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Abstract
Understanding the variability of the hippocampus in human brain research is essential. The effect
of age on the hippocampus has been explored in several studies that have been focused on either
normal aging or neural degeneration. Shape analysis of magnetic resonance imaging (MRI)
provides morphological measures for brain structures. This study further investigates the age
effects on hippocampal morphology in three groups (104 normal controls, 24 Alzheimer’s disease
(AD) and 14 vascular dementia (VaD) patients). By utilizing a parametric shape analysis of
hippocampal MRI scans, each individual distance map is generated and analyzed statistically.
Specifically, after eliminating similarity parameters (rotation, translation, and scaling) effects for
each hippocampus, an individual distance map is generated from parametric hippocampal surfaces
and medial axes. Then statistical methods, including regression, and permutation tests, are applied
to detect the differences in hippocampal distance maps and volumes under the effect of age in
each group. Statistical analyses reveal that the loss of hippocampal volume and changes in shape
are more significantly related to aging in the control group than in AD/VaD. The results also show
that the asymmetry of hippocampus in healthy subjects is greater than that in either of the disease
groups. Our study shows that 3D statistical shape analysis could enhance the understanding of age
effects on local areas of hippocampi. However, the sample sizes of disease groups are relatively
low; further studies with more AD/VaD data are needed.
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INTRODUCTION
It is well-known that the hippocampus plays an important role in the formation of explicit
memory. One of the major factors associated with hippocampal changes is age. The age
association has been demonstrated in several studies with cross-sectional (Lim et al., 1990,
Coffey et al., 1992, Pfefferbaum et al., 1994, Sullivan et al., 1995, De Leon et al., 1997,
Schuff et al., 1999, Jernigan et al., 2001, Scahill et al., 2003, Sullivan et al., 2005) and
longitudinal (Jack et al., 1998, Jack et al., 2000, Scahill et al., 2003, Raz et al., 2004b, Du et
al., 2006) designs. Recent research based on magnetic resonance imaging (MRI) has also
demonstrated that a spatial mapping method could enhance the detection of the subtle
changes in volumetric information and the understanding of age effects on specific regions
of hippocampi (Janke et al., 2001, Wang et al., 2003, Thompson et al., 2004, Chetelat et al.,
2005).

Hippocampal volumes, measured in-vivo, using quantitative 3D MRI have been investigated
in many aging and dementia related studies (Seab et al., 1988, Jack et al., 1992, Juottonen et
al., 1999, Laakso et al., 2000, Xu et al., 2000, Sencakova et al., 2001, Du et al., 2002). As
Alzheimer’s disease (AD) and vascular dementia (VaD) are two common types of dementia,
volumetric measures of hippocampus and other medial temporal lobe structures in both
disease groups are often compared to non-demented controls. For these comparisons, subject
may be matched for age or other factors to determine whether these measures could
differentiate between cases with dementia and non-demented controls. These studies found
that hippocampal and other temporal structural volumes in the dementia groups were
significantly smaller than those in the non-demented group (Kaye et al., 1997, Jack et al.,
1999, Fein et al., 2000, Grundman et al., 2002, Jack et al., 2002, Mungas et al., 2002, Jack et
al., 2003). Volume reductions of the hippocampus have been observed in cross-sectional
studies (Du et al., 2001, Wolf et al., 2001, van de Pol et al., 2006), as well as in longitudinal
studies (Kaye et al., 1997, Jack et al., 1998, Jack et al., 2000, Chetelat and Baron, 2003, Jack
et al., 2004). These longitudinal studies have also shown that the degree of hippocampal
volume atrophy in the subjects with dementia (AD/VaD) was much greater than that in the
non-demented controls. Cognitive and functional memory measures were also found to be
associated with the changes of hippocampal volumetric measures (Golomb et al., 1993,
Golomb et al., 1994, de Leon et al., 1996, Golomb et al., 1996, Petersen et al., 2000,
Grundman et al., 2003, Van Petten, 2004, Mungas et al., 2005). In addition, studies of VaD
are less frequent compared to AD. Furthermore, most studies of VaD have been compared
with other disease groups rather than to non-demented group to find how the different
pathologies affect the volumetric differences of brain structures (e.g. hippocampus,
entorhinal cortex) (Laakso et al., 1996, Barber et al., 2000, Mungas et al., 2001, Du et al.,
2002, Swartz et al., 2002, Wolf et al., 2004).

