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Abstract
Magnetic resonance (MR) based shape analysis provides an opportunity to detect regional specificity
of volumetric changes that may distinguish mild cognitive impairment (MCI) and Alzheimer's
disease (AD) from healthy elderly controls (CON), and predict future conversion to AD. We assessed
the surface deformation of seven structures (amygdala, hippocampus, thalamus, caudate, putamen,
globus pallidus, body and temporal horn of the lateral ventricles) in 383 MRI volumes, based on data
shared through the publicly available Alzheimer's Disease Neuroimaging Initiative (ADNI), to
identify regionally-specific shape abnormalities in MCI and AD. Large deformation diffeomorphic
metric mapping (LDDMM) was used to generate the shapes of seven structures based on template
shapes injected into segmented subcortical volumes. LDDMM then constructed the surface
deformation maps encoding the local shape variation of each subject relative to the template.
Hierarchical models were developed to detect differences in local shape in MCI and AD relative to
CON. Our findings revealed that surface inward-deformation in MCI and AD is most prominent in
the anterior hippocampal segment and the basolateral complex of the amygdala. Most pronounced
surface outward-deformation in MCI and AD occurs in the lateral ventricles. Mild surface inward-
deformation in MCI and AD occurs in the anterior-lateral and ventral-lateral aspects of the thalamus,
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with no evidence of regionally-specific deformation in the putamen or globus pallidus. Although the
locations of the shape abnormalities in MCI and AD are primarily within the mesial temporal region,
analyses support distinct components of correlated shape variation that may help predict future MCI
conversion.
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Introduction
For almost a quarter of a century it has been clear that Alzheimer's disease (AD) will become
a major public health burden. AD is a neurodegenerative disease that is the most frequent type
of dementia in the elderly and affects almost half of all patients with dementia (Ferri et al.,
2005). Advancing age is the primary risk factor for AD (Ferri et al., 2005). Mild cognitive
impairment (MCI) has been considered as an intermediate cognitive state between healthy
aging and dementia (Bennett et al., 2005). The relatively high annual conversion rate of 12%
(range, 6% to 25%) from amnestic MCI to AD makes the MCI state scientifically interesting;
only 1% to 2% of age-matched non-MCI subjects per year convert to AD (Mueller et al.,
2005). Nevertheless, there remains considerable heterogeneity among MCI patients in clinical
and pathological state, possibly because of the presence of the subjects within this group with
preclinical forms of AD and other types of dementia, such as fronto-temporal dementia. Thus,
more extensive characterization of MCI is needed to optimally distinguish MCI representing
prodromal AD from those who will convert to another type of dementia, remain stable, or revert
to normal cognitive status.

MR-based volumetric assessment of brain structures has been widely employed in the study
of healthy aging, MCI, and dementia (Fox et al., 1996; Jack et al., 2002; Frisoni et al., 2005;
Frisoni and Caroli, 2007). Consistent findings are volume loss in the hippocampus and
entorhinal cortex (Jack et al., 1999; Dickerson et al., 2001; Frisoni et al., 2007; Fennema-
Notestine et al., in press) and ventricular enlargement in both MCI and AD (Chetelat and Baron,
2003; Ridha et al., 2008; Fennema-Notestine et al., in press). Volumes of the amygdala, other
structures in the medial temporal lobe (MTL) and the lateral temporal lobe also may be sensitive
to MCI and prodromal AD although findings are conflicting (Visser et al., 1999; Convit et al.,
2000; Fennema-Notestine et al., in press). Using brain warping techniques to characterize local
shape variations may shed light on conflicting volumetric findings, and regional specificity of
volumetric changes may represent in vivo findings shown in pathological studies. Previous
structural shape studies in MCI and AD have only focused on individual structures, especially
the hippocampus or lateral ventricles. The hippocampal regionally-specific shape effects were
suggested to start in the subiculum and CA1, then propagate to CA2 and CA3 with disease
progression (Apostolova et al., 2006; Wang et al., 2006). The enlargement in multiple areas of
the lateral ventricles also has been reported recently (Ferrarini et al., 2006). Although
regionally-specific shape analysis of the hippocampus or lateral ventricles has been
demonstrated to be more powerful than volumetric analysis for predicting the locations of
underlying pathology from normal aging, MCI to AD (Csernansky et al., 2005; Apostolova et
al., 2006; Ferrarini et al., 2006; Qiu et al., 2008c), shape abnormalities in these regions may
interact with surrounding structures. Thus, taking into account the shape variation of adjacent
structures and identifying anatomical interrelationships among multiple structures may prove
to be more sensitive in distinguishing MCI or AD from normal aging.

