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Shape variability of the human striatum—Effects of age and gender
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Human striatum is involved in the regulation of movement, reinforce-
ment, learning, reward, cognitive functioning, and addiction. Previous
classical volumetric MRI studies have implicated age-, disease- and
medication-related changes in striatal structures. Yet, no studies to date
have addressed the effects of these factors on the shape variability and
local structural alterations in the striatum. The local alterations may
provide meaningful additional information in the context of functional
neuroanatomy and brain connectivity. We developed image analysis
methodology for the measurement of the volume and local shape
variability of the human striatum. The method was applied in a group
of 43 healthy controls to study the effects of age and gender on striatal
shape variability. In the volume analysis, the volume of the striatum
was normalized using the volume of the whole brain. In the local shape
analysis, the deviations from a mean surface were studied for each
surface point using high-dimensional mapping. Also, discriminant
functions were constructed from a statistical shape model. The
accuracy and reproducibility of the methods used were evaluated.
The results confirmed that the volume of the striatum decreases as a
function of age. However, the volume decrease was not uniform and
age-related shape differences were observed in several subregions of
the human striatum whereas no local gender differences were seen.
Examination of the variability of striatal shape in the healthy
population will pave the way for applying this method in clinical
settings. This method will be particularly useful for investigating
neuropsychiatric disorders that are associated with subtle morpholo-
gical alterations of the brain, such as schizophrenia.
© 2006 Elsevier Inc. All rights reserved.

Introduction

Human striatum is a group of nuclei in the brain, which can be
structurally divided into the caudate nucleus, putamen, and
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nucleus accumbens. Striatum receives afferent input from the
cortex, and sends projections back to the cortex via thalamus.
Different parts of the striatum receive input from different cortical
regions, which serves as the basis of the functional division of the
striatum into limbic, associative, and sensorimotor parts (Parent
and Hazrati, 1995; Haber, 2003). Via these functional cortico-
striato-thalamo-cortical neural networks, the striatum is involved
in various brain functions, such as regulation of motor control,
learning, reward, cognitive functioning, and addiction. Variability
in local structure of the striatum in health and disease could thus
be related to many clinical phenomena, such as age-related decline
in motor and cognitive functions, and known gender differences in
cognition (Rilea et al., 2004; Guillem and Mograss, 2005) and
also in prevalence of various psychiatric diseases.

The progress in brain atlases and high-dimensional mapping has
enabled the accurate local computational analysis of the brain
structures (Thompson and Toga, 2002). These methods enable
quantification, statistical analysis, and visualization of local
structural changes. The simplest possibility to study the brain
structures is to analyze the volumes of the objects of interest.
Previously, the effects of aging (Gunning-Dixon et al., 1998; Xu et
al., 2000; Gunduz et al., 2002; Gur et al., 2002; Brabec et al., 2003)
and disease (Shihabuddin et al., 2001; Strakowski et al., 2002;
Gunduz et al., 2002; Levitt et al., 2002; Lacerda et al., 2003;
Buchsbaum et al., 2003; Aylward et al., 2004; Deshmukh et al.,
2005; Hollander et al., 2005) in the volume of the striatum have been
studied. However, shape could provide additional and complimen-
tary information about local structural alterations meaningful in the
context of functional neuroanatomy. First, two structures with equal
volumes might have completely different shapes. Second, local
shape variation does not necessary result in a detectable volume
change and shape analysis could thus be more sensitive to subtle
alterations. Third, contrary to volume analysis, shape analysis
provides a detailed localization of structural changes. Therefore,
more detailed shape analysis is needed for more accurate under-
standing of the human brain connectivity (Csernansky et al., 1998;
Tepest et al., 2003; Posener et al., 2003; Behrens et al., 2003; Styner
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et al., 2005). However, the shapes of individual brain structures are
very difficult to analyze visually since many diseases, gender, and
aging may cause small local changes in brain anatomy, and the
normality of the individual brain and local structural changes have to
be analyzed by studying the variability among a group of
individuals. So far, the shape of the striatum has been studied in
clinical settings in only two published papers (Levitt et al., 2004;
Hwang et al., 2006). Therefore, it is important to study the age- and
gender-related shape changes of the striatum in healthy individuals.

