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Abstract: We proposed a diffeomorphometry-based statistical pipeline to study the regional shape change
rates of the bilateral hippocampus, amygdala, and ventricle in mild cognitive impairment (MCI) and
Alzheimer’s disease (AD) compared with healthy controls (HC), using sequential magnetic resonance imag-
ing (MRI) scans of 713 subjects (3,123 scans in total). The subgroup shape atrophy rates of the bilateral hip-
pocampus and amygdala, as well as the expansion rates of the bilateral ventricles, for a majority of vertices
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were found to follow the order of AD > MCI > HC. The bilateral hippocampus and the left amygdala
were subsegmented into multiple functionally meaningful subregions with the help of high-field MRI
scans. The largest group differences in localized shape atrophy rates on the hippocampus were found to
occur in CA1, followed by subiculum, CA2, and finally CA3/dentate gyrus, which is consistent with the
neurofibrillary tangle accumulation trajectory. Highly nonuniform group differences were detected on the
amygdala; vertices on the core amygdala (basolateral and lateral nucleus) revealed much larger atrophy
rates, whereas those on the noncore amygdala (mainly centromedial) displayed similar or even smaller
atrophy rates in AD relative to HC. The temporal horns of the ventricles were observed to have the largest
localized ventricular expansion rate differences; with the AD group showing larger localized expansion
rates on the anterior horn and the body part of the ventricles as well. Significant correlations were observed
between the localized shape change rates of each of these six structures and the cognitive deterioration rates
as quantified by the Alzheimer’s Disease Assessment Scale-Cognitive Behavior Section increase rate and
the Mini Mental State Examination decrease rate. Hum Brain Mapp 36:2093–2117, 2015.
VC 2015 Wiley Periodicals, Inc.

Key words: Alzheimer’s disease; mild cognitive impairment; medial temporal lobe; diffeomorphome-
try; regional shape change rates; longitudinal analysis
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INTRODUCTION

Magnetic resonance imaging (MRI) has been widely
used in morphometric studies of the human brain in nor-
mal aging and dementia of the Alzheimer type. Of particu-
lar interest are the medial temporal lobe (MTL) structures,
such as the hippocampus, the amygdala, and the entorhi-
nal cortex, because of their central role in memory func-
tion [Cahill et al., 1995; McDonald and White, 1993;
Squire, 1992]. The MTL structures have been identified as
the earliest and the most severely affected in the neuropa-
thology of the Alzheimer dementia [Hyman et al., 1984].
To directly examine the effects of either aging or the
dementia on a certain brain structure, longitudinal studies
are usually used to unveil the temporal dynamics of the
underlying biological processes [Jack et al., 2012]. In longi-
tudinal studies, serial measurements of the structures of
interest are obtained, from which the structural change
(atrophy or expansion) rates can be measured. The longi-
tudinal rates of change quantify the effects of the biologi-
cal process on the structure.

Various longitudinal pipelines have been proposed for
measuring changes of the brain in terms of the whole
brain or regional structures of interest. For the whole
brain, a typical approach is to measure the differences
between follow-up and baseline brain images after being
coregistered to a common coordinate system.
Representative approaches include but are not limited to a
normalized subtraction of the images followed by a calcu-
lation of the area differences [Lemieux et al., 1998], an esti-
mation of the relative brain surface motions [Freeborough
and Fox, 1997; Smith et al., 2001, 2002], or voxel-based
morphometry (VBM). In VBM, relative changes are quanti-
fied based on accurate registration maps between intra-
subject scans [Ch�etelat et al., 2005; Davatzikos et al., 2001].

For regional structures of interest such as the hippocam-
pus, the usual approach is to first segment the structures
(either manually or automatically) from MR images and
then rely on regression models to compute the structural
changes over time.

Thus far, investigation of the MTL structural change
rates has been primarily limited to volumetric measure-
ments. It has been reported by various longitudinal studies
that subjects with Alzheimer dementia, including mild
cognitive impairment (MCI) and Alzheimer’s disease
(AD), have higher hippocampal and amygdalar volumetric
atrophy rates [Barnes et al., 2009; Jack et al., 1998, 2004;
Miller et al., 2013; van de Pol et al., 2007; Wolz et al.,
2010], as well as higher ventricular volumetric expansion
rates [Carlson et al., 2008; Frisoni et al., 2010; Nestor et al.,
2008], compared with the normal aging population. The
main limitation of examining the volumetric change rates
is that it does not aid in clarifying whether these increases
in structural change rates are homogeneous along the
entire structure or restricted to some subregions. Indeed,
studies have shown that the group differences between
the dementia population and the normal aging population,
in terms of regional hippocampal atrophy rates and ven-
tricular expansion rates, are heterogeneous [Chou et al.,
2009; Franko et al., 2013; Morra et al., 2009b; Thompson
et al., 2004]. Given that the anatomical changes mainly
occur at the boundary of a structure, the regional volume
change can be effectively analyzed by examining the two-
dimensional (2D) surface contouring the 3D volume seg-
mentation of the structure. The localized shape change
rate of a structure is measured at each vertex of its surface,
charting a spatiotemporal dynamic trajectory of the shape
changes. Such spatiotemporal maps of the regional shape
change rates can characterize the spreading patterns of the
disease process over time.
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With the advent of advanced surface mapping techni-
ques have come surface-based morphometric analyses that
focus on studying the deformations connecting different
anatomical surface coordinates rather than the surfaces
themselves. Herein, our efforts have largely relied on the
large deformation diffeomorphic metric mapping
(LDDMM) technique [Miller et al., 2002, 2006], in which a
diffeomorphism (a smooth and bijective infinite-
dimensional transformation with a smooth inverse) con-
necting two coordinate systems is obtained as the end-
point of a geodesic. In this framework, the space of
anatomies is turned into a metrizable space, with a metric
induced by the length of the geodesic obtained from
LDDMM. We term the morphometric analysis performed
in this metric space “diffeomorphometry” [Miller et al.,
2014]. Diffeomorphometry has been successfully applied to
the study of subcortical and ventricular structures in vari-
ous neurodegenerative diseases [Csernansky et al., 1998,
2000, 2002, 2005; Miller et al., 2013; Qiu et al., 2007, 2008,
2009; Tang et al., 2014; Wang et al., 2003, 2006, 2007;
Younes et al., 2014b]. Most existing diffeomorphometry-
based analyses focus on cross-sectional group comparisons
in terms of the regional volume or shape computed from a
single scan (usually the baseline scan), rather than the lon-
gitudinal rates of change computed from multiple sequen-
tial scans.

In this article, we propose a diffeomorphometry-based
statistical analysis pipeline to study the regional shape
change rates of the bilateral amygdala, hippocampus, and
lateral ventricle in MCI and AD populations, compared
to an age-matched healthy control (HC) population,
based on a sequential MRI dataset. The amygdala and
the hippocampus are two important MTL structures that
have been implicated to be affected by the neuropathol-
ogy of the Alzheimer dementia. Concentration of senile
plaques and neurofibrillary tangles, as well as cell loss,
has been observed in the amygdala [Brady and Mufson,
1990; Brun and Englund, 1981; Wenk, 2003] and the hip-
pocampus [Ball et al., 1985; Price and Morris, 1999; Price
et al., 1991, 2001] in patients with AD. The lateral ventri-
cle, especially the temporal horn, is also a structure of
interest in the study of AD given its spatial adjacency to
the MTL structures. The primary goal of this article is to
quantitatively assess whether the regional shape change
(atrophy or expansion) rates of these three structures
(both left and right) differ as a function of disease sever-
ity during the progression toward AD. As we will dem-
onstrate, a diffeomorphometric analysis of the regional
change rates of a brain structure can characterize the spa-
tial profile of the disease spreading pattern within that
structure, as well as the temporal evolution dynamics of
that structure.

Both the hippocampus and the amygdala consist of mul-
tiple distinct subregions that are highly differentiated func-
tionally. It has been suggested that atrophy occurs first on
selected subregions [Tang et al., 2014; Thompson et al.,
2004; Wang et al., 2003], such as the CA1 and the subicu-

lum of the hippocampus. It thus becomes of great impor-
tance to study the dynamics of shape change rates of the
amygdala and the hippocampus restricted to different sub-
regions. In this article, we characterize the diffeomorphom-
etry of localized shape change rates of vertices belonging
to each of the four subregions of the bilateral hippocam-
pus—CA1, CA2, CA3 together with the dentate gyrus
(CA3/DG), and the subiculum, as well as each of the four
subregions of the left amygdala—basolateral, basomedial,
centromedial, and lateral nucleus, by integration of high-
field imaging techniques. Individual 0.8mm isotropic 7
Tesla T1-weighted images are used to separately delineate
the bilateral hippocampus and the left amygdala, giving
definitions of each structure’s four subregions. These sub-
region definitions are then transferred, via LDDMM, to the
template surfaces used in this study.

Currently, a diagnosis of AD relies mainly on docu-
menting cognitive decline. An assessment of the dementia
severity and the progression velocity toward AD is usually
based on psychometric tests and quantified by severity rat-
ing scales, which are considered as the de facto gold
standard. Two of the most typically used cognitive meas-
ures are the Alzheimer’s Disease Assessment Scale-
Cognitive Behavior Section (ADAS-cog) [Mohs et al., 1983;
Rosen et al., 1984] and the Mini Mental State Examination
(MMSE) [Folstein et al., 1975]. ADAS-cog measures a num-
ber of cognitive domains, including components of mem-
ory, language, and praxis. This scale is scored from 0 to 70
with higher values indicating greater cognitive impair-
ment. MMSE is the most widely used global measure in
cognitive evaluation; it provides a continuous scale to
assess primary cognitive functions that affect the dementia
of the Alzheimer type, including orientation, registration,
attention, recall, language, and constructional praxis
[Folstein et al., 1975]. The MMSE score ranges from 0 to 30
and, in contrast to ADAS-cog, lower MMSE scores indicate
more severe cognitive impairment.