In this study, we employed data shared through the publicly available Alzheimer's Disease
Neuroimaging Initiative (ADNI) database to assess shape abnormalities, relative to controls
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(CON), for seven structures (body and temporal horn of the lateral ventricles, amygdala,
hippocampus, thalamus, and three basal ganglia regions) in MCI and AD using the shape
analysis pipeline developed under a large deformation diffeomorphic metric mapping
(LDDMM) framework (Qiu and Miller, 2008). Unlike previous shape analysis on a single
structure (Thompson et al., 2004; Ferrarini et al., 2006; Wang et al., 2006), our analysis took
account of the shape deformations among the seven structures. Their covariance was used to
identify shape abnormalities of these structures in MCI and AD. From our analysis, we expect
to detect the involvement of hippocampal atrophy in regions near the subiculum and CA1–3
and the enlargement of the inferior lateral ventricle in MCI and AD as reported in previous
neuroimaging studies (Csernansky et al., 2005; Apostolova et al., 2006; Ferrarini et al.,
2006). In addition, we will explore shape abnormalities in nearby subcortical structures to
examine the related effects across structures and expect to identify affected regions that are
adjacent to and correlated with the hippocampal and ventricular abnormalities in MCI and AD.

Methods
Alzheimer's Disease Neuroimaging Initiative (ADNI)

Raw data were obtained from the ADNI database (http://www.loni.ucla.edu/ADNI). ADNI
was launched in 2003 by the National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies and non-profit organizations. ADNI's goal is to test whether
serial neuroimaging, biological markers, clinical and neuropsychological assessments can be
combined to measure the progression of MCI and early AD. Determination of sensitive and
specific markers of early AD progression is intended to aid researchers and clinicians to develop
new treatments and monitor effectiveness, as well as lessen the time and cost of clinical trials.

ADNI is the result of efforts of many co-investigators from a broad range of academic
institutions and private corporations. Subjects have been recruited from over 50 sites across
U.S. and Canada. ADNI's goal was to recruit 800 adults, ages 55 to 90, to participate in the
research (see www.adni-info.org).

Participants
At the time of this study, 383 cases were available from the ADNI database and analyzed
morphometrically at UCSD (Fennema-Notes-tine et al., in press)(Table 1). Briefly, subjects
are 55–90 years of age, had an informant able to provide an independent evaluation of
functioning, and spoke either English or Spanish
(http://www.adniinfo.org/index.php?option=com_content&task=view&id=9&Itemid=43).
All subjects were willing and able to undergo all test procedures including neuroimaging and
agreed to longitudinal follow up. Specific psychoactive medications are excluded. General
inclusion/ exclusion criteria are as follows:

1. Normal subjects: Mini-Mental State Examination (MMSE) (Folstein et al., 1975)
scores between 24–30 (inclusive), a CDR of 0, non-depressed, non-MCI, and
nondemented.

2. MCI subjects: MMSE scores between 24–30 (inclusive; exceptions made on a case
by case basis), a memory complaint, objective memory loss measured by education
adjusted scores on Wechsler Memory Scale Logical Memory II, a CDR of 0.5, absence
of significant levels of impairment in other cognitive domains, essentially preserved
activities of daily living, and an absence of dementia.

3. Mild AD: MMSE scores between 20–26 (inclusive; exceptions made on a case by
case basis), CDR of 0.5 or 1.0, and meets NINCDS/ADRDA criteria for probable AD.
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Image protocol and volumetric segmentation
The present study employs LDDMM for shape analyses, as described in the next section, and
this method relied on volumetric data created through a separate study (Fennema-Notestine et
al., in press). These volumetric data were created from raw DICOM MRI scans downloaded
from http://www.loni.ucla.edu/ADNI/Data/index.shtml, collected across a variety of scanners
with protocols individualized for each scanner
(http://www.loni.ucla.edu/ADNI/Research/Cores/index.shtml). These data were reviewed for
quality, automatically corrected for spatial distortion due to gradient nonlinearity (Jovicich et
al., 2006) and B1 field inhomogeneity, registered, and averaged to improve signal-to-noise.
Volumetric segmentation based on FreeSurfer (Fischl et al., 2002) created volumes for the
hippocampus, amygdala, caudate, putamen, thalamus, inferior lateral ventricle and body of the
lateral ventricle for shape analyses (Fennema-Notestine, in press). Total intracranial volume
(eTIV) (Buckner et al., 2004) was estimated to control for differences in head size.