Detailed shape analysis of a brain structure is done by utilizing
the correspondence between the shape representations of indivi-
duals. The structure is segmented and the correspondence is
established. This is most often done using high-dimensional
mapping (Christensen et al., 1997; Davatzikos, 1997; Bookstein,
1997; Thompson and Toga, 2002; Csernansky et al., 2004). After
the correspondence has been found, the shapes of the control and
study groups can be compared, and the statistically significant
group differences identified. The signed distances between the
study shape and the template or the subject pair shape were
utilized in (Lee et al., 2004; Styner et al., 2004, 2005; Golland et
al., 2005). Another option is to compare the deformation fields of
the high-dimensional mappings needed to spatially normalize the
shapes for the establishment of the correspondence. In (Csernansky
et al., 1998; Tepest et al., 2003), the dimensionality of the
problem was reduced by applying the principal component
analysis (PCA) to the deformation fields, and a linear discriminant
function was created for the control and study groups using the
Fig. 1. An example of the MR images, and the soft
largest eigenfunctions. In (Levitt et al., 2004), a shape index that
measured the sphericity showed differences in the shape of the
caudate nucleus between schizophrenic and healthy subjects.
Sampath et al. (2003) used medial representation to study shape
differences in schizophrenia, and Hwang et al. (2006) detected
striatal shape changes in patients with bipolar disorder using
spherical harmonic description.

In the study described in this paper, the shape of the striatum was
studied from magnetic resonance (MR) images of healthy male or
female volunteers. The objective was to examine the shape changes
in aging and between genders, and to quantify, statistically analyze,
and visualize them. Both volume and local shape changes were
analyzed. We used a fully 3D manual segmentation software to
accurately extract the shape of the striatum from the MR volume
images. The shape was described using a triangular surface. Then,
modern registration methods were used to register the sample
surfaces. The shape analysis was based on the deformation fields
from the surface representing the mean of the sample surfaces to
each sample surface. Local shape differences were studied using
sample surfaces' surface points' projections to the normal vectors of
the mean surface. Discriminant functions were constructed using a
statistical shape model.

Materials

The study was performed in accordance with the Declaration of
Helsinki. All participants gave written informed consent prior
ware tool used for the manual segmentations.
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inclusion to the study. 43 healthy volunteers (33 male and 10
female, mean age 29.2±10.2 years, age range 19–55 years) with no
history of somatic illness, head injury, drug abuse, or psychiatric
disorders were studied. They were all screened by a physician to
exclude any clinically significant physical abnormalities and their
blood and urine laboratory tests were normal. Blood and urine drug
screens were negative. Subjects were scanned with 1.5 T MRI
(Siemens Magnetom, Iselin). The size of the images was
256×256×128, and the resolution was either 1.5×1.5×1.5 mm3

or 1.1×1.1×1.5 mm3. Different image resolutions did not affect
the analysis in any way since the shape of the striatum could be
determined with an adequate accuracy from all the images. An
example of the MR images, which is zoomed to the region of
interest, is shown in Fig. 1.

Methods

Manual segmentation

It is important to be able to accurately determine the shape
of the striatum from the MR volume images in order to detect
and analyze subtle shape variations. In this study, the striatum
was manually segmented from each MR image using a 3D
software tool, designed for interactively making 3D deforma-
tions (Fig. 1) (Lötjönen, 2003). With the tool, a triangulated
surface model (white contours superimposed on the MR
images in Fig. 1) was registered manually and non-rigidly to
the edges in the target MR image. The user could drag-and-
drop the surface locally in 3D. The surface was elastically
deformed inside a box of interest (the white 3D box on the
MR images in Fig. 1): the deformation was zero on the
borders and outside the box, and as dragged by the user in the
center of the box. User could define the size and location of
the box. The tool showed three cross-sections of the volume
and the deformations could be made in any of these cross-
sections. Simultaneous use of three cross-sections improves the
segmentation accuracy particularly in the regions where the
contrast between objects is weak in one or more cross-sections.
In addition to the elastic deformation, the surface could be
translated, rotated, and scaled.

