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Abstract. This paper examines how age intervenes in the effects of APOE &4 allele on the volume and shape morphometrics
of the hippocampus and the amygdala in mild cognitive impairment (MCI) and Alzheimer’s disease. We evaluate the structural
morphological differences between &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 &4 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 APOFE genotype only
affects MCI patients that deteriorated to dementia within 3 years while leaving their “non-converting” counterparts unaffected.

Keywords: Age intervention, Alzheimer’s disease, amygdala, apolipoprotein E, conversion, hippocampus, mild cognitive impair-
ment, shape morphometrics

INTRODUCTION

'Data used in preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database

The apolipoprotein E (APOE) gene has been

(http://adni.loni.usc.edu). As such, the investigators within the ADNI
contributed to the design and implementation of ADNI and/or pro-
vided data but did not participate in the analysis or writing of this
report.

*Correspondence to: Xiaoying Tang, Center for Imaging Science,
Johns Hopkins University, 301 Clark Hall, 3400N. Charles Street,
Baltimore, MD 21218, USA. Tel.: +1 410 949 0497; Fax: +1 410
516 4594; E-mail: xtang@cis.jhu.edu.

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 onsetin AD
[1, 2]. Furthermore, studies have shown that the APOE
&4 carriers in the AD population have a greater impair-
ment than the non-carriers in terms of global cognitive

ISSN 1387-2877/15/$35.00 © 2015 — IOS Press and the authors. All rights reserved


http://adni.loni.usc.edu
mailto:xtang@cis.jhu.edu

646 X. Tang et al. / Age Matters in APOE’s Effects on Morphology

function, episodic memory, and executive function
[3-5]. With that being said, the underlying biolog-
ical 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 hippocam-
pus, and the amygdala, has been observed in patients
with mild cognitive impairment (MCI) and AD when
compared to the normal aging population. Morpholog-
ical abnormalities of those limbic structures serve as
anatomical hallmarks of AD 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 associa-
tion was considered previously, inconsistencies can be
seen between the results reported by individual neu-
roimaging studies. For instance, it has been suggested
that the hippocampal volumes did not differ signifi-
cantly 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 asso-
ciated with a presence of the APOE &4 allele [15].
Moreover, one study showed that the APOE &4 car-
riers 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
€4 carriers and non-carriers) differed in terms of the
amygdalar volume (the amygdalar volume was signif-
icantly smaller in &4 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 sub-
jects 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 vol-
umes in healthy control (HC) and AD populations.
Evidence to support the role of age in the APOE &4
allele’s influence on hippocampal and cerebral atro-
phy was demonstrated in [23]; here the APOE &4 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 analyz-
ing the effects of APOE genotype on the volumes
of various brain structures in age-dependent dementia
subgroups (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 identifica-
tion 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 struc-
tures 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 AD-related stud-
ies [24, 25]. In diffeomorphometry-based statistical
analyses, one studies the morphometrics of a set of
anatomical shapes by quantitatively analyzing the dif-
feomorphisms 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 sen-
sitivity 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 spe-
cific, 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 pro-
files and clinical progressions. It is not certain that
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an MCI patient will definitely deteriorate to dementia;
some MCI patients convert to AD over time while oth-
ers 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 indi-
cator for progression from MCI to AD [32], especially
when combined with other types of dementia biomark-
ers, 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 pre-
diction of MCI-to-AD conversion [34]. In light of these
previous findings, we aim to also analyze the associa-
tion between the APOE genotype and the conversion
of MCI patients from an amygdalar/hippocampal mor-
phometric 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 effects of APOE genotype on each of the two
MCI subgroups. For both MCI-C and MCI-NC, we
compare the volume and shape of the four structures
of interest between the APOE &4 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-Old), 276 subjects with MCI (174
Young-Old and 102 Very-Old), 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).

MATERIALS AND METHODS
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 Biomed-
ical 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 bio-
logical markers, and clinical and neuropsychological
assessment can be combined to measure the progres-
sion 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 insti-
tutional review board. Written informed consent was
obtained from each participant.