In addition to treating age as a matching factor, many studies have analyzed the effect of
aging on the volume of the hippocampus (Lim et al., 1990, Convit et al., 1995, Sullivan et
al., 1995, De Leon et al., 1997, Jernigan et al., 2001, Scahill et al., 2003, Raz et al., 2004a,
Raz et al., 2004b, Sullivan et al., 2005, Du et al., 2006). However, these findings in healthy
subjects have been inconsistent. Some studies revealed that age was not significantly related
to the volume reduction of the hippocampus (Sullivan et al., 1995, Sullivan et al., 2005);
others obtained the opposite results (Lim et al., 1990, Convit et al., 1995, De Leon et al.,
1997, Jernigan et al., 2001, Scahill et al., 2003, Raz et al., 2004a, Raz et al., 2004b, Du et al.,
2006). The discrepancies in the results of these reports might be due to differences in the
segmentation of anatomical regions, or in the age range of the subjects studied. Therefore,
one of the aims in this study is to evaluate the age effect on the hippocampal volumes.
Volumetric measures of the hippocampus alone do not clearly define the specific region of
morphological change. Geometric shape analysis methods that capture local changes in
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specific brain structures can complement volumetric measures (Janke et al., 2001, Wang et
al., 2003, Thompson et al., 2004, Chetelat et al., 2005). In previous applications of
geometric shape analysis methods in AD studies, the global and morphological changes
were demonstrated for a predefined fixed short period (e.g. in Thompson’s paper,
hippocampal morphological changes of each subject were evaluated after 2 years). In
addition, most previous studies focused on discriminating the diseased groups from the
normal clusters and emphasizing the physiological effects. However, normal aging often
shows that the hippocampal structural shrinkages increase with the advancement of age
(Thompson et al., 2004). Additionally, although age is an important factor in many
hippocampal geometry shape studies, it is not clear if the contributions of age on
hippocampal shape or volume differ in demented and non-demented groups. A sub-sample
of the population-based Honolulu-Asia Aging Study (HAAS) cohort, aged 75 – 95, is
chosen for our data pool. The HAAS is a cohort of Japanese-American men, therefore
confounding due to sex and ethnicity is minimized. Thus, the further investigation of the
effects of age on hippocampal structural changes in a well-chosen sample is another major
aim to be pursued in this study.

This study explores the hippocampal changes due to age in non-demented controls, AD and
VaD. To obtain the shape change of the hippocampus, parametric-based structure is used to
automatically generate the shape map of hippocampus in a large population-based MRI
study of the normal and diseased elderly brain. By fitting a statistical model across all of
parametric hippocampi, age-related structural changes are investigated in each group. In
addition, the association of age to hippocampal volume changes in each group is
investigated.

MATERIALS AND METHODS
Subjects and Image Acquisition

Subjects—The details of the HAAS study population have been previously reported,
(White et al., 1996). In brief, the cohort includes Japanese-American men born between
1900 and 1919, living on the Oahu Island of Hawaii, who were enrolled in 1965 as part of
the Honolulu Heart Program. In 1991, the HAAS was initiated to study brain aging in 3734
men (80% of the surviving cohort). The protocol included measurement of global cognitive
function and case finding for prevalent dementia in the 1991 exam and incident dementia in
subsequent exams. The Kuakini Medical Center Institutional Review Board approved this
study. All subjects gave informed written consent and most of them signed it, except those
who showed signs of dementia. In these situations, an informed caretaker signed the consent
form.

The multiple steps have been used to identify sub-type dementia cases, that is described
previously (White et al., 1996). In brief, all subjects were first screened with the CASI (Teng
et al., 1994), a measure of global cognitive function. Then those who met screen positive
criteria were further examined, including a proxy interview, neuropsychological testing
based on the CERAD battery (Morris et al., 1989), a neurological exam, and neuroimaging.
Finally, diagnosis was made in a consensus conference; DSM-IIIR criteria (American
Psychiatric Association. and American Psychiatric Association. Task Force on DSM-IV.,
1994) were applied for dementia, NINDS-ADRDA (McKhann et al., 1984) for AD, and the
CADDTC for vascular dementia (Chui et al., 1992). Severity of the cognitive and functional
impairment was assessed with the Clinical Dementia Rating scale (Hughes et al., 1982) (see
Table 1b).