All the segmentations were done by the same observer during
four consecutive days. As a result, the surfaces that represented the
striatum were obtained for each subject. The surfaces were
represented as triangular surfaces. An example of the surfaces is
shown in Fig. 2.
Fig. 2. Visualization of the structural parts of the striatum (caudate nucleus, putam
views. Tail of caudate could not be segmented due to resolution reasons. The surface
using triangular surfaces (in total 2987 nodes and 5966 triangles).
Volume analysis

From the manual segmentations, the volume of the striatum was
defined as the volume inside the surface. To co-variate the volume
of the striatum with the size of the whole brain, the volume of the
brain was determined by manually segmenting it from the MR
images using the software tool presented in Manual segmentation.
The normalized volume of the striatum was defined by dividing the
volume of the striatum by the volume of the whole brain:

Vstriatum;normalized ¼ Vstriatum

Vbrain
100: ð1Þ

The relations between volumes and age were studied using linear
regression analysis (p<0.05).
Construction of the spatial correspondence

In the shape analysis methods used in this study, the spatial
correspondence between the sample subjects has to be known. In
practice, we established the correspondence between the surface
points (i.e., for each node of triangular surfaces) by registering the
sample surfaces. The flowchart for the construction of the spatial
correspondence and the surfaces for the shape analysis is shown in
Fig. 3.

First, binary images were constructed from the surfaces. In the
binary images, the volume inside the surface was represented using
the gray-level value one, and the rest of the images was represented
using the value zero. The binary images were generated in the
resolution of 0.5×0.5×0.5 mm3. The higher resolution than the
resolution of the original MR volume images was used to produce
a smooth representation of the surfaces.

To find the correspondence between the surface points, one
sample subject was randomly selected as a reference subject, and the
binary images of the remaining sample subjects were aligned with
the binary image of the reference subject using nine-parameter affine
transformation (translation, rotation, and anisotropic scaling). The
transformation parameters were optimized by minimizing the mean
of the absolute values of the gray-scale differences between the two
images using gradient optimization (see, for example, Press et al.
(1992)). For binary images, the minimization of gray-scale
differences corresponds to the maximization of the number of
identical classifications in the two images. After this, the surface of
the reference subject was non-rigidly registered to each aligned
sample surface using a method based on free-form deformation
en, and nucleus accumbens) of one sample subject using three orthogonal
s visualized were obtained from manual segmentations and were represented



Fig. 3. A flowchart for the construction of the spatial correspondence and the
surfaces for the shape analysis.
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(FFD) (Lötjönen et al., 1999). In FFD (Sederberg and Parry, 1986;
Lötjönen et al., 1999; Rueckert et al., 1999), the deformation of the
surface was implemented using a regular grid of control points that
surrounded the surface of the reference subject. The deformation
was obtained by interpolating the displacements of the control points
using a polynomial basis function. The control point locations were
optimized by minimizing the distance from the surface of the
reference subject to the sample surface. The distance was computed
using six oriented distance maps determined for the sample surface
(Lötjönen et al., 1999). The grid size was iteratively increased from
3×3×3 to 20×20×20 during the registration to have a global-to-
local approach. The registrations using FFD produced representa-
tions of each sample subject's surface with the same number of
surface points, and the same point represented the same anatomical
feature in each surface. Amean surface s̄ was constructed from these
surfaces by averaging the representations:

s̄ ¼ 1
N

XN

i¼1

si; ð2Þ
where N was the sample size and si the representation of the surface
of the ith sample subject (i.e., the surface point locations).