FParticipants

In this study, we included data from 135 HC sub-
jects, 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 activi-
ties, 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 differentia-
tion 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 depen-
dent 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) sub-
jects, 174 Young-Old MCI (MCI-YO) subjects, 102
Very-Old MCI (MCI-VO) subjects, 80 Young-Old AD
(AD-YO) 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
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Table 1

The demographic characteristics of each age-categorized subgroup in this study. Within each carrier group, the number of APOE &4 carriers
with only one &4 allele is reported as “e3/e4”

No. male Age (years) MMSE score CDR-SB score

HC-YO non-carrier (n=71) 38 722242221 29.03 +1.08 0.007 £ 0.059
carrier (n=22; e3/e4=20) 11 71.07 +£3.17 29.324+0.78 0.0454+0.147

HC-VO non-carrier (n=33) 13 84.06 +2.59 29.06+1.12 0.091+0.196
carrier (n=9; e3/e4=9) 7 82.69 £2.59 28.89+0.93 0.000 + 0.000

MCI-YO non-carrier (n=63) 43 68.11+5.76 27.31+1.85 1.476 +0.820
carrier (n=111; e3/e4=76) 61 69.47+£4.25 27.14+1.70 1.667 4 0.869

MCI-VO non-carrier (n=64) 40 83.54£2.55 26.89 +1.58 1.484 +0.891
carrier (n=38; e3/e4=35) 29 83.214+2.33 26.394+1.82 1.7114+0.942

AD-YO non-carrier (n=22) 10 67.46 +£5.58 23.82+1.76 3.886+1.353
carrier (n=58; e3/e4 =34) 32 69.06 +4.52 23.38+1.83 4.103 +1.385

AD-VO non-carrier (n=23) 11 84.35+2.99 23.224+2.26 4.369+2.165
carrier (n=26; e3/e4=21) 18 83.34+1.97 23.35+2.37 4.462+1.702

over the age of 80 represent the fastest growing seg-
ment of our population, the development of AD in the
so-called “Very-Old” (i.e., age 80 and above) is a pub-
lic 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 &4 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 aforemen-
tioned six age-diagnosis patient groups were further
divided into two genotype subgroups—e4 carriers (at
least one APOE &4 allele) and &4 non-carriers (no
APOE €4 allele). It has been suggested that the APOE
g4 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

Table 2

g4 alleles (a protective role for the APOE g2 allele
and a detrimental role for the APOE &4), 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 &4 non-carriers, 22
HC-YO &4 carriers, 33 HC-VO &4 non-carriers, 9 HC-
VO &4 carriers, 63 MCI-YO &4 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, investigat-
ing the effects of APOE €4 allele 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
(MCT 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 &4
carriers and 20 non-carriers in the MCI-C-YO group,

The demographic information of the two age-categorized subgroups in the MCI converter group and the MCI non-converter group

No. male Age (years) MMSE score CDR-SB score

MCI-C-YO non-carrier (n=20) 13 67.73+£7.02 26.95+2.14 1.775+£0.786
carrier (n=60) 32 69.93 +£3.71 27.17+£1.64 1.842 £0.904

MCI-C-VO non-carrier (n=25) 15 83.324+2.53 26.44+1.51 1.741+£1.072
carrier (n=18) 13 83.27£2.55 26.33£1.94 1.833£1.163

MCI-NC-YO non-carrier (n=43) 30 68.27+5.16 27.47+1.71 1.337+0.807
carrier (n=>51) 29 68.93 +4.81 27.11+1.78 1.461 £0.786

MCI-NC-VO non-carrier (n=39) 25 83.68 +2.59 27.18+1.59 1.3214+0.721
carrier (n=20) 16 83.15+2.18 26.45+1.76 1.601 +0.701
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18 &4 carriers and 25 non-carriers in the MCI-C-VO
group, 51 €4 carriers and 43 non-carriers in the MCI-
NC-YO group, and 20 &4 carriers and 39 non-carriers
in the MCI-NC-VO group. The demographic informa-
tion for each of the aforementioned MCI subgroups is
tabulated in Table 2.