Data processing via LDDMM
LDDMM provides a set of template-based brain mapping algorithms dealing with images and
surfaces (Vaillant et al., 2007; Qiu and Miller, 2008). Its resultant deformation map indexed
over the template encodes the shape variation of subjects locally and can be used for detecting
group difference in shapes. In our study, we designed a shape analysis pipeline as illustrated
in Fig. 1 to assess shapes of the seven structures and identify anatomical abnormalities in
disease. This pipeline aims to first delineate smooth volume and surface representations of the
structures from MR images and then encode their surface deformations relative to a template
using LDDMM.

Template shape injection—The original shapes of the subcortical structures were
represented via a collection of homogeneous volumes with labels generated from FreeSurfer
(Fischl et al., 2002). These labeled image volumes required preprocessing to improve
smoothness of boundaries and to correct topological errors (e.g., undefined voxels in the
volumes, or holes). This preprocessing reduced shape variation due to technical errors, and
thus improved statistical power to detect shape abnormalities due to diseases. The
preprocessing was performed with a template derived from a separate set of 41 manually-
labeled volumes (Fig. 1) via a diffeomorphic template generation procedure (Qiu et al.,
2008a). The template image was injected into FreeSurfer labeled images through a
diffeomorphic transformation found by the LDDMM-image algorithm. The transformed
template image is the “filtered” approximation of the parcellations for each individual subject.
By the nature of the diffeomorphic map, such approximation represents the structures via a
collection of homogeneous volumes with smooth boundary and correct topology. Their surface
representation was created by composing the diffeomorphic map on the template surface.

Surface deformation maps—The LDDMM-surface mapping determines a scalar field
indexed over the bounding surface of each structure to encode its shape variation relative to
the template. We shall call this scalar field as “surface deformation map”, which is a log-
Jacobian determinant of the deformation from the template to the surface of each subject. It
indexes over the local coordinates of the template for statistical shape comparison across
clinical populations. Its value represents the ratio of subject's structural volume to the template
volume in the logarithmic scale: i.e. positive value corresponds to surface outward-deformation
of subject's structure relative to the template at a particular location (red in panel 4 of Fig. 1),
while negative value denotes surface inward-deformation of subject's structure relative to the
template (blue in panel 4 of Fig. 1).
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Random field testing on shapes of multiple structures
To study anatomical interrelationships/correlations in the hippocampal–amygdala formation,
subcortical regions, and ventricular systems, we developed a two-level hierarchical statistical
analysis model by first building random fields within each structure based on its geometry and
then modeling the interrelationship among these seven structures via principal component
analysis (PCA).

In the first level, the deformation map, μi(x), of structure i is assumed to arise from random
processes modeled as random fields in the form of

(1)

where  is the kth basis function of the Laplace–Beltrami (LB) operator on the template
surface,  is deterministic and only dependent on the geometry of , which was
detailed elsewhere (Qiu et al., 2006; 2008b; Qiu and Miller, 2008). The variation of μi(x) is
thus represented through a finite number of LB-coefficients, , where Ni is

determined based on the goodness fit at discrepancy level of 0.05, i.e., .

PCA was performed on the feature space of

, for modeling the shape correlation
across the seven structures. F is linearly projected to the orthogonal directions that carry the
greatest shape variance. The lower-order PC-scores retain those characteristics of the shape
variations in the subcortical regions. They are linearly independent variables. We thus test each
of the PC-scores using a linear regression model with diagnosis (CON, MCI, AD) as
independent variable after covarying for age, sex, and eTIV. Tukey post-hoc analysis was used
to explore shape differences between any two groups. The anatomical interrelationship among
the seven structures is determined by the pattern of the PCs with statistical significance.

To evaluate the reliability of statistical results conducted from the whole dataset, we divided
our subjects into two subsets matched on age, sex and diagnosis (n1 = 194; n2 = 189). The
above two-level hierarchical statistical analysis was repeatedly applied to each dataset.

Results
We investigated shape abnormalities in MCI and AD through the surface deformation maps
of the seven structures. Their deformation maps were characterized by total 120 LB basis
functions using Eq. (1). PCA extracted 9 principal components that accounted for 85% of the
variance in these LB-coefficients. Linear regression analysis revealed the 1st, 4th, and 7th PCs
with significant effects of diagnosis at significance level of 0.005 (p-values in the first column
of Table 2 after controlling for age, sex, and eTIV. Fig. 2 illustrates the scatterplot of these PC-
scores within each diagnostic group.