One of the most important goals for neuroimaging stud-
ies is to provide surrogate biomarkers for the early detec-
tion and diagnosis of AD with high sensitivity and
precision. Imaging-based biomarkers would not be useful
in clinical applications if they could not be significantly
linked with cognitive declines [Black, 1999]. The volume
change rates of various brain regions have been suggested
to be associated with the rates of cognitive decline occur-
ring in the neuropathology of AD [Fox et al., 1999; Jack
et al., 2000, 2004]. However, there have been relatively few
studies focusing on the statistical linkage between the
localized shape change rates of brain structures of interest
and the rates of cognitive decline [Thompson et al., 2004].
In this article, we hypothesize that there is a significant
association between the localized shape change rates of
the three structures of interest (the hippocampus, the
amygdala, and the ventricle) and the rates of change in
the two aforementioned cognitive measures (ADAS-cog
and MMSE). We aim to characterize quantitative correla-
tion maps between the localized shape change rate,
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indexed at each vertex of the structural template surfaces,
and the rates of cognitive decline.

Data for our investigation comes from subjects in the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
study, including a total of 203 HC subjects, 343 MCI sub-
jects, and 167 AD subjects, each with sequential MRI data-
set obtained over 6- or 12-month intervals within a follow-
up of 6–36 months, resulting in a total of 3,123 scans
included in the analysis. The results that will be covered
in this article are: (1) annualized volume change rates of
the bilateral amygdala, hippocampus, and ventricle for
each of the three groups (HC, MCI, and AD); (2) vertex-
based localized shape change rate differences, between HC
and AD, HC and MCI, as well as MCI and AD, in those
three structures in both hemispheres with the average
annualized shape change rates in the HC group being the
benchmark; (3) statistically significant differences between
every two of the three groups in terms of the shape change
rate at each vertex of the CA1, CA2, CA3/DG, and subicu-
lum of the bilateral hippocampus; (4) localized shape
change rate difference at each vertex of the basolateral,
basomedial, centromedial, and lateral nucleus of the left
amygdala between every two of the three groups. The
results are spatial indices quantifying how MCI and AD
affect the three structures over time. Regarding the linkage
to cognitive deterioration, we will present results from two
aspects: (1) correlation results (correlation coefficients and
the associated p-values), for the whole sample (all three
groups together), between the annualized rates of change
in the volume of each of the six structures and the annual-
ized rates of change in ADAS-cog and MMSE; (2) signifi-
cant correlation maps between the localized shape change
rate, indexed at each vertex of the template surface for
each structure of interest, and the rates of changes in
ADAS-cog and MMSE. These correlations will be quanti-
fied by the Pearson product–moment correlation coefficient
(PCC).

METHOD

Alzheimer’s Disease Neuroimaging Initiative

Data used in preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu). The ADNI
was launched in 2003 by the National Institute on Aging,
the National Institute of Biomedical Imaging and
Bioengineering, the Food and Drug Administration, pri-
vate pharmaceutical companies and nonprofit organiza-
tions, as a $60 million, 5-year public-and-private
partnership. The primary goal of ADNI has been to test
whether serial MRI, positron emission tomography, other
biological markers, and clinical and neuropsychological
assessment can be combined to measure the progression
of MCI and early AD. Determination of sensitive and spe-
cific markers of very early AD progression is intended to
aid researchers and clinicians to develop new treatments

and monitor their effectiveness, as well as lessen the time
and cost of clinical trials.

The Principal Investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of
California—San Francisco. ADNI is the result of efforts of
many co-investigators from a broad range of academic
institutions and private corporations, and subjects have
been recruited from over 50 sites across the United States
and Canada. The initial goal of ADNI was to recruit 800
adults, ages 55–90, to participate in the research, approxi-
mately 200 cognitively normal older individuals to be fol-
lowed for 3 years, 400 people with MCI to be followed for
3 years and 200 people with early AD to be followed for 2
years. For up-to-date information, see www.adni-info.org.

Participants

In this study, we included data from subjects with at
least one follow-up scan, resulting in a total of 203 HC
subjects, 343 MCI subjects, and 167 subjects with AD.
Subjects were followed for up to 36 months, with a 6- or
12-month interval between sequential scans. The total
number of available scans varies from subject to subject
and a summary of the sequential scans in the three groups
(HC, MCI, and AD) is listed in Table I. The clinical and
demographic data of the baseline scans for the three
groups, the subjects of which are included in this study,
are presented in Table II. In brief, subjects are 55–92 years
old, and are not depressed. The control subjects have
MMSE scores of 25–30 and a clinical dementia rating
(CDR) of 0. The subjects with MCI have MMSE scores of
23–30, a CDR of 0.5, preserved ability to perform daily liv-
ing activities, and an absence of dementia. The subjects

TABLE I. The total number of scans, for each of the

three groups (HC, MCI, and AD), at each longitudinal

time point

Scan1 (baseline) Scan2 Scan3 Scan4 Scan5 Scan6

HC 210 203 194 0 161 88
MCI 369 343 325 284 242 100
AD 175 167 148 4 105 1

The interval between each time point and the one before it is 6
months except for Scan6. The time interval between Scan5 and
Scan6 is 12 months.

TABLE II. Demographic information for the baseline

dataset included in this study

HC (n 5 203) MCI (n 5 343) AD (n 5 167)

Age (yr) 76.13 6 5.01 75.03 6 7.27 75.2 6 7.54
NO. male 108 221 90
MMSE score 29.11 6 1.01 27.03 6 1.75 23.48 6 2.01
CDR-SOB score 0.027 6 0.113 1.58 6 0.884 4.204 6 1.639
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with AD have MMSE scores of 20–28, a CDR of 0.5 or 1.0
and meet the criteria for probable AD. The three groups
did not differ significantly in terms of age (F 5 2.53,
P 5 0.081). All groups differed on MMSE and clinical
dementia rating scale sum of boxes (CDR-SOB) as
expected based on diagnostic criteria (all p< 0.001).

Image Preprocessing and Volumetric

Segmentation

The original MRI scans, in DICOM format, were down-
loaded from the public ADNI website (http://adni.loni.
usc.edu/data-samples/mri/). Locally, the raw MR data
were automatically corrected for spatial distortion due to
gradient nonlinearity [Jovicich et al., 2006] and B1 field
inhomogeneity [Sled et al., 1998]. For each subject, the two
T1-weighted baseline images were rigid-body aligned to
each other, averaged to improve the signal-to-noise ratio,
and then resampled to be isotropic with 1-mm voxel reso-
lution. Based on the transformation of the full brain mask
into atlas space, the total cranial vault value was estimated
from the atlas scaling factor [Buckner et al., 2004], so as to
control the individual differences in the head size.
Volumetric segmentations of the bilateral amygdala, hip-
pocampus, and ventricle were automatically obtained from
FreeSurfer [Fischl et al., 2002]. Qualitative review of the
automated segmentations from FreeSurfer was performed,
with blinding to the diagnostic status, by three technicians
who had been trained and supervised by an expert neuro-
anatomist with more than 10 years of experience. The tech-
nicians had a minimum of 4 months of experience
reviewing brain MR images prior to their involvement in
this project. Images that suffered degradation due to
motion artifacts, technical problems (change in scanner
model or change in RF coil during the time-series), or sig-
nificant clinical abnormalities (e.g., hemispheric infarction)
were excluded.

Surface Generation

Our approach to converting each baseline volume seg-
mentation, obtained from FreeSurfer, to a triangulated sur-
face is identical to the one published in our recent study
[Tang et al., 2014]. Briefly, for each 3D subvolume of a
structure, its bounding 2D surface was approximated with
the resulting surface obtained from applying an optimal
diffeomorphism to the CFA template surface [Qiu et al.,
2010]. The CFA template surfaces of the six structures
were created from manual delineations, ensuring smooth
boundary, and correct anatomical topology. For each sub-
ject, the diffeomorphism connecting the template space
and the subject space was obtained from a six-channel
LDDMM-image mapping [Ceritoglu et al., 2009] with the
segmentation volume of each structure being a single
channel in the mapping procedure. More details and vali-

dation of this surface-generation methodology can be
found in Tang et al. [2014].

We now briefly describe our approach to creating the
structure surfaces for each follow-up scan. For each sub-
ject, the dual 3D follow-up structural scans (T1-weighted
images) at each time point were rigid-body aligned to
each other, averaged, and then aligned to the averaged T1-
weighted image of the subject’s baseline scan via an affine
transformation. Following on from that, a deformation
field between the T1-weighted image of the baseline scan
and that of each follow-up scan, for each individual sub-
ject, was calculated using a nonlinear registration algo-
rithm that was designed for effectively mapping multiple
sequential T1-weighted images of a single subject [Holland
and Dale, 2011]. A merit function is calculated in this lon-
gitudinal registration algorithm, which expresses the inten-
sity difference between the T1-weighted images at each
voxel, and depends on the displacement field for the voxel
centers of the T1-weighted image being transformed; it is
also regularized to keep the displacement field spatially
smooth. The merit function by design will have a mini-
mum when the displacement field induces a good match
between the images. It is minimized efficiently using
standard numerical methods. This algorithm has been
demonstrated to yield very precise registration involving
large or subtle deformations, even at small spatial scales
with low boundary contrast. This deformation field can be
used to align scans at the sub-voxel level.