Image processing and volumetric segmentation

The raw data included in this analysis were collected
from multiple 1.5T scanners. Only baseline informa-
tion 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/mri/). Locally,
the raw MR data were corrected for spatial distortion
due to gradient nonlinearity [38] and B1 field inhomo-
geneity [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 1 mm
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).

Shape processing

To extract the shape of each structure of inter-
est, 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 apply-
ing an optimized diffeomorphism to the Computational
Functional Anatomy (CFA) subcortical template sur-
face [41] of that specific structure. The optimized
diffeomorphism was obtained from a multi-channel
LDDMM-image registration between the CFA tem-
plate subvolumes and the scan-specific subvolumes
obtained from FreeSurfer [25]. The CFA template
surfaces and subvolumes of the four structures of inter-
est 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 quan-
tified 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 varia-
tions 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 tem-
plate 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 aver-
aged 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 indi-
vidual subject surface. From each template-to-subject
LDDMM-surface mapping, a scalar field is calculated
as the log-determinant of the Jacobian of the diffeo-
morphism. This scalar field is indexed at each vertex
of the common template surface, quantifying the fac-
tor 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 con-
traction. We shall call this scalar field the deformation
marker.

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 diffeo-
morphometric 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 usingtheraw values, wehaveused 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, u 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


http://adni.loni.usc.edu/data-samples/mri/

650 X. Tang et al. / Age Matters in APOE’s Effects on Morphology

the measurements of the HC-YO &4 carriers to normal-
ize those of the MCI-YO &4 carriers and similarly for the
AD-YO &4 carriers et cetera.

Statistical analysis

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

YK(S) = Bro + Br18(s) + > ceov Xeov(s) + £(s),

cov

1
where yi(s) is the z-transformed deformation marker
for subject s at vertex k on the template surface,
g(s) is a binary group variable, and X (s) denotes
the covariate information of subject s included in
the analysis. In this study, we covaried for gender,
and the estimated total intracranial volume (eTCV).
The eTCV values were automatically computed in
FreeSurfer. The noise structure £;(s) is modeled as
a Gaussian process & (s) ~ N(0, o,%). The parameters
(Beo. Bri. ocov, 0f, k=1,2,...) were obtained
from maximum-likelihood estimation, for details of
which see [24].

To check for differences between any two group-
ings, in terms of the z-transformed localized surface
area at vertex k, we tested the null hypothesis H,? :
Br.1 = 0 against the general hypothesis H} : fi.1 # 0.
The complete null hypothesis is H,? : Br,1 = 0 simul-
taneously for all k. The test statistic Fj, computed for
each vertex k, is defined as F; = 1;%%(%) — 1, where
RSSo 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 simultane-
ously, we need to correct for multiple comparisons
and thus the familywise error rate (FWER) was con-
trolled at a level of 0.05 with the maximum statistic
defined as F* = maxy Fy. The statistical significance
of a group difference is quantified by a p-value obtained
from Fisher’s method of randomization. To be spe-
cific, p-values were computed based on non-parametric
permutation tests by randomizing the model residu-
als. 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 p-value is then given by the fraction of permuta-
tions in the collection that have F* 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 : Fy > ¢*}, where ¢* is the
95th percentile of the F* statistic [44]. The group dif-
ference in terms of the z-score of the localized shape
area at vertex k is quantified as — B, 1, so that greater
atrophy in the latter group of a comparison induces a
higher positive value. To make group-pairwise com-
parison 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 four structures of interest, the Bon-
ferroni 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 compar-
isons between the &4 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 diffeomorphometry-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
Supplementary Table 1.