To reduce the bias towards the selected reference subject and to
guarantee accurate point correspondence, the obtained mean
surface was used as the reference, and the registration methods
described above were used to register the mean surface to each
original sample surface using first nine-parameter affine transfor-
mation and then non-rigid registration. The results of the regis-
trations, the deformed mean surfaces, were then used as the
representations of the sample surfaces. Finally, each sample surface
was aligned with the mean surface using seven-parameter affine
transformation. The alignments were done by minimizing the mean
squared distance between the corresponding surface points of the
mean surface and the sample surfaces using the method proposed
by Arun et al. (1987). After this, all the sample surfaces were
represented using the same number of surface points for which the
point correspondence existed, and the pose differences were
removed from the data. Finally, a new mean surface s̄ was
computed from the aligned sample surfaces using Eq. (2). Since the
seven-parameter affine transformation included isotropic scaling,
the size differences were removed from the data and the shape
analysis was focused on the real shape variations.

Shape analysis

Two approaches were used to study the age- and gender-related
shape differences. (1) The spatial deviations from the mean surface
were studied for each surface point and statistical tests were
performed to locate the areas where statistically significant shape
variations existed (Statistical analysis of local shape differences).
(2) A statistical shape model was used to generate such
discriminant function that strongly correlated with the age or
gender (Discriminant function). The discriminant function was
used to study and visualize the global shape difference patterns. It
could also be used to classify the striatal shapes of individuals to
normal or abnormal.

Statistical analysis of local shape differences
For the local shape analysis, the surface normal vector, the

vector perpendicular to the surface, was determined for the mean
surface in each surface point. Then, for each surface point i and for
each sample subject j, the difference vector from the mean surface
point, sYi, to the subject surface point, sYi;j, was calculated,

d
Y
i; j ¼ sYi; j � s̄

Y
i; ð3Þ

and the difference vector was projected on the normal vector,

f ð1Þi;j ¼ Y
d T

i;j
Yni; ð4Þ

where Yni was the normal of the mean surface. The value f ð1Þi;j was
large positive if the difference vector from the mean surface to the
sample surface pointed to the same direction as the normal vector,
and large negative if it pointed to the opposite direction.

Statistically significant age-related local shape changes were
detected by applying linear regression analysis (p<0.05) to the
values f ð1Þi;j and age, separately for each surface point. For the
gender-related shape changes, one-way ANOVA (p< 0.05) was
used. As the number of tests was several thousands, the p-value
had to be corrected for the multiple comparisons. In this study, we
used the Bonferroni adjustment. The corrected p-value was
computed using the SISA (Simple Interactive Statistical Analysis)



Table 1
The statistics from the evaluation of the error sources (mm)

Manual
segmentation

Registration Point
correspondence

Minimum 0.00 0.00 0.0043
Mean 0.84 0.11 0.49
Median 0.70 0.089 0.42
Maximum 5.65 2.03 7.14
Standard deviation 0.68 0.096 0.34

The statistics are computed over all the surfaces and all the surface points.
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software (Uitenbroek, 1997), in which the p-value was adjusted
based on the number of tests and the mean correlation of the data
between each surface point.

Discriminant function
To construct discriminant functions, methods related to the ones

presented in (Csernansky et al., 1998; Tepest et al., 2003) were
used. The objective was to construct such modes of shape variation
that explained the gender and age variations as accurately as
possible.

The mode of shape variation is a global representation of shape
variations. It gives for each surface point a deformation vector
from the mean surface. A scalar value, which can be used in the
discrimination, is obtained by projecting the sample surface's
deviation from the mean surface to the mode of shape variation.

The modes of shape variation were generated using a point
distribution model (PDM) (Cootes et al., 1995). In the PDM, a set
of orthogonal and un-correlated modes is generated so that the first
t modes explain maximal amount of the variance in data. In
practice, the mean and covariance matrix,

R ¼ 1
N � 1

XN

i¼1

si � s̄ð Þðsi � s̄ÞT ; ð5Þ

of the data are constructed. The eigenvectors of the covariance
matrix, Φ=[φ1,... , φt], are the modes of shape variation and the
corresponding eigenvalues give the amount of the variance in the
data that the modes explain.

