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Differential Aging of the Human Striatum:
A Prospective MR Imaging Study

Faith M. Gunning-Dixon, Denise Head, John McQuain, James D. Acker, and Naftali Raz

BACKGROUND AND PURPOSE: Advancing age is associated with declines in motor function;
understanding age-related changes in the basal ganglia, therefore, is imperative for compre-
hension of such functional changes. The purpose of this study was to examine the age, sex, and
hemispheric differences in volume of the caudate nucleus, the putamen, and the globus pallidus.

METHODS: In a sample of 148 healthy right-handed adults (18-77 years old) with no
evidence of age-related motor disorders, we estimated the volume of the head of the caudate
nucleus, the putamen, and the globus pallidus from MR images.

RESULTS: The analyses revealed bilateral age-related shrinkage of the head of the caudate
nucleus and the putamen in both sexes. In men, the age-related shrinkage of the caudate was
stronger on the left, whereas, in women, the opposite trend was evident. In both sexes,
age-related shrinkage of the right putamen was greater than of its left counterpart. The mild
bilateral age-related shrinkage of the globus pallidus was observed only in men. In both sexes,
we observed significant rightward asymmetry in the putamen, significant leftward asymmetry in

the caudate, and no asymmetry in the globus pallidus.
CONCLUSIONS: Bilateral age-related shrinkage of the neostriatum is found in healthy
adults. The shrinkage of the globus pallidus is less pronounced and may be restricted to men

only.

The basal ganglia are widely believed to be the neural
substrate of the planning, execution, and control of
movement in vertebrates (1). Because these functions
decline with advancing age (2, 3), an understanding of
the course and the mechanisms of age-related
changes in the basal ganglia is critical for the com-
prehension and possible remediation of functional
deficits. Although the literature reports moderate
age-related shrinkage in both the caudate nucleus
(median correlation with age, r —.49) and the
putamen (median, r = —.52), the relationship be-
tween age and the globus pallidus has received little
attention (4).

Motor activity is not only susceptible to age-related
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changes but differs across the sexes as well (5). These
differences may reflect gender-related variations in
striatal volume, although the sparse published data
suggest no sex-related volumetric differences in the
neostriatal nuclei (4). In two previous studies (4), we
found a slightly steeper age-related decline of the
caudate volume in men than women, whereas age-
related shrinkage of the putamen was found in men
only. Another source of variability in motor behavior
is lateral asymmetry (6). A recent quantitative review
(4) revealed little consistency across the samples in
measures of striatal asymmetry. Although leftward
asymmetry of the globus pallidus is common, the
evidence of hemispheric differences in the neostria-
tum is equivocal. The objectives of the present study
were to determine whether specific basal ganglia age
differentially and to examine the effects of sex and
hemispheric differences on each of the ganglia in a
life span sample of healthy adults.

Methods

Subjects

The data for this study were collected in an ongoing inves-
tigation of neuroanatomic correlates of age-related differences
in cognition. The participants consisted of healthy adults re-
cruited by advertising in local media and on the University of
Memphis campus. Consent forms were signed by the subjects
and approved by the Committee for Protection of Human
Subjects in Research of the University of Memphis and by the
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Baptist Memorial Hospital Patients Participation Committee.
Subjects were screened by means of an extensive health ques-
tionnaire. Persons who reported a history of cardiovascular,
neurologic, and psychiatric conditions, head trauma with loss of
consciousness for more than 5 minutes, thyroid dysfunction and
diabetes, treatment for drug and alcohol problems, or a habit of
taking more than three alcoholic drinks per day were excluded
from the study. None of the subjects used antiseizure medica-
tion, anxiolytics, or antidepressants. Of 166 subjects who un-
derwent MR imaging, all or substantial portions of the data for
eight subjects were lost because of technical problems, such as
disk failure, excessive movement artifacts, operator error, and
(in two cases) significant discomfort of the subject during
scanning.