For each subject, given the baseline surfaces for all struc-
tures of interest and the whole-brain deformation field
connecting the baseline scan with each follow-up scan, the
follow-up surfaces were obtained by applying the defor-
mation field to the baseline surfaces. The significant
improvements achieved by this approach relative to that
of other representative methods (such as a direct extrac-
tion using the software FreeSurfer) in creating the struc-
tural segmentations/surfaces were demonstrated in
Holland et al. [2011]. This is the primary reason why we
adopted this longitudinal T1-weighted image registration
approach for obtaining the time series surfaces rather than
directly segmenting the structures of interest from the
follow-up MR images.

Measuring Localized Shape Change Rates

Figure 1 is a schematic of the diffeomorphometric analy-
sis pipeline for characterizing the group differences in
localized shape change rates for each structure of interest.
There are two levels of registration involved in this pipe-
line. For each subject, its baseline surface was first mapped
to a common “population-averaged” template surface via
LDDMM-surface mapping [Vaillant and Glaunès, 2005].
The LDDMM-surface mapping was performed separately
for each structure of interest. The template surface was
created from a subset of the baseline surfaces as demon-
strated in Tang et al. [2014]. Briefly, all surfaces in that
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subset were first rigidly aligned to a common spatial posi-
tion. Following that, an “averaged” template surface was
computed using the estimation algorithm described in Ma
et al. [2010]. Constructing an “averaged” template surface
that lies in the center of the population allows for more
accurate mappings between the template space and each
subject space compared with using an arbitrary template.
From each template-to-baseline LDDMM-surface mapping,
a scalar field yk1ðsÞ is calculated as the determinant of the
Jacobian of the diffeomorphism / from LDDMM, where k
indicates the vertex on the template surface, s represents
the specific subject, and the subscript “1” is used to indi-
cate that this measurement is computed from the baseline
surface. This scalar field is indexed at each vertex of the
common template surface, measuring the localized surface
area expansion or contraction of the subject, relative to the
template, at each vertex: that is, a value larger than 1 cor-
responds to localized surface area expansion of the subject
relative to the template while a value smaller than 1 sug-
gests localized surface area contraction in the subject. We
shall call this scalar field the deformation marker.

In the pipeline’s second level of registration, for each
subject, all follow-up surfaces were individually mapped
to their baseline surfaces via an LDDMM-surface mapping.

In this way, subject-specific deformation markers can be
computed for each follow-up scan, measuring the surface
changes over time. To ensure that the localized shape
change rates can be computed at the corresponding sur-
face locations for each subject and then compared to each
other statistically in 3D, all subject-specific deformation
markers were transferred to the common template space
via nearest neighbor assignment. The template surface ver-
tices are not necessarily in one-to-one correspondence with
the subject baseline surface vertices even if the numbers of
vertices in those two surfaces are the same. The cost func-
tion in LDDMM-surface matching, that is, current match-
ing [Vaillant and Glaunès, 2005], is designed specifically
not to identify point-to-point correspondence, only to
bring surfaces close to each other. Each template-to-
baseline LDDMM-surface mapping established a vertex-
by-vertex correspondence between the template surface
and the deformed template surface. For each vertex of the
template surface, a value from the original subject-specific
time series deformation marker was assigned by taking
that of the vertex of the baseline surface that is spatially
closest to the corresponding deformed template surface
vertex. Thus yielding the time-series deformation markers
ykjðsÞ; j52; 3; ::; 6 as defined in the template coordinates;

Figure 1.

Schematic of the mapping pipeline for the diffeomorphometric

study of the regional shape change rates. For each subject, each

of the follow-up scans is first mapped to the baseline scan to

create intrasubject localized shape change rate maps. The base-

line of each subject is then mapped to a common “population-

averaged” template surface for the purpose of performing statis-

tical group comparisons at identical spatial locations. All map-

pings are performed via LDDMM-surface mapping. [Color figure

can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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these determine the amount of expansion or contraction in
the follow-up surface for the jth scan of subject s, relative
to the common template surface, at vertex k. Changes in
these deformation markers over time can, therefore, be
used to measure the subject-specific localized shape
change rates indexed by a common coordinate system,
which allows for statistical intergroup comparisons at
equivalent surface vertices. It is worth noting that the
aforementioned procedure for measuring the localized
shape change rates was performed separately for each sin-
gle structure.

Diffeomorphometry of Regional Shape Change

Rates

For each structure, to statistically compare the localized
shape change rate between groups at each vertex of the
template surface, we used the following statistical model

ykjðsÞ
yk1ðsÞ

215ak DtjðsÞ
� �

1bk DtjðsÞ
� �

gðsÞ1
X

cov

acovXcovðsÞ1EkjðsÞ;

(1)

where

DtjðsÞ5tjðsÞ2t1ðsÞ: (2)

The notation is defined as follows:

� ykjðsÞ is the deformation marker for the jth scan of
subject s at vertex k on the template surface.
� tjðsÞ denotes the age of subject s at their jth scan with

years as the unit.
� gðsÞ is a binary group variable. In comparing HC with

a disease group (MCI or AD), gðsÞ50 if subject s
belongs to the HC group and gðsÞ51 otherwise.
Similarly, in the comparison of MCI and AD, gðsÞ50
if subject s belongs to the MCI group and gðsÞ51 if
that subject belongs to the AD group.
� Xcov ðsÞ denotes the covariate information of subject s

included in the analysis; baseline age, sex, and the
estimated intracranial volume.
� EkjðsÞ represents the random noise. A linear mixed-

effects model is used to model the noise structure as a
sum of two different processes, EkjðsÞ5hkðsÞ1fkjðsÞ.
The first one hkðsÞ is a “random effect” that measures
the intersubject variation while the second one fkjðsÞ
measures the intrasubject variation within a series.
The two processes are assumed to both be Gaussian
hkðsÞ � Nð0;qr2

kÞ and fkjðsÞ � Nð0;r2
kÞ.

The parameters ak;bk;acov;r2
k ; k51; 2; ::

� �
and q were

obtained from maximum-likelihood estimation, for details
see Miller et al. [2013]. To check for a group difference, at
vertex k, we tested the null hypothesis H0

k : bk50 against
the general hypothesis H1

k : bk 6¼ 0. The complete null
hypothesis is H0

k : bk50 for all k. The test statistic Fk is

computed at each vertex, as Fk5LH1
ðkÞ2LH0

ðkÞ, where LH0
ð�Þ

is the log-likelihood under the null hypothesis and LH1ð�Þ is
the log-likelihood under the general hypothesis.

To correct for multiple comparisons, we control the fam-
ilywise error rate (FWER) at a level of 0:05, with the maxi-
mum statistic defined as F�5max kFk. The statistical
significance of group differences is quantified by p-values
obtained from Fisher’s method of randomization. To be
specific, p-values are computed based on permutation tests
by randomizing the model residuals. More details on the
implementation of our permutation testing can be found
in Younes et al. [2014a].

We used Monte Carlo simulations to generate 40,000 uni-
formly distributed random permutations which gave rise to
a collection of F� statistics, one from each permutation. The
p-value is then given by the fraction of permutations in the
collection that have F� values larger than the value obtained
from the true groupings. The set of vertices on which the
null hypothesis is not valid is estimated to be D5

k : Fk � q�f g where q� is the 95th percentile of the F� statistic
collection [Nichols and Hayasaka, 2003] and Fk is the
observed statistic at vertex k (with the true labels). The local-
ized group difference in terms of the annualized shape
change rates (atrophy or expansion rates) at vertex k is quan-
tified as 2bk.

Dividing the Template Surface into Subregions

The amygdala and the hippocampus both consist of
multiple subregions, each with their own distinct functions
[Ball et al., 2007; Kesner et al., 2004; Lee and Kesner, 2002].
With this in mind, we aim to divide the amygdalar and
the hippocampal template surfaces into functionally mean-
ingful subregions, allowing one to localize and analyze the
shape change rate differences that are specific to those
subregions. As described in our previous study [Tang
et al., 2014], this division was achieved using pre-
delineated surfaces of high-field segmentations and a
transfer of the boundary definitions of those subregions to
our “population-averaged” template surfaces. Specifically,
we projected the subregions defined on high-resolution
MR images to our template surfaces via the LDDMM-
surface mapping algorithm. The reliability of the subregion
definitions in our template surfaces was established via
visual examinations by two neuroanatomists.

Given the limited availability of manually segmented
high-field scans, we will only be considering the bilateral
hippocampus and the left amygdala in this study. Two
high-resolution (of isotropic 0.8mm voxel resolution) T1-
weighted images were acquired using high-field 7 Tesla
image acquisition technology. One subject (sub#1) was
used for manually segmenting the bilateral hippocampus
into subregions while the other (sub#2) was used for the
left amygdala subsegmentation. Sub#1 is a 30-year-old
male, and sub#2 is a 42-year-old male. Both are considered
healthy by self-report. The two subjects were scanned
using a standard MPRAGE protocol in a Philips Achieva
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7.0T scanner (repetition time (TR) 5 4.3 ms, echo time
(TE) 5 1.95 ms, flip 5 7, field of view (FOV) 5 220 3 220 3

180). The hippocampus (both left and right) was manually
divided into four distinct subregions: CA1, CA2, CA3/
dentate gyrus, and subiculum. Those four subregion defi-
nitions on the high-field bilateral hippocampus and their
corresponding projections onto the template surfaces of
this study are illustrated in Figure 2. In addition, the high-
field left amygdala was subsegmented into four distinct
subregions: basolateral, basomedial, centromedial, and lat-
eral nucleus. Figure 3 shows the four subregion definitions
on the high-field left amygdala as well as their projections
onto the template surface of our study.