In 1995, a sub-study (n = 575) on MRI was initiated in examination 5. The brain MRI
subsample was chosen by use of information from HAAS examinations 4 and 5. In addition
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to a ≈10% random sample of those participating in examination 5, there was an over-
sampling of those with prevalent dementia (excluding the severely demented, who might not
be able to undergo the procedure), those who scored poorly on the Cognitive Abilities
Screening Instrument (CASI) but did not meet criteria for dementia, those with apoE4
genotype, those with clinical stroke, and those at the oldest ages. As a part of this sub-study,
the hippocampus was manually outlined. This analysis is based on 104 non-demented
subjects, 24 incident AD cases, and 14 VaD cases whose scans could be successfully
processed, as described previously in (Scher et al., 2007). The demographic and group
details are summarized in Table 1. The differences in age were not significant between any
two groups (Control vs. AD: 0.7675; Control vs. VaD: 0.1430; AD vs. VaD: 0.1984).

Imaging—High-resolution 3D T1-weighted Spoiled Gradient Recalled (SPGR) MRI
volumes were acquired on a GE signa 1.5T scanner at Kuakini Medical Center, Honolulu,
from all subjects in this study using a protocol described earlier (Scher et al., 2007). Each
acquired SPGR sequence was reformatted to oblique coronal sections perpendicular to the
long axis of the left hippocampus; every new reformatted T1-weighted MRI image had a
256 × 256 × 124 matrix. In addition, the corresponding left and right hippocampal regions,
which included the CA1-4 or CA1-3 regions, the dentate gyrus, the subiculum, fimbria and
alveus, were delineated by one reader (intra-rater correlation = 0.97) , who is blinded to
dementia diagonosis, using MEDx software (Sensor Systems, Inc., Sterling, Va). The
protocol for defining hippocampal borders was described earlier (Scher et al., 2007). The
left and right hippocampi were manually determined with Jack’s criteria (Jack et al., 1997).
In brief, the most anterior slice of the hippocampal formation was marked as the first slice
on which ventral of the amygdale is visible. The ventral border was formed by the white
matter of the parahippocampal gyrus. In anterior area, the dorsal border was formed by the
amygdala; in more posterior area, cerebrospinal fluid and choroid plexus formed the dorsal
border. The most posterior slice of hippocampus was the slice in which the crux of the
fornix is visible in its total length.

Image Preprocessing
To improve the accuracy of characterizing the morphological changes of hippocampus, we
first applied a skull stripping method (Shattuck et al., 2001) to remove non-brain tissues
(skull, skin and fat tissue) and used an inhomogeneity correction method (Sled et al., 1998)
in each reformatted T1-weighted MRI image. Then a common space for expressing the
coordinates of brain structure from various subjects was created by an automatic registration
method (Woods, 1998a, Woods, 1998b). To eliminate the position differences, each
hippocampus was then registered to the common space using a linear registration method.

Skull-stripping and Inhomogeneity Correction—Brain Surface Extraction (BSE)
(Shattuck et al., 2001) was first used to remove non-brain tissues including the scalp, bone,
and meninges, from each reformatted T1-weighted MRI volume. Each individual brain
image was further manually edited to eliminate the errors created by the automated
segmentation and to remove the spinal cord whose intensity was similar to the intensity of
brain tissue. Inhomogeneties in each skull-stripped scan were also eliminated by a radio
frequency bias correction method.

3D Image Alignment—In order to retain quantitative information on inter-subject
variations in our population, a study-specific brain atlas was defined using a series of steps.
First, to include the population brain information, each skull-stripped and bias corrected
brain image was linearly aligned to a randomly selected brain image using the automated
image registration (AIR) algorithm (Woods, 1998a, Woods, 1998b) and averaged voxel-by-
voxel to create an intermediate average brain image. Then to form an affine average brain,
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all of the brain scans were again aligned linearly to the intermediate brain image and
averaged together. In the last step, in order to register the whole brain including deep
structures, a non-linear registration method was then applied to obtain a study-specific atlas
(Figure 1) that encompassed the structural information of the study population.

To remove the effect of similarity parameters after the study-specific atlas was obtained,
each brain scan was linearly registered to it with the same software used to create the
template. As the hippocampus was the major focus of this study, each transformation was
saved to align the same subject’s hippocampi to the common space.

Contour Preprocessing—In our study cases, hippocampal volumes from the original
delineated images were retained for volumetric statistical analysis. However, not all the
manually delineated hippocampal images had a continuous contour on each slice. To make
them continuous, each hippocampal region was automatically split into left and right regions
corresponding to each hemisphere. Then individual regions were connected to form a
continuous 2D contour on each slice with an automated algorithm developed in-house. For a
detailed description of this algorithm, please see Appendix D. These automatically split/
connected hippocampal contours for each subject were then linearly mapped to the study-
specific atlas with the corresponding transformation described above.