All subjects were screened for dementia and depression by
using a modified Blessed Information-Memory-Concentration
Test (7) with a cutoff score of 30 and the Geriatric Depression
Questionnaire (8) with a cutoff score of 15. Finally, the MR
images of all subjects admitted to the study (see below for the
details of image acquisition) were examined by an experienced
neuroradiologist. Neuroradiologic signs of mild to moderate
cerebrovascular disease commonly used in clinical practice
were used in this screening process. These signs included the
presence of lacunar infarcts in the basal ganglia and the brain
stem, numerous punctate lesions, and significant unilateral
concentration of white matter hyperintensities, including irreg-
ular periventricular hyperintensities but excluding minimal
periventricular caps. This clinical classification corresponds to
grades 1 to 3 of some frequently used rating schemes (9). After
the examination, 10 subjects (six men and four women, all older
than 65 years of age) were removed from the sample because of
mild to moderate cerebrovascular disease. The aspect of the
process most relevant to this study was the exclusion of subjects
in whom basal ganglia hyperintensities were detected on T2-
weighted images. On the spoiled gradient-recalled acquisition
(SPGR) T1-weighted images, we identified several cases of
hypointensities in all three nuclei, especially in the globus
pallidus. These hypointense spots, in the absence of the hyper-
intensities on the T2-weighted images, most likely reflected
calcification and accumulation of iron, processes whose clinical
and pathologic significance is unclear. The pallidal iron depos-
its that are absent on infants’ and children’s MR images appear
in young adults and reach their asymptotic concentration in the
third decade of life (10). Although the subjects in whom basal
ganglia hypointensities were detected (n = 54, or 36.5% of the
total sample) were significantly older than those who had none
(mean age, 53.7 = 15.1 years vs 42.2 = 16.7 years; t = 4.11; P <
.001), we retained these subjects in the sample in the absence of
reports associating this finding with clinical and pathologic
findings. Twelve subjects (five men and seven women) with
hypertension were also retained, because their blood pressure
was successfully controlled by medication. Screening of the MR
images for vascular lesions greatly reduced the possibility that
hypertension may have been a confound in the volumetric
findings, because blood pressure is predictive of the volume of
the white matter lesions only in subjects with very substantial
white matter hyperintensities (11).

The final sample consisted of 148 healthy adults with an age
range of 18 to 77 years (mean age, 46.5 * 17.2 years). The
subjects included 66 men (mean age, 47.4 = 18.1 years) and 82
women (mean age, 45.7 = 16.5 years), with no differences in
age between the sexes (¢[146] = .59). All subjects were strongly
right-handed, as measured by the Edinburgh Handedness
Questionnaire (12). The results pertaining to age-related dif-
ferences in the cerebral cortex and the cerebellum observed in
this sample or its part have been previously reported (13, 14).

MR Image Acquisition and Processing

Volume images were acquired on a 1.5-T scanner using
T1-weighted 3D SPGR sequences. For each subject, 124 con-
tiguous axial sections were acquired with imaging parameters
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of 24/5 (TR/TE), a section thickness of 1.3 mm, and a flip angle
of 30°. After the SPGR sequence, a fast spin-echo sequence of
interleaved T2- and proton density-weighted axial images was
acquired to be used in screening for age-related cerebrovascu-
lar disease. In this sequence, the parameters were 3300/90 for
T2-weighted sections and 3300/18 for proton density-weighted
sections. Section thickness was 5 mm, with an intersection gap
of 1.5 mm.

After acquisition, the SPGR images were reformatted off-
line in order to correct the image for the undesirable effects of
head tilt, pitch, and rotation. Standard neuroanatomic land-
marks were used to bring each brain into a unified system of
coordinates and to correct deviations in all three orthogonal
planes. In this standard position, the sagittal plane cut through
the middle of the interhemispheric fissure. The axial plane
passed through the anterior and posterior commissures (incor-
porating the anterior commissure—posterior commissure line)
and through the orbits, perpendicular to the sagittal plane. The
coronal plane was leveled by the orbits and the auditory canals
and passed perpendicular to the axial plane. Reformatted im-
ages were cut into sections 1.5 mm apart in the coronal plane
and saved on a VHS tape. Thickness of the reformatted section
was 0.86 mm (one linear pixel).