Post-hoc pairwise comparisons revealed that the 1st and 7th PCs show significant group
difference between CON and MCI; the 1st, 4th, and 7th PCs for the comparison between CON
and AD; and only the 4th PC for the comparison between MCI and AD (p-values in Table 2).
To visualize significant shape differences between any two groups, for instance, between CON
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and MCI, we back projected the 1st and 7th PCs to the LB-coefficient space then to the template
coordinates. Fig. 3 (a) illustrates this result in terms of ratio of local structural volume in CON
to one in MCI. Based on the color scale, Fig. 3(a) suggests most pronounced surface inward-
deformation in MCI in the anterior segment of the hippocampus, basolateral complex of the
amygdala and mild surface inward-deformation in the anterior aspect of caudate nucleus,
anterior-lateral and ventral-lateral aspects of the thalamus, and no regionally-specific effects
on the putamen or globus pallidus. Fig. 3(a) also suggests most pronounced surface outward-
deformation in the lateral ventricles and mild outward-deformation in the posterior segment
of the hippocampus and medial aspect of the thalamus. Similarly, Figs. 3(b,c) show group
shape differences between CON and AD constructed by PCs 1, 4, 7 and between MCI and AD
constructed by the 4th PC, respectively. Interestingly, the atrophic regions of the amygdala and
hippocampus are adjacent to the inferior lateral ventricle with the outward-deformation in the
more severe disease group (Figs. 3(a–c)). To emphasize the significant changes in this mesial
temporal area, Fig. 4 illustrates the significant group shape differences only in the
hippocampus, amygdala and lateral ventricles.

The 4th PC contributes to the group shape differences between AD and CON or AD and MCI
but not between CON and MCI (Table 2). We thus hypothesized that effects of AD on the
seven shapes can be separated into two stages. The earlier stage associated with preclinical AD
may be demonstrated by the 1st and 7th PCs; the late stage associated with AD by the 4th PC.
To test this hypothesis, we respectively constructed the group differences between CON and
AD using the 1st and 7th PC (Fig. 5(a)) and using the 4th PC (Fig. 5(b)). The pattern in Fig. 5
(a) is highly correlated to the group shape difference between CON and MCI in Fig. 3(a)
(correlation coefficient: r = 1), while it has relatively low correlation with the one between
MCI and AD in Fig. 3(c) (r = 0.45). In contrast, Fig. 5(b) is highly correlated with one in Fig.
3(c) (r = 1) but has low correlation with one in Fig. 3(a) (r = 0.45).

To evaluate the reliability of the findings shown in Fig. 3, the statistical testing procedure was
repeatedly applied to the subset of the population. The results from the first subset are shown
on the top row of Fig. 6, while those from the second subset are on the bottom row of Fig. 6.
We quantitatively evaluated the correlation of the statistical surface deformation findings from
the entire population (Fig. 3) with ones from the subsets (Fig. 6) in the pairwise group
comparisons. All correlation coefficients are greater than 0.90 (p-values less than 0.0001),
which suggest that the patterns of the differences in surface deformation obtained from the two
subsets are highly consistent with those using the entire dataset.

Discussion
To our knowledge, this is the first study to report on local shape differences of interrelated
subcortical regions, hippocampal-amygdala formation, and lateral ventricles in MCI and AD
relative to CON. Our analysis pipeline (Qiu and Miller, 2008) took the shape variations of the
seven structures and identified their anatomical abnormalities in MCI and AD. We revealed
that the mesial temporal region was most affected by MCI and AD, although changes were
noted in additional regions. To be specific, the anterior segment of the hippocampus and the
basolateral complex of the amygdala show more pronounced surface inward-deformation in
MCI and AD when compared with CON. More pronounced surface outward-deformation
occurs in the body and inferior lateral ventricles in MCI and AD. Our shape analysis also
suggests a division of the AD-related effects on the shape abnormalities into two stages. The
earlier stage corresponding to the MCI or prodromal AD is described by the 1st and 7th PCs;
the later stage associated with mild AD is represented by the 4th PC. The correlation of the
shape variation in each subject with these components may provide a way to identify MCI
patients who have the shape abnormalities most like the one in AD and thus predict the
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conversion of MCI to AD. Future longitudinal studies using our shape analysis pipeline are
needed to examine the accuracy of this prediction.

