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A B S T R A C T

Apolipoprotein E (APOE) e4 is the major genetic risk factor for late-onset Alzheimer's disease (AD). The dose-de-
pendent impact of this allele on hippocampal volumes has been documented, but its influence on general hippo-
campal morphology in cognitively unimpaired individuals is still elusive. Capitalizing on the study of a large number
of cognitively unimpaired late middle aged and older adults with two, one and no APOE-e4 alleles, the current study
aims to characterize the ability of our automated surface-based hippocampal morphometry algorithm to distinguish
between these three levels of genetic risk for AD and demonstrate its superiority to a commonly used hippocampal
volume measurement. We examined the APOE-e4 dose effect on cross-sectional hippocampal morphology analysis in
a magnetic resonance imaging (MRI) database of 117 cognitively unimpaired subjects aged between 50 and 85 years
(mean=57.4, SD=6.3), including 36 heterozygotes (e3/e4), 37 homozygotes (e4/e4) and 44 non-carriers (e3/e3).
The proposed automated framework includes hippocampal surface segmentation and reconstruction, higher-order
hippocampal surface correspondence computation, and hippocampal surface deformation analysis with multivariate
statistics. In our experiments, the surface-based method identified APOE-e4 dose effects on the left hippocampal
morphology. Compared to the widely-used hippocampal volume measure, our hippocampal morphometry statistics
showed greater statistical power by distinguishing cognitively unimpaired subjects with two, one, and no APOE-e4
alleles. Our findings mirrored previous studies showing that APOE-e4 has a dose effect on the acceleration of brain
structure deformities. The results indicated that the proposed surface-based hippocampal morphometry measure is a
potential preclinical AD imaging biomarker for cognitively unimpaired individuals.

1. Introduction

Alzheimer's disease (AD), a progressive form of dementia that in-
terferes with memory, thinking, and behavior, is one of the main threats
to the life quality of the elderly. Cognition decline especially memory
loss is the clinical hallmark of AD onset, resulting from an irreversible
neurodegenerative progress. For therapy to be successful, timing may
be critical, and current trial trends have emphasized intervention at the
earliest possible stage, including pre-symptomatic. However, it is

challenging to determine obvious AD in the pre-symptomatic stage
(Hyman, 2011). Discovery that a common gene, the apolipoprotein E
(APOE) e4 allele, is the major genetic risk factor for late-onset AD
(Corder et al., 1993; Saunders et al., 1993), has made it possible to
study large numbers of genetically at-risk individuals before the onset
of symptomatic memory impairment and has led to the concept of the
preclinical stage of AD (Sperling et al., 2011), a concept validated in
autopsy studies of non-demented elderly subjects with neuropatholo-
gical evidence of AD at autopsy (Dickson et al., 1992; Gouras et al.,
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1997; Bennett et al., 2009; Kok et al., 2009; Caselli et al., 2010),
magnetic resonance imaging (MRI) studies of infants at differential
genetic risk (Dean 3rd et al., 2014; Knickmeyer et al., 2014), MRI
studies of whole brain atrophy rates (Chen et al., 2007), fluorodeox-
yglucose positron emission tomography (FDG-PET) studies of APOE-e4
carriers that have revealed AD-like patterns of reduced CMR glucose
(Reiman et al., 1996; Reiman et al., 2005), amyloid ligand binding
studies using Pittsburgh Imaging Compound B (PiB) that show evidence
of cerebral amyloidosis in APOE-e4 carriers (Reiman et al., 2009),
cerebrospinal fluid (CSF) levels of beta amyloid that begin to fall,
suggesting the onset of AD, in the early 50's in e4 carriers (Morris et al.,
2010), and neuropsychological studies showing the accelerated decline
of memory scores in a gene-dose pattern in APOE-e4 carriers beginning
between age 55 and 60 (Caselli et al., 2009) that is further accelerated
in APOE-e4 homozygotes by cerebrovascular risk factors (Chen et al.,
2007; Caselli et al., 2011).

In AD research, structural MRI-based measures include whole-brain
(Fox et al., 1999; Chen et al., 2007; Josephs et al., 2008), entorhinal
cortex (Cardenas et al., 2011), hippocampus (Reiman et al., 1998; Jack
Jr. et al., 2003; Thompson et al., 2004a; den Heijer et al., 2010; Wolz
et al., 2010), and temporal lobe volumes (Hua et al., 2010), as well as
ventricular enlargement (Jack Jr. et al., 2003; Thompson et al., 2004a;
Wang et al., 2011). These measures correlate closely with differences
and changes in cognitive performance, supporting their validity as
markers of disease progression. In particular, the hippocampus is a
primary target region in both cross-sectional and longitudinal structural
MRI analysis of AD progress (de Leon et al., 1989; Soininen et al., 1995;
Reiman et al., 1998; Wang et al., 2003; Thompson et al., 2004a; Qiu
et al., 2009; Shen et al., 2009; Apostolova et al., 2010; Crivello et al.,
2010; O'Dwyer et al., 2012; Kerchner et al., 2014), and studies show
that the presence of more APOE-e4 alleles results in increased hippo-
campal atrophies on AD (Filippini et al., 2009; Hostage et al., 2013;
Kerchner et al., 2014; Chen et al., 2016; Saeed et al., 2018), mild
cognitive impairment (MCI) (Hostage et al., 2013; Chen et al., 2016)
and non-demented subjects (pooled MCI and cognitively impaired
subjects) (Shi et al., 2014; Li et al., 2016).

Evaluating the genetic influence of APOE-e4 on hippocampal mor-
phology before the onset stage of AD may enrich our understanding of
the involvement of this allele in AD pathology, and have implications
for prevention strategies. In an early study involving 11 cognitively
normal APOE-e4 homozygotes (HM) and 22 APOE-e4 non-carriers (NC)
with a reported family history of AD who were matched for sex, age,
and level of education, Rieman et al. (1998) reported that the HM
showed nonsignificant trends for smaller left and right hippocampal
volumes. By studying the dose effect of APOE-e4 on hippocampal vo-
lume loss in a large MRI database of cognitively unimpaired subjects, a
series of studies (Lemaitre et al., 2005; Crivello et al., 2010) found
significant hippocampal atrophies in HM compared to heterozygotes
(HT) and NC but observed no significant morphometric differences
between HT and NC/HM. Another popular research strategy pooled HM
and HT into a single APOE-e4 carrier category. Significantly smaller
hippocampal volumes were observed in APOE-e4 carriers than in NC
(Reiter et al., 2017), but the hippocampal volumes of HT were not
significantly different from NC. Similarly, voxel-wise techniques did not
report meaningful findings about APOE-e4 dose effects (Matura et al.,
2014; Gonneaud et al., 2016). Recently, Cacciaglia et al. (2018) found
APOE-e4 additive grey matter volume reductions in the right hippo-
campus, caudate, precentral gyrus, and cerebellar.

Although the majority of existing studies used hippocampal volumes
(Reiman et al., 1998; Lemaitre et al., 2005; Crivello et al., 2010; Reiter
et al., 2017; Cacciaglia et al., 2018), recent research (Styner et al.,
2004; Thompson et al., 2004a; Morra et al., 2009; Qiu et al., 2009; Shen
et al., 2009; Apostolova et al., 2010; Costafreda et al., 2011; Younes
et al., 2014) has demonstrated that surface-based subregional structure
analysis may offer advantages over volume measures. However, the
dose-dependent impact of the APOE-e4 allele measured by a surface-

based hippocampal morphometry system on cognitively unimpaired
individuals is still elusive.

In our previous studies (Wang et al., 2011; Shi et al., 2014), we pro-
posed a novel multivariate measure of hippocampal morphometry to
analyze the hippocampal surface deformations related to APOE-e4 dose
effects and validated it on the Alzheimer's Disease Neuroimaging Initiative
(ADNI) dataset (adni.loni.usc.edu) with known APOE genotypes (167
subjects with AD, 354 subjects with MCI, and 204 cognitively unimpaired
subjects). The proposed surface multivariate morphometry statistics
(MMS) consist of multivariate tensor-based morphometry (mTBM) (Leporé
et al., 2008; Wang et al., 2010) and radial distance (distances from the
medial core to each surface point) (Styner et al., 2004; Thompson et al.,
2004a). With surface MMS, our experimental results have shown that
APOE-e4 exerts dose effects on the left hippocampus (LH) of non-de-
mented individuals (i.e., atrophies of LHHM > atrophies of
LHHT > atrophies of LHNC) (Shi et al., 2014; Li et al., 2016). Meanwhile,
the hippocampal morphometric measures have been verified in our pre-
vious AD-related neuroimaging research, showing stronger statistical
power than volume-based analysis in capturing subtle structural altera-
tions (Wang et al., 2011; Shi et al., 2014; Zhang et al., 2016).

In the present study, we hypothesized that our unique automated
hippocampal morphometry system (Shi et al., 2014) may help reveal
the dose effects of APOE-e4 on the hippocampal morphology for cog-
nitively unimpaired individuals. We aimed to capitalize on the study of
a large number of cognitively unimpaired late middle aged and older
adults with two, one and no APOE-e4 alleles (Caselli et al., 2004) to
characterize the ability of our automated hippocampal morphometry
algorithm to distinguish between these three levels of genetic risk for
AD and demonstrate its superiority to a commonly used hippocampal
volume measurement. With the cross-sectional structural MR imaging
data and APOE-e4 genotypes of 117 cognitively unimpaired in-
dividuals, we set out to test this hypothesis by computing bilateral
hippocampal morphometries and analyzing morphometric differences
related to the APOE-e4 dose effect.

2. Materials and methods

2.1. Database

Since January 1, 1994, cognitively normal residents of Maricopa
County aged 21 years and older have been recruited through local
media ads into the Arizona APOE cohort, a longitudinal study of cog-
nitive aging (Caselli et al., 2004). Demographic, family, and medical
history data is obtained on each individual undergoing APOE geno-
typing, and their identity is coded by a study assistant. All individuals
give their written, informed consent—approved by the Institutional
Review Boards of all participating institutions—and agree to have the
results of the APOE test withheld from them as a precondition to their
participation in this study. Genetic determination of APOE allelic status
is performed using a polymerase chain reaction (PCR) based assay
(Hixson and Vernier, 1990).