Morphometry was performed on a PC-based system. Each
image was displayed on a 27-inch video monitor screen with
standard brightness and contrast, and outlined regions of in-
terest (ROIs) were traced manually using a digitizing tablet.
The areas of the ROIs were computed by Java software, and
the volumes of the ROIs were calculated using the basic vol-
ume estimate (15), which is a sum of the ROIs multiplied by the
intersection distance. All measures were calibrated using a
standard ruler bar provided on the MR images, and volumes
were computed in cubic centimeters (cm?).

Delineation of the ROIs

Three trained operators who were blinded to the subjects’
exact age and sex manually traced all ROIs. The sections
containing each ROI were randomly divided into two equal
groups, so that each half-sample was traced by a different
operator. Interrater reliability of the volume estimates was
assessed by intraclass correlations for two fixed raters (16).
Reliability among all pairs of the three trained operators ex-
ceeded .95 for both the caudate nucleus and the putamen,
whereas the reliability in a subset of two operators for tracing
of the globus pallidus was an intraclass correlation of .98. All
questionable cases were resolved by consulting the correlative
images and general brain atlases (17-19).

Caudate Nucleus.—The volume of the head and the body of
the caudate nucleus was estimated from 15 to 20 coronal
sections. The most rostral section was the one on which the
caudate first appeared, usually lateral to the lateral ventricles.
The caudate was traced on every other section (intersection
distance, 3 mm) until no longer visible. The caudate was bor-
dered by the lateral ventricle medially, by the internal capsule
laterally, and by white matter dorsally. On the rostral sections,
the ventral boundary consisted of the stria terminalis. On more
anterior sections of the caudate nucleus, the septal nucleus
served as the ventral border. Because the transition between
the caudate nucleus and the septal nucleus was often difficult
to determine, the ventral border was defined as a line drawn
from the most ventral part of the internal capsule to the most
ventral part of the lateral ventricle. An example of caudate
nucleus tracing is presented in Figure 1.

Putamen.—The volume of the putamen was estimated from
15 to 20 coronal sections. We began tracing on the most rostral
section on which the putamen was visible and continued to the
most caudal section on which it could be detected. The external
capsule demarcated the putamen laterally throughout the ROI.
The dorsal boundary of the putamen was white matter. The
internal capsule delineated the medial border until the anterior
commissure was reached. At this point, the globus pallidus
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Fic 1. Atypical coronal MR image with the head of the caudate
nucleus (Cd), the putamen (Pt), and the globus pallidus (Gp)
highlighted.

became the medial border of the putamen. The temporal stem,
optic radiations, amygdala, temporal horn, and anterior com-
missure served as the ventral boundary of the putamen. The
putamen was measured on every other section (intersection
distance, 3 mm) until it was no longer visible. An example of
the putamen tracing is presented in Figure 1.

Globus Pallidus.—Because of the poor resolution of the
most rostral regions of the globus pallidus, we began measuring
this structure on the section on which the anterior commissure
was present. The globus pallidus was measured on six to seven
continuous coronal sections (intersection distance, 1.5 mm).
Thus, the voxel size for the pallidal measures was 1.11 cm? (half
that of the caudate and the putamen). The putamen demar-
cated the lateral border of the globus pallidus, and the internal
capsule defined the medial border. On the most rostral sections
of the globus pallidus, the ventral boundary was the anterior
commissure. On the more caudal sections, the ventral border
consisted of the preoptic and olfactory areas. The appearance
of the mammillary bodies marked the most caudal section.
Figure 1 displays an example of the tracing of the globus
pallidus.

Results

The descriptive statistics for the volumes of three
striatal nuclei in both hemispheres are presented in
Table 1. The results for each gender group are pre-
sented along with those for the total sample.

