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Objective: Although it is documented that brain dopamine activity declines with age, the
functional significance of this is not known. This study assessed the relation between measures
of brain dopamine activity and indexes of motor and cognitive function in healthy individuals.
Method: Thirty healthy volunteers aged 24–86 years were studied with positron emission
tomography and [11C]raclopride to assess dopamine D2 receptors. All subjects underwent a
neuropsychological test battery that included tasks found to be sensitive to dopamine altera-
tions in patients with neurodegenerative disease and control tasks. Results: Transfer of [11C]-
raclopride from plasma to brain in the striatum and cerebellum was not affected by age. In
contrast, D2 receptor availability in the caudate and putamen declined with age. Correlations
between D2 receptors and neuropsychological test performance were strongest for the motor
task (Finger Tapping Test) and were also significant for most tasks involving frontal brain
regions, including measures of abstraction and mental flexibility (Wisconsin Card Sorting Test)
and attention and response inhibition (Stroop Color-Word Test, interference score). These rela-
tionships remained significant after control for age effects. Conclusions: Age-related decreases
in brain dopamine activity are associated with a decline in motor function and may also
contribute to impaired performance on tasks that involve frontal brain regions. Interventions
that enhance dopamine activity may improve performance and quality of life for the elderly.
The fact that correlations remained significant after age effects were partialed out suggests
that dopamine activity may influence motor and cognitive performance irrespective of age.
 (Am J Psychiatry 1998; 155:344–349)

T he progressive increase in the elderly population
places a sense of urgency on understanding the

neurochemical changes accompanying normal aging
and the relationship of these changes to the clinical

manifestations that limit performance in later life. Of
the age-related neurochemical changes in the brain,
those involving the dopamine system appear to be of
paramount importance (1, 2). However, despite a large
number of studies documenting decreased dopamine
activity with aging, very little is known about its func-
tional significance. Part of the difficulty has been that
until recently, measurements were done in postmortem
brains for which neurocognitive assessment was not
available (3). With the development of imaging tech-
niques such as positron emission tomography (PET), it
is now possible to measure dopamine-specific parame-
ters in living human subjects and to evaluate in parallel
their cognitive and motor performance (4).

Imaging studies of the dopamine system have docu-
mented a substantial decline in dopamine D2 receptors
(reviewed in reference 5), dopamine D1 receptors (6),
and dopamine transporters (reviewed in reference 7),
while studies of dopamine metabolism have been less
consistent, showing decreases as well as no changes
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with aging (reviewed in reference 8). However, the
functional significance of these changes in the normal
human brain has not been investigated. The purpose of
this study was to examine the relation between changes
in dopamine D2 receptors and cognitive and motor
function in healthy individuals.

METHOD

Thirty healthy right-handed volunteers (24 men and six women)
were recruited by the Clinical Research Center at Brookhaven Na-
tional Laboratory. Their mean age was 49 years (SD=18, range=
24–86). Twenty were Caucasian, five were African American, three
were Asian, and two were Hispanic. Their mean education level
was 15 years (SD=3), and their mean verbal IQ was 118 (SD=15).
They underwent a complete medical, psychiatric, and neurological
examination to ensure the absence of disease. In addition, the in-
clusion criteria required weight within 20% of the Metropolitan
Life Insurance norms and a score of less than 14 on the Hamilton
Depression Rating Scale (9). The exclusion criteria included a past
or present psychiatric or neurologic disorder, alcohol or substance
abuse (except for caffeine and nicotine), medical conditions that
could alter cerebral functioning (i.e., immunologic, metabolic, car-
diovascular disorders), and a history of head trauma with loss of
consciousness. Persons with abnormalities on magnetic resonance
imaging (MRI) scans (apart from age-appropriate cortical atrophy)
were excluded. None of the subjects was taking medication at the
time of the study, and pre-scan urine tests were done to ensure the
absence of psychoactive drug use. Informed consent was obtained
following guidelines set by the Human Studies Review Committee
at Brookhaven National Laboratory.