Hippocampal Shape Mapping
After each hippocampus was spatially normalized, an anatomical mesh modeling method
(Thompson et al., 1996) was then applied to match equivalent hippocampal surface points
across subjects in each group.

Detailed morphological parameter mappings were obtained using the following steps. Each
individual subject’s spatially digitized and normalized hippocampus was first resampled at
the same spatial frequency (that is, the same number of digitized points representing
hippocampal contours within and across hippocampal slices) as a 3D parametric surface
mesh (Thompson et al., 2004). Each hippocampal surface thus formed a regular parametric
grid (100 × 150 surface points) that was used to compare hippocampi across all subjects
voxel-by-voxel. Then from that, a “medial curve” was derived by the first moment of each
hippocampal surface from each hippocampal slice to obtain the hippocampal structural
features. For each hippocampal model, we then measured the distance from each spatially
uniform hippocampal surface point to the digitized “medial curve”. Since these distance
field maps contained localized structural changes (expansion or constriction), they were
used to map the hippocampal shape. In addition, because parametric meshes of all
hippocampal surfaces were normalized into a common space, the corresponding distance
field maps could be statistically compared across subjects and the relationship between age
and hippocampal shrinkage could be evaluated using these distance field maps.

Statistical Analysis
Volumetric Analysis—The absolute volume of each hippocampus in each subject was
obtained from the manually segmented hippocampal structure. The means and standard
deviations for left and right hippocampus were calculated (in Table 2). Then, to eliminate
inter-subject variation of head size, and to consider hippocampus as a part of brain tissues,
each normalized hippocampal volume (NH) of each subject was defined as

(1)

Gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) were classified by
partial volume classification method (PVC) (Shattuck et al., 2001) (Figure 2). The means
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and standard deviations of NH were also calculated (in Table 3). Linear or rank correlation
tests and linear regression were used to test the correlations between age and each absolute
and normalized volume in each group.

Finally, to check the asymmetry of hippocampus, a linear regression test was used to find
the relationship between left and right hippocampus:

(2)

Where LHV is the left hippocampal volume; RHV is the right hippocampal volume. The
right hippocampal volume was modeled with a constant β (intercept) and a linear coeffienct
α (slope). In addition to using the above method, we also calculated the asymmetry index
(AI) of left and right hippocampus (Scott et al., 2003) defined as

(3)

Nonparametric tests were applied to test the asymmetry in each group (in Table 3).

Statistical Maps and Permutation Tests—We obtained the parametric hippocampal
surface model for each subject. These spatially normalized hippocampal surfaces with
equivalent points were averaged together across all individuals in a group to generate a
mean hippocampal shape map (Thompson et al., 2004). Details are presented in Appendix
A.

In addition to mean hippocampal maps, statistical maps were developed to estimate the
regional differences in hippocampal shape over age in a group. Briefly, at each hippocampal
point, a general linear models (GLM) was performed on hippocampal distance field maps to
see if the age effect was significantly linked with the hippocampal shape changes. The P
value of the significance of this linkage at each corresponding parametric grid point resulted
in a statistical map (Thompson et al., 2004). The details can be found in the Appendix B. To
confirm the overall significance of the statistical mapping results and to avoid complex
parametric random field correction on surfaces, permutation tests were applied to assess the
association of age to hippocampal regions. The details for this permutation tests can be
found in Appendix C.

Brain Size Correction—In this study, we focused on age-related differences in
hippocampal morphology in normal and demented groups after not only adjusting for rigid
movements (rotation and translation) but also removing individual brain size differences.
Although the results gave us hippocampal morphological changes, brain size corrections
could increase or decrease error variance for regions of interest comparisons (Mathalon et
al., 1993). The same anatomical statistical maps were therefore generated in “native scanner
space” after correcting with rigid body transformations but retaining the individual brain
sizes. This allowed us to see if brain size correction influenced detection of the effects.
Similar results were obtained as (Thompson et al., 2004). Therefore, these results are not
reported in this study.

RESULTS
Volumetric Analysis

Table 2 shows the average volumes of the hippocampus for the three study groups (non-
demented controls, AD cases and VaD cases). The average volumes of the left hippocampus
and right hippocampus in each disease group are smaller than those in the control group
(among three groups, AD group has the smallest mean volumes of each hippocampus). In
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addition, normalized hippocampal volumes in AD (Table 2) are the smallest among these
three groups. Analysis of variance (ANOVA) adjusted for age was also used to test for
pairwise group differences in all absolute and normalized volumes and AIs. As presented in
the footnote under Table 2, significant differences for both absolute and normalized volumes
comparisons in AD and non-demented control were detected, but only absolute volumes
comparisons in VaD and non-demented control showed significant differences. However, no
significant differences for AI in any pairwise group comparison were obtained. Since no
significant difference for both hippocampi could be detected between controls and VaD after
adjusted by age and gray/white matter, ANOVA was also performed to evaluate VaD-
Control difference in total volumes of gray and white matters after adjusting for age;
significant difference was obtained (GM+WM: F = 10.079, p = 0.008).