With the PDM modes of shape variation, a set of feature values
for each sample surface were obtained from

f ð2Þi ¼ UT ðsi � s̄Þ: ð6Þ
To produce a mode which explained more accurately the age

and gender-related shape differences the PDM modes obtained
were combined. The optimal set of modes was searched using
regression analysis, and the optimal weights breg for the linear
combination of the modes were computed. A new feature was
obtained by combining the original feature values:

f ð3Þi ¼ bTreg f
ð2Þ
i ð7Þ

The capability of the discrimination functions obtained to
explain the age-related shape changes and to separate the genders
were analyzed using correlation analysis and one-way ANOVA
(p<0.05), respectively. The global shape difference patterns could
be visualized by plotting the mean surface and the mean surface
deformed according to the best modes of shape variation on top of
each other. This revealed the locations where the differences
existed and showed the direction and magnitude of the shape
changes.
Evaluation of the methods used

The procedure presented above contained many steps which
were potential error sources and might skew the results. Therefore,
we performed detailed evaluation of the procedure and evaluated
different error sources.

The first step was the manual segmentation of the striatum from
the MR images. To evaluate the accuracy and especially the re-
producibility, another observer segmented 11 cases anew. The
segmentations of two observers were compared by computing the
distances between the segmentations. This produced the mean error
of 0.84 mm. In other words, sub-voxel accuracy was obtained. The
statistics of this error source are available in Table 1.

The second error source was the non-rigid registration of the
mean surface to the sample surface in the spatial normalization of
the sample subjects. If the registration had been inaccurate, the
analysis would have been applied to erroneous surfaces and,
therefore, the real shape variability would not have been studied.
The accuracy of non-rigid registrations was evaluated by determin-
ing the distances from the registration results to the surfaces of the
manual segmentations. The statistics of these errors are shown in
Table 1.

The accuracy of the point correspondence was evaluated by
generating 50 synthetic surfaces using the PDM constructed from
the sample surfaces. This guaranteed that the synthetic surfaces
were realistic and that the necessary information on the point
locations was available. The mean surface was deformed by
randomly generating weights for the PDM modes from the normal
distribution N(0, 1). In addition, random affine transformation was
applied to the synthetic surfaces. The transformation parameters
were generated from the normal distributions as follows: trans-
lation N(0, 2.5) mm, rotation N(0, 0.1) rad, and scaling N(1, 1

3
).

The same procedure that was used to establish the point
correspondence for the real data was used to register the mean
surface to the synthetic surfaces. The registration errors and the
errors in the point correspondence were calculated from the
registrations. The registration errors were very close to the errors
obtained for the registration of the real data. For example, the
mean error was 0.092 mm for the synthetic data whereas it was
0.11 mm for the real data. Visual examination proved that the
synthetic shapes were realistic, too. The point correspondence
errors were calculated as the distances between the corresponding
points in the original synthetic surfaces and the surfaces obtained
with the automatic registration. The error statistics are shown in
Table 1.
Results

Volume analysis

The original and normalized striatum volumes are plotted as a
function of age in Fig. 4. The correlation coefficient between the
original volume and age was c=−0.51, and between the norma-
lized volume and age c=−0.43. In linear regression analysis, both
the total brain volume (p< 0.0005) and the age (p< 0.005) were
statistically significant predictors of the striatal volume.



Fig. 4. (A) The correlation between the volume of the striatum and age
(c=−0.51). (B) The correlation between the normalized volume of the
striatum and age (c=−0.43). Linear regression curves are plotted for males
and females, too.

Fig. 5. The p-values of the statistical tests of the local shape changes in aging. The
surface of the striatum in aging is represented in red colors, and the outwards de
changes were detected are shown in black color. The p-values larger than 0.05 are
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Linear regression curves are plotted in Fig. 4 for both males and
females. There were no statistically significant differences in the
parameters of the regression curves, neither for the original nor for
the normalized volumes. The estimated volume reduction rate for
the males was 4.5% per decade for the original volumes and 3.5%
per decade for the normalized volumes. The corresponding figures
for the females were 5.3% and 5.3%.