The recruitment strategy for the Arizona APOE cohort involves
matching two e4 carriers and two e4 non-carriers by age, gender, and
education. Screening tests include a medical history, neurologic ex-
amination, the Folstein Mini–Mental Status Exam (MMSE), the Auditory
Verbal Learning Test Long-Term-Memory Scale (AVLT-LTM), the
Hamilton Depression Rating Scale (Ham-D), the Functional Activities
Questionnaire (FAQ), the Instrumental Activities of Daily Living (IADL)
scale, and the Structured Psychiatric Interview for DSM-III-R. The study
excludes subjects with potentially confounding medical, neurological,
or psychiatric problems (such as prior stroke, traumatic brain injury,
memory, or other cognitive impairment, parkinsonism, major depres-
sion, or substance abuse). No subject included in the study has the
published criteria for MCI (Petersen et al., 2001), AD (Braun et al.,
2008), any other form of dementia (Petersen et al., 2001), or major
depressive disorder (Kok et al., 2009). Subjects fulfilling these
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requirements receive an extensive standardized battery of neu-
ropsychological tests for one to two years. On the basis of age, gender,
APOE genotype, educational background, and cognitive performance,
we randomly selected subjects of each genotype with matched demo-
graphic information for brain scanning and deriving a normative ima-
ging sample representative of the larger cohort. This subset of in-
dividuals formed the basis for this study. All subjects were scanned on
the same GE 3Tesla scanner. A high-resolution T1 magnetization-pre-
pared spoiled gradient (SPGR) scan was obtained in the sagittal plane
using the same parameters as in the ADNI study. All scans were checked
for movement and other quality measures prior to post-processing.

In this study, we sought to focus on the influence APOE-e4, and due to
the protective influence of APOE-e2 against AD, APOE-e2 carriers were
excluded (but will be the focus of a future analysis). The selected 117
cognitively healthy subjects aged between 50 and 85 years (mean=57.4,
SD=6.3) were separated into three subgroups according to the number of
e4 alleles: 44 NC, 36 HT, and 37 HM. Among them, 34 NCs, 31 HTs, and
32 HMs reported a first-degree family history of probable AD; 5 NCs, 5
HTs and 2 HMs had no first-degree family history; 5 NCs and 2 HMs did
not report the first-degree family history. A T1-weighted pulse sequence
(radiofrequency-SPGR recall acquisition in the steady state, repetition
time=33msec, echo time=5msec, alpha=30°, number of excita-
tions=1, field-of-view=24 cm, imaging matrix=256×92, slice
thickness=1.5mm, scan time=13:36min) was used to acquire 124
contiguous horizontal MRI slices with in-plane voxel dimensions of
0.94×1.25mm. T1-weighted MRIs were examined visually to ensure
their freedom from artifacts, lacunar infarcts, and other clinically sig-
nificant brain abnormalities. The database acquisition for this study was
under the guidelines approved by the human subjects committees at
Banner Good Samaritan Medical Center and the Mayo Clinic.

2.2. Processing pipeline

Our previous work (Shi et al., 2014) proposed a novel hippocampal
surface morphometry method, which performed well for studying APOE-
e4 dose-dependent effects on the hippocampal deformations of non-de-
mented groups. The current work adopted a similar strategy to study
APOE-e4 effects on the hippocampal morphometry of cognitively un-
impaired people, as shown in Fig. 1. With FIRST in the FMRIB Software
Library (FSL), hippocampal structures were segmented in the MNI152
standard space (Patenaude et al., 2011; Paquette et al., 2017) (see
Fig. 1A). Surface meshes were constructed based on the hippocampal
segmentations with the marching cubes algorithm (Lorensen and Cline,
1987) and a topology-preserving level set method (Han et al., 2003) (see
Fig. 1B). Using the holomorphic flow segmentation method (Wang et al.,
2007), each hippocampal surface was parameterized with refined trian-
gular meshes, and the parameterized surfaces were then registered to a
common rectangular grid template using the surface fluid registration
algorithm (see Fig. 1C). To evaluate the deformation, the hippocampal
morphometric features were extracted by concatenating the mTBM and
the radial distance features. Eventually, by applying Hotelling's T2 test
with a permutation test, differences of hippocampal morphometry
among the APOE-e4 genotype groups were studied.

2.2.1. Hippocampus segmentation and hippocampal surface reconstruction
The automated hippocampus segmentations from individual T1-

weighted MR images were conducted using FIRST with default para-
meters (Patenaude et al., 2011) in FSL. The segmentation results of the
bilateral hippocampi were manually inspected by projecting the results
back to the original structural brain images, so that segment errors
could be corrected. There were 2 subjects with significant segmentation
errors, i.e., a small cluster of outlier voxels, in the binary mask of
hippocampus. We manually remove those voxels and then reconstruct
the hippocampus surfaces. Then, the left and right hippocampal sur-
faces were modeled with a topology-preserving level set method (Han
et al., 2003). Based on the voxel-wise binary surfaces, the marching

cubes algorithm (Lorensen and Cline, 1987) was applied to generate the
triangular surface meshes. To refine the generated mesh and reduce the
noise and obtuse angles, we further smoothed surfaces using pro-
gressive meshes (Hoppe, 1996) and loop subdivision (Loop, 1987) that
down-sampled the mesh to a consistent number of vertexes (15,000
vertexes for each side of the hippocampus).

2.2.2. Conformal parameterization-based hippocampal surface registration
Generally, morphometry analysis requires defining a common geo-

metrical structure on surfaces so that all surfaces can be parameterized
to a canonical space for the following surface registration and group
differences estimation, e.g. (Thompson et al., 2004b; Fischl, 2012). To
generate a planar surface conformal parameterization for a closed
hippocampal surface, the topological optimization algorithm (Wang
et al., 2012; Shi et al., 2013) was applied to automatically generate two
cuts on each hippocampal surface, converting it to a genus zero surface
with two open boundaries. The location of the two cuts were at the
front and back of the hippocampal surface representing its anterior
junction with the amygdala, and its posterior limit as it turned into the
white matter of the fornix. They were biologically valid and consistent
landmarks across subjects. These two landmark curves were auto-
matically determined by searching along the first principle direction of
geometric moments of hippocampal surfaces (Wang et al., 2011) and
were manually inspected for quality control. Next, the holomorphic 1-
form was computed. It induced a conformal grid which demonstrated
the angle preserving property on the tube-like hippocampal surfaces
(Wang et al., 2007). For more technical details about the holomorphic1-
form, refer to our prior work (Wang et al., 2007; Wang et al., 2011).

In the next step, we registered each individual parameterized hip-
pocampal surface to a common template surface. With conformal re-
presentations (Shi et al., 2013), a 3D hippocampus surface can be
realized as a 2D image so that general image registration algorithms can
be applied. In this study, we carried out a surface fluid registration
algorithm (Bro-Nielsen and Gramkow, 1996; D'Agostino et al., 2003)
and added an inverse-consistent surface registration framework to in-
crease robustness (Shi et al., 2013). The obtained surface registration
was guaranteed to be diffeomorphic and thus independent of the order
of source and target images. The surface registration process is genetic
and does not need any training data. More detailed algorithm de-
scription can be found in (Shi et al., 2013).

2.2.3. Hippocampal morphometric feature extraction
After aligning the hippocampal surfaces for all participants, we

computed their vertex-wise features with MMS, which consisted of two
measures: mTBM and radial distance, mTBM, a 3 x 1vector, was com-
puted as the matrix logarithm of the deformation tensor, which was
generally referred to as the “Log-Euclidean metric” (Arsigny et al.,
2006). Suppose φ : S1→ S2 is a registration map from surface S1 to a
template surface S2, in the grid surface, the derivative map dφ is ap-
proximated by the linear map from one face [v1,v2,v3] to another face
[w1,w2,w3], the planar coordinates of the vertices vi, wi are denoted by
the same symbol vi, wi (Shi et al., 2015). Then the Jacobian matrix of dφ
can be computed as (Wang et al., 2009):

=J w w w w v v v v[ , ][ , ]3 1 2 1 3 1 3 1
1

TBM is defined as Jdet , where detJ is the determinant of Jacobian
matrix. mTBM can be expressed as JJlog T . The mTBM has been widely
used in brain structural research and outperforms TBM results (Leporé
et al., 2008; Wang et al., 2010; Shi et al., 2013). It is sensitive to de-
formations such as rotation, dilation, and shear along the surface tangent
direction, therefore the mTBM can effectively capture hippocampal
structural alterations (e.g. atrophy and enlargement) in tensor fields.

The other measure, radial distance (Pizer et al., 1999), was suitable
for tube-like shape analysis due to the computation of distance from a
surface point to its medial core (i.e., the corresponding point in the
centerline of the tube). Radial distance has been applied in several
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subcortical studies (Gerig et al., 2001; Morra et al., 2009; Thompson
et al., 2004a, 2004b) and served as an ideal complement to mTBM
statistics for a comprehensive description of the hippocampal structural
changes.

Finally, MMS for each vertex in the individual hippocampal surface
was formed as a 4× 1 vector by combining the mTBM and the radial
distance. In other words, if there were W vertexes in the template
surface and all subjects' hippocampal surfaces had been registered to it,
the left or right hippocampal morphometry for each subject could be
presented as a W×4 feature matrix.

2.2.4. Statistical group differences of hippocampal morphometry
Statistical hippocampal morphometry differences were analyzed

between different genotype groups with Hotelling's T2 test (Cao and
Worsley, 1999; Hotelling, 1992), vertex by vertex. That is, for each
vertex, the group mean difference of two genotype groups of 4-di-
mensional vectors, Si(i= 1,2, … ,NS) and Tj(j= 1,2, … ,NT), was
measured using Mahalanobis distance M, defined as:

=
+

S T S TM N N
N N

( ) ( )S T

S T

T 1

NS and NT were the subject amounts of the two groups, S and T
were the means of two group morphometry vectors, and ∑ was the
combined covariance matrix of the two group morphometry vectors
(Leporé et al., 2008; Wang et al., 2010; Wang et al., 2011).

After calculating the ground truth group difference of two groups at
each vertex, we ran a permutation test with 10,000 repeats. For each
repetition, all samples were randomly pooled into two groups, and the
group Mahalanobis distance was computed. A probability (uncorrected
p-value) on each vertex was defined as the ratio of the number of
random permutation values greater than the ground truth group dif-
ference value to the total permutation times. Across all the vertices, the
hippocampal morphometric group differences were shown in the form
of a p-map. After that, a p feature was defined as the number of vertices
with uncorrected p-values lower than the threshold (p < .05). The p
feature was regarded as the real effect in the true experiment. By
comparing the real p feature to the 10,000 p features derived from the

random tests, we obtained a ratio describing what fraction of the time
an effect of similar or greater magnitude to the real effect that occurred
in the random assignments. This ratio, the overall (corrected) sig-
nificance, was the chance of the observed pattern occurring by accident,
which provided a global significance level of the map, and we accepted
the permutation p-map if the ratio was< 0.05.