All subjects completed a neuropsychological test battery that in-
cluded tasks thought to require substantial input from dopamine
pathways (“dopamine-sensitive” tasks) as well as tests thought to be
insensitive to dopamine (“control” tasks) (table 1). Tests related to
dopamine activity were selected from measures of motor and execu-
tive functions (concept formation, abstraction, attention) that have
been found to be abnormal in patients with neurodegenerative disease
states of the dopamine system (22–24). All tests were administered by
an experienced clinical neuropsychologist, and the scoring was
checked by an independent examiner.

Scans were done with a CTI 931 tomograph (6×6×6.5 mm full
width at half maximum, 15 slices) and [11C]raclopride (25). Details
of procedures for positioning, arterial and venous catheterization,
quantification and metabolite analyses, and transmission and emis-
sion scans have been published (25). Briefly, sequential dynamic scans
were started immediately after intravenous injection of 4–10 mCi of
[11C]raclopride (specific activity >0.25 Ci/µmol at the time of injec-
tion) for a total of 60 minutes.

Regions of interest were drawn directly on the emission scans,
since for these dopamine tracers this strategy provides measures
equivalent to those obtained when the MRI is used as the template
(26). Regions of interest for the caudate, putamen, and cerebellum
were obtained with the use of procedures previously described (25).
The time-activity curves for [11C]raclopride in the caudate, putamen,
and cerebellum and the time-activity curves for unchanged tracer in
plasma were used to calculate distribution volumes by means of a
graphical analysis technique for reversible systems (Logan plots) (27).
The parameter Bmax/Kd—the ratio of the distribution volume in the
striatum to that in the cerebellum minus 1—was used as the model of
dopamine D2 receptor availability. This parameter is insensitive to
changes in cerebral blood flow (28).

Pearson product-moment correlation analyses were performed be-
tween age and k1 (the transfer constant of radiotracer from blood to
brain), between age and dopamine D2 receptor availability, and be-
tween dopamine D2 receptors and neuropsychological test results. To
evaluate the influence of education, we also evaluated the correlations
for years of education. Because neuropsychological measures show
age-related decline (29), we also performed partial correlations to
control for age effects on those tests for which the correlations were

significant (p<0.01). Partial correlations were considered significant
at p<0.05 (two-tailed).

In addition, we used a factor analysis (varimax rotation) to assess
the categorization of the neuropsychological tests, and using the
scores from the 20 neuropsychological tests, we did a step-down re-
gression analysis to determine the combination of variables that
would best predict the dopamine D2 measures. These two multivari-
ate tests were computed for those subjects who completed all of the
tests (N=21).

RESULTS

The correlation analysis between age and k1 (the trans-
fer constant of [11C]raclopride from plasma to brain) for
the 18 subjects for whom k1 was available did not show
an age effect for the striatum (r=0.31, df=16, p<0.20) or
for the cerebellum (r=0.20, df=16, p=0.44). In contrast,
the distribution volume measures for [11C]raclopride in
the striatum were found to decrease significantly with age
(figure 1). The significant correlations between D2 recep-
tor availability and age were in the caudate (r=–0.62, df=
28, p<0.0003) and the putamen (r=–0.70, df=28, p<0.0001).

Significant correlations between D2 receptor avail-
ability and results of neuropsychological tests were ubi-
quitous. However, as expected, neuropsychological test

TABLE 1. Correlations of Neuropsychological Test Results With Age
Among 30 Healthy Subjects

Task
Correlation (r)

With Agea p

Dopamine-sensitive
Cognitive

Wisconsin Card Sorting Test (10) (N=29)
Categories –0.16 n.s.
Errors  0.64 0.0001
Perseverations  0.67 0.0001

Stroop Color-Word Test (11) (N=26)
Word –0.13 n.s.
Color –0.53 0.004 
Interference –0.44 0.02  

Trail Making Test (A and B) (12) (N=30)  0.61 0.0006
Controlled Oral Word Association

Test (13) (N=29)  0.02 n.s.
Letter Cancellation Test (14) (N=30)

Time  0.72 0.0001
Errors  0.04 n.s.

Symbol Digit Modalities Test (15) (N=29)
Written –0.35 n.s.
Oral –0.75 0.0001

Raven Standard Progressive Matrices
(16) (N=30)  0.22 n.s.

Booklet Category Test (17) (N=29)  0.56 0.002 
Motor

Finger Tapping Test (N=29) –0.43 0.02  
Control

Wechsler Adult Intelligence Scale—
Revised (18) (N=30)  0.12 n.s.