The effects of age, sex, and hemisphere on the
volumes of the striatal nuclei were tested within a
general linear model framework. First, we fitted the
data to a multivariate analysis of the covariance
model, in which the volumes of each hemisphere of
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each striatal nucleus formed a vector of dependent
variables, gender was a grouping factor, age was a
continuous independent variable, and height was a
covariate. The continuous independent variable and
the covariate (height) were recentered at their re-
spective means. The full model, including the inter-
actions between each continuous variable and the
grouping factor, was tested to check for the homoge-
neity of regression slopes across groups. The model
failed the homogeneity of regression slopes test,
yielding a significant nucleus X height interaction
(Wilks” A = .92, F[2, 141] = 6.07, P < .01). Thus, the
adjustment for differences in body size that was
needed for comparison between the sexes could not
be performed using the same regression for all striatal
components and separate models were fitted for each
nucleus. Within the full model, however, in addition
to the expected volume difference among the struc-
tures (Wilks’ A = .04, F[2, 141] = 1820.38, P < .001),
a significant age X nucleus interaction (Wilks’ A =
.79, F[2, 141] = 18.34, P < .001) was present, indi-
cating that the effects of age on the volume of striatal
components were not uniform. The overall effect of
age on the striatal volume was significant (F[1, 142) =
40.24, P < .001). In addition, a significant hemi-
sphere X nucleus interaction (Wilks” A = .58, F[2,
141] = 51.97, P < .001) indicated significant variation
in the pattern of hemispheric differences across the
basal ganglia.

To examine the effects of sex, age, and hemisphere
on each striatal component while taking into account
differences in body size (stature), we fitted the data to
three univariate linear models. In these three mixed
linear models, the homogeneity of regression slopes
across the groups was again tested by including all the
interactions. If these interactions were nonsignificant,
they were removed from the model, and the reduced
model was fitted to the data. Hemisphere was treated
as a repeated measure. The results of these analyses
are presented below for each striatal component sep-
arately (Fig 2).

Caudate Nucleus

Interactions of continuous variables with height
were not significant (P > .10) and were dropped from
the model. The significant main effect of age on the
caudate nucleus (F[1, 143] = 19.00, P < .001) was
modified by the significant age X sex X hemisphere
interaction (F[1, 143] = 5.84, P < .02). As indicated
by standardized regression coefficients after adjust-

TABLE 1: Descriptive statistics for the volumetric measures of the basal ganglia*

Total Sample

Women Men

Globus
Pallidus

Caudate
Nucleus

Caudate

Putamen
Nucleus

Globus
Pallidus

Globus
Pallidus

Caudate

Putamen
Nucleus

Putamen

R L R L R L R L

R L R L R L R L R L

Mean 334 343 436 402 82 81 326 334
SD 52 54 .61 .60 .10 .10 44 49

419 388 .79 .79 344 353 456 418 .84 .84
53 sS4 .10 .10 .59 .58 .64 62 .09 .09

* All volumes are in cm?>.
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ment for height, somewhat greater age-related
shrinkage of the left versus the right caudate nucleus

(B = —.41 vs B = —.27) was evidenced in men,
whereas a trend in the opposite direction (8 = —.26
vs B = —.37) was revealed in women. For both sexes,

the left caudate volume was greater than the right
(3.43 vs 3.34 cm?; F[1, 135] = 14.12, P < .001, an
asymmetry of 2.66%). (The index of hemispheric
asymmetry was computed as the absolute percentage
difference: 100% X [(left — right)/2(left + right)].)
The estimated average rate of caudate shrinkage at a
span between 20 and 80 years of age was 3.3% per
decade. The estimated shrinkage rates by sex and
hemisphere were 4.0% and 2.9% for the left and right
caudate, respectively, in men, and 2.5% and 3.3% for
the corresponding nuclei in women.
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B Age

Fic 2. Scatter plots and regressions of the basal ganglia volume
and age: A, the caudate nucleus; B, the putamen; C, the globus
pallidus (men, filled circles; women, dotted circles).

Putamen

All the interactions between sex and continuous
variables were not significant, and the effects of age,
sex, and hemisphere on the volume of the putamen
were examined in a reduced model. The analysis
revealed a significant main effect of age (F[1, 144] =
38.27, P < .001). Greater aging was noted in the right
than in the left putamen (F[1, 144] = 5.53, P <.02).
Additionally, the right putamen was larger than the
left one (4.36 vs 4.02 cm?; F[1, 144] = 192.26, P <
.001). The magnitude of this rightward asymmetry
(8.17%) was stronger than that of the leftward bias in
the volume of the caudate nucleus. The observed
shrinkage of the whole putamen corresponds to the
rate of approximately 3.6% per decade within a span
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TABLE 2: Correlations among striatal volumes, height, and age
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Total Sample Women Men
Cd Pt Gp Age Cd Pt Gp Age Cd Pt Gp Age
Height .20% 37 28 .05 .02 22 .10 .05 19 30%* 5 .00
Caudate nucleus 53 17 — .32 A8 .10 —.32% S .16 —.35%*
Putamen .16 — 41 —-.03 — .43 23 —45%E
Globus pallidus —-.10 .06 —.33%*

*P < .05 ** P < .01; *** P < .001.
Note.—All volumes are summed across two hemispheres.

of 20 to 80 years of age, with the estimates for the
right and the left putamen standing at 3.7% and 3.2%,
respectively.