Template surface partition

To examine how the APOE genotype’s effect man-
ifests 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 pre-
vious 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 0.8 mm) and a transfer of the boundary
definitions of those subregions to our population tem-
plate 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; CA1l, CA2, CA3 combined with
the dentate gyrus, and the subiculum.
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RESULTS
Alzheimer’s disease

Volume analysis

According to our analysis, there exists statistically
significant volumetric reduction, in the &4 carriers
relative to the non-carriers in the AD group, of the
right hippocampus but not of the other three struc-
tures of interest. The p-values of those comparisons
are tabulated in Table 3. As for the two age-dependent
AD subgroups (AD-YO and AD-VO), significant
group differences between the €4 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 measure-
ments (all p-values larger than 0.0125, see Table 3 for
detailed values).

Shape analysis

From our vertex-based shape analysis upon test-
ing the complete null hypothesis, we find significant
group difference between the two APOE genotype
subgroups of the entire AD group for the left amyg-
dala (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 &4
non-carriers) and AD-e4 (the &4 carriers), in terms
of the localized shape area is presented in Fig. 1A.
The amount of surface area with significant atrophy
in AD-e4 relative to AD-e3 is 26.71 mm? for the left
amygdala, accounting for 3.94% of the entire structure
surface.

Table 3

Basolateral

I Basomedial

I Centromedial
Lateral Nucleus

Fig. 1. Panel A represents the vertex-wise significant shape dif-
ferences 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 diffeomor-
phometry. Panel C represents a division of the left amygdala template
surface into four compatible subregions: the basolateral, basomedial,
centromedial, and lateral nucleus.

Our shape-based diffeomorphometric comparison
results of the g4 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 pur-
pose of a direct comparison with the volume analysis

The p-values and the mean z-score between-group differences (listed inside the parenthesis) obtained from both the volume and the shape

analysis of contrasts between the €4 carriers and non-carriers within the entire AD group, the Young-Old AD (AD-YO) group, and the Very-Old

AD (AD-VO) group respectively. Bold italic typesetting indicates that the group difference in that comparison is statistically significant after

multiple comparison correction at a level of p =0.0125. For the mean z-score difference, the more positive, the more atrophy there is in the latter
group, and the more negative, the more atrophy there is in the former group

AD-e3 versus AD-e4

AD-YO-e3 versus AD-YO-e4

AD-VO-e3 versus AD-VO-e4

volume shape volume shape volume shape
lhi 0.0134 (0.526) 0.2530 (0.279) 0.0098 (0.897) 0.0895 (0.460) 0.2085 (0.074) 0.2185 (0.234)
rhi 0.0050 (0.556) 0.0235 (0.319) 0.0000 (1.111) 0.0012 (0.644) 0.9795 (—0.235) 0.9995 (—0.057)
lam 0.1580 (0.250) 0.0017 (0.198) 0.0101 (0.616) 0.0026 (0.478) 0.7680 (—0.166) 0.6695 (0.053)
ram 0.0583 (0.310) 0.0391 (0.295) 0.0002 (0.887) 0.0007 (0.754) 0.4165 (—0.542) 0.4240 (—0.226)

1hi, left hippocampus; rhi, right hippocampus; lam, left amygdala; ram, right amygdala.
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CA1

I CA2

I CA3/Dentate Gyrus
Subiculum

Fig. 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—CA1, CA2, CA3 combined
with the dentate gyrus, and the subiculum.

Basolateral

W Basomedial

I Centromedial
Lateral Nucleus

Fig. 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.

results. The surface map illustrating the significant e3-
versus-e4 right hippocampal shape differences, within
the AD-YO group, is shown in Fig. 2A. The AD-YO

genotype subgroup differences of the left amygdalar
shape are illustrated in Fig. 1B. The right amygdalar
shape differences, between the carriers and the non-
carriers within AD-YO, are presented in Fig. 3A. 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 mm? (25.14%
of the entire surface), 18.71 mm? (2.76% of the entire
surface), and 406.28 mm? (51.85% of the entire sur-
face).