Table 3 shows the correlations between hippocampal volumetric information and age in
each group. In the non-demented group, all absolute volumes had significant correlations
with age (left hippocampus (LH): ρ= −0.2643, p = 0.0067; right hippocampus (RH): ρ=
−0.3579, p = 1.911×10−4) by using Pearson correlation tests (see Table 3). There were no
significant relationships between normalized hippocampi and age (in Table 3). However,
AIs were significantly related to age (ρ= 0.1978, p < 0.05).

The parameters of the linear regression test describing the hippocampal asymmetry were:
slope α = 0.8314 and intercept β = 0.5733 (α: P < 0.0001; β: P = 0.0012 by student’s t-tests).
Figure 3 shows that the number of the normal group data above the diagonal line is much
greater than below the line and most portions of the estimated linear model are above the
line. Therefore, the result from the linear model suggested that there existed an asymmetry
between normal right and normal left hippocampal volumes and that the right hippocampi
might be larger than left hippocampi in the non-demented control group. Similar results
were also obtained with the Wilcoxon sign rank tests to assess normalized volumes and AIs
(P < 0.0001).

Age did not have significant correlations with any absolute or normalized volume in the AD
group. Wilcoxon sign rank tests were applied to check if asymmetry between right and left
hippocampi in AD group existed. The asymmetry was apparent, however, it was not large
enough to reach statistical significance (volume compare: P = 0.0593; AIs: P = 0.0556).

Like the AD group, no significant changes of all variables in the VaD group due to age were
observed by using Pearson correlation tests. The asymmetry evaluated using Wilcoxon sign
rank tests was also apparent, however, it was not large enough to attain statistical
significance (volume compare: P = 0.0574; AIs: P = 0.0942).

Statistical Hippocampal maps
To examine whether regional differences in hippocampus were associated with age, we
compared the distance field at each 3D hippocampal surface location in each group. The
effects of age were mapped within each group. Probability values, indexed in color, were
mapped back onto a group averaged hippocampal surface model at each 3D point.

Figure 4 shows each group’s average and variability mappings for the left and right
hippocampus after registration and parametric normalization. The local regional changes of
hippocampus in a group could be found in each variability mapping. The figures in the left
column show the average mappings in the non-demented group (first row), the AD group
(second row), and the VaD group (third row). The figures in the right column are the
corresponding variability mappings, representing the variance of each mesh point. The
variability mappings show that the variances of the local shape feature in most regions of the
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non-demented group are greater than those in AD or VaD groups and that the variances in
most regions of the VaD group are the smallest.

In order to show if age is related with the local shape changes, statistical p maps of the
distance field were created by using general linear model. Figure 5 shows the statistical
significance structural changes associated with age for the three groups. P-values < 0.05 are
colored as pink. Figures in the first row of Figure 5 show that regional hippocampal
decreases as age increases in the non-demented group. Furthermore, in the control group, the
pink region in the left figure in the first row of Figure 5 suggests that the local changes in
those regions either significantly increase or decrease with increasing age; the pink region in
the figure on the right in the first row of Figure 5 indicates that the local changes of those
regions are inversely and significantly correlated with age. The significant negative linear
relationship between hippocampal morphological changes and age were widely distributed
in both left and right hippocampi, especially in CA1 and subiculum area. Similarly, the pink
region in the left figure in the second row of Figure 5 suggests that the local changes of
those regions are significant related to the change of age in AD group; the pink region in the
right figure in the second row of Figure 5 indicates that the local changes of those regions
are significant decreasing as age is increasing in AD group. Several local areas of significant
loss of right hippocampus with increased age in AD are also observed in Figure 5. However,
there is no indication of significant age effects to the hippcampi in the VaD (see the third
row of Figure 5).