Shape analysis

The modes of shape variation were constructed using leave-
one-out cross-validation. In other words, the data of one sample
subject was regarded as the new data that have to be analyzed, and
the remaining subjects were used to construct the mean surface, the
PDM modes, and the regression model of the PDM modes. This
was repeated for each sample subject, and the results were
combined to evaluate the methods.

Gender-related shape changes
The statistical analysis showed that there were no statistically

significant local shape differences between males and females.
However, global shape differences were observed: both the best
PDM mode and the regression mode were able to statistically
significantly discriminate genders (p<0.01). The correlation
between the discrimination function value and gender was
c=0.40 for the best PDM mode and c=0.60 for the linear
combination of four PDM modes.

Age-related shape changes
The results of the statistical analysis on local age-related shape

changes are shown in Fig. 5. The character of the local shape
differences can be perceived from Fig. 6 in which the mean
surfaces of the sample subjects younger and older than the mean of
the age range (37 years) are visualized on top of each other. Age-
related shape differences can be seen mostly in the head of caudate
and anterior putamen.
images show the logarithm of the p-values. The inwards deformation of the
formation in blue colors. The locations where statistically significant shape
shown in white in the images.



Fig. 6. The mean surfaces of the subjects younger and older than the mean of
the age range (37 years) visualized on top of each other. The red surface
represents the group of younger people and the blue surface represents the
group of older people.

Fig. 7. The relation between the feature obtained from the regression PDM
mode and age. The correlation coefficient was c=0.75.
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The first PDM mode of shape variation gave the best
correlation with age (c=0.60). The correlation was improved by
combining the modes using regression analysis. The combination
of six modes gave the correlation of c=0.75. Both correlations
were statistically significant (p<0.01). The relation between the
regression mode and age is visualized in Fig. 7.

Discussion

In the studies presented in this paper, we have developed a
method for the assessment of striatal shape in healthy human
volunteers. We have examined the contributions of age and gender
to the variation of the striatal shape measures. The applied
methodology is relatively novel, since methods used to investigate
striatal shape have been used in clinical settings in only two
published papers (Levitt et al., 2004; Hwang et al., 2006). Thus,
defining the age- and gender-related variability in the striatal shape
measures in the healthy human population is crucial before this
method is applied in clinical patient populations more widely.

The volume analysis showed that the volume of the striatum
decreases as a function of age. Statistically significant volume
decrease was observed also when the volume was normalized by
the volume of the whole brain. This age-related decline in the
striatal volume is in good concordance with previous reports
(Gunduz et al., 2002; Gunning-Dixon et al., 1998; Xu et al., 2000;
Gur et al., 2002; Brabec et al., 2003). Lack of statistically
significant age by gender interactions implied that the age-related
decline is similar in males and females. However, Fig. 4b
suggested that the decline is steeper in females. Previous studies
have shown steeper decline in females than males (Brickman et
al., 2003), or vice versa (Xu et al., 2000), or no differences
between genders (Gunning-Dixon et al., 1998; Gur et al., 2002;
Brabec et al., 2003).

A statistically non-significant trend was noted towards males
having larger striatal volume compared with females, but this trend
disappeared when normalized volumes were used. Previously,
women have been reported to have larger standardized basal
ganglia volumes compared with men in some studies (Xu et al.,
2000; Szabo et al., 2003). Clearly, the current sample size is not
optimal in terms of statistical power to detect gender differences in
striatal volume or in age-related decline in striatal volume: if more
subjects had been studied, the results would have became more
reliable and the differences observed in Fig. 4 would probably have
been statistically significant.

In the shape analysis, it was first studied if there were shape
differences between genders. No such surface points for which
statistically significant shape differences existed were found. As
there were no gender-related local shape differences, gender could
be left outside the analysis when the age-related shape changes
were studied.

Local statistically significant shape changes in aging were
observed in several regions, mostly anterior putamen and the head
of caudate, bilaterally. On the right side, the shape change extended
into the ventral striatum. In these areas, the surface tended to be
less convex following aging, and these changes were viewed as
representing local shrinkage of the striatum. The analysis using the
modes of shape variation showed similar results. The modes,
especially the regression PCA mode, correlated relatively strongly
with age.