Globus Pallidus

The interaction between sex and height was not
significant and was dropped from the model. Al-
though age was not a main effect (F[1, 143] = 2.05),
a significant age X sex interaction (F[1, 143] = 5.41,
P < .03) was present. Decomposition of this interac-
tion revealed that significant age-related shrinkage of
the globus pallidus was restricted to men only (8 =
—.33vs B = .06 for men and women, respectively). No
hemispheric differences in pallidal volume for either
sex were noted. The estimated rate of globus pallidus
shrinkage for men was 1.9% per decade.

Differential Aging of the Striatum in
Men and Women

We compared the magnitude of age effects on each
striatal nucleus by using zero-order correlations be-
tween age and ROI volumes (Table 2). In this com-
parison we used Steiger’s Z* statistic, which takes into
account the correlation between the variables corre-
lated with age (20). For women, the correlation be-
tween putamen volume and age and caudate volume
and age was significantly larger than the correlation
between globus pallidus volume and age (Z* = 3.18,
P <.001 and 2.63, P < .01, respectively). The corre-
lations of the neostriatal volumes with age did not
differ significantly (Z* = .98). For men, the negative
association between age and the volume of all three
basal ganglia was equally strong (all Z* scores were
<1.12 and were not significant).

Discussion

The results of the study provide evidence of the
differential aging of the human striatum. We ob-
served significant effects of age on the neostriatal
structures, whereas the paleostriatal volume was af-
fected only in men. The magnitude of age-related
neostriatal shrinkage is consistent with the estimates
reported in the literature (4), and the observed pat-
tern of aging in the globus pallidus is, to our knowl-
edge, the first finding of this kind in healthy humans.
The pattern of volume asymmetry differed across the
striatal nuclei. The rightward asymmetry of the puta-

men is consistent with the trend that emerges in
published studies, whereas the leftward asymmetry of
the caudate is not. Finally, the lack of hemispheric
asymmetry of the globus pallidus contradicts several
postmortem findings (4).

The mechanisms of brain aging, in general, and of
age-related changes in the striatum remain to be
elucidated, and we may only speculate about possible
explanations. One plausible basis for the observed
pattern is a deafferentation. Both neostriatal nuclei
are innervated by dopaminergic projections that arise
from the substantia nigra, pars compacta (1). The
source neurons of the dopaminergic afferents un-
dergo a considerable age-related loss (21), and dopa-
minergic activity in the caudate nucleus is significantly
reduced with age (22). Functional loss of dopaminer-
gic receptors may progress faster than structural at-
rophy, at approximately 4% to 8% per decade, com-
parable to the age-related loss of dopamine
transporters (23). Age-related degeneration of the
substantia nigra may result in neostriatal atrophy,
probably mediated by the loss of dopaminergic neu-
rons. The dopaminergic deafferentation hypothesis
would predict no significant shrinkage of the globus
pallidus, and our finding of a lesser age effect on that
structure limited only to men is consistent with this
notion.

Asymmetry of the Basal Ganglia

Past research has yielded an inconsistent pattern
regarding the hemispheric direction of asymmetry of
the neostriatal nuclei (4). Several postmortem reports
provide evidence of leftward asymmetry of the globus
pallidus, whereas in vivo studies reveal an inconsis-
tent pattern of hemispheric differences (4, 24-26). In
this study, we detected a small leftward asymmetry of
the caudate nucleus and a somewhat stronger asym-
metry in the opposite direction in the putamen.
Hemispheric differences were not detected in the
volume of the globus pallidus. Asymmetries in the
neostriatal structures apparently do exist in the pop-
ulation, but the direction of the asymmetry may vary
by sample, thus yielding an inconsistent pattern of
results in the literature. In addition, the consistent
leftward asymmetry detected in postmortem studies
of the globus pallidus may not be as readily detectable
using MR imaging morphometry, in which only a part
of that nucleus can be measured reliably.