Mild cognitive impairment

For the MCI population, to account for the inho-
mogeneity induced by the conversion status, we
performed two separate analyses. Initially we treated
MCI as a single entity and examined whether age
plays a role in the effects of APOE genotype on
structural morphometry. To be specific, we first com-
pared the volume and shape measurements of the
four structures between MCI-e3 (non-carriers in the
entire MCI group) and MCI-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 I MCI analysis”. For the next inves-
tigation, we divided MCI into two subgroups based
on the conversion status—MCI-C and MCI-NC. From
this, we investigated whether the APOE genotype sta-
tus 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 con-
verters), 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 11
MCI analysis”.
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Table 4
The p-values and the mean z-score between-group differences (listed inside the parenthesis) obtained from both the volume and the shape
analysis of contrasts between the e4 carriers and non-carriers within the entire MCI group, the Young-Old MCI (MCI-YO) group, and the
Very-Old MCI (MCI-VO) group respectively. Bold italic typesetting indicates the group difference in that comparison is statistically significant
after multiple comparison correction at a level of p =0.0125. For the mean z-score difference, the more positive, the more atrophy there is in the
latter group, and the more negative, the more atrophy there is in the former group

MCI-e3 versus MCI-e4 MCI-YO-e3 versus MCI-YO-e4 MCI-VO-e3 versus MCI-VO-e4

volume shape volume shape volume shape
Thi 0.0031 (0.466) 0.0382 (0.184) 0.0022 (0.736) 0.0111 (0.279) 0.6015 (0.102) 0.8980 (0.078)
rhi 0.0006 (0.546) 0.0016 (0.318) 0.0007 (0.750) 0.0104 (0.362) 0.4850 (0.166) 0.5145 (0.203)
lam 0.1025 (0.288) 0.3265 (0.169) 0.1160 (0.395) 0.1810 (0.227) 0.5380 (0.124) 0.6255 (0.121)
ram 0.0008 (0.509) 0.0000 (0.404) 0.0033 (0.583) 0.0016 (0.382) 0.2445 (0.215) 0.1370 (0.327)

1hi, left hippocampus; rhi, right hippocampus; lam, left amygdala; ram, right amygdala.

Type I MCI analysis

Volume analysis: In comparing the volume of
the four structures between MCI-e3 and MClI-e4,
we detected statistically significant group differences
(MClI-e4 < MClI-e3) for the bilateral hippocampi and
the right amygdala but not for the left amygdala. This
finding was reiterated 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 I MCI group comparisons are listed in Table 4.

Shape analysis: For comparison between MCI-e3
and MCl-e4, in terms of the shape-based diffeomor-
phometrics of each of the four structures, significant

CA1
W CA2
W CA3/Dentate Gyrus

Subiculum

group differences (MCI-e4 < MCI-e3) were observed
in the right hippocampus (p=0.0016) and the right
amygdala (p = 0.0000). Group differences in the shape
of the left hippocampus are almost statistically sig-
nificant (p=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 pop-
ulation but not the shape of the left amygdala, which
is also the case for the volume measurements. In the

Fig. 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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Fig. 5. Top: Panels a, b, and ¢ 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.

Table 5
The p-values and the mean z-score between-group differences (listed inside the parenthesis) obtained from both the volume and the shape
analysis of contrasts between the €4 carriers and non-carriers within respectively the entire MCI converter (MCI-C) group, the Young-Old MCI-
C (MCI-C-YO) group, and the Very-Old MCI-C (MCI-C-VO) group. Bold italic typesetting indicates the group difference in that comparison
is statistically significant after multiple comparison correction at a level of p =0.0125. For the mean z-score difference, the more positive, the
more atrophy there is in the latter group, and the more negative, the more atrophy there is in the former group