Wide Range Achievement Test—
Revised (19) (N=30) –0.06 n.s.

Wechsler Memory Scale—Revised (20)
(N=30)  0.12 n.s.

Benton Visual Retention Test (21) (N=30)
Correct answers –0.72 0.0001
Errors  0.66 0.0001

aPearson’s product-moment correlation.
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performance also correlated with age for many of the
tasks (table 1). Given the correlations between age and
both dopamine and neuropsychological measures, par-
tial correlations were calculated to control for age ef-
fects. The partial correlation analysis revealed specific
relationships between dopamine measures and per-
formance on the dopamine-sensitive tests. Partial corre-
lations with D2 receptor availability were significant for
the motor task (Finger Tapping Test) both in the cau-
date (r=0.56, df=27, p<0.005) and in the putamen (r=
0.56, df=27, p<0.005) (figure 2); they were significant
for the Wisconsin Card Sorting Test (total categories)
(r=–0.42, df=27, p<0.05), the Stroop Color-Word Test
(interference score) (r=0.38, df=27, p<0.05), the Raven
Standard Progressive Matrices (r=0.37, df=27, p<0.05),
and the Symbol Digit Modalities Test (written) (r=0.38,
df=27, p<0.05) in the caudate only (table 2).

Years of education did not correlate with D2 receptor
measures (caudate: r=0.20, df=28, p=0.32; putamen: r=
0.25, df=28, p=0.21) or with the subject’s age (r=0.11,
df=28, p=0.60). The only neuropsychological measure
for which there tended to be a correlation with years of
education was the Wisconsin Card Sorting Test (total
categories) (r=0.36, df=28, p=0.06).

The factor analysis of the neuropsychological test
results revealed five factors, three of which contributed
to 68% of the variance. Factor 1 comprised significant
weights for the Stroop Color-Word Test (word=0.80,
color=0.72, and interference=0.53) and the Symbol

Digit Modalities Test (written=0.80, and oral=0.76).
Factor 2 comprised significant weights for the Wiscon-
sin Card Sorting Test (categories=0.77, errors=0.97,
and perseverations=0.94). Factor 3 comprised a signifi-
cant weight in the Finger Tapping Test (0.71). The
tests in these three factors were the ones that were
also found to be significantly correlated with the do-
pamine D2 receptor measures, corroborating a func-
tional categorization of these tests.

Stepwise regression analysis with the 20 neuropsy-
chological test scores showed that the Stroop Color-
Word Test and the Finger Tapping Test accounted for
most of the variance in dopamine D2 measures. The
first step regression showed that the Stroop Color-
Word Test contributed the most to the variance (R=
0.72, F=20.7, df=1, 19, p<0.0002), and the second step
analysis selected the Finger Tapping Test (R=0.79, F=
15.0, df=2, 18, p<0.0001).

DISCUSSION

This study shows that the reductions in brain dopa-
mine activity that occur as part of aging are associated
with changes in motor as well as cognitive functions.
An association between parameters of dopamine brain
function and cognitive and motor performance had pre-
viously been shown in patients with Parkinson’s disease
(30, 31). The fact that this association is observed in
healthy subjects with no evidence of neurological dys-
function indicates that while the decline in brain dopa-
mine function may be clinically asymptomatic, it none-
theless leads to a decline in the individual’s performance
of specific cognitive and motor tasks.

The strongest association with D2 receptors was with
the motor task (Finger Tapping Test), which is consis-
tent with the well-recognized role of dopamine in motor
control and regulation (32). While 80% of brain dopa-
mine has to be lost for symptoms of Parkinson’s disease
to emerge (33), the results from this study indicate that
smaller losses have an effect on motor behavior. Thus,
the sensitivity of the Finger Tapping Test to age effects
(34) is likely to reflect in part a decline in dopamine
brain function. The relatively strong association of the
Finger Tapping Test results with D2 receptors indicates
that the test may be particularly useful for indirectly
monitoring dopamine brain function.