Correlating Shape Change Rates with Cognitive

Decline Rates

For each subject, the annualized rates of change in the
ADAS-cog score and the MMSE score were calculated sep-
arately using linear regression. The mean and standard
deviations of the annualized rates of increase in the ADAS-
cog score and decrease in the MMSE score for each of the
three groups (HC, MCI, and AD) are tabulated in Table III.

To quantify the linkage between the annualized rates of cog-
nitive decline, as measured by the ADAS-cog and MMSE
change rates, and the annualized shape change rate at each
vertex of the structures’ template surfaces, we calculated the
Pearson product-moment correlation coefficients (PCCs).
Statistical significance of the correlation at each vertex is meas-

ured by a p-value obtained from nonparametric permutation
tests, similar to the strategy adopted in the Diffeomophometry
of Regional Shape Change Rates section. For each structure,
since multiple correlation tests were performed simultane-
ously at all vertices of the template surface, we need to correct
for multiple comparison. To do that, we adjusted the p-values
in a way that controls the FWER at a level of 0.05 based on the
“maximum statistic” method described in Groppe et al. [2011]
and Nichols and Hayasaka [2003].

RESULTS

Overall Volume Change Rate

The overall magnitude of the volume change rate for
each of the six structures (left and right amygdala, hippo-
campus, and ventricle), when used to order the three
groups, consistently yields AD > MCI > HC. To be specific,
for the left hippocampus, the annualized volume change
rate was: 21.88 6 1.34% per year for the AD subjects,
21.36 6 0.92% per year for the MCI population, and
20.42 6 0.68% per year for the HC subjects. Note that, neg-
ative values indicate atrophy over time while positive val-
ues suggest expansion over time. For the right
hippocampus, the annualized volume change rate was:
21.36 6 1.21% per year for the AD subjects, 20.96 6 0.85%
per year for the MCI population, and 20.2 6 0.84% per year
for the HC subjects. For the left amygdala, the volume
change rates for the three populations (AD, MCI, and HC)
were, respectively, 22.34 6 1.62% per year, 21.32 6 1.1%

Figure 2.

Figure shows the four subregions (CA1, CA2, CA3/Dentate Gyrus, and Subiculum) of the left

hippocampus [panel (a)] and the right hippocampus [panel (b)] on the high-field 7 Tesla segmen-

tations (left in each panel) and their projections to the “population-averaged” template surfaces

(right in each panel). In each case, two views are presented. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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per year, and 20.81 6 0.73% per year. For the right amyg-
dala, the three corresponding statistics were 21.65 6 1.82%
per year, 21.16 6 1.07% per year, and 20.37 6 1.10% per
year. The annualized volume change rates of the left ventri-
cle for the three groups were, respectively, 7.57 6 2.57% per
year, 4.8 6 2.3% per year, and 2.89 6 1.27% per year. For the
right ventricle, the rate statistics were: 7.55 6 2.67% per
year for AD, 4.73 6 2.13% per year for MCI, and
2.81 6 1.27% per year for HC. For these annualized volume
change rates, statistical significance was reached for all of
the group differences when compared via a Student’s t-test
(p< 0.03), except for the right amygdalar atrophy rate
between MCI and AD (p 5 0.19).

Regional Shape Change Rate

Three-structure analysis

In Figures 4–6, we present the shape change rate results
at each vertex of the bilateral hippocampus, amygdala,

and ventricle, respectively. In Figures 4 and 5, the top
panel presents the results for the corresponding structure
in the left hemisphere while the bottom panel presents the
results for right hemisphere. In Figure 6, the results for the
ventricle on both sides are presented together. In each of
the three figures, panel (a) represents the group-averaged
annualized shape change rate of the HC subjects at each
vertex of the structure template surface, which is illus-
trated as a benchmark. Significant group differences
between HC and AD (panel b, in each figure), HC and
MCI (panel c, in each figure), as well as MCI and AD
(panel d, in each figure) are also demonstrated in Figures
4–6, in each panel of which vertices are highlighted on the
structure template surface at which a significantly smaller
or larger shape change rate was detected in the latter
group relative to the former one at the significance level of
p 5 0.05 after multiple comparison correction. For the
amygdala and the hippocampus in both hemispheres, pos-
itive values suggest larger atrophy rates while negative
values suggest smaller atrophy rates in the latter group
when compared to the former one. For the bilateral ven-
tricles, a negative value indicates a greater expansion rate
and a positive value indicates a smaller expansion rate in
the latter group relative to the former one. For each group
comparison, we calculated the percentage of the area on
the template surface showing statistically significantly
smaller, equivalent, or larger shape change rates in the lat-
ter group when compared with the former one, the results
of which are listed in Table IV for the three structures of

Figure 3.

Demonstration of the four subregion (basolateral, basomedial, centromedial, and lateral nucleus)

correspondences between the high-field 7 Tesla left amygdala (top panel) and the “population-

averaged” template surface (bottom panel). For each segmentation, two views are shown. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE III. Mean and standard deviations of the annual-

ized rates of changes in ADAS-cog and MMSE for the

three groups (HC, MCI, and AD)

ADAS-cog MMSE

HC 0.0011 6 0.3767 20.0049 6 0.0397
MCI 0.1372 6 0.3331 20.0357 6 0.0883
AD 0.2877 6 0.4027 20.1089 6 0.1855
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interest in both hemispheres. The percentages were calcu-
lated based on the vertex-based surface areas; we attrib-
uted to each vertex of the template surface the average
area of the surface faces (triangles) that contain it and then
calculated the percentage of the surface area with smaller,
equivalent, or larger shape change rates as the ratio
between the total area of the vertices showing smaller,
equivalent, or larger shape change rates and the total area
of all vertices on the template surface.

According to the statistics listed in Table IV, compared
with HC, the AD subjects have significantly larger atrophy
rates on a large amount of surface areas of the bilateral
hippocampus (48.01% for the left and 43.55% for the right).
A small amount of area on the hippocampal surfaces has
been detected to undergo atrophy more slowly in AD rela-
tive to HC (3.4% for the left and 8.25% for the right). A

similar trend can be found in the HC-versus-MCI compari-
son, with the percentage of surface area on the left hippo-
campus displaying larger atrophy rates in MCI being
34.01% while 0.52% displaying relatively smaller atrophy
rates compared to those in HC. The corresponding statis-
tics for the right hippocampus were found to be 23.55%
(larger atrophy rates in MCI relative to HC) and 1.37%
(smaller atrophy rates in MCI relative to HC). Quantitative
maps of the regional atrophy rate differences between
every two of the three groups (Fig. 4) reveal that the larg-
est annualized atrophy rate difference that is statistically
significant is 3%/year between HC and AD, 1.5%/year
between HC and MCI, and 2%/year between MCI and
AD for the bilateral hippocampus. According to the vol-
ume atrophy results, the annualized volume atrophy rate
differences of the bilateral hippocampus are 1.46%/year

Figure 4.

Top and bottom panels show the shape analysis results for the

left hippocampus and the right hippocampus respectively. In each

panel, subpanel (a) shows the average annualized shape atrophy

rate of the HC group at each vertex of template surface for the

corresponding structure. Subpanels (b)–(d) illustrate the

regional shape atrophy rate differences between HC and AD

[subpanel (b)], HC and MCI [subpanel (c)], as well as MCI and

AD [subpanel (d)], that are statistically significant after multiple

comparison correction at a level of 0.05. In each subplot, results

from two views are presented. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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(left) and 1.16%/year (right) between HC and AD, 0.94%/
year (left) and 0.76%/year (right) between HC and MCI,
0.52%/year (left) and 0.4%/year (right) between MCI and
AD. This suggests that the regional shape atrophy rate of
the hippocampus is a more sensitive measure than the
overall volume loss rate while also being capable of char-
acterizing the disease spreading pattern within the
hippocampus.

For the amygdala atrophy process, even though the
overall volume atrophy rate is larger in the AD group
when compared with the HC group, shape analysis
reveals heterogeneous results. Compared with that of a
normal aging subject, 38.65% of the surface area on the
left amygdala of AD subjects undergo atrophy at a higher
rate while 22.9% exhibit a smaller rate (Table IV). A simi-
lar pattern was found in the right amygdala—larger atro-
phy rates for 33.66% and smaller atrophy rates for 18.17%

of the surface area in AD relative to HC. Comparing HC
and MCI, the latter has a greater surface area showing
larger atrophy rates (25.11% vs. 3.87% for the left amyg-
dala, and 10.19% vs. 0.96% for the right amygdala). The
percentage of surface area with larger atrophy rates is
similar in value to that with smaller rates when consider-
ing AD relative to MCI (10.57% vs. 8.88% for the left
amygdala, and 4.24% vs. 5.76% for the right amygdala).
Maps of the atrophy rate differences of the amygdala, as
shown in Figure 5, suggest that larger atrophy rates in
MCI and AD, relative to the normal aging group, are
prevalent. According to Figure 5, it is plausible that the
reason why no significant volume atrophy rate difference
was observed between MCI and AD for the right amyg-
dala is because there are similar portions of vertices on
that structure showing smaller and larger atrophy rates
between MCI and AD. The largest value of significant

Figure 5.

Top and bottom panels show the shape analysis results for the

left and right amygdala respectively. In each panel, subpanel (a)

represents the average annualized shape atrophy rate in HC at

each vertex of the amygdala. Subpanels (b)–(d) illustrate that

structure’s regional shape atrophy rate differences between

every two of the three groups [HC vs. AD—subpanel (b), HC

vs. MCI—subpanel (c), MCI vs. AD—subpanel (d)], that are stat-

istically significant after multiple comparison correction at a level

of 0.05. In each subplot, results from two views are presented.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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annualized regional atrophy rate difference for the bilat-
eral amygdala is 2%/year between HC and AD, 1.5%/
year between HC and MCI, and 1.5%/year between MCI
and AD. This generally agrees with the volume atrophy
rate results, in which we found significant group differen-
ces of 1.53%/year (left) and 1.28%/year (right) between
HC and AD, 0.51%/year (left) and 0.79%/year (right)
between HC and MCI, and 1.02%/year for the left amyg-
dala between MCI and AD.