Furthermore, the direction (atrophy or expansion) of group differ-
ences were analyzed at each surface point, we mapped the determinant
of Jacobian matrix (detJ) at each significant surface point k of subject
group 1 and group 2 in a ratio map according to the following formula:

=R
J
J

N
N

det
det

k i
N

i
k

j
N

j
k

1

2

2

1

1

2

where J1ik and J2jk are the Jacobian matrices for ith subject in group1
and jth in group2, N1 and N2 are the number of subjects in each group.
Under the significant level (p < .05), Rk > 1 indicates that group2 has
an atrophy at a given surface point contrast to group1, Rk < 1 in-
dicates that group2 has an expansion at a given surface point contrast to
group1 (Yao et al., 2018).

3. Results

3.1. Study samples

Demographic and clinical data were compared using a one-way
analysis of variance, while data related to gender factor was analyzed
using a chi-squared test (Crivello et al., 2010). The statistical results are
summarized in Table 1, demonstrating that the demographic char-
acteristics of the three groups are matched.

3.2. Hippocampal volume estimates of three levels of APOE-e4 genotype
groups

Since volumetric measure is a widely-used index to reveal hippo-
campal atrophies related with AD pathology (Cohen et al., 2001; den
Heijer et al., 2010; Moon et al., 2018), we first calculated the hippo-
campal volumetric measures on this dataset. Similar to prior

Fig. 1. The pipeline of hippocampal morphometry analysis: (A) Hippocampi were automatically registered and segmented with FIRST (FMRIB's integrated regis-
tration and segmentation tool) (Patenaude et al., 2011); (B) Triangular surface meshes were constructed based on the extracted hippocampal volumes; (C) Each
hippocampal surface mesh was parameterized on the refined triangular mesh and then registered to a common template for morphometric features extraction.
Eventually, the group differences of hippocampal morphometry were statistically analyzed between different APOE genotype groups.
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approaches that used hippocampal volume for AD diagnosis, e.g.
(Pennanen et al., 2004; Sandstrom et al., 2006; Chupin et al., 2007;
Chupin et al., 2009; Pardoe et al., 2009), the hippocampal volumes
were computed on the smoothed hippocampal structures after they
were linearly registered to the MNI imaging space (Patenaude et al.,
2011; Shi et al., 2013). Table 2 shows the volume means (standard
deviations) of three genotype groups.

3.3. Hippocampal morphometric differences of the contrast APOE-e4
carriers vs. NC in cognitively unimpaired individuals

Many studies pooled HT and HM into the APOE-e4 carrier category
and observed significant hippocampal volume losses for the carriers
using longitudinal analysis (Moffat et al., 2000; Reiter et al., 2017) in
cognitively unimpaired individuals. However, most cross-sectional
studies failed to observe significant volume losses for the carriers
(Mondadori et al., 2007; Burggren et al., 2008; Protas et al., 2013). We
estimated the hippocampal deformations with cross-sectional analysis
and expected to observe significant hippocampal deformations between
APOE-e4 carriers and non-carriers. The group hippocampal morpho-
metric comparisons were conducted between 44 NC and 73 e4 carriers
(36 HT and 37 HM). Fig. 2 shows the p-maps of group differences on the
LH and right hippocampus (RH). Non-blue colors show vertices with
statistical differences at the nominal 0.05 level, uncorrected for mul-
tiple comparisons. We found significant morphometric differences on
the LH (p < .02, corrected); however, no overall significances were
observed on the RH (p > .05, corrected).

3.4. Hippocampal morphometric differences of the contrast HM vs. HT in
cognitively unimpaired individuals

Among cognitively unimpaired individuals, many studies failed to
identify hippocampal volume differences between HT and HM
(Lemaitre et al., 2005; Crivello et al., 2010). In our work, to further
study whether there are significant hippocampal morphometry differ-
ences between HT and HM in cognitively unimpaired individuals, group
hippocampal morphometric comparisons were conducted between 36
HT and 37 HM individuals. Fig. 3 shows the contrast between the two
groups as a statistical p-map of the LH and the RH, bilateral hippo-
campal atrophies of HT were significantly different from HM (p < .01,
corrected).

3.5. Hippocampal morphometric differences of the contrast between carriers
with different APOE-e4 dose and NC in cognitively unimpaired individuals

APOE-e4 dose effects on the hippocampal morphometry of the non-
demented cohort have been reported in our prior work (Shi et al., 2014;
Li et al., 2016). However, its effects on cognitively unimpaired people
are still unclear. Therefore, in the cognitively unimpaired cohort, we
studied group hippocampal morphometric differences between NC and
HT/HM, hypothesizing that hippocampal morphometry could reveal
the APOE-e4 dose effects. That is, hippocampal morphometry should
reveal more pronounced differences between HM vs. NC than between
HT vs. NC.

The statistical p-maps for the cognitively unimpaired cohort are
shown in Fig. 4. Fig. 4A shows the comparison of HT vs. NC among the
cognitively unimpaired individuals. We found significant atrophic dif-
ferences on the LH (p < .03) but no overall significant differences on
the RH (p > .05). As shown in Fig. 4B, we found more extensively
significant (p < .02) differences on the LH surface for the HM vs. NC
comparison of cognitively unimpaired individuals than those in Fig. 4A.
The surface of RH does not present overall significances (p > .05).

3.6. Directional deformations of the hippocampal morphometric contrasts

Additionally, we analyzed the directional deformations of these
group contrasts. As shown in Fig. 5, blue color represents insignificant
regions in the comparison, red and green colors show areas with sig-
nificant atrophies and expansions at the nominal 0.05 level, un-
corrected for multiple comparisons. Fig. 5A shows that the LH of APOE-
e4 carriers has larger atrophic areas, the RH of APOE-e4 carriers gen-
erally has no significant deformations contrast to NC. Fig. 5B shows
bilateral hippocampal atrophies and expansions of HM compared to HT.
As shown in Fig. 5C, LH of HT mainly shows significant atrophies, while
RH of HT shows little deformations compared to NC. Fig. 5D shows
significant LH deformations of HM are mainly atrophic compared to
NC, while RH of HM shows little deformations relative to NC.

Regarding the expansion areas, one explanation could be that al-
though there is always hippocampal atrophy, related either to normal
aging (Kaye et al., 2005; Henneman et al., 2009) or AD progression
(Reiman et al., 1998; Jack Jr. et al., 2003), there may be different
atrophy patterns associated with NC, HT and HM subjects. As a result,
those areas with more dramatic atrophy with HT are shown as expan-
sion in the contrast between HT and HM (Fig. 5B). It may be also true
for three other group contrasts (Fig. 5A, B and C).

3.7. Cumulative distribution analysis of the hippocampal morphometric
comparisons

Except for the significant morphometric differences between the RH
surfaces of HT and HM, no other pair-wise significant differences were
observed on the RH. To further validate the APOE-e4 allele dose effects
on the LH atrophies, in Fig. 6, the cumulative distribution functions
(CDF) of the p-values observed for the contrasts among cognitively
unimpaired individuals with two, one and no APOE-e4 alleles are
plotted against the corresponding p-value that would be expected,
under the null hypothesis of no group difference, as used in our prior
work (Wang et al., 2010; Wang et al., 2011; Shi et al., 2013; Wang et al.,
2013; Shi et al., 2014). For null distributions, the CDF of p-values is
expected to fall approximately along the dotted line; large deviations
from that curve are associated with significant signal, and greater effect
sizes are represented by larger deviation (the theory of false discovery
rates gives formulate for thresholds that control false positives at a
known rate).

As shown in Fig. 6, we note that the curve deviation of the statistics
from the null distribution generally increases with the number of APOE-
e4 alleles, curve deviations of the comparison of NC vs. HM (brown
line) typically are larger than the comparison of NC vs. HT (blue line),

Table 1
Demographic characteristic statistics between genotype groups.

NC HT HM Inferential statistics

Sample size 44 36 37
Age 58.6 (7.2) 57.2 (3.8) 58.4 (6.8) F=0.6; p= .56
Education 15.8 (2.3) 15.8 (2.4) 16.1 (2.1) F=0.2; p= .81
Male/female 15/29 11/25 9/28 χ2= 0.9; p= .63
MMSE score 29.7 (0.6) 29.9 (0.4) 29.6 (0.7) F=1.7; p= .19
AVLT-LTM 8.75 (2.95) 9.86 (2.86) 10.03 (3.07) F=2.3; p= .1

Values are mean and (standard deviation) when applicable. NC: no-carriers; HT:
heterozygotes; HM: homozygotes.

Table 2
Volumes of bilateral hippocampi of three genotypes on cognitively unimpaired
cohort.

NC HT HM

LH_volume 4705.27 (542.16) 4679.57 (489.08) 4736.04 (449.99)
RH_volume 4836.15 (440.74) 4844.11 (474.21) 4844.37 (486.29)

Values are mean and (standard deviation) when applicable, LH: left hippo-
campus; RH: right hippocampus; NC: no-carriers; HT: heterozygotes; HM:
homozygotes.
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which suggested a clear APOE-e4 dose effect. Additionally, large curve
deviations of the comparison APOE-e4 carriers vs. NC means there are
significant LH morphometric differences between carriers and NC,
which is consistent with prior studies (Burggren et al., 2008; Reiter
et al., 2017). The curve deviations of the comparison HT vs. HM are
also larger than the null hypothesis distribution, it means that there are
significant LH morphometric differences between HT and HM in cog-
nitively unimpaired individuals, which was not reported by any existing
studies, e.g. (Burggren et al., 2008; Mondadori et al., 2007; Protas et al.,
2013).