Asymmetry in the neostriatum may be related to
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handedness laterality and use. The predominant use
of one hand could yield contralateral hypertrophy
and/or ipsilateral atrophy of the striatal nuclei (27).
These interpretations are concordant with the asym-
metry noted in the caudate but cannot explain the
findings regarding the putamen or globus pallidus.

The findings of a rightward asymmetry in the pu-
tamen and a leftward asymmetry in the caudate are
commensurate with findings of higher levels of dopa-
mine in both the right putamen and the left caudate
in postmortem analyses of human brains (28). How-
ever, we did not find the pallidum to be asymmetrical,
which is in contrast to the findings of Glick et al (28)
of significantly higher levels of dopamine in the left
globus pallidus.

Asymmetry and Aging of the Basal Ganglia

In addition to the hemispheric differences noted in
the overall volumes of the neostriatal nuclei, we also
found evidence of asymmetrical aging of the putamen
in the full sample and of the caudate in men. While
the implications of the asymmetrical aging of the
putamen are unclear, greater aging of the left caudate
nucleus in men may possibly be pathologic in nature.
Data from perinatal research indicate that the left
cerebral ventricle abutting the left caudate nucleus is
more vulnerable to perinatal insult. Furthermore,
left-sided perinatal insult is more prevalent in men
than in women (29). Therefore, an insult involving the
left caudate nucleus perinatally possibly may render
the left caudate nucleus of men more susceptible to
deterioration in later life. Loopuijt and Villablanca
(30) found that prenatal lesions in frontal or parietal
areas resulted in a significant increase in the volume
of the ipsilateral caudate nucleus in cats. Thus, early
insult may result in a reduction in developmental necro-
sis (30) and in a greater vulnerability later in life.

Methodological Limitations

The findings reported here should be viewed in the
context of several methodological limitations. One
drawback of the in vivo MR imaging methods used in
the current study is that they cannot provide clues to
the underlying cellular mechanisms of an age-related
loss in volume. Losses of neuronal bodies, decreases
in their volume, or decreases in dendritic arborization
are all potential sources of volume reduction. An-
other limitation stems from the difficulty in measur-
ing the globus pallidus. Because of the poor contrast
between its anterior parts and the surrounding paren-
chyma, a truncated volume estimate had to be de-
rived. Also, we were unable to separate the globus
pallidus into its external and internal segments, which
may be functionally and neurochemically distinct
(31). Thus, our estimate of the pallidal volume, al-
though a highly reliable and precise one, may be a less
valid reflection of the structure than are the estimates
for the neostriatal nuclei.

Because of reliance on the cross-sectional design,
we were not able to control for the influence of cohort
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effects and secular trends in brain and body size (32)
on our volumetric indexes. However, covarying height
extracted a large amount of the variance that might
have been attributable to a secular trend. Addition-
ally, cohort effects would have most likely resulted in
a generalized pattern, rather than the observed dif-
ferential reductions.

Finally, the criteria used to select subjects for this
study limit the generalizability of our findings. Our
sample was composed only of persons who were re-
portedly free of common age-associated pathologic
conditions. Moreover, subjects in whom signs of mild
cerebrovascular abnormalities were detected were
also excluded from the data analysis. Thus, our sam-
ple is not representative of the patient population
typically seen by a geriatric practitioner. We are able
to conclude, however, that whatever their source,
age-related differences in the volume of the basal
ganglia are unlikely to stem from cerebrovascular
changes commonly observed in the white matter of
the elderly. In addition, because men seem to be at
greater risk for age-related diseases, the men who
participated in this study possibly were more atypi-
cally healthy than the women participants. Such a
selection bias may have attenuated sex differences in
aging trends.

Conclusion

The results of this study replicate and extend the
findings of bilateral age-related shrinkage of the stri-
atum. The pattern of observed results need to be
examined in the context of neurochemical changes
with age. The relative contributions of environmental
and genetic factors also should be assessed. Finally,
cognitive and behavioral implications of these find-
ings need to be elucidated in future studies.
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