The most striking structural change rate contrasts were
found in the ventricles, in terms of both volume expansion
rates and regional shape expansion rates. The group differ-
ences in the overall ventricular volume expansion rates
were found to be 4.68%/year (left) and 4.74%/year (right)
between HC and AD, 1.92%/year (left) and 1.91%/year
(right) between HC and MCI, and 2.78%/year (left) and
2.82%/year (right) between MCI and AD. According to
our results on the localized shape expansion of the

Figure 6.

Demonstration of the shape analysis results for the bilateral ven-

tricles. Panel (a) shows the vertex-based mean values of the

annualized shape expansion rates of the bilateral ventricles in

the HC group. Panels (b)–(d), respectively, illustrate the annual-

ized regional shape expansion rate differences of that structure

between HC and AD, HC and MCI, as well as MCI and AD, that

are statistically significant after multiple comparison correction

at a level of 0.05. In each panel, results from two views are pre-

sented. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

TABLE IV. Percentage of the surface area of each structure showing smaller regional change rates (1st column in

each comparison block), equivalent regional change rates (2nd column in each comparison block), as well as larger

regional change rates (3rd column in each comparison block) in the latter group when compared with the former

group

HC vs. AD HC vs. MCI MCI vs. AD

Smaller
rate (%)

Equal
rate (%)

Larger
rate (%)

Smaller
rate (%)

Equal
rate (%)

Larger
rate (%)

Smaller
rate (%)

Equal
rate (%)

Larger
rate (%)

lhi 3.40 48.59 48.01 0.52 65.47 34.01 0.00 83.68 16.32
rhi 8.25 48.19 43.55 1.37 75.08 23.55 0.66 78.29 21.06
lam 22.90 38.46 38.65 3.87 71.02 25.11 8.88 80.55 10.57
ram 18.17 48.17 33.66 0.96 88.84 10.19 5.76 89.99 4.24
lvl 0.57 42.36 57.07 0.00 77.28 22.72 0.00 88.70 11.30
rvl 0.66 41.52 57.82 0.00 77.60 22.40 0.12 87.14 12.73

Keys: lhi—left hippocampus; rhi—right hippocampus; lam—left amygdala; ram—right amygdala; lvl—left ventricle; rvl—right ventricle.
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bilateral ventricles, as shown in Table IV and Figure 6, the
expansion rates of a large amount of regions on the ven-
tricular template surfaces order the three groups as
AD > MCI > HC, which is in agreement with the volume
expansion rate findings. The largest group difference in
terms of the annualized shape expansion rates for the
bilateral ventricle is 5% between HC and AD, 2% between
HC and MCI, and 3% between MCI and AD. The shape
expansion rate difference maps, as illustrated in Figure 6,
indicate that significant group differences in terms of the
ventricular expansion rates mainly occur at the temporal
horns of the lateral ventricles.

Subregion analysis

Figures 7–9 provide maps of the pairwise group differ-
ences in the localized atrophy rates, on the whole structure
surface and the restriction to each of its four subregions,
of the left hippocampus, the right hippocampus, and the
left amygdala, respectively.

The atrophy rate difference maps restricted to each sub-
region of the left and right hippocampus, which, respec-
tively, comprise Figures 7 and 8, indicate that the largest
hippocampal atrophy rate difference, in each group com-
parison, occurs at CA1, followed by the subiculum and
CA2, whereas the smallest difference occurs at the com-

partment containing CA3 and the dentate gyrus. In each
hippocampal subregion, a similar spatial pattern of the
atrophy rate difference was observed for each group com-
parison. It is clear that within each subregion, the atrophy
rates obey the order AD > MCI > HC. Within each single
group, Figures 7 and 8 reveal that the atrophy rates are in
the order of CA1 � Subiculum � CA2 > CA3=DG.

From the left amygdala subregion analysis, similar spa-
tial shape atrophy patterns were observed for all group
comparisons within each compartment, as illustrated in
Figure 9. Vertices showing the largest atrophy rate differ-
ences were found to belong to the basolateral compart-
ment in the HC versus AD comparison. In each group
comparison, the magnitudes of those differences follow
the order of basolateral > lateral nucleus � basomedial
> centramedial. Within each subregion of the left amyg-
dala, the atrophy rates of a majority of vertices follow the
order AD �MCI � HC.

Linkage to Cognitive Decline Rates

Volume change rate correlation

For the whole sample (all three groups together), corre-
lations between the annualized volume change rates of the
six structures and the annualized change rate in cognitive

Figure 7.

Spatial maps of the atrophy rate differences of the left hippo-

campus, between every group pair (out of HC, MCI, and AD),

for the entire surface (leftmost column) and the restrictions to

the CA1 zone (2nd column from left), the CA2 zone (middle

column), the CA3/dentate gyrus zone (4th column from left),

and the subiculum zone (5th column from left). Colors with

positive values indicate greater atrophy in the latter group rela-

tive to the former group. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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performance were evaluated for ADAS-cog and MMSE.
The PCC values and the p-values measuring the signifi-
cance of the correlations are given in Table V. The volume
change rates of all structures were significantly correlated
with that of the ADAS-cog score (p< 0.05). To be specific,
the volume change rates of the bilateral hippocampus and
amygdala were all negatively correlated with the ADAS-
cog change rate. Given that higher ADAS-cog scores indi-
cate greater cognitive impairment and that the annualized
ADAS-cog increase rate follows the order HC < MCI
< AD (as shown in Table III), it clearly suggests that larger
volume atrophy rates (more extreme negative values) for
both amygdala and hippocampus are indicative of greater
impairment in cognitive functions. For the bilateral ven-
tricles, the volume change rates were found to be posi-
tively correlated with the change rate of ADAS-cog,
indicating that greater cognitive impairment is propor-
tional to larger ventricular volume expansion rates.

For the linkage between the volume change rates and
the cognitive decline rate as evaluated by the MMSE
decrease rate, statistically significant correlations (p< 0.05)
were observed for all structures except the right amygdala
(p 5 0.54). In contrast to the ADAS-cog results, positive
correlations were found between the MMSE change rate
and the volume change rates of the hippocampus and the
amygdala in both hemispheres while negative correlations
were observed for the bilateral ventricles. This finding

agrees with the established theorem that MMSE is in nega-
tive correlation with ADAS-cog, with smaller MMSE val-
ues being indicative of more severe cognitive
deteriorations, and thus larger ADAS-cog values.

Comparing all six structures, the volume change rates of the
bilateral ventricles were found to have the strongest correla-
tion with both the ADAS-cog increase rate and the MMSE
decrease rate, followed by the hippocampus in both hemi-
spheres, and lastly the amygdala. The correlation results of the
two cognitive measures are highly consistent with each other
for each structure except for the right hippocampus where the
correlation with MMSE is much stronger than that with
ADAS-cog in terms of both the PCC value and the P-value.

Shape change rate correlation

Maps of the correlations between the annualized rates of
change in ADAS-cog and MMSE and the annualized shape
change rate at each vertex of the “population-averaged”
template surfaces of the bilateral hippocampus, the bilat-
eral amygdala, and the bilateral ventricles, are, respec-
tively, shown in Figures 10, 11, and 12. In each figure,
PCCs are demonstrated only for vertices where the shape
change rates correlated statistically significantly with the
rates of change in the two cognitive measures after per-
forming multiple comparison correction by controlling the
FWER at a level of 0.05.

Figure 8.

Spatial maps of the atrophy rate differences of the right hippo-

campus, between every group pair (out of HC, MCI, and AD),

for the entire surface (leftmost column) and the restrictions to

the CA1 zone (2nd column from left), the CA2 zone (middle

column), the CA3/dentate gyrus zone (4th column from left),

and the subiculum zone (5th column from left). Colors with

positive values indicate greater atrophy in the latter group rela-

tive to the former group. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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For a majority of vertices on both the left and the right
hippocampus, significant correlations were observed
between the localized shape atrophy rates and the rates of
change in ADAS-cog and MMSE. Agreeing with the vol-
ume atrophy rate correlation results, the shape atrophy
rates of the bilateral hippocampus, especially the left hip-
pocampus, were mostly negatively correlated with the
ADAS-cog increase rate and positively correlated with the
MMSE decrease rate, with an inhomogeneity across verti-
ces in terms of the correlation strength. This observation
implies that a large localized shape atrophy rate of the
hippocampus (both left and right) is indicative of the cog-
nitive deterioration that occurs in the progression toward
AD. We also note that a few vertices, most notably on the

right hippocampus, possess the reverse correlation results
(positively correlated with ADAS-cog and negatively cor-
related with MMSE), which agrees with the group compar-
ison results presented in Figure 4. The spatial maps of the
ADAS-cog and MMSE correlations are highly consistent
with each other, revealing reverse correlation trends at the
same spatial locations on the template surfaces. This again
strengthens the validity of our findings.