Our findings of anterior hippocampal atrophy (near subiculum and CA1–3), often related to
memory encoding (Lepage et al., 1998), and inferior lateral ventricular expansion in MCI and
AD are in great agreement with previous neuroimaging findings (Apostolova et al., 2006;
Ferrarini et al., 2006; Wang et al., 2006). As MCI and AD progress, the pattern and degree of
differences in these structural shapes may be involved in a sequential order based on direct and
indirect connections with the hippocampus. First, the basolateral amygdala and anterior
hippocampus, which have significant interconnections, deform inwardly in MCI and AD.
These findings are consistent with associated memory deficits in these populations, and
correlative studies may help characterize this relationship further.

The anterior-lateral and ventral-lateral aspects of thalamus that connect primarily with the
subicular complex of the hippocampus also show surface inward-deformation in MCI and AD.
Furthermore, as additional projection zones of the subiculum and entorhinal cortex, the basal
ganglia have no or mild shape changes in MCI and AD. These structures are less related to
memory functions compared with the amygdala and hippocampus. Regionally-specific
structural abnormalities in the amygdala and hippocampus could have widespread effects
throughout their projection circuits as well as the cortex as AD progresses.

Areas with surface outward-deformation in the posterior hippocampus and medial thalamus
may be related to partial voluming effects as the ventricular spaces expand adjacent to the
hippocampus in these areas.

The present study focuses on the shapes around the subcortical regions in MCI and AD, and
the addition of cortical regions also affected in these populations are of significant interest,
such as the entorhinal cortex. Future integration of their shapes and thickness into our
framework will provide a powerful system that characterizes structural abnormalities in MCI
and early AD.
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Fig. 1.
Figure illustrates the schematic of a shape analysis pipeline, including FreeSurfer subcortical
segmentation, template shape injection, surface deformation map generation, and statistical
random field testing. Panels 2 and 3 as well as template panel show color coded seven structures
in the surface representation. The fourth panel illustrates the deformation map of one subject
relative to the template, which is used in a random field model to make statistical inference.
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Fig. 2.
The 1st, 4th, and 7th PC-scores from each individual subject are shown. Asterisks, circles, and
diamonds respectively represent the measurements from the groups of healthy controls,
patients with MCI and AD. Red marks represent mean values. The p-values associated with
group comparisons are listed in Table 2.
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Fig. 3.
Panels (a–c) respectively show group differences in the surface deformation between CON and
MCI, CON and AD, as well as MCI and AD. Warm color denotes regions where structures
have surface inward-deformation in the latter group when compared with the former group.
Cool color denotes regions where structures have surface outward-deformation in the latter
group when compared with the former group. Key: Am — amygdala, Hp — hippocampus, V
— ventricles, iLV — inferior lateral ventricles, Cd — caudate, Pu — putamen, Pa — globus
pallidus, Th — thalamus.
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Fig. 4.
For visualization purpose, the deformation maps of the hippocampus, amygdala, and lateral
ventricles shown in Fig. 3 are repeatedly illustrated in this figure. Panels (a–c) respectively
show the deformation differences between CON and MCI, CON and AD, as well as MCI and
AD. The superior and inferior views of the hippocampus and amygdala are shown in the first
two columns and the medial view of the lateral ventricles is shown in the last column.
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Fig. 5.
Panel (a) illustrates the shape difference between CON and AD constructed by the 1st and 7th
PCs. Panel (b) illustrates the shape difference between CON and AD constructed by the 4th
PC.
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Fig. 6.
Reliability of the statistical findings. Panels (a–c) show the group comparisons in shapes
conducted from the first subset with 194 subjects, while panels (d–f) illustrate those using the
second subset with 189 subjects. The same color scale is used as in Figs. 3(a–c).
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Table 2

The first column lists the principal components (PCs) with significant diagnostic effects on the surface
deformation, while the rest of the columns list the PCs associated with significant differences in the surface
deformation between paired groups

Diagnosis effect CON vs MCI CON vs AD MCI vs AD

1 (<0.0001) 1 (0.0003) 1 (<0.0001) -

4 (<0.0001) - 4 (<0.0001) 4 (<0.0001)

7 (0.0006) 7 (0.0010) 7 (0.0004) -

Their associated p-values obtained from linear regression are enclosed in parentheses. Key: CON vs MCI – shape comparison between the healthy
comparison controls and patients with mild cognitive impairment; CON vs AD – shape comparison between the healthy comparison controls and
patients with Alzheimer's disease; MCI vs AD – shape comparison between the patients with mild cognitive impairment and patients with Alzheimer's
disease.

Neuroimage. Author manuscript; available in PMC 2010 April 15.