4. Discussion

By analyzing cross-sectional structural MR images, the present study
has revealed that the APOE-e4 allele has a dose-dependent impact on
the left hippocampal morphology of 117 cognitively unimpaired in-
dividuals. Significant hippocampal deformations were observed in the
comparisons of different genotype groups. The results validated our
hypothesis that surface-based hippocampal morphometry analysis
could identify the dose effect of the APOE-e4 allele on cognitively un-
impaired individuals. To compare the performance of the proposed
morphometry measure with the volume measure, we also made geno-
type volume contrasts on the same dataset. Table 3 summarizes the p
values of the morphometry and volume measures in distinguishing
different genotype groups. None of the hippocampal volume compar-
isons were significant (p > .05), but our hippocampal morphometry
comparisons showed profound APOE-e4 dose effects. To our knowl-
edge, this is the first study to use the surface-based hippocampal mor-
phometry approach to successfully distinguish cognitively unimpaired

persons with two, one, and no APOE-e4 alleles, i.e., deformations of
LHHM > deformations of LHHT > deformations of LHNC. In particular,
this work is among the first work to report HT having significant LH
morphometric differences compared to HM/NC in cognitively unim-
paired individuals.

4.1. Hippocampal morphometric differences of APOE-e4 carriers vs. NC

Medial temporal lobe structures are the earliest affected brain re-
gions in people with AD (Chapleau et al., 2016) but APOE-e4 dose ef-
fects on general hippocampal morphology of cognitively unimpaired
individuals remain unclear. Studies of cognitively unimpaired in-
dividuals often pool HT and HM into one APOE-e4 carrier category and
report, after longitudinal analysis, significant hippocampal grey matter

Fig. 2. Group hippocampal shape differences between APOE-
e4 allele (e3/e4 and e4/e4, N=73) and NC (e3/e3, N=44)
on the cognitively unimpaired individuals, at the nominal
0.05 level, uncorrected. The overall significance of LH with
permutation test was p < .02. However, the overall sig-
nificance of RH with permutation test was not significant
(p > .05). LH: left hippocampus; RH: right hippocampus; NC:
non-carriers.

Fig. 3. Group hippocampal shape differences between HM (e4/e4, N=37) and
HT (e3/e4, N=36) in the cognitively unimpaired cohort, at the nominal 0.05
level, uncorrected. The overall significance of LH with permutation test was
p < .01. The overall significance of RH with permutation test was p < .01.
LH: left hippocampus; RH: right hippocampus; HM: homozygotes; HT: hetero-
zygotes.

Fig. 4. Group hippocampal shape differences between HT (e3/e4, N=36) /HM
(e4/e4, N=37) and NC (e3/e3, N=44) on the cognitively unimpaired cohort,
at the nominal 0.05 level, uncorrected. (A) Between NC and HE, the overall
significances after multiple comparisons with permutation test were
PLH= 0.0296 and PRH=0.3579. (B) Between NC and HM, the overall sig-
nificances after multiple comparisons with permutation test were PLH= 0.0105
and PRH=0.1886. LH: left hippocampus; RH: right hippocampus; HT: hetero-
zygotes; HM: homozygotes; NC: no-carriers.
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volume losses in carriers when compared to NC (Reiter et al., 2017).
However, most of cross-sectional studies did not find significant group
volume differences in the cognitively unimpaired cohorts (Mondadori
et al., 2007; Burggren et al., 2008; Protas et al., 2013), a finding which
was confirmed in this work, as shown in Table 3. The results of this
study indicated there were significant left hippocampal morphometric
differences (p < .05) between cognitively unimpaired APOE-e4 car-
riers and NC. These results are supported by previous longitudinal
studies (Moffat et al., 2000; Reiter et al., 2017) and demonstrate that
our hippocampal surface morphometry may outperform the volume
measures in distinguishing cognitively unimpaired APOE-e4 carriers
from NC using a cross-sectional analysis strategy.

Fig. 5. Illustrations of the directional deformations of the significant hippocampal regions of APOE-e4 carriers (e3/e4 and e4/e4, N=73) compared to NC (e3/e3,
N=44; A), of HM (e4/e4, N=37) compared to HT (e3/e4, N=36; B), of HT (e3/e4, N=36) compared to NC (e3/e3, N=44; C), and of HM (e4/e4, N=37)
compared to NC (e3/e3, N=44; D) in the cognitively unimpaired subjects. Red and green colors show vertices with significant atrophies and expansions of APOE-e4
carriers compared to NC at the nominal 0.05 level, uncorrected for multiple comparisons. LH: left hippocampus; RH: right hippocampus; NC: non-carriers.

Fig. 6. Cumulative distribution functions of the p-values from
the LH morphometric comparisons of NC vs. e4-carriers, NC
vs. HM, NC vs. HT and HT vs. HM, plotted against the ex-
pected p-values under the null hypothesis of no group differ-
ences among the comparisons. In false discovery rate
methods, any cumulative distribution plot that rises steeply is
a sign of a significant signal being detected, with curves that
rise faster denoting higher effect sizes. The steep rise of the
cumulative plot relative to p-values that would be expected by
chance can be used to compare the detection sensitivity of
different statistics derived from the same data. The deviations
of the statistics from the null distribution generally increased
from NC vs. HT to NC vs. HM in the cognitively unimpaired
individuals study, suggesting that the APOE-e4 allele dose
may be associated with faster atrophy of the LH. LH: left
hippocampus; NC: no-carriers; HT: heterozygotes; HM:
homozygotes.

Table 3
Statistics of the hippocampal volume and morphometry differences between
genotype groups on cognitively unimpaired cohort.

E4 carriers vs. NC HT vs. NC HM vs. NC HT vs. HM

LH_volume 0.4877 0.4131 0.3921 0.3046
LH_morphometry 0.0165⁎ 0.0296⁎ 0.0105⁎ 0.0095⁎

RH_volume 0.4636 0.4691 0.4683 0.4991
RH_morphometry 0.5992 0.3579 0.1886 0.0114⁎

Values are statistical p values. LH: left hippocampus; RH: right hippo-campus;
NC: no-carriers; HT: heterozygotes; HM: homozygotes.

⁎ p values< 0.05.
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4.2. Hippocampal morphometric differences of NC vs. HT vs. HM

Significant hippocampal morphometric differences (p < .05) were
observed in the comparisons of cognitively unimpaired HM vs. HT/NC.
These findings mirror studies that found significant hippocampal grey
matter decreased in cognitively unimpaired HM compared to HT/NC
(Lemaitre et al., 2005; Crivello et al., 2010). Here we observed sig-
nificant morphometric differences on the LH. Our results are supported
by (Morra et al., 2009), which conducted similar experiments with an
ADNI baseline dataset (N=490) and found significant differences only
on the LH of healthy controls. Similarly, Southana et al. applied func-
tional MRI in healthy subjects with known APOE-e4 genotypes, and
found reduced neural activity in left hippocampal subregions of APOE-
e4 carriers (Suthana et al., 2010). The study of (Foley et al., 2017)
indicated that the onset of left hippocampus atrophy was earlier than
the right hippocampus in 272 young healthy adults (average age:
24.8 years, SD 6.9) with higher polygenic risk scores. The study (Moon
et al., 2018) suggested that left hippocampus had a faster volume re-
duction than the right side in the APOE-e4 carriers of 50 MCI patients
aged 55–63 years. Another APOE-e4 study (Pievani et al., 2011) with
manually segmented hippocampal surfaces is also consistent with our
findings.

The key finding of this work is our observation of significant hip-
pocampal morphometric differences between NC and HT, while such
significant differences are not identified by the volumetric measure, as
shown in Table 3. The studies of (Lemaitre et al., 2005; Crivello et al.,
2010) applied the hippocampal volume measures to estimate the APOE-
e4 dose effect on the hippocampal structure, but failed to find sig-
nificant hippocampal deformations in HT compared to NC. Therefore,
they concluded APOE-e4 effects on cortical atrophy were limited to
HM, and the dose effect of APOE-e4 on brain structures was largely
delayed in time. However, with the help of the hippocampal surface
morphometry measure, our work demonstrated the APOE dose effect on
hippocampal structure could be observed in an earlier stage.

4.3. Our findings for preclinical AD research

Prior work indicated that asymptomatic AD starts from left hippo-
campal atrophy decades before memory decline (Shi et al., 2009; Foley
et al., 2017; Moon et al., 2018). Meanwhile, studies suggested that
APOE-e4 is the major genetic risk for AD (Corder et al., 1993; Saunders
et al., 1993). The APOE-e4 carriers have shown to be less efficient in
extracellular fibrillary amyloid β (Aβ) plaques clearance than other
isoforms, and the Aβ peptide may further affect hippocampal mor-
phometry in an early stage (Liu et al., 2013; Cacciaglia et al., 2018).
The atrophic process of hippocampal volume size met the left-less-than-
right asymmetry pattern in cognitively unimpaired subjects (Shi et al.,
2009). Our current findings, supported by some prior work (Lemaitre
et al., 2005; Shi et al., 2014; Li et al., 2016), identified that APOE-e4
carriers of cognitively unimpaired subjects had significant left hippo-
campal atrophy. Our results supported that APOE-e4 is the major ge-
netic risk for late-onset AD. Our work also indicated that the proposed
surface-based hippocampal morphometry is capable to detect hippo-
campal deformations related with APOE-e4 before dementia symptom
appearance and may serve as a valuable preclinical AD imaging bio-
marker.

4.4. Deformation directionality analysis

Similar to what we did in our prior work (Lao et al., 2016; Yao et al.,
2018), we plotted the deformation directionality of the four studied
group differences in Fig. 5. The contrast of HM vs. NC had more
atrophic regions (see Fig. 5D) and stronger effect (see Fig. 6) than the
contrast of HT vs. NC, so hippocampal morphometry may reveal the
APOE-e4 dose effects on the LH deformations: HM > HT > NC.
However, HT and HM had different hippocampal atrophic patterns

relative to NC. On LH, HM had larger atrophic regions than HT (see
Fig. 5C, D), while in some subregions, HT subjects express deeper LH
atrophic than HM (see Fig. 5B). Considering that there were no sig-
nificant LH volume differences in the contrast of HM vs. HT (see
Table 3), with the directionality map (see Fig. 5B) we may infer that the
LH atrophic regions of HT and LH atrophic regions of HM may cancel
each other out in the form of LH volume differences. This observation
probably helps explain why there were no significant LH volume dif-
ferences between HM and HT in the early stage (Moffat et al., 2000;
Lemaitre et al., 2005; Crivello et al., 2010). It also demonstrated that
our surface-based subregional analysis may have stronger statistical
power to detect some subtle brain morphometry differences years be-
fore the possible onset of dementia.