For the left amygdala, negative correlations with the
ADAS-cog increase rate as well as positive correlations
with the MMSE decrease rate are prevalent across the
entire surface although heterogeneity exists in that some
vertices have the reverse correlation direction (negatively
correlated with the ADAS-cog change rate and positively
correlated with the MMSE change rate). In linking the local-
ized shape change rates of the right amygdala to the cogni-
tive decline rates, we noticed that there are similar portions
of vertices revealing correlation results with the reverse
directions. This may well explain our finding that there is
no significant correlation between the right amygdala vol-
ume atrophy rate and the MMSE decrease rate. Comparing
the amygdala correlation results with ADAS-cog and those
with MMSE, we found that the localized shape change
rates of both the left and the right amygdala are more sen-
sitive to the rate of change in MMSE than that in ADAS-
cog. More vertices are found to be significantly correlated
with the rate of change in MMSE than those with that of
ADAS-cog. In addition, the correlation strength with
MMSE is in general stronger than that with ADAS-cog.

According to the results illustrated in Figure 12, the
localized shape expansion rates of most vertices on the

Figure 9.

Significant differences between every group pair (out of HC,

MCI, and AD), in terms of the atrophy rates of the entire left

amygdala (leftmost column), the left basolateral amygdala (2nd

column from left), the left basomedial amygdala (3rd column

from left), the left centromedial amygdala (4th column from left),

and the left lateral nucleus of the amygdala (5th column from

left). Colors with positive values indicate greater atrophy in the

latter group relative to the former group. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.

com.]

TABLE V. Correlation between the annualized volume

change rate in each of the six structures of interest and

the annualized rates of change in cognitive test per-

formance among all subjects

ADAS-cog MMSE

Left hippocampus 20.21 (8.31 E209)* 0.29 (2.22 E216)*
Right hippocampus 20.08 (0.03)* 0.22 (7.21 E210)*
Left amygdala 20.11 (4.41 E203)* 0.14 (1.45 E204)*
Right amygdala 20.07 (0.04)* 0.02 (0.54)
Left ventricle 0.33 (<0.00)* 20.39 (<0.00)*
Right ventricle 0.33 (<0.00)* 20.37 (<0.00)*

Values represent the Pearson product–moment correlation coeffi-
cient, with the associated p-value in parentheses. The symbol *
indicates that p< 0.05.
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bilateral ventricles were significantly correlated with the
rates of change in ADAS-cog and MMSE. To be specific,
the localized shape expansion rates of the ventricle in both
hemispheres were in general positively correlated with the
rate of increase in ADAS-cog and negatively correlated
with the rate of decrease in MMSE, which is consistent
with the correlation findings on the ventricular volume
expansion rates. Vertices displaying the strongest linkage
with the cognitive decline rates were found to belong to
the temporal horns of the lateral ventricles, a region that
has been implicated to be strongly affected by the pathol-
ogy of AD [Jack et al., 1997, 1998, 2004; Thompson et al.,
2004]. This observation is in line with the group compari-
son results in terms of the localized shape expansion rates
of the bilateral ventricle (Fig. 6), wherein the largest group
differences occurred on the temporal horns. The correla-
tion maps shown in Figure 12 imply that the expansion
rates of the ventricles, especially of the temporal horns,
are potentially powerful predictors of the cognitive
declines in progressing to AD.

DISCUSSION

In this study, we developed a surface-based statistical
diffeomorphometry method for studying the localized
temporal dynamics of three structures, the amygdala, the
hippocampus, and the ventricle, in normal aging, MCI,
and AD. Specifically, we compared the localized shape

change rates of those three structures between every two
of the three groups (HC, MCI, and AD) using sequential
MRI scans. A total of 713 subjects, each of which has at
least one 6- or 12-month follow-up scan, were included in
our analysis, including 203 HC subjects, 343 MCI subjects,
and 167 subjects with AD. All MRI scans were obtained
from the ADNI database. In addition to statistical compari-
sons in terms of the localized shape change rates across
different groups, we evaluated the linkage between the
structural change rates (both volume and shape) and the
rates of change in cognitive performance as evaluated by
ADAS-cog and MMSE.

Our interest primarily lies in the evolution of the 2D
surface enclosing the 3D subvolume of each structure. For
each subject in this study, the annualized regional shape
change rate of each structure was computed at each vertex
of the common “population-averaged” template surface,
which enables statistical group comparisons at the corre-
sponding spatial locations. A linear mixed-effects statistical
model was constructed to examine the regional differences
between every two of the three groups. The mixed effects
arise in representing the noise structure of the statistical
model as a mixture of two Gaussian processes, one associ-
ated to the intersubject cross-sectional variation and the
other associated to the intrasubject longitudinal variation.
A similar model has also been used in Bernal-Rusiel et al.
[2012]. We explored more subtle group differences by
examining our hippocampus and amygdala data at the
level of histological subparts. The bilateral hippocampal

Figure 10.

Statistically significant correlation between the localized shape change rates of the hippocampus

(top: left, bottom: right) and the rates of change in ADAS-cog and MMSE. Colors represent the

Pearson product–moment correlation coefficients. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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template surfaces were divided into four subregions (CA1,
CA2, a combined CA3 and dentate gyrus region, and the
subiculum) via separate projections, for each structure in
each hemisphere, of the subregion definitions from man-
ually delineated 7 Tesla high-field segmentations.

Similarly, the left amygdalar template surface was subseg-
mented into four compartments: basolateral, basomedial,
centromedial, and lateral nucleus.

According to our analysis, the atrophy of the amygdala
and the hippocampus, as well as the ventricular expansion,

Figure 12.

Demonstration of the statistically significant correlation maps between the localized ventricular

shape expansion rates and the rates of changes in ADAS-cog and MMSE. Results from two views

are presented for each clinical measure. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 11.

Top and bottom panels show the statistically significant correlation maps between the localized

shape change rates and the rates of changes in ADAS-cog and MMSE for the left and right amyg-

dalae, respectively. Colors represent the Pearson product–moment correlation coefficients.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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progresses at different local rates and with different spatial
patterns depending on the subject’s grouping. As shown in
Figures 4–6, compared with HC, both MCI and AD subjects
have higher, but nonuniform, shape change rates at most
regions of the three structure surfaces. At any specific time
point, comparing the rates of shape change generally orders
the populations as AD > MCI > HC with the localized rate
difference varying from vertex to vertex on the template
surface.

Based on the correlation results between the structural
change rates, in terms of both the entire volume and the
localized shape, and the rates of change in cognitive decline,
we found that the rates of structural changes of all six struc-
tures are statistically significantly linked with the cognitive
deterioration rate (the rate of ADAS-cog increase and of
MMSE decrease). The results suggest that the atrophy rates
of the amygdala and the hippocampus in both hemispheres,
as well as the expansion rates of the bilateral ventricles, are
promising measures for monitoring disease progression in
the AD pathology. Quantitative maps (Figs. 10–12), charac-
terizing the strength and direction of the correlation between
each vertex-based shape change rate and the cognitive
decline rates, show some heterogeneity, especially in the
bilateral amygdala, which may contribute to the reason why
there have been rare findings established when evaluating
the volume atrophy of the entire amygdala in MCI and AD.

In the following subsections, we will discuss our find-
ings for each of the three structures in more detail.

Hippocampus analysis

The hippocampus is a structure of interest in the analy-
sis of MCI and AD. Indeed, there has been evidence show-
ing that the neuropathological changes that occur in
Alzheimer dementia cause neuronal loss in the hippocam-
pus [Price et al., 2001], with a resultant volume reduction
over time [Bobinski et al., 1996]. Extensive studies have
been dedicated to the hippocampal atrophy rates of nor-
mal aging and Alzheimer populations including MCI and
AD [Franko et al., 2013; Holland et al., 2012; Jack et al.,
1998, 2004; Macdonald et al., 2013; Miller et al., 2013;
Morra et al., 2009b; Schuff et al., 2009; Thompson et al.,
2004; Wolz et al., 2010; Younes et al., 2014a]. The general
conclusions have been that the hippocampal atrophy rates
decreased in the order of AD > MCI > HC, in spite of
reports in which the absolute atrophy rates for the same
group vary from study to study. The absolute atrophy
rates largely depend on the method employed in obtaining
the hippocampal volume segmentations. Preprocessing of
the MR images and volumetric segmentations of the hip-
pocampus, on the dataset used in this study, are the same
as the one published in Holland et al. [2012]. Our hippo-
campal volume atrophy rate results for all three groups
are in the same range as those reported in that study
[Holland et al., 2012]; any slight disagreement may be due
to a difference in subjects included in the analysis. To be
specific, for the left and right hippocampus, the group-

averaged annualized volume atrophy rates computed from
our dataset were observed to be 21.88 and 21.36% for
AD, 21.36 and 20.96% for MCI, and 20.42 and 20.2% for
HC. Shape analysis results revealed that the largest local-
ized atrophy rates in the hippocampus of both sides were
22%/year in the HC group while the largest significant
increases were 21.5%/year in the MCI group and 23%/
year in the AD group (Fig. 4) relative to HC.

Figure 4 suggests that the patterns of hippocampal atro-
phy for HC is similar to those for MCI and AD except for
magnitude. Conjecturally, an explanation is that the nor-
mal aging process causes brain atrophy in a way that is
similar to that of the Alzheimer dementia. There have
been studies, in both animal models and humans, demon-
strating that there are significant cognitive and neurobio-
logical changes with aging in the absence of disease [see
Samson and Barnes, 2013 for a review]. A related observa-
tion is that the AD pathophysiological processes are evi-
dent in a subset of older adults who are cognitively
normal [Sperling et al., 2011]. What is more, other studies
have reported that the normal aging process will lead to a
pattern of regional brain volume loss that is similar to that
occurring in patients with MCI and AD, also with a dis-
tinction in terms of the magnitude of volume loss and the
rate of volume loss [Driscoll et al., 2009]. Our shape diffeo-
morphometry results could be the logical extension of
these findings.