Permutation Tests
To confirm the overall significance of the statistical mapping results, permutation tests were
conducted to correct for possible spatial significance caused by voxel-wise parametric
testing. These Permutation tests were applied separately to analyze whether the reduction of
the hippocampus were significantly related to age in each group. In the non-demented group,
the results indicated that significant relationships between right/left hippocampal reduction
and age were widely distributed in the hipppocampus with significant permutation P-values
(R: 0.0030; L: 0.00018). This implies that both hippocampi in the non-demented group are
deficit with increasing age. In the AD group, since there was no an overall correlation
between left hippocampal deficits and age, significant permutation tests’ result could not be
obtained. There was an overall correlation between right hippocampi atrophies and age, but
it was not strong enough to reach statistical significant (P = 0.0687). In the VaD group, there
were no significant relationships between both hippocampi and age.

DISCUSSION
The hippocampus has been analyzed in many studies pertaining to central nervous system
diseases and brain development. The MR-based shape analysis method has the ability to
extract three-dimensional aspects of hippocampal shape, and therefore may enhance the
sensitivity and specificity of structural hippocampal analysis. In the present work, we have
demonstrated a complete sequence of conducing shape analysis of MRI scans of human
hippocampus with the aim of studying aging effect in a relatively homogenous community-
based sample of Japanese American men. Although hippocampal volume reductions with
different patterns in normal aging and dementias have already been reported, specific
regions of hippocampal volume loss due to age are still not clear. In this study, we employed
a study-specific and surface-based anatomical modeling approach to detect the local
hippocampal regional changes due to age in non-demented and dementia groups. Significant
atrophies in some regions were detected in the non-demented and the AD groups. The main
findings are: (1) age was significantly correlated with hippocampal volume only in the non-
demented group and not in the two disease groups (AD and VaD); (2) in volume asymmetry
tests, we also found that the volume of right hippocampus was significantly larger than that
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of left hippocampus in the non-demented group; (3) in shape analysis tests, the significant
associations between hippocampus and age were in areas consistent with CA1 and
subiculum among the non-demented group. Additional follow-up with more detailed
anatomical labeling is needed to further explore these findings. However, these current
analysis shows that shape analysis can help formulate hypotheses related to different areas
of vulnerability in brain structures.

Volumetric Loss
Significant absolute volume reductions related to the age effect were detected in the non-
demented group. This is similar to what has been reported in some previous studies (Lim et
al., 1990, Convit et al., 1995, De Leon et al., 1997, Jernigan et al., 2001, Scahill et al., 2003,
Raz et al., 2004a, Raz et al., 2004b, Du et al., 2006). However, after normalization the
relationships were no longer significant. This might be related to the fact that brain tissues
(except CSF) decrease with increasing age and the normalization takes out the age-related
variability of the measures. In addition, there were no significant relationships between
hippocampal volumes and age in either the AD or VaD groups. One explanation might be
the relatively small number of subjects in the dementia groups such that there might be the
lack of the power to detect the correlations between hippocampal volumes and age in the
dementia groups. Furthermore, another factor should be taken into consideration. White
matter lesions (WML) are frequently found on MRI images of both demented and non-
demented individuals. Some studies found a linear relation between white matter lesions and
HA (e.g. (de Leeuw et al., 2004)); some found no relationship between hippocampal volume
and WMH volume (e.g. (Du et al., 2005)). However, we do not have volume information of
WML for individual subjects in our study. Therefore, unknown WML volume could be a
confounding factor that may explain the finding of no significant relationship between
hippocampal volumes and age. Yet although the different stages of the disease process could
affect the volumes of hippocampi, most of our dementia cases were in CDR stage I (shown
in Table 1b). Therefore, the residual confounding by disease stage would not be a big reason
in failing to detect significant relationships between hippocampal volumes and age in
dementia groups. Hippocampal volume information related to VaD has been reported in a
few studies for comparison either with other disease groups (e.g. AD) or with a normal
group. In most of those studies, age was treated as a matching factor or a covariate in
cognitive function. Bigler et al. (Bigler et al., 2002) found that age alone was associated with
hippocampal volume (r = −0.23; p = 0.001). However, this conclusion was obtained from
the whole 85 subjects including AD, VaD, cognitive symptoms classified as mild/
ambiguous, other neuropsychiatric disorder and normal subjects. Therefore, it is difficult to
compare our results in the disease groups with the results from this previous study.

The normalized hippocampal volume of each subject in this study was defined as absolute
hippocampal volume divided by the total volume of gray and white matters. Therefore, this
normalization method might lead to an over-estimation of hippocampal volumes in these
three groups since the volumes of gray and white matters are expected to be lower in older
and demented groups. In asymmetry tests, we also found that the volume of right
hippocampus was significantly larger than that of left hippocampus in the non-demented
group. This is consistent with the findings in (Thompson et al., 2004). However, in AD and
VaD groups, the asymmetries of hippocampi were close to significant (AD: P = 0.0593;
VaD: P = 0.0574). Laakso et al. (Laakso et al., 2000) found that the change of hippocampal
on the right side was significant (P < 0.03) but not on the left (P = 0.16) in 27 AD patients.
Our results are compatible with these published studies.