Likewise, we hypothesize that there are also different atrophy pat-
terns associated with APOE-e4 on the right hippocampus. There is no
statistically significant different areas in the contrasts of HT vs. NC and
HM vs. NC. However, when comparing the right hippocampal mor-
phometry between HT and HM, the different atrophy patterns made the
overall significances after multiple comparisons (p < .012). Although
further investigations (especially with larger datasets) are warranted to
validate our hypothesis, the significance discovered between HT and
HM on the right hippocampus does not necessarily contradict our ob-
served APOE-e4 dose effects.

4.5. Subject ages of the studied cohort

The average age across of our subjects was under 60 years, and al-
though relatively young is appropriate for preclinical analysis of in-
dividuals at high risk for future AD (APOE-e4 homozygotes) whose
mean age of onset is typically between the late 60's and mid 70's.
Younger patients less frequently have mixed degenerative pathologies
at autopsy than older patients and so our findings may not be perfectly
applicable to much older cohorts. Still the current work is com-
plementary to our prior discoveries in ADNI, a relatively older cohort
(Shi et al., 2014; Li et al., 2016).

4.6. Limitation and future work

Despite the promising results obtained by applying our automated
surface-based morphometry system to MRIs of cognitively unimpaired
APOE-e4 carriers and non-carriers, there were two important caveats.
First, this work was based on cross-sectional MRI analysis and com-
pared the hippocampal morphometries of cognitively unimpaired HM/
HT/NC without considering the temporal trends of the hippocampal
deformation. In future, we will conduct longitudinal analyses of cog-
nitively unimpaired individuals as well. Second, it would be useful to
check and compare the prediction power on subsequent memory de-
cline with our surface multivariate statistics versus hippocampal vo-
lumes. For example, our prior work (Caselli et al., 2009) reported the
longitudinal Auditory Verbal Learning Test Long-Term-Memory score
(AVLT-LTM) as a sensitive measure for detecting accelerated memory
decline in subjects with the APOE-e4 allele who were over the age of
50 years. In the present work, we only had cross-sectional AVLT-LTM
scales of 117 subjects, and we did not find significant genetic group
differences (see Table 1). In our future work, we will study the corre-
lations between longitudinal surface-based hippocampal morphometry
deformations and AVLT-LTM declines in each genetic groups. It will
help add new insights into a better understanding of the surface-based
hippocampal morphometry and their effectiveness as a potential pre-
clinical AD biomarker.

5. Conclusion

This work proposed to apply a novel surface-based hippocampal
morphometry measure to study the APOE-e4 dose effects on a cogni-
tively unimpaired cohort. Results showed that the proposed approach
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encoded a great deal of information that may be inaccessible or over-
looked by volume measures. This work found additive APOE-e4 effects
on the left hippocampal morphometry of cognitively unimpaired in-
dividuals. The results, combined with our previous findings in the ADNI
database (Shi et al., 2014; Li et al., 2016), support prior reports that the
APOE-e4 genotype is associated with accelerated brain deformations
along with disease progression, and that these differences can be
mapped to morphological changes in subsections of the hippocampal
surfaces. The work also demonstrated that our surface-based morpho-
metry analysis may serve as a useful brain imaging marker to study AD
induced brain morphometry changes in preclinical AD stage.

Acknowledgements

Algorithm development and image analysis for this study was
funded, in part, by the National Institute on Aging (R21AG043760 to
TM, JS, LCB, RJC and YW, R21AG049216 to WZ, JS, PMT and YW,
RF1AG051710 to QD, WZ, JW and YW, R01AG031581 and
P30AG19610 to EMR and RJC), the National Institute of Biomedical
Imaging and Bioengineering (R01EB025032 to YW), the National
Heart, Lung, and Blood Institute (R01HL128818 to QD and YW), the
National Science Foundation (DMS-1413417 and IIS-1421165 to WZ
and YW), and Arizona Alzheimer's Consortium (WZ, BL, KC, LCB, EMR,
RJC and YW).

References

Apostolova, L.G., Morra, J.H., Green, A.E., Hwang, K.S., Avedissian, C., Woo, E.,
Cummings, J.L., Toga, A.W., Jack Jr., C.R., Weiner, M.W., Thompson, P.M., 2010.
Automated 3D mapping of baseline and 12-month associations between three verbal
memory measures and hippocampal atrophy in 490 ADNI subjects. Neuroimage 51
(1), 488–499.

Arsigny, V., Fillard, P., Pennec, X., Ayache, N., 2006. Log-Euclidean Metrics for Fast and
Simple Calculus on Diffusion Tensors. Magn. Reson. Med. 56 (2), 411–421.

Bennett, D.A., De Jager, P.L., Leurgans, S.E., Schneider, J.A., 2009. Neuropathologic in-
termediate phenotypes enhance association to Alzheimer susceptibility alleles.
Neurology 72 (17), 1495–1503.

Braun, C.M., Daigneault, R., Gaudelet, S., Guimond, A., 2008. Diagnostic and statistical
manual of mental disorders, fourth edition symptoms of mania: which one(s) result(s)
more often from right than left hemisphere lesions? Compr. Psychiatry 49 (5),
441–459.

Bro-Nielsen, M., Gramkow, C., 1996. Fast Fluid Registration of Medical Images.
Visualization in Biomedical Computing (VBC'96). Springer, pp. 267–276.

Burggren, A.C., Zeineh, M.M., Ekstrom, A.D., Braskie, M.N., Thompson, P.M., Small,
G.W., Bookheimer, S.Y., 2008. Reduced cortical thickness in hippocampal subregions
among cognitively normal apolipoprotein E e4 carriers. Neuroimage 41 (4),
1177–1183.

Cacciaglia, R., Molinuevo, J.L., Falcon, C., Brugulat-Serrat, A., Sanchez-Benavides, G.,
Gramunt, N., Esteller, M., Moran, S., Minguillon, C., Fauria, K., Gispert, J.D., Study,
A., 2018. Effects of APOE-epsilon4 allele load on brain morphology in a cohort of
middle-aged healthy individuals with enriched genetic risk for Alzheimer's disease.
Alzheimers Dement. 14 (7), 902–912.

Cao, J., Worsley, K.J., 1999. The detection of local shape changes via the geometry of
Hotelling's T2 fields. Ann. Statist. 27 (3), 925–942.

Cardenas, V.A., Chao, L.L., Studholme, C., Yaffe, K., Miller, B.L., Madison, C., Buckley,
S.T., Mungas, D., Schuff, N., Weiner, M.W., 2011. Brain atrophy associated with
baseline and longitudinal measures of cognition. Neurobiol. Aging 32 (4), 572–580.

Caselli, R.J., Reiman, E.M., Osborne, D., Hentz, J.G., Baxter, L.C., Hernandez, J.L.,
Alexander, G.G., 2004. Longitudinal changes in cognition and behavior in asympto-
matic carriers of the APOE e4 allele. Neurology 62 (11), 1990–1995.

Caselli, R.J., Dueck, A.C., Osborne, D., Sabbagh, M.N., Connor, D.J., Ahern, G.L., Baxter,
L.C., Rapcsak, S.Z., Shi, J., Woodruff, B.K., Locke, D.E., Snyder, C.H., Alexander, G.E.,
Rademakers, R., Reiman, E.M., 2009. Longitudinal modeling of age-related memory
decline and the APOE epsilon4 effect. N. Engl. J. Med. 361 (3), 255–263.

Caselli, R.J., Walker, D., Sue, L., Sabbagh, M., Beach, T., 2010. Amyloid load in non-
demented brains correlates with APOE e4. Neurosci. Lett. 473 (3), 168–171.

Caselli, R.J., Dueck, A.C., Locke, D.E., Sabbagh, M.N., Ahern, G.L., Rapcsak, S.Z., Baxter,
L.C., Yaari, R., Woodruff, B.K., Hoffman-Snyder, C., Rademakers, R., Findley, S.,
Reiman, E.M., 2011. Cerebrovascular risk factors and preclinical memory decline in
healthy APOE epsilon4 homozygotes. Neurology 76 (12), 1078–1084.

Chapleau, M., Aldebert, J., Montembeault, M., Brambati, S.M., 2016. Atrophy in
Alzheimer's disease and semantic dementia: An ALE meta-analysis of voxel-based
morphometry studies. J. Alzheimers Dis. 54 (3), 941–955.

Chen, K., Reiman, E.M., Alexander, G.E., Caselli, R.J., Gerkin, R., Bandy, D., Domb, A.,
Osborne, D., Fox, N., Crum, W.R., Saunders, A.M., Hardy, J., 2007. Correlations
between apolipoprotein E epsilon4 gene dose and whole brain atrophy rates. Am. J.
Psychiatry 164 (6), 916–921.

Chen, K.L., Sun, Y.M., Zhou, Y., Zhao, Q.H., Ding, D., Guo, Q.H., 2016. Associations
between APOE polymorphisms and seven diseases with cognitive impairment in-
cluding Alzheimer's disease, frontotemporal dementia, and dementia with Lewy
bodies in southeast China. Psychiatr. Genet. 26 (3), 124–131.

Chupin, M., Mukuna-Bantumbakulu, A.R., Hasboun, D., Bardinet, E., Baillet, S.,
Kinkingnehun, S., Lemieux, L., Dubois, B., Garnero, L., 2007. Anatomically con-
strained region deformation for the automated segmentation of the hippocampus and
the amygdala: method and validation on controls and patients with Alzheimer's
disease. Neuroimage 34 (3), 996–1019.

Chupin, M., Gerardin, E., Cuingnet, R., Boutet, C., Lemieux, L., Lehericy, S., Benali, H.,
Garnero, L., Colliot, O., Alzheimer's Disease Neuroimaging, I., 2009. Fully automatic
hippocampus segmentation and classification in Alzheimer's disease and mild cog-
nitive impairment applied on data from ADNI. Hippocampus 19 (6), 579–587.

Cohen, R.M., Small, C., Lalonde, F., Friz, J., Sunderland, T., 2001. Effect of apolipoprotein
E genotype on hippocampal volume loss in aging healthy women. Neurology 57 (12),
2223–2228.

Corder, E.H., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E., Gaskell, P.C., Small,
G.W., Roses, A.D., Haines, J.L., Pericak-Vance, M.A., 1993. Gene dose of apolipo-
protein E type 4 allele and the risk of Alzheimer's disease in late onset families.
Science 261 (5123), 921–923.