According to our group comparison analysis, we found
that the annualized hippocampal (both left and right) vol-
ume atrophy rates follow the order AD > MCI > HC with
statistical significance (p� 0.03). This conclusion is in line
with the majority of existing published results on hippo-
campal atrophy rates though there have been studies show-
ing that the statistical significance of some group
differences was not reached. For example, Franko et al.
[2013] showed that the atrophy rates of the left hippocam-
pus in all three groups are not statistically different from
each other. This disagreement may be related to differences
in sample size between studies. Indeed, a limited number of
subjects could be a potential issue in earlier studies. For
example, a total of 277 subjects (85 HC, 102 MCI, and 90
AD) were included in Franko et al. [2013], 490 subjects (148
HC, 245 MCI, and 97 AD) were studied in Morra et al.
[2009b], and a total of 31 subjects (14 HC and 17 AD) were
used in Thompson et al. [2004]. The sample size of our
study is relatively large—a total of 713 subjects (203 HC,
343 MCI, and 167 AD) were included, which may have
strengthened the statistical power of this study in detecting
group differences in the hippocampal atrophy rates.

Recently, statistical shape analysis of the hippocampus
has become popular due to its ability to characterize
regional abnormalities in MCI and AD. Most shape analy-
sis studies focus on cross-sectional comparisons between
the HC group and a disease group (MCI or AD) or
between two disease groups (MCI and AD) based on a
single MRI scan per subject (usually the baseline scan)
[Apostolova et al., 2006; Csernansky et al., 2002; Morra
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et al., 2009a; Pluta et al., 2012; Qiu et al., 2009; Tang et al.,
2014; Wang et al., 2006]. This kind of case–control analyses
reflects the group differences in terms of regional shape
areas or volumes rather than the regional shape change
rates along time. To characterize the spatial patterns of the
temporal atrophy dynamics of the hippocampus, longitu-
dinal studies are usually required, in which multiple
sequential MRI scans are obtained for the same subject
[Apostolova et al., 2010; Franko et al., 2013; Morra et al.,
2009b; Thompson et al., 2004; Wang et al., 2003].

As revealed by our statistical shape analysis results on the
longitudinal surface data (Fig. 4), most hippocampal verti-
ces have localized shape atrophy rates that order the groups
as AD > MCI > HC while heterogeneity exists across the
entire surface in terms of the group differences in the atro-
phy rates. This trend is in line with our previous cross-
sectional analysis results [Tang et al., 2014], wherein we
found that for age-matched HC, MCI, and AD, the regional
hippocampal volume measurements obey the order of
AD < MCI < HC. With the help of the subregion segmenta-
tions of a high-field 7 Tesla hippocampus, we were able to
morphometrically analyze the atrophy rates restricted to
each subregion. For each group comparison (HC vs. AD,
HC vs. MCI, and MCI vs. AD), we found that the atrophy
rate differences across different subregions admit the order
CA1 � Subiculum � CA2 > CA3=DG (Figs. 7 and 8). We
also found that the largest group differences in regional vol-
umes occurred at CA1 in Tang et al. [2014].

Our subregion group comparison results for the bilateral
hippocampus (CA1 � Subiculum � CA2 > CA3=DG) are
consistent with the neurofibrillary tangle accumulation tra-
jectory as suggested in Schonheit et al. [2004]. The tangles
are suggested to be first observed in the entorhinal cortex,
and then CA1 and subicular areas. They then spread to
CA2, CA3, and finally CA4 of the hippocampal formation.
The neurofibrillary tangle accumulation is regarded as the
main reason why the hippocampus is affected in
Alzheimer dementia. This spatial spreading pattern in the
hippocampus (CA1! Subiculum! CA2! CA3=DG) has
been suggested in Bobinski et al. [1995, 1997] as well. CA1
has also been reported, in other MRI studies on Alzheimer
dementia [Csernansky et al., 2005; Wang et al., 2003], to be
the subregion with the largest group differences in terms
of atrophy over time. In our study, we observed similar
patterns for the left and right hippocampus as opposed to
the observation in Csernansky et al. [2005] that the group
difference was restricted to the left hippocampus only.
Our finding is consistent with the general conclusion that
the neuropathology of AD is symmetric at all stages of the
disease [Price and Morris, 1999].

We observed significant correlations between the volume
atrophy rates of the hippocampus in both hemispheres and
the rates of change in cognitive performance (negatively
correlated with the ADAS-cog increase rate and positively
correlated with the MMSE decrease rate; Table V) rather
than the observation that there is no significant correlation
between the hippocampus loss rate and the cognitive

decline rate published in Jack et al. [2004] and Thompson
et al. [2004]. This variation may be related to differences in
sample sizes between the three studies (713 subjects in this
study, 31 subjects in Thompson et al. [2004], and 160 sub-
jects in Jack et al. [2004]) as well as a difference in the num-
ber of sequential MRI scans (2–6 MRI scans were obtained
for subjects in this study while only two scans for the other
two studies). Given that the rates of change in those two
cognitive measures both follow the order HC < MCI < AD
(Table III) and that the hippocampal atrophy rates are sig-
nificantly positively correlated to those rates of change in
cognition, we conclude that higher hippocampal atrophy
rates suggest more severe cognitive impairment and thus an
increase in the atrophy rates of the bilateral hippocampus
provides predictive information about degeneration from
normal aging toward AD. Spatial maps of the association
between the localized shape atrophy rates and the cognitive
decline rates (Fig. 10) indicate that the shape atrophy rates
of most hippocampal vertices are statistically significantly
correlated with the cognitive decline rates, and the associa-
tions are in the expected direction: the localized rates of
shape atrophy are in negative correlation with the ADAS-
cog increase rate and positive correlation with the MMSE
decrease rate, although the correlation strength varies from
vertex to vertex.

The correlation results between the localized hippocam-
pal shape atrophy rates and the rates of cognitive declines
(Fig. 10) confirm and strengthen the validity of our
diffeomorphometry-based group comparison results for the
localized shape atrophy rates (Fig. 4) in that the shape atro-
phy rates of almost all vertices are in significant positive
correlation with the deteriorating velocity of cognitive func-
tions and thus we should theoretically have atrophy rates
following the order of HC < MCI < AD, which matches
what we have observed in Figure 4. In addition, comparing
Figures 4 and 10, we observe that the spatial maps from
those two types of analyses are well matched in two
respects: (1) vertices with significantly stronger correlation
between the shape atrophy rates and the ADAS-cog/MMSE
change rates are found to have larger statistically signifi-
cantly group differences in the shape atrophy rates; (2) ver-
tices showing positive correlations between the shape
atrophy rates and the cognitive decline rates are found to
follow the order of HC < MCI < AD in terms of atrophy
rate magnitudes, whereas vertices showing negative corre-
lations (e.g., blue-colored vertices in the MMSE panel of the
right hippocampus in Fig. 10) were found to have atrophy
rates in the order of HC �MCI � AD. Compared to the vol-
ume change rates, the localized shape atrophy rates in the
hippocampus provide more detailed cognitive correlation
information, and potentially more powerful biomarkers for
measuring and predicting the cognitive declines in AD.

Amygdala analysis

The amygdala has been implicated to play a central role
in enhancing the explicit memory related to emotional
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stimuli, by modulating the consolidation of memory
[Hamann, 2001]. This is particularly true of the basolateral
amygdala [Vazdarjanova and McGaugh, 1999]. Even
though there are strong neural connections between the
amygdala and the hippocampus [Phelps, 2004], the amyg-
dala has been the focus of very few studies while the hip-
pocampus formation and its role in the AD pathology has
been widely studied and well established. Recently, the
research community has started to investigate the amygda-
la’s involvement in MCI and AD, based on cross-sectional
studies of both the volume measurement [Basso et al.,
2006; Horinek et al., 2007; Jack et al., 1997; Poulin et al.,
2011] and the shape measurement [Cavedo et al., 2011;
Miller et al., 2012, 2013; Qiu et al., 2009; Tang et al., 2014].
These cross-sectional analyses have suggested reduced
amygdala volume in MCI and AD compared with the nor-
mal aging controls. Longitudinal statistical analyses of the
amygdala in MCI or AD populations have so far been
very rare. To the best of our knowledge, the recently pub-
lished [Miller et al., 2013] was the only study prior to this
one focusing on comparing the volume atrophy rates of
the amygdala in preclinical AD and normal aging subjects.
Significantly higher annualized atrophy rates were
observed in preclinical AD compared with the normal
aging subjects in [Miller et al., 2013].

In this study, we observed a sequential increase in the
amygdala atrophy rates in HC, MCI, and AD. To be specific,
the annualized volume atrophy rates for the left and right
amygdala were found to be 20.81% and 20.37% in HC,
21.32% and 21.16% in MCI, and 22.34% and 21.65% in
AD. From the shape analysis results, as demonstrated in
Figure 5, the largest localized shape atrophy rate in HC is
21%/year for the amygdala in both hemispheres with the
maximum value of the statistically significant increase being
21.5%/year in MCI and 22%/year in AD, relative to that
in HC, for both sides. We note that the group differences in
the amygdala shape atrophy rates are highly inhomogene-
ous (Fig. 5), especially those between HC and AD. For both
the left and the right amygdala, some vertices were found to
atrophy faster in AD than in HC, while some were found to
atrophy faster in HC than in AD. A similar, but weaker,
inhomogeneous pattern was observed in the comparison of
MCI and AD while the difference between HC and MCI is
relatively slight. The subregion analysis of the left amygdala
(Fig. 9) revealed that, in each group comparison, the atro-
phy rate differences are in the following order
basolateral > lateral nucleus � basomedial > centramedial.
In our previous study [Tang et al., 2014], we also observed
this ordering of the regional amygdala volume reduction
magnitudes in MCI and AD, compared to HC.

