the AD-VO group, indicates that the APOE e4 allele mainly affects
the hippocampal and amygdalar morphology in Young-Old AD patients. A similar
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observation has been reported in other studies as well though not always on a subregional
level, in terms of not only brain structural morphology but also cognitive functions [23,36].

For the entire MCI population, as illustrated in Table 4, significant volumetric atrophy of the
left hippocampus, the right hippocampus, and the right amygdala has been detected in the 4
carriers relative to the non-carriers. However, for the shape measurements, only those
differences in the right hippocampus and the right amygdala were statistically significant
while those in the left hippocampus were nearly significant (o = 0.0382). This agrees with
our finding in the AD population which identifies an asymmetric pattern (R > L in terms of
the APOE genotype’s effect). As shown in panel (a) of Figure 4, the locations on the right
hippocampus exhibiting significant group difference between MCl-e3 and MCl-e4 mainly
belong to the CA1 and subiculum subregions along with a very small part of CA2, the total
amount of which accounts for 18.26% of the entire right hippocampal surface area. The
observation that the right hippocampal subregion affected by the APOE genotype in MCl is
primarily CA1 and the subiculum confirms our previous conclusion that the APOE e4
genotype mainly affects those subregions that are sensitive to the pathology of Alzheimer
dementia. Regarding the shape atrophy of the right amygdala in MCl-e4 relative to MCl-e3,
as we can see in Figure 5, the majority of the right amygdala atrophied significantly,
covering almost the entire basolateral, centromedial, and lateral nucleus, accounting for
55.87% of the total structural surface area. In addition to the hippocampal and amygdalar
morphology, studies have shown that the APOE genotype impacts the cognitive functions in
the MCI population as well [57].

After using the age thresholding to divide the MCI population into two groups — MCI-YO
and MCI-VO, we again observed that the effect of the APOE 4 genotype manifests in MCI-
YO but not at all in MCI-VO; significant volume and shape atrophy of the bilateral
hippocampi and the right amygdala were observed in the £4 carriers compared to the non-
carriers only within the MCI-YO group, not MCI-VO (see Table 4). According to the surface
maps of the right hippocampus (panel (b) in Figure 4) and the right amygdala (panel (b) in
Figure 5), the portion of vertices showing significant group difference between the two
APOE genotype groups within MCI-YO is less than those within the entire MCI group
(panel (a) in the same figure) for both structures, which contrasts with our findings in the
AD case wherein significant group difference for the shapes of those two structures occur
only in the Young-Old subgroup but not the entire AD group. This may have been induced
by an inhomogeneity in the MCI population, which brings us to our Type Il MCI analysis.

According to our results from the Type Il MCI analysis, the APOE e4’s effects on the
morphology of the right hippocampus and the right amygdala in MCI only exist for MCI
patients who converted to AD within 3 years from their baseline, not for those who remained
MCI or reverted to cognitively normal over the same period (see Table 5 and Supplementary
Table 2). The atrophy of the left hippocampus and the left amygdala in the e4 carriers
relative to the non-carriers in MCI-converters is nearly significant (o = 0.0148 for the left
hippocampus; p = 0.0243 for the left amygdala). This finding, to some degree, suggests that
the brain atrophy pattern of MCI-C resembles that of AD whereas the atrophy pattern of
MCI-NC resembles that of normal aging. Such a conclusion has also been reported in other
imaging based studies [25,58].

J Alzheimers Dis. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 15

According to the surface maps illustrating the vertex-by-vertex shape differences, between
MCI-C-e3 and MCI-C-e4, of the right hippocampus (panel (c) of Figure 4), the main region
affected by the APOE e4 allele in MCI-C is CA1 and CA2. Those are part of the regions
that are also affected in the entire MCI population (panel (a) of the same figure). However,
for the right amygdala (panel (c) of Figure 5), the main regions affected by the APOE
genotype in MCI-C belong to the basolateral, basomedial, and centromedial amygdala,
which is not entirely a subset of those affected in the entire MCI population (particularly the
basomedial subregion). This observation again confirms the heterogeneity in the MCI
population and an urgent need for more refined categorization within the MCI population. A
combination of various assessment techniques, e.g. neurological testing, APOE genotyping,
and neuroimaging, may indeed aid early prognosis.

Following our procedure by dividing both MCI-C and MCI-NC into two age-dependent
subgroups (Young-Old and Very-Old), we did not observe an age effect in terms of the
APOE genotype’s influence on the morphology of those four structures (see Table 5 and
Supplementary Table 2). This implies that, even though age intervenes in the APOE
genotype’s effects on the MCI population, such an effect is not perceptible within a fixed
conversion status grouping.