In the volumetric comparison between VaD and control, we found that there are significant
differences for absolute volumes instead of normalized volumes. Since the difference of the
total volume of GM and WM between VaD and non-demented control adjusted by age is
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significant, it might be the reason for non-significant differences in normalized volumes. In
addition, since white matter lesion might be related to hippocampal atrophy, it could affect
the result of comparison in normalized volumes.

Hippocampal Shape Maps
Several recent studies (Janke et al., 2001, Wang et al., 2003, Thompson et al., 2004, Chetelat
et al., 2005) have demonstrated that statistical mapping is a promising approach for
analyzing brain structures because it could be used to visualize localized information by
color encoding. Similar algorithms were used to evaluate structural changes of hippocampus
in different physiological conditions (Thompson et al., 2004, Becker et al., 2006, Frisoni et
al., 2006, Scher et al., 2007). All of them found that there was significant local atrophy in
the hippocampus in the patients with AD compared with the non-demented controls. The
maps for comparing mild cognitive impairment (MCI) with the non-demented controls is
also useful to predict future cognitive changes (Apostolova et al., 2006, Becker et al., 2006).
Compared with these existing studies, our approach is different in terms of encoding the
significance of the correlation between age and the shape feature. This leads to the new
discovery that localized significant correlation exists only for the normal aging group.
Therefore, statistical mapping is versatile in satisfying the needs for different research
hypotheses by encoding different information.

Relation between Volumetric and Shape Analysis
Both volumetric and statistical shape methods were employed to explore the age effects in
the different aging groups, each having it own strength. Hippocampal volumes represent the
global shape information and hippocampal statistical mappings could visualize the local
changes in the hippocampus. Although they characterize different shape information, the
more local loss is found, the more global volumetric loss could be detected. Therefore, when
permutation tests were applied to check the overall significance of hippocampal decline
based shape analysis results, similar conclusions could be reached using hippocampal
volume tests. However, the statistical shape analysis of brain structure could help
researchers not only measure the global variables, but also visualize, compare and
summarize the local variable in brain structures. Although we could not find an overall
significant relationship between hippocampal reductions and age, the 3D statistical map
showed that the significant changes of the hippocampus due to age could be found in
different areas in different aging groups. Our maps also show that the significant
hippocampal changes correlated with age is not uniform; this means that statistical shape
analysis could be able to give higher signal-to-noise ratio (SNR) than volumes for the effect
of age.

Future Studies
Despite the advantage of shape analysis, the current study still has several limitations. First,
we are interested in the effects of the age factor on the hippocampus. However there are
several other factors that can cause the structural changes of the hippocampus. In the future,
a reasonable model incorporating more risk factors (e.g. genetic effect, different genders and
etc.) needs to be defined. Second, this study is cross-sectional and not longitudinal, and the
age effect may be over-estimated or under-estimated. The longitudinal course of disease and
age could improve our understanding of brain structure changes over the clinical stage in
order to obtain more sensitive relationship between brain morphological changes and known
risk factors. Another limitation of the study is that the available sample size was relatively
low for the vascular dementia group, and much greater for the non-demented controls. 4.2%
of the HAAS sample are VaD cases (White et al., 1996) and the MRI sub-study is only a
sub-sample of the total cohort. As brain mapping studies of VaD are so rare, we chose to
report maps based on our limited sample to date.
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In this study, several assumptions were made. First, in order to find a common space, we
assumed that we had good skull stripping results (to separate brain from non-brain tissue).
However, we know that the brain structure is highly variable across a population. When we
are interested in a specific brain structure (e.g. hippocampus), we believe that it is better to
define a common space for those individual structures instead of the common space defined
by the whole brain. Furthermore, the continuous assumption in 2D is not necessarily true in
3D space. Therefore, in order to achieve a more accurate shape analysis, an algorithm to
extract 3D surface instead of 2D contour is needed.