It has been suggested that the amygdala can be parcel-
lated into core (consisting of the lateral, basal, and accessory
basal nuclei) and noncore (remaining nuclei, which include
the central, medial, and periamygdaloid nuclei) subregions
based on functional characteristics [Munn et al., 2007; Price,
2003; Sheline et al., 1998]. Our subregion analysis results
suggest that the core part of the left amygdala (containing

the two subregions—basolateral and lateral nucleus) in
MCI, and especially in AD, atrophy much faster than that in
normal aging while the noncore part of the left amygdala
(containing the basomedial and the centromedial) exhibits
relatively small differences, displaying slightly larger
(mainly restricted to the basomedial), similar, or even
smaller (mainly restricted to the centromedial) atrophy rates
in MCI and AD compared to the normal aging population.
Even within the core amygdala in the left hemisphere, the
shape atrophy rates in AD are not uniformly larger than
those in HC. There are vertices in the basolateral as well as
the lateral nucleus showing smaller atrophy rates in AD
compared to HC. The observation that the largest atrophy
rate differences between HC and AD occur mainly in the
basolateral is consistent with the fact that the basolateral
amygdala is responsible for modulating the consolidation of
memory [Vazdarjanova and McGaugh, 1999]. There are ver-
tices, mainly belonging to the central medial amygdala,
with larger atrophy rates in HC than AD. One plausible rea-
son is that the central medial is the subregion of the amyg-
dala that is furthest from the hippocampus. This separation
may be related to why the central medial amygdala is
affected by the Alzheimer dementia in a fashion rather dif-
ferent from the hippocampus, which atrophies much faster
in AD subjects than HC ones.

The volume atrophy rates of both the left and the right
amygdala were found to have significantly negative corre-
lation with the rate of change in ADAS-cog, with the sig-
nificance level of the left amygdala being much higher
than that of the right (0.0044 vs. 0.046 in terms of p-val-
ues). For the correlation with the MMSE change rate, only
the volume loss rate of the left amygdala was found to be
significantly positively correlated (p51:45e24) compared to
the right amygdala’s p50:54. This clearly suggests that the
volume loss rate of the left amygdala performs better than
that of the right amygdala in predicting the cognitive
declines in progression toward AD. One natural conjecture
regarding this observation is that AD significantly affects
the patients’ ability to use and process language.
Therefore, left brain structures have been found to degen-
erate more than right ones in patients with AD. The obser-
vation that the left hemisphere is more severely affected in
AD has also been reported in other literature, both meta-
bolically and structurally [Janke et al., 2001; Johnson et al.,
1998; Loewenstein et al., 1989; Thompson et al., 2001,
2003]. The left amygdala has been suggested to be closely
related to affective information encoding, with a higher
affinity to language, and to detailed feature extraction
[Markowitsch, 1998]. This may explain why the left amyg-
dala is more predictive of MMSE than the right amygdala.

The linkage between the localized shape atrophy rates
and the rates of change in cognitive performance, as
shown in Figure 11, was found to be highly inhomogene-
ous: (1) the atrophy rates of some vertices were found to
be significantly correlated with the rates of cognitive
declines while those of some other vertices were not; (2)
some vertices on the amygdala surfaces were found to
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have positive correlation with the rate of cognitive deterio-
ration (negative correlation with the rate of change in
ADAS-cog and positive correlation with that in MMSE)
while some others were found to have negative correla-
tion; (3) for vertices that were significantly positively cor-
related with the rates of cognitive decline, the degree of
correlation varies from vertex to vertex. These highly het-
erogeneous observations provide good explanations for
the weak or even complete lack of correlation with the vol-
ume loss rates as well as the heterogeneity observed in the
atrophy rate differences of the bilateral amygdala among
groups (Fig. 5). An examination of Figures 5 and 11
reveals that the group differences match the correlation
results very well. For example, vertices on the left amyg-
dala exhibiting the strongest group differences between
HC and AD (panel b, in the top panel of Fig. 5) also dis-
played the most powerful correlation with the MMSE
change rate (the top right of Fig. 11). These vertices
belonged to the basolateral subregion. In addition, vertices
with larger atrophy rates in AD compared to that in HC
(Fig. 5) correspond to the vertices with positive correla-
tions with the MMSE change rate (Fig. 11), whereas verti-
ces that atrophy slower in AD match the ones with
negative correlations with the MMSE change rate.
Furthermore, the larger the group difference, the stronger
the correlation. Comparing the correlation results of the
two cognitive measures with each other (Fig. 11), it is
apparent that the localized amygdala shape change rates
are more sensitive to the rate of changes in MMSE than
that of ADAS-cog while the volume change rates (espe-
cially of the right amygdala) are more sensitive to the
change rate in ADAS-cog (Table IV). This may suggest
that the volume change rates and the localized shape
change rates of the amygdala provide compatible and
complementary prediction information for the cognitive
declines associated with AD.

Ventricle analysis

The ventricle is a target of analysis in the study of MCI
and AD because of its spatial adjacency to the MTL struc-
tures (the hippocampus, the amygdala, and the entorhinal
cortex). Neuronal loss in those structures over time results
in an expansion of the neighboring ventricles. Of particu-
lar interest is the temporal horn of the lateral ventricles.
Indeed, there is evidence that the expansion rates of the
ventricles (especially the temporal horns) in the AD group
are larger than those in the normal aging group [Carlson
et al., 2008; Chou et al., 2009; Jack et al., 2004; Nestor et al.,
2008; Schott et al., 2005; Thompson et al., 2004].

In this longitudinal study, the ventricles were found to be
the structure that changes the fastest among all three struc-
tures of interest, with the annualized volume expansion
rates for the left and right being 7.57% and 7.55% for the AD
group, 4.8% and 4.73% for the MCI group, and 2.89% and
2.81% for the HC group. The shape analysis results, as
shown in Figure 6, indicate that the largest localized expan-

sion rate in both the left and the right ventricle is 3%/year
in the normal aging subjects with the maximum value of the
statistically significant increase being 2%/year in MCI and
5%/year in AD, relative to that in HC, for both sides. We
found that the expansion rates of a majority of vertices on
the ventricular template surfaces are in the order of AD
> MCI > HC with the degree of group differences varying
from vertex to vertex (Fig. 6). Careful inspection of the spa-
tial maps of the ventricular expansion rate differences indi-
cates that the main group differences occur on the temporal
horns in both hemispheres. This observation agrees with
most existing ventricular findings on MCI and AD [Chou
et al., 2009; Schott et al., 2005; Thompson et al., 2004]. In
addition to the expansion rate increases in MCI and AD in
the temporal horns, we also found that the expansion rates
of the vertices on the anterior horns (Fig. 6) vary from group
to group (again, AD > MCI > HC). A subset of vertices on
the body of the lateral ventricles (both left and right)
showed larger expansion rates in AD compared to the nor-
mal aging group. A small portion of vertices on the body of
the left lateral ventricle revealed group expansion rate dif-
ferences between HC and MCI, as well as MCI and AD.

The expansion rates of the bilateral ventricle volumes
were found to be the most tightly linked with the rates of
change in ADAS-cog and MMSE (all p-values< 0.00), and
linked in the expected direction: the expansion rates of the
bilateral ventricles were positively correlated with the rate
of ADAS-cog changes and negatively correlated with the
rate of MMSE changes. This observation is consistent with
existing findings on the correlation between temporal horn
change rates and rates of cognitive declines [Jack et al.,
2004; Thompson et al., 2004] as well as our observation
that the group differences in the ventricular expansion
rates are much bigger than those in the amygdalar and
hippocampal atrophy rates.

Examining the linkage maps between the localized
shape expansion rates and the rates of change in cognitive
measures, we observed highly significant positive correla-
tions with the rate of ADAS-cog increases and negative
correlations with the rate of MMSE decreases for almost
all vertices on the bilateral ventricles (Fig. 12). This clearly
indicates that the bilateral ventricle change rates, in terms
of not only the entire volume but also the localized shape,
are much more powerful than the amygdalar and hippo-
campal change rates in predicting the cognitive deteriora-
tions in AD. Vertices close to the temporal horns were
found to have the strongest correlation with cognitive
declines compared to other vertices on the template surfa-
ces. This finding matches the general consensus and also
our observation that the biggest group differences occur
on the temporal horns.

CONCLUSION

In conclusion, we have developed a statistical shape
analysis method that uses diffeomorphometry to examine
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the localized shape change rates of the bilateral amygdala,
hippocampus, and ventricle in normal aging, MCI, and
AD subjects. Facilitated by high-field 7 Tesla subregion
segmentations of the hippocampus in both hemispheres
and the left amygdala, we evaluated the atrophy processes
restricted to each subregion compartment. This allowed
for a detailed characterization of the local temporal pro-
gression dynamics of those three structures and the local
comparison of these dynamics in the three populations.
Significant correlation maps between the localized shape
change rates and the rates of change in two cognitive
measures (ADAS-cog and MMSE) further reveal the power
of localized shape change rates in monitoring and predict-
ing the impairment severity as well as the progression
velocity toward dementia of the Alzheimer type. The pro-
posed method not only helps to identify how the disease
progresses over time but also reveals the spatial spreading
pattern within each single structure. The results presented
in this study, which were obtained from a large sample of
subjects, strongly suggest that this regional shape change
rate method could be used as a diagnostic and prognostic
tool in future clinical trials in Alzheimer dementia. Spatial
maps of the temporal change dynamics of the amygdala,
the hippocampus, and the ventricle, are very likely to offer
alternate and potentially more powerful biomarkers of AD
progression.
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