Some limitations and sources of error must be considered. First,
the applied MR instrumentation sets limitations with regard to
spatial resolution. For example, the tail of caudate cannot be fully
extracted with certainty from these MR images (Fig. 2). Second,
the striata were segmented manually. This was used as automatic
segmentation methods may produce large errors and still require
visual inspection. Therefore, as the sample size was relatively
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small, the manual segmentation was considered to give more
accurate and reliable results with a moderate workload. In the
future, as the number of subjects increases and clinical applications
are launched, automatic segmentation methods are necessary and
have to be validated. The reproducibility of the manual segmenta-
tion was good, and the differences between the two observers were
smaller than the voxel dimensions. Third, registration error could
theoretically bias the current results. However, the registration
accuracy was very good, and the errors in the point correspondence
were small. The distributions of the errors were examined: when
the distributions of each error source and the maps of the statistical
analyses were compared, it turned out that the statistically
significant shape differences were on the locations where the
errors in each step were small. Thus, the analysis was accurate in
these regions, and the results obtained were reliable. If the errors
had been as small everywhere, new locations with statistically
significant shape differences could have been found. This aspect
should be evaluated in the future studies. Finally, the sample size
was relatively small and the negative result from the gender
analysis is vulnerable to type II error. The age distribution was also
skewed and the gender distribution was unbalanced. Future studies
should consider including more older people (over 50 years) and
females in the analysis for more accurate and reliable volume and
shape analysis.

A tripartite functional segregation of the striatum into limbic
(nucleus accumbens, and ventral parts of caudate and pre-
commissural putamen), associative (most of the head of caudate
and ventral parts of pre-commissural putamen), and sensorimotor
(post-commissural putamen) (Parent and Hazrati, 1995; Haber,
2003) division provides a general framework within which to
interpret the current results. Shape changes observed in the current
study were located mostly in the head of caudate and anterior
putamen. Thus, the observed age-related shape changes seem to
localize in the associative striatum. The head of caudate is involved
in cognitive functioning because it receives heavy afferent
innervation from the prefrontal cortex, a brain region involved in
cognition (Parent and Hazrati, 1995; Goldman-Rakic, 1996; Levy
et al., 1997; Manoach et al., 2000). Thus, the observed shape
changes may be related to age-related decline in cognitive
capabilities: among other cognitive domains, working memory
performance declines with increasing age and this impairment is
likely to be associated with functional and morphological changes
in the neural circuits that support working memory (Grady, 2000;
Burke and Barnes, 2006). Although motor skills decline with aging
as well, less shape alterations were seen in the sensorimotor
striatum. The behavioral counterparts of these local shape changes
in healthy individuals as well as in patients suffering from
neurological and psychiatric disorders needs to be further explored.
For example, it would be of interest to pinpoint the exact
localization of striatal volume increase following antipsychotic
drug treatment in patients with schizophrenia (Shenton et al.,
2001), as these might be related to the clinical effects of these
drugs.

Shape analysis is not intended to completely replace volume
analysis. Volume analysis is simpler and faster to perform and,
therefore, it should be used when reliable results are obtained.
Shape analysis provides complementary information that may
improve results in many cases. Shape analysis may be particularly
useful for examining subtle structural deficits that do not manifest
as volume loss of the whole structure. For example, schizophrenia
is thought to be associated with subtle structural alterations
reflecting abnormal neurodevelopment, and previous shape
analyses have indeed demonstrated alterations in lateral ventricles
(Styner et al., 2005), corpus callosum (Narr et al., 2002), and
hippocampus (Csernansky et al., 1998; Tepest et al., 2003; Posener
et al., 2003) in patients with schizophrenia. Defining the variation
in striatal shape related to normal aging and gender will enhance
future clinical studies in patient populations with this method.

Our future objectives include the combination of the shape
analysis introduced in this paper with the functional information
from the positron emission tomography (PET) images. Especially
we will study how the changes in the anatomy correlate with the
changes in the function of the brain: do the shape changes cause
also changes in the function or vice versa?
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