We now give mention to one noticeable aspect of this study. The subgrouping of the MCI
subjects follows the criterion published in our previous works [27,34]; that is, an MCI
subject is categorized as MCI-C if that subject converted to AD within 36 months from their
baseline and MCI-NC otherwise. Our primary aim of this study is to explore whether the
APOE genotype makes a difference, and whether age interacts, in the MCI-to-AD
conversion. This MCI subgrouping criteria are different from both the standard subtyping
methodology of categorizing MCI into amnestic MCI and non-amnestic MCI and the
recently proposed more accurate MCI subtyping approach [59,60]. One natural extension of
this study is to examine the influence of the APOE genotype and age on the hippocampal
and amygdalar morphometry (both volume and shape) in more accurately categorized MCI
subgroups such as the four different MCI subgroups (dysnomic, amnestic, dysexecutive, and
“normal”) as suggested in [60].

Our current study has focused on the hippocampus and the amygdala. Another medial
temporal lobe structure of great interest is the entorhinal cortex, which has been shown to be
severely affected by the pathology of Alzheimer disease [61]. Actually, it has been suggested
that the Alzheimer disease starts at the entorhinal cortex [26,62]. It is thus natural to
envisage future investigations into the effects of age and APOE genotype on the volume and
shape morphology of the entorhinal cortex in patients with MCI and AD. Another important
extension to the current study will be to evaluate whether and how age intervenes in the rates
of change in both volume and shape of the four targeted structures by using longitudinal
samples and time series based sequential shape diffeomorphometrics.

In closing, we have analyzed how age modulates the APOE genotype’s influence on the
volume and shape morphometrics of the hippocampus and the amygdala in both
hemispheres based on a large sample of 540 subjects. Contributions and novel findings from
this study can be summarized as: 1) the influence that the APOE genotype exerts on the

J Alzheimers Dis. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 16

amygdala and the hippocampus was only observed in Young-Old patients with MCI and AD,
not the Very-Old ones; 2) the genotype-specific atrophy patterns observed in the MCI
subjects resembles those of the AD population; 3) in all such groupings, when an effect is
present, the structures in the right hemisphere are affected more by the APOE genotype than
those in the left hemisphere; 4) selective effects were observed on the right hippocampus
with the CA1 and the subiculum subregions being affected the most; 5) for the right
amygdala, the basolateral, centromedial, and lateral nucleus subregions are affected the most
while the basomedial is less affected; 6) further refinement showed that the APOE genotype
only affects MCI converters, not the MCI non-converters; 7) age dependence was not
observed in the APOE genotype’s influence when restricting to subgroups of the MCI
population defined by conversion status.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Panel A) represents the vertex-wise significant shape differences of the left amygdala

between the 4 carriers and the non-carriers of the entire AD group whereas panel B)
represents the differences when restricted to the AD-YO group. The color bar values are the
differences in z-score of the shape-based diffeomorphometry. Panel C) represents a division
of the left amygdala template surface into four compatible subregions: the basolateral,
basomedial, centromedial, and lateral nucleus.

J Alzheimers Dis. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 22

CA1

| CA2

B CA3/Dentate Gyrus
Subiculum

Figure 2.
Panel A) demonstrates the significant group differences in terms of z-score of the shape

diffeomorphometric measurements, of the right hippocampus, between the two APOE
genotypes in AD-YO. Panel B) represents an anatomical partition of the right hippocampus
template surface into four subregions — CAl, CA2, CA3 combined with the dentate gyrus,
and the subiculum.
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Figure 3.
Panel A) shows the significant group differences in terms of z-score of the shape

diffeomorphometry of the right amygdala between the two APOE genotypes in AD-YO.
Panel B) represents an anatomical partition of the right amygdala template surface into four
subregions: basolateral, basomedial, centromedial, and lateral nucleus.
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Figure 4.
Panels (a), (b), and (c) in the top part of this figure represent the significant atrophy in the

APOE 4 carriers relative to their non-carrier counterpart, at each vertex of the right
hippocampus, for the entire MCI group, the MCI-YO group, and the MCI-C group
respectively. The color bar scale shows the differences in terms of z-score. The bottom part
of this figure displays the four-subregion partition of the right hippocampal template surface
— CA1, CA2, CA3 combined with the dentate gyrus, and the subiculum.
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Figure5.
Top: Panels (a), (b), and (c) show the significant shape differences of the right amygdala

between the two APOE genotypes for the entire MCI group, the MCI-YO group, and the
MCI-C group respectively. The color bar scale shows the differences in z-score of the 4
carriers relative to the non-carriers (the more positive, the more atrophy there is in the
carriers). Bottom: the four-subregion partition of the right amygdala template surface —
basolateral, basomedial, centromedial, and lateral nucleus.
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