Costafreda, S.G., Dinov, I.D., Tu, Z., Shi, Y., Liu, C.Y., Kloszewska, I., Mecocci, P.,
Soininen, H., Tsolaki, M., Vellas, B., Wahlund, L.O., Spenger, C., Toga, A.W.,
Lovestone, S., Simmons, A., 2011. Automated hippocampal shape analysis predicts
the onset of dementia in mild cognitive impairment. Neuroimage 56 (1), 212–219.

Crivello, F., Lemaitre, H., Dufouil, C., Grassiot, B., Delcroix, N., Tzourio-Mazoyer, N.,
Tzourio, C., Mazoyer, B., 2010. Effects of ApoE-epsilon4 allele load and age on the
rates of grey matter and hippocampal volumes loss in a longitudinal cohort of 1186
healthy elderly persons. Neuroimage 53 (3), 1064–1069.

D'Agostino, E., Maes, F., Vandermeulen, D., Suetens, P., 2003. A viscous fluid model for
multimodal non-rigid image registration using mutual information. Med. Image Anal.
7 (4), 565–575.

de Leon, M.J., George, A.E., Stylopoulos, L.A., Smith, G., Miller, D.C., 1989. Early marker
for Alzheimer's disease: the atrophic hippocampus. Lancet 2 (8664), 672–673.

Dean 3rd, D.C., Jerskey, B.A., Chen, K., Protas, H., Thiyyagura, P., Roontiva, A.,
O'Muircheartaigh, J., Dirks, H., Waskiewicz, N., Lehman, K., Siniard, A.L., Turk,
M.N., Hua, X., Madsen, S.K., Thompson, P.M., Fleisher, A.S., Huentelman, M.J.,
Deoni, S.C., Reiman, E.M., 2014. Brain differences in infants at differential genetic
risk for late-onset Alzheimer disease: a cross-sectional imaging study. JAMA Neurol.
71 (1), 11–22.

den Heijer, T., van der Lijn, F., Koudstaal, P.J., Hofman, A., van der Lugt, A., Krestin, G.P.,
Niessen, W.J., Breteler, M.M.B., 2010. A 10-year follow-up of hippocampal volume
on magnetic resonance imaging in early dementia and cognitive decline. Brain 133
(4), 1163–1172.

Dickson, D.W., Crystal, H.A., Mattiace, L.A., Masur, D.M., Blau, A.D., Davies, P., Yen,
S.H., Aronson, M.K., 1992. Identification of normal and pathological aging in pro-
spectively studied nondemented elderly humans. Neurobiol. Aging 13 (1), 179–189.

Filippini, N., Rao, A., Wetten, S., Gibson, R.A., Borrie, M., Guzman, D., Kertesz, A., Loy-
English, I., Williams, J., Nichols, T., Whitcher, B., Matthews, P.M., 2009.
Anatomically-distinct genetic associations of APOE epsilon4 allele load with regional
cortical atrophy in Alzheimer's disease. Neuroimage 44 (3), 724–728.

Fischl, B., 2012. FreeSurfer. Neuroimage 62 (2), 774–781.
Foley, S.F., Tansey, K.E., Caseras, X., Lancaster, T., Bracht, T., Parker, G., Hall, J.,

Williams, J., Linden, D.E., 2017. Multimodal brain imaging reveals structural dif-
ferences in Alzheimer's disease polygenic risk carriers: a study in healthy young
adults. Biol. Psychiatry 81 (2), 154–161.

Fox, N.C., Scahill, R.I., Crum, W.R., Rossor, M.N., 1999. Correlation between rates of
brain atrophy and cognitive decline in AD. Neurology 52 (8), 1687–1689.

Gerig, G., Styner, M., Jones, D., Weinberger, D., Lieberman, J., 2001. Shape analysis of
brain ventricles using SPHARM. Mathematical Methods in Biomedical Image
Analysis, 2001. MMBIA 2001. IEEE Workshop on. IEEE 171–178.

Gonneaud, J., Arenaza-Urquijo, E.M., Fouquet, M., Perrotin, A., Fradin, S., de La Sayette,
V., Eustache, F., Chetelat, G., 2016. Relative effect of APOE epsilon4 on neuroima-
ging biomarker changes across the lifespan. Neurology 87 (16), 1696–1703.

Gouras, G.K., Relkin, N.R., Sweeney, D., Munoz, D.G., Mackenzie, I.R., Gandy, S., 1997.
Increased apolipoprotein E epsilon 4 in epilepsy with senile plaques. Ann. Neurol. 41
(3), 402–404.

Han, X., Xu, C., Prince, J.L., 2003. A topology preserving level set method for geometric
deformable models. IEEE Trans. Pattern Anal. Mach. Intell. 25 (6), 755–768.

Henneman, W.J., Sluimer, J.D., Barnes, J., van der Flier, W.M., Sluimer, I.C., Fox, N.C.,
Scheltens, P., Vrenken, H., Barkhof, F., 2009. Hippocampal atrophy rates in
Alzheimer disease: added value over whole brain volume measures. Neurology 72
(11), 999–1007.

Hixson, J.E., Vernier, D.T., 1990. Restriction isotyping of human apolipoprotein E by gene
amplification and cleavage with HhaI. J. Lipid Res. 31 (3), 545–548.

Hoppe, H., 1996. Progressive Meshes. Proceedings of the 23rd Annual Conference on
Computer Graphics and Interactive Techniques. ACM, pp. 99–108.

Hostage, C.A., Roy Choudhury, K., Doraiswamy, P.M., Petrella, J.R., Alzheimer's Disease
Neuroimaging, I., 2013. Dissecting the gene dose-effects of the APOE epsilon4 and
epsilon2 alleles on hippocampal volumes in aging and Alzheimer's disease. PLoS One
8 (2), e54483.

Hotelling, Harold, 1992. The generalization of Student’s ratio. In: Breakthroughs in sta-
tistics. Springer, New York, NY, pp. 54–65.

Hua, X., Lee, S., Hibar, D.P., Yanovsky, I., Leow, A.D., Toga, A.W., Jack Jr., C.R.,
Bernstein, M.A., Reiman, E.M., Harvey, D.J., Kornak, J., Schuff, N., Alexander, G.E.,
Weiner, M.W., Thompson, P.M., 2010. Mapping Alzheimer's disease progression in
1309 MRI scans: power estimates for different inter-scan intervals. NeuroImage 51

Q. Dong, et al. NeuroImage: Clinical 22 (2019) 101744

9

http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2000
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2000
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0010
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0010
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0010
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0015
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0015
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0015
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0015
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0020
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0020
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0025
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0025
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0025
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0025
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0030
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0030
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0030
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0030
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0030
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2010
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2010
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0035
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0035
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0035
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0040
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0040
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0040
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0045
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0045
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0045
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0045
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0050
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0050
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0055
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0055
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0055
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0055
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0060
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0060
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0060
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0065
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0065
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0065
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0065
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0070
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0070
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0070
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0070
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0075
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0075
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0075
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0075
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0075
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0080
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0080
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0080
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0080
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0085
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0085
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0085
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0090
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0090
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0090
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0090
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0095
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0095
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0095
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0095
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0100
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0100
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0100
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0100
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0105
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0105
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0105
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0110
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0110
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0115
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0115
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0115
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0115
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0115
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0115
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0120
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0120
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0120
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0120
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0125
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0125
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0125
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0130
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0130
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0130
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0130
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0135
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0140
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0140
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0140
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0140
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0145
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0145
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2005
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0150
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0150
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0150
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0155
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0155
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0155
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0160
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0160
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0165
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0165
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0165
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0165
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0170
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0170
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0175
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0175
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0180
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0180
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0180
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0180
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2015
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf2015
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0185
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0185
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0185
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0185


(1), 63–75.
Hyman, B.T., 2011. Amyloid-dependent and amyloid-independent stages of Alzheimer

disease. Arch. Neurol. 68 (8), 1062–1064.
Jack Jr., C.R., Slomkowski, M., Gracon, S., Hoover, T.M., Felmlee, J.P., Stewart, K., Xu, Y.,

Shiung, M., O'Brien, P.C., Cha, R., Knopman, D., Petersen, R.C., 2003. MRI as a
biomarker of disease progression in a therapeutic trial of milameline for AD.
Neurology 60 (2), 253–260.

Josephs, K.A., Whitwell, J.L., Ahmed, Z., Shiung, M.M., Weigand, S.D., Knopman, D.S.,
Boeve, B.F., Parisi, J.E., Petersen, R.C., Dickson, D.W., Jack Jr., C.R., 2008. Beta-
amyloid burden is not associated with rates of brain atrophy. Ann. Neurol. 63 (2),
204–212.

Kaye, J.A., Moore, M.M., Dame, A., Quinn, J., Camicioli, R., Howieson, D., Corbridge, E.,
Care, B., Nesbit, G., Sexton, G., 2005. Asynchronous regional brain volume losses in
presymptomatic to moderate AD. J. Alzheimers Dis. 8 (1), 51–56.

Kerchner, G.A., Berdnik, D., Shen, J.C., Bernstein, J.D., Fenesy, M.C., Deutsch, G.K., Wyss-
Coray, T., Rutt, B.K., 2014. APOE epsilon4 worsens hippocampal CA1 apical neuropil
atrophy and episodic memory. Neurology 82 (8), 691–697.

Knickmeyer, R.C., Wang, J., Zhu, H., Geng, X., Woolson, S., Hamer, R.M., Konneker, T.,
Lin, W., Styner, M., Gilmore, J.H., 2014. Common variants in psychiatric risk genes
predict brain structure at birth. Cereb. Cortex 24 (5), 1230–1246.

Kok, E., Haikonen, S., Luoto, T., Huhtala, H., Goebeler, S., Haapasalo, H., Karhunen, P.J.,
2009. Apolipoprotein E-dependent accumulation of Alzheimer disease-related lesions
begins in middle age. Ann. Neurol. 65 (6), 650–657.

Lao, Y., Wang, Y., Shi, J., Ceschin, R., Nelson, M.D., Panigrahy, A., Lepore, N., 2016.
Thalamic alterations in preterm neonates and their relation to ventral striatum dis-
turbances revealed by a combined shape and pose analysis. Brain Struct. Funct. 221
(1), 487–506.

Lemaitre, H., Crivello, F., Dufouil, C., Grassiot, B., Tzourio, C., Alperovitch, A., Mazoyer,
B., 2005. No epsilon4 gene dose effect on hippocampal atrophy in a large MRI da-
tabase of healthy elderly subjects. Neuroimage 24 (4), 1205–1213.