MCI-C-e3 versus MCI-C-e4 MCI-C-YO-¢3 versus MCI-C-YO-e4 MCI-C-VO-¢e3 versus MCI-C-VO-e4

volume shape volume shape volume shape
Thi 0.0148 (0.511) 0.4820 (0.192) 0.0084 (0.863) 0.0750 (0.334) 0.5135 (0.282) 0.9490 (0.052)
rhi 0.0043 (0.630) 0.0038 (0.405) 0.0374 (0.695) 0.0295 (0.347) 0.1265 (0.669) 0.3395 (0.454)
lam  0.0243 (0.455) 0.1425 (0.318) 0.0965 (0.481) 0.0895 (0.322) 0.3040 (0.672) 0.7055 (0.212)
ram  0.0003 (0.696) 0.0059 (0.555) 0.0757 (0.548) 0.0840 (0.396) 0.0704 (0.811) 0.1235 (0.628)

1hi, left hippocampus; rhi, right hippocampus; lam, left amygdala; ram, right amygdala.

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
I MCT 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 only 0.63% of the
entire left hippocampus surface area, we will not dis-
play the corresponding shape difference map. Figure 4a
maps vertex-wise statistically significant genotype dif-

ferences in z-scored diffeomorphometrics of the right
hippocampus in the MCI population (MCI-e3 ver-
sus MCI-e4). Such significant vertices account for
an area of 326.83 mm?, 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 Fig. 4b,
wherein the amount of affected surface area is 52.2
mm? accounting for 2.92% of the entire structural
surface area. Figure 5 proceeds in a similar fashion,
this time illustrating vertex-wise significant shape dif-
ferences between the right amygdala of MCI-e3 and
MCI-e4 (Fig. 5a), and of MCI-YO-e3 and MCI-YO-e4
(Fig. 5b). The amount of right amygdala surface area
revealing significant group difference between MCI-
€3 and MCl-e4 is 437.73 mm?2, accounting for 55.87%
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of the entire structural surface area. The correspond-
ing numbers for the MCI-YO genotype comparison are
90.39 mm? and 11.54%, respectively.

Type Il MCI analysis

Volume analysis: The p-values obtained in compar-
ing the four structure volumes between the g4 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 vari-
able, 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.

Shape analysis: In the analysis of the shape diffeo-
morphometric 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). How-
ever, in analyzing whether age matters in terms of
the APOE &4 allele’s effects on the shape morpho-
metrics 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 Supplemen-
tary Table 2.

The surface maps of the shape diffeomorphome-
tric differences of the right hippocampus and the
right amygdala, between MCI-C-e3 and MCI-C-e4, are
shown in Figs. 4c and Sc, respectively. The total sur-

face areas spanned by vertices with significant shape
differences is respectively 58.46 mm? (accounting for
3.27% of the entire structural surface area) and 208.07
mm? (accounting for 26.56% of the entire structural
surface area).

DISCUSSION

In this study, we have analyzed how age impacts the
effects of APOE &4 allele on the volumes and shapes
of the amygdala and the hippocampus in both hemi-
spheres in MCI and AD. Considering the heterogeneity
in the MCI population brought about by the conver-
sion 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 cogni-
tive 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 &4 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 Tables 3 and 4).