Moreover, compared with the over 100 subjects in the healthy control group, the number of
each disease group is relatively small especially in the VaD group. The statistical shape
analysis is implemented in a relatively low degree of freedom and large variance among
individual hippocampi. A larger sample size in each disease group would further improve
the strength of statistical mappings. In summary, this quantitative MRI study shows that
hippocampal volume, for the normal population between 75 and 95 years old, declines with
increasing age and that hippocampal shape shrinks at some local regions. However, there are
no significant relationships between normalized hippocampal volumes and age. On the other
hand, volume changes associated with age are not significant for the AD and VaD groups in
the similar age span. However, age effects on some hippocampal local regions are
significant for the AD group.
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APPENDIX

A. Hippocampal Surface Averaging
Let Si(u,v) represent the regular parametric meshes on the ith hippocampus (i = 1, …, n). n
is the total number of hippocampus. The average hippocampal surface is then given by the
following form:

Where each hippocampus is represented by a regular rectangular grid which size is I × J.

B. Statistical Mappings
Statistical maps are used to estimate the significant effect of a variable (e.g age, disease) on
the measured change in hippocampal morphology. To obtain it, a series of steps will be
preformed:

1. Fit a general linear model (GLM):

Example: x – age; y – shape feature (distance between medial axis and surface)
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Where a is the intercept, b is the slope and ε is the error. The method of least
squares is used to estimate a and b:

Sxy = ∑ (xi − x¯)(yi − ȳ) and Sxx = ∑ (xi − x¯)2

2. Statistically significant correlation

• Null hypothesis: there is no linear relationship between the two variables
in the population (b = 0)

• Alternative hypothesis: there is a statistical linear relationship between the
two variables in the population

• Calculate F has approximately a F1,n−2 distribution

Where MSR (the mean squares for regression) 

MSE (the mean squares for error): 

• Calculate the p value of the above test

• The statistical map includes the p value of each mesh

C. Permutation Test Algorithm
Permutation test is applied to investigate if the correlation between hippocampal structural
changes and age occurs randomly or not. The null hypothesis is that there is no relationship
between the above two variables. The results of permutation test indicate if the overall
structural changes are significantly related with age. Small p value (e.g < 0.05) means that
the shapes changes of hippocampi linked with age do not randomly occur. Otherwise, the
large p value could not provide the evidence against the hypotheses that the structure
changes occur randomly. The detail procedure of our permutation test is listed as following:
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Figure 6: Permutation tests flow chart for investigating the relationship between age and
overall structural changes.

D. Contour Preprocessing Algorithm

Figure 7: The procedure of contour preprocessing algorithm
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Figure 1.
Study-specific atlases created by 142 brain images manually edited by experts after BSE
segmentation
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Figure 2.
a: Brain tissue classification (BTC) maps for one study subject (gray matter, white matter
and CSF). Red was chosen to color gray matter in three cardinal views; areas in pink
represent white matter; black areas encode CSF.
b: 3D volume representations of brain tissues generated by PVC from one study subject.
Left fig is the right lateral view of gray matter; middle fig is the anterior view of white
matter; right fig is inferior view of CSF to illustrate lateral ventricles.
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Figure 3.
Linear model for asymmetry test of control group data. Each black point is a normalized
hipppocampal data. Solid line is the estimated linear model. Dashed line is the diagonal line
(slope = 1) to separate space.
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Figure 4.
Statistical Shape Mapping (inferior view): first row - average (left) and variability (right)
mappings of normal aging; second row - average (left) and variability (right) mappings of
AD; last row - average (left) and variability (right) mappings of VaD (in all varialbility
mappings, the color range is from 5 to 10; red color is marked from 5 to 7; blue is from 7 to
8; green is from 8 to 9; yellow is from 9 to 10.)
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Figure 5.
P maps of age effect (inferior view). First row - absolute P map (left) and negative P map
(right) in normal group; second row - absolute P map (left) and negative P map (right) in AD
group; third row - absolute P map (left) and positive P map (right) in VaD group (in all
images pink part means significant different with P < 0.05)
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Table 1

a: Description of Study Sample

Description # Subjects Sex Age (Mean ± SD)

Non-Demented 104 Male 83.2 ± 4.4159

AD 24 Male 82.5 ± 4.5778

VaD 14 Male 80.5 ± 4.4678

b: Neurocognitive status for the AD and VaD cases

AD (n=24) VaD (n=14)

CASI @ exam 5 (median, [95% CI]) 67 [58–70] 67 [58–72]

CDR @ exam 5 (%)

Stage 1 14 (78%) 11 (85%)

Stage 2 3 (17%) 2 (15%)

Stage 3 1 (6%) 0 (0%)

Missing / UNK 6 (25%) 1 (7%)

18 (13) 100%

(100%)

Legend:
AD – Alzheimer’s disease
VaD – Vascular dementia
CASI – Cognitive Abilities Screening Instrument;
CDR – Clinical Dementia Rating Scale
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