Leporé, N., Brun, C., Chou, Y.-Y., Chiang, M.-C., Dutton, R.A., Hayashi, K.M., Luders, E.,
Lopez, O.L., Aizenstein, H.J., Toga, A.W., Becker, J.T., Thompson, P.M., 2008.
Generalized tensor-based morphometry of HIV/AIDS using multivariate statistics on
deformation tensors. IEEE Trans. Med. Imag. 27 (1), 129–141.

Li, B., Shi, J., Gutman, B.A., Baxter, L.C., Thompson, P.M., Caselli, R.J., Wang, Y.,
Alzheimer's Disease Neuroimaging, I., 2016. Influence of APOE genotype on hippo-
campal atrophy over time - an N=1925 surface-based ADNI study. PLoS One 11 (4),
e0152901.

Liu, C.C., Liu, C.C., Kanekiyo, T., Xu, H., Bu, G., 2013. Apolipoprotein E and Alzheimer
disease: risk, mechanisms and therapy. Nat. Rev. Neurol. 9 (2), 106–118.

Loop, C., 1987. Smooth Subdivision Surfaces Based on Triangles. Mathematics
Department. University of Utah.

Lorensen, W.E., Cline, H.E., 1987. Marching cubes: a high resolution 3D surface con-
struction algorithm. SIGGRAPH Comput. Graph. 21 (4), 163–169.

Matura, S., Prvulovic, D., Jurcoane, A., Hartmann, D., Miller, J., Scheibe, M., O'Dwyer, L.,
Oertel-Knochel, V., Knochel, C., Reinke, B., Karakaya, T., Fusser, F., Pantel, J., 2014.
Differential effects of the ApoE4 genotype on brain structure and function.
Neuroimage 89, 81–91.

Moffat, S.D., Szekely, C.A., Zonderman, A.B., Kabani, N.J., Resnick, S.M., 2000.
Longitudinal change in hippocampal volume as a function of apolipoprotein E gen-
otype. Neurology 55 (1), 134–136.

Mondadori, C.R., de Quervain, D.J., Buchmann, A., Mustovic, H., Wollmer, M.A.,
Schmidt, C.F., Boesiger, P., Hock, C., Nitsch, R.M., Papassotiropoulos, A., Henke, K.,
2007. Better memory and neural efficiency in young apolipoprotein E epsilon4 car-
riers. Cereb. Cortex 17 (8), 1934–1947.

Moon, S.W., Lee, B., Choi, Y.C., 2018. Changes in the hippocampal volume and shape in
early-onset mild cognitive impairment. Psychiatry Investig. 15 (5), 531–537.

Morra, J.H., Tu, Z., Apostolova, L.G., Green, A.E., Avedissian, C., Madsen, S.K., Parikshak,
N., Toga, A.W., Jack Jr., C.R., Schuff, N., Weiner, M.W., Thompson, P.M., 2009.
Automated mapping of hippocampal atrophy in 1-year repeat MRI data from 490
subjects with Alzheimer's disease, mild cognitive impairment, and elderly controls.
NeuroImage 45 (Supplement 1), S3–S15.

Morris, J.C., Roe, C.M., Xiong, C., Fagan, A.M., Goate, A.M., Holtzman, D.M., Mintun,
M.A., 2010. APOE predicts amyloid-beta but not tau Alzheimer pathology in cogni-
tively normal aging. Ann. Neurol. 67 (1), 122–131.

O'Dwyer, L., Lamberton, F., Matura, S., Tanner, C., Scheibe, M., Miller, J., Rujescu, D.,
Prvulovic, D., Hampel, H., 2012. Reduced hippocampal volume in healthy young
ApoE4 carriers: an MRI study. PLoS One 7 (11), e48895.

Paquette, N., Shi, J., Wang, Y., Lao, Y., Ceschin, R., Nelson, M.D., Panigrahy, A., Lepore,
N., 2017. Ventricular shape and relative position abnormalities in preterm neonates.
Neuroimage Clin. 15, 483–493.

Pardoe, H.R., Pell, G.S., Abbott, D.F., Jackson, G.D., 2009. Hippocampal volume assess-
ment in temporal lobe epilepsy: how good is automated segmentation? Epilepsia 50
(12), 2586–2592.

Patenaude, B., Smith, S.M., Kennedy, D.N., Jenkinson, M., 2011. A Bayesian model of
shape and appearance for subcortical brain segmentation. Neuroimage 56 (3),
907–922.

Pennanen, C., Kivipelto, M., Tuomainen, S., Hartikainen, P., Hanninen, T., Laakso, M.P.,
Hallikainen, M., Vanhanen, M., Nissinen, A., Helkala, E.L., Vainio, P., Vanninen, R.,
Partanen, K., Soininen, H., 2004. Hippocampus and entorhinal cortex in mild cog-
nitive impairment and early AD. Neurobiol. Aging 25 (3), 303–310.

Petersen, R.C., Doody, R., Kurz, A., Mohs, R.C., Morris, J.C., Rabins, P.V., Ritchie, K.,
Rossor, M., Thal, L., Winblad, B., 2001. Current concepts in mild cognitive impair-
ment. Arch. Neurol. 58 (12), 1985–1992.

Pievani, M., Galluzzi, S., Thompson, P.M., Rasser, P.E., Bonetti, M., Frisoni, G.B., 2011.
APOE4 is associated with greater atrophy of the hippocampal formation in

Alzheimer's disease. Neuroimage 55 (3), 909–919.
Pizer, S., Fritsch, D., Yushkevich, P., Johnson, V., Chaney, E., 1999. Segmentation, re-

gistration, and measurement of shape variation via image object shape. IEEE Trans.
Med. Imag. 18, 851–865.

Protas, H.D., Chen, K., Langbaum, J.B., Fleisher, A.S., Alexander, G.E., Lee, W., Bandy, D.,
de Leon, M.J., Mosconi, L., Buckley, S., Truran-Sacrey, D., Schuff, N., Weiner, M.W.,
Caselli, R.J., Reiman, E.M., 2013. Posterior cingulate glucose metabolism, hippo-
campal glucose metabolism, and hippocampal volume in cognitively normal, late-
middle-aged persons at 3 levels of genetic risk for Alzheimer disease. JAMA Neurol
70 (3), 320–325.

Qiu, A., Taylor, W.D., Zhao, Z., MacFall, J.R., Miller, M.I., Key, C.R., Payne, M.E.,
Steffens, D.C., Krishnan, K.R., 2009. APOE related hippocampal shape alteration in
geriatric depression. NeuroImage 44 (3), 620–626.

Reiman, E.M., Caselli, R.J., Yun, L.S., Chen, K., Bandy, D., Minoshima, S., Thibodeau,
S.N., Osborne, D., 1996. Preclinical evidence of Alzheimer's disease in persons
homozygous for the epsilon 4 allele for apolipoprotein E. N. Engl. J. Med. 334 (12),
752–758.

Reiman, E.M., Uecker, A., Caselli, R.J., Lewis, S., Bandy, D., de Leon, M.J., De Santi, S.,
Convit, A., Osborne, D., Weaver, A., Thibodeau, S.N., 1998. Hippocampal volumes in
cognitively normal persons at genetic risk for Alzheimer's disease. Ann. Neurol. 44
(2), 288–291.

Reiman, E.M., Chen, K., Alexander, G.E., Caselli, R.J., Bandy, D., Osborne, D., Saunders,
A.M., Hardy, J., 2005. Correlations between apolipoprotein E epsilon4 gene dose and
brain-imaging measurements of regional hypometabolism. Proc. Natl. Acad. Sci. U. S.
A. 102 (23), 8299–8302.

Reiman, E.M., Chen, K., Liu, X., Bandy, D., Yu, M., Lee, W., Ayutyanont, N., Keppler, J.,
Reeder, S.A., Langbaum, J.B., Alexander, G.E., Klunk, W.E., Mathis, C.A., Price, J.C.,
Aizenstein, H.J., DeKosky, S.T., Caselli, R.J., 2009. Fibrillar amyloid-beta burden in
cognitively normal people at 3 levels of genetic risk for Alzheimer's disease. Proc.
Natl. Acad. Sci. U. S. A. 106 (16), 6820–6825.

Reiter, K., Nielson, K.A., Durgerian, S., Woodard, J.L., Smith, J.C., Seidenberg, M., Kelly,
D.A., Rao, S.M., 2017. Five-year longitudinal brain volume change in healthy elders
at genetic risk for Alzheimer's disease. J. Alzheimers Dis. 55 (4), 1363–1377.

Saeed, U., Mirza, S.S., MacIntosh, B.J., Herrmann, N., Keith, J., Ramirez, J., Nestor, S.M.,
Yu, Q., Knight, J., Swardfager, W., Potkin, S.G., Rogaeva, E., St George-Hyslop, P.,
Black, S.E., Masellis, M., 2018. APOE-epsilon4 associates with hippocampal volume,
learning, and memory across the spectrum of Alzheimer's disease and dementia with
Lewy bodies. Alzheimers Dement. 14 (9), 1137–1147.

Sandstrom, C.K., Krishnan, S., Slavin, M.J., Tran, T.T., Doraiswamy, P.M., Petrella, J.R.,
2006. Hippocampal atrophy confounds template-based functional MR imaging
measures of hippocampal activation in patients with mild cognitive impairment.
AJNR Am. J. Neuroradiol. 27 (8), 1622–1627.

Saunders, A.M., Strittmatter, W.J., Schmechel, D., George-Hyslop, P.H., Pericak-Vance,
M.A., Joo, S.H., Rosi, B.L., Gusella, J.F., Crapper-MacLachlan, D.R., Alberts, M.J.,
et al., 1993. Association of apolipoprotein E allele epsilon 4 with late-onset familial
and sporadic Alzheimer's disease. Neurology 43 (8), 1467–1472.

Shen, L., Firpi, H.A., Saykin, A.J., West, J.D., 2009. Parametric surface modeling and
registration for comparison of manual and automated segmentation of the hippo-
campus. Hippocampus 19 (6), 588–595.

Shi, F., Liu, B., Zhou, Y., Yu, C., Jiang, T., 2009. Hippocampal volume and asymmetry in
mild cognitive impairment and Alzheimer's disease: meta-analyses of MRI studies.
Hippocampus 19 (11), 1055–1064.

Shi, J., Thompson, P.M., Gutman, B., Wang, Y., 2013. Surface fluid registration of con-
formal representation: application to detect disease burden and genetic influence on
hippocampus. Neuroimage 78C, 111–134.