In the entire AD population (without age-based strat-
ification), 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 signif-
icantly between the €4 carriers and the non-carriers
(p=0.005) while the shape difference was nearly signif-
icant (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 stud-
ies [16, 45]. Certain studies have also demonstrated an
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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 hemi-
sphere, of the entire AD group, was not found to differ
significantly depending onthe APOE genotype whereas
the shape of the left amygdala differed significantly
(»=0.01010) and the shape of the right amygdala dif-
ferednearly significantly (p = 0.0391). This observation
indicates that our vertex-based shape diffeomorpho-
metrics 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
Fig. 1A, 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 compris-
ing 3.94% of the entire left amygdala surface. Such an
investigation of the APOE genotype’s 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 cat-
egories 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-Old 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 struc-
tures. 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 Fig. 1B,
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 subre-
gions. The comparison demonstrated in Fig. 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 Fig. 2, the locations on the right hip-
pocampus 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 &4 genotype agrees well with
those from other studies [48-50]. The CA1 field and
the subiculum of the hippocampus are generally rec-
ognized 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 &4 genotype is
more likely to exert influences on subregions that are
more vulnerable to the AD pathology. Previous stud-
ies [16, 55, 56] have observed significant effects of the
APOE &4 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 amyg-
dala between AD-YO-e3 and AD-YO-e4, as presented
in Fig. 3, we found that a majority of the right amyg-
dala (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-YO, along with our finding of no statistical dif-
ference in the AD-VO group, indicates that the APOE
&4 allele mainly affects the hippocampal and amyg-
dalar morphology in Young-Old AD patients. A similar
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 measure-
ments, only those differences in the right hippocampus
and the right amygdala were statistically significant
while those in the left hippocampus were nearly sig-
nificant (p =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 Fig. 4a, the locations on the right hippocam-
pus exhibiting significant group difference between
MCI-e3 and MCI-e4 mainly belong to the CAl and
subiculum subregions along with a very small part of
CAZ2, the total amount of which accounts for 18.26% of
the entire right hippocampal surface area. The observa-
tion that the right hippocampal subregion affected by
the APOE genotype in MCI is primarily CA1 and the
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subiculum confirms our previous conclusion that the
APOE &4 genotype mainly affects those subregions
that are sensitive to the pathology of AD. Regarding
the shape atrophy of the right amygdala in MCI-e4 rel-
ative to MClI-e3, as we can see in Fig. 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 amyg-
dalar 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 geno-
type 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 hippocam-
pus (Fig. 4b) and the right amygdala (Fig. 5b), the
portion of vertices showing significant group differ-
ence between the two APOE genotype groups within
MCI-YO s 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 sig-
nificant 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 II MCI analysis.

According to our results from the Type II MCI anal-
ysis, the effects of APOE &4 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
MCT 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 &4 carriers relative to the non-carriers in MCI-
converters is nearly significant (p =0.0148 for the left
hippocampus; p =0.0243 for the left amygdala). This
finding, to some degree, suggests that the brain atro-
phy pattern of MCI-C resembles that of AD whereas
the atrophy pattern of MCI-NC resembles that of nor-
mal aging. Such a conclusion has also been reported
in other imaging based studies [25, 58].

According to the surface maps illustrating the
vertex-by-vertex shape differences, between MCI-C-
e3 and MCI-C-e4, of the right hippocampus (Fig. 4c),
the main region affected by the APOE &4 allele in

MCI-C is CA1 and CA2. Those are part of the regions
that are also affected in the entire MCI population
(Fig. 4a). However, for the right amygdala (Fig. 5c),
the main regions affected by the APOE genotype in
MCI-C belong to the basolateral, basomedial, and cen-
tromedial amygdala, which is not entirely a subset
of those affected in the entire MCI population (par-
ticularly the basomedial subregion). This observation
again confirms the heterogeneity in the MCI popula-
tion and an urgent need for more refined categorization
within the MCI population. A combination of vari-
ous assessment techniques, e.g., neurological testing,
APOE genotyping, and neuroimaging, may indeed aid
early prognosis.

Following our procedure of dividing both MCI-
C and MCI-NC into two age-dependent subgroups
(Young-Old and Very-0Old), 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 fol-
lows 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 geno-
type 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 natu-
ral 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 struc-
ture of great interest is the entorhinal cortex, which has
been shown to be severely affected by the pathology of
AD [61]. Actually, it has been suggested that the AD
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 mor-
phology of the entorhinal cortex in patients with MCI
and AD. Another important extension to the current
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study will be to evaluate whether and how age inter-
venes 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 diffeo-
morphometrics.

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 sam-
ple of 540 subjects. Contributions and novel findings
from this study can be summarized as: 1) the influ-
ence that the APOE genotype exerts on the 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 hip-
pocampus with the CA1 and the subiculum subregions
being affected the most; 5) for the right amygdala, the
basolateral, centromedial, and lateral nucleus subre-
gions 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 influence of APOE genotype when restricting to
subgroups of the MCI population defined by conver-
sion status.
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