Shi, J., Lepore, N., Gutman, B.A., Thompson, P.M., Baxter, L.C., Caselli, R.J., Wang, Y.,
2014. Genetic influence of apolipoprotein E4 genotype on hippocampal morpho-
metry: An N = 725 surface-based Alzheimer's disease neuroimaging initiative study.
Hum. Brain Mapp. 35 (8), 3903–3918.

Shi, J., Stonnington, C.M., Thompson, P.M., Chen, K., Gutman, B., Reschke, C., Baxter,
L.C., Reiman, E.M., Caselli, R.J., Wang, Y., Alzheimer's Disease Neuroimaging, I.,
2015. Studying ventricular abnormalities in mild cognitive impairment with hyper-
bolic Ricci flow and tensor-based morphometry. Neuroimage 104, 1–20.

Soininen, H., Partanen, K., Pitkanen, A., Hallikainen, M., Hanninen, T., Helisalmi, S.,
Mannermaa, A., Ryynanen, M., Koivisto, K., Riekkinen Sr., P., 1995. Decreased hip-
pocampal volume asymmetry on MRIs in nondemented elderly subjects carrying the
apolipoprotein E epsilon 4 allele. Neurology 45 (2), 391–392.

Sperling, R.A., Aisen, P.S., Beckett, L.A., Bennett, D.A., Craft, S., Fagan, A.M., Iwatsubo,
T., Jack Jr., C.R., Kaye, J., Montine, T.J., Park, D.C., Reiman, E.M., Rowe, C.C.,
Siemers, E., Stern, Y., Yaffe, K., Carrillo, M.C., Thies, B., Morrison-Bogorad, M.,
Wagster, M.V., Phelps, C.H., 2011. Toward defining the preclinical stages of
Alzheimer's disease: recommendations from the National Institute on Aging-
Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease.
Alzheimers Dement. 7 (3), 280–292.

Styner, M., Lieberman, J.A., Pantazis, D., Gerig, G., 2004. Boundary and medial shape
analysis of the hippocampus in schizophrenia. Med. Image Anal. 8 (3), 197–203.

Suthana, N.A., Krupa, A., Donix, M., Burggren, A., Ekstrom, A.D., Jones, M., Ercoli, L.M.,
Miller, K.J., Siddarth, P., Small, G.W., Bookheimer, S.Y., 2010. Reduced hippocampal
CA2, CA3, and dentate gyrus activity in asymptomatic people at genetic risk for
Alzheimer's disease. Neuroimage 53 (3), 1077–1084.

Thompson, P.M., Hayashi, K.M., de Zubicaray, G.I., Janke, A.L., Rose, S.E., Semple, J.,
Hong, M.S., Herman, D.H., Gravano, D., Doddrell, D.M., Toga, A.W., 2004a. Mapping
hippocampal and ventricular change in Alzheimer's disease. NeuroImage 22 (4),
1754–1766.

Thompson, P.M., Hayashi, K.M., Sowell, E.R., Gogtay, N., Giedd, J.N., Rapoport, J.L., de
Zubicaray, G.I., Janke, A.L., Rose, S.E., Semple, J., Doddrell, D.M., Wang, Y., van Erp,

Q. Dong, et al. NeuroImage: Clinical 22 (2019) 101744

10

http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0185
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0190
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0190
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0195
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0195
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0195
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0195
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0200
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0200
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0200
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0200
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0205
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0205
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0205
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0210
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0210
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0210
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0215
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0215
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0215
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0220
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0220
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0220
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0225
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0225
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0225
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0225
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0230
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0230
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0230
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0235
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0235
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0235
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0235
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0240
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0240
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0240
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0240
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0245
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0245
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0250
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0250
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0255
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0255
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0260
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0260
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0260
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0260
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0265
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0265
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0265
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0270
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0270
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0270
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0270
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0275
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0275
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0280
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0280
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0280
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0280
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0280
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0285
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0285
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0285
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0290
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0290
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0290
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0295
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0295
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0295
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0300
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0300
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0300
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0305
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0305
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0305
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0310
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0310
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0310
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0310
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0315
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0315
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0315
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0320
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0320
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0320
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0325
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0325
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0325
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0330
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0330
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0330
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0330
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0330
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0330
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0335
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0335
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0335
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0340
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0340
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0340
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0340
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0345
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0345
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0345
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0345
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0350
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0350
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0350
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0350
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0355
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0355
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0355
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0355
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0355
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0360
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0360
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0360
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0365
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0365
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0365
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0365
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0365
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0370
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0370
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0370
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0370
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0375
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0375
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0375
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0375
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0380
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0380
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0380
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0385
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0385
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0385
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0390
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0390
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0390
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0395
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0395
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0395
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0395
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0400
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0400
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0400
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0400
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0405
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0405
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0405
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0405
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0410
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0415
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0415
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0420
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0420
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0420
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0420
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0425
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0425
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0425
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0425
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0430
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0430


T.G., Cannon, T.D., Toga, A.W., 2004b. Mapping cortical change in Alzheimer's dis-
ease, brain development, and schizophrenia. Neuroimage 23 (Suppl. 1), S2–18.

Wang, L., Swank, J.S., Glick, I.E., Gado, M.H., Miller, M.I., Morris, J.C., Csernansky, J.G.,
2003. Changes in hippocampal volume and shape across time distinguish dementia of
the Alzheimer type from healthy aging. NeuroImage 20 (2), 667–682.

Wang, Y., Lui, L.M., Gu, X., Hayashi, K.M., Chan, T.F., Toga, A.W., Thompson, P.M., Yau,
S.-T., 2007. Brain surface conformal parameterization using Riemann surface struc-
ture. IEEE Trans. Med. Imag. 26 (6), 853–865.

Wang, Y., Chan, T.F., Toga, A.W., Thompson, P.M., 2009. Multivariate tensor-based brain
anatomical surface morphometry via holomorphic one-forms. Med. Image Comput.
Comput. Assist. Interv. 12 (Pt 1), 337–344.

Wang, Y., Zhang, J., Gutman, B., Chan, T.F., Becker, J.T., Aizenstein, H.J., Lopez, O.L.,
Tamburo, R.J., Toga, A.W., Thompson, P.M., 2010. Multivariate tensor-based mor-
phometry on surfaces: application to mapping ventricular abnormalities in HIV/
AIDS. NeuroImage 49 (3), 2141–2157.

Wang, Y., Song, Y., Rajagopalan, P., An, T., Liu, K., Chou, Y.Y., Gutman, B., Toga, A.W.,
Thompson, P.M., Alzheimer's Disease Neuroimaging, I., 2011. Surface-based TBM
boosts power to detect disease effects on the brain: an N=804 ADNI study.
Neuroimage 56 (4), 1993–2010.

Wang, Y., Shi, J., Yin, X., Gu, X., Chan, T.F., Yau, S.-T., Toga, A.W., Thompson, P.M.,

2012. Brain surface conformal parameterization with the Ricci flow. IEEE Trans.
Med. Imag. 31 (2), 251–264.

Wang, Y., Yuan, L., Shi, J., Greve, A., Ye, J., Toga, A.W., Reiss, A.L., Thompson, P.M.,
2013. Applying tensor-based morphometry to parametric surfaces can improve MRI-
based disease diagnosis. Neuroimage 74, 209–230.

Wolz, R., Heckemann, R.A., Aljabar, P., Hajnal, J.V., Hammers, A., Lötjönen, J., Rueckert,
D., 2010. Measurement of hippocampal atrophy using 4D graph-cut segmentation:
application to ADNI. NeuroImage 52 (1), 109–118.

Yao, Z., Fu, Y., Wu, J., Zhang, W., Yu, Y., Zhang, Z., Wu, X., Wang, Y., Hu, B., 2018.
Morphological changes in subregions of hippocampus and amygdala in major de-
pressive disorder patients. Brain Imaging Behav. https://doi.org/10.1007/s11682-
018-0003-1.

Younes, L., Albert, M., Miller, M.I., Team, B.R., 2014. Inferring changepoint times of
medial temporal lobe morphometric change in preclinical Alzheimer's disease.
Neuroimage Clin. 5, 178–187.

Zhang, J., Stonnington, C., Li, Q., Shi, J., Bauer 3rd, R.J., Gutman, B.A., Chen, K., Reiman,
E.M., Thompson, P.M., Ye, J., Wang, Y., 2016. Applying sparse coding to surface
multivariate tensor-based morphometry to predict future cognitive decline. Proc.
IEEE Int. Symp. Biomed. Imaging 2016, 646–650.

Q. Dong, et al. NeuroImage: Clinical 22 (2019) 101744

11

http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0430
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0430
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0435
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0435
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0435
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0440
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0440
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0440
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0445
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0445
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0445
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0450
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0450
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0450
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0450
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0455
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0455
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0455
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0455
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0460
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0460
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0460
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0465
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0465
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0465
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0470
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0470
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0470
https://doi.org/10.1007/s11682-018-0003-1
https://doi.org/10.1007/s11682-018-0003-1
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0480
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0480
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0480
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0485
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0485
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0485
http://refhub.elsevier.com/S2213-1582(19)30094-4/rf0485

	Applying surface-based hippocampal morphometry to study APOE-E4 allele dose effects in cognitively unimpaired subjects
	Introduction
	Materials and methods
	Database
	Processing pipeline
	Hippocampus segmentation and hippocampal surface reconstruction
	Conformal parameterization-based hippocampal surface registration
	Hippocampal morphometric feature extraction
	Statistical group differences of hippocampal morphometry


	Results
	Study samples
	Hippocampal volume estimates of three levels of APOE-e4 genotype groups
	Hippocampal morphometric differences of the contrast APOE-e4 carriers vs. NC in cognitively unimpaired individuals
	Hippocampal morphometric differences of the contrast HM vs. HT in cognitively unimpaired individuals
	Hippocampal morphometric differences of the contrast between carriers with different APOE-e4 dose and NC in cognitively unimpaired individuals
	Directional deformations of the hippocampal morphometric contrasts
	Cumulative distribution analysis of the hippocampal morphometric comparisons

	Discussion
	Hippocampal morphometric differences of APOE-e4 carriers vs. NC
	Hippocampal morphometric differences of NC vs. HT vs. HM
	Our findings for preclinical AD research
	Deformation directionality analysis
	Subject ages of the studied cohort
	Limitation and future work

	Conclusion
	Acknowledgements
	References