This study also documents an association between
dopamine measures and performance on behavioral
measures of frontal lobe functioning—more specifi-
cally, tests of executive function requiring abstraction
and mental flexibility (Wisconsin Card Sorting Test)
and attention and response inhibition (Stroop Color-
Word Test). Dopamine modulation of frontal activity
during the performance of these tasks has been demon-
strated both for the Stroop Color-Word Test (35) and
for the Wisconsin Card Sorting Test (36). Imaging stud-
ies have also documented a decline in frontal metabo-
lism with age (37, 38) and have shown an association
between dopamine D2 receptor measures and metabolic

FIGURE 1. Distribution Volume Images for the Dopamine D2 Radio-
tracer [11C]Raclopride at the Level of the Striatum and the Cerebel-
lum in Three Subjects Aged 24, 44, and 86 Yearsa

aNote the reductions in dopamine D2 receptors in the striatum as a
function of age.
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activity in frontal brain regions (39). Thus, our results
serve to further corroborate an involvement of the do-
pamine system in the cognitive deficits of the elderly
that involve predominantly frontal lobe functions and
that have been shown to be ameliorated by dopamine-
enhancing drugs (40). Furthermore, the fact that corre-
lations with neuropsychological performance remained
significant after the partialing out of age effects suggests
that dopamine activity may influence cognitive perform-
ance involving frontal lobe function irrespective of age.

In analyzing the results from this investigation, it is
also useful to compare them with findings in patients
with degeneration of the dopamine system, such as
those with idiopathic Parkinson’s disease and parkin-
sonism from exposure to MPTP. In particular, subjects
exposed to MPTP provide a good model for assessing
the consequences of changes in dopamine function. Un-
like patients with Parkinson’s disease, in which multiple
neurotransmitters appear to be involved, patients with
MPTP exposure show a selective lesion of the substan-

tia nigra pars compacta (22, 23). These patients
show impairments on the Wisconsin Card Sort-
ing Test as well as on the Stroop Color-Word
Test that have been referred to as a disturbance
in executive functions or “the planning and
modulation of ongoing behavior” (22, 23). Re-
sults on these two tests were also the ones that
we found to be significantly correlated with do-
pamine activity in our healthy volunteers, cor-
roborating the involvement of the dopamine sys-
tem in cerebral functions involved in the
performance of these tests. Subjects exposed to
MPTP also have shown impairments in tasks
that we did not find to be correlated with dopa-
mine parameters, including tests for verbal flu-
ency such as the Controlled Oral Word Associa-
tion Test and tests of construction such as the
Benton Visual Retention Test. Failure to docu-

ment an association between dopamine parameters and
these latter tests in our healthy subjects could indicate
that changes in brain function may be different when
decline in dopamine function occurs slowly, as with
normal aging, than when it occurs abruptly, as in sub-
jects exposed to MPTP. A gradual decline may enable
the development of compensatory strategies for prob-
lem solving. In this respect, it is noteworthy that if pa-
tients with Parkinson’s disease are assisted with the ex-
ecutive aspects of a construction task, their performance
is improved (22).

The implications of these results are relevant to treat-
ment, since they indicate that if one can identify
strategies to improve dopamine brain function, these
interventions could improve motor and cognitive per-
formance in elderly subjects. For example, in labora-
tory animals dietary restriction retarded the age-related
loss of dopamine D2 receptors (32), and changes in mo-
tor activity from a sedentary to an exercise-rich lifestyle
led to increases in D2 receptors (41, 42). Thus, one

TABLE 2. Correlations of Neuropsychological Test Results With Dopamine D2 Receptors in the Caudate and in the Putamen of 30 Healthy
Subjects

D2 Receptors in the Caudate
(N=30)

D2 Receptors in the Putamen
(N=30)

Task ra p pb ra p pb

Cognitive
Raven Standard Progressive Matrices (N=30) 0.15 n.s. <0.05 –0.06 n.s. n.s.
Wisconsin Card Sorting Test (N=30)

Categories –0.23 n.s. <0.05 –0.003 n.s. n.s.
Errors –0.54 0.005 n.s. –0.55 0.005 n.s.
Perseverations –0.51 0.005 n.s. –0.58 0.001 n.s.

Stroop Color-Word Test (N=26)
Word 0.25 n.s. n.s. 0.36 n.s. n.s.
Color 0.52 0.005 n.s. 0.50 0.005 n.s.
Interference 0.48 0.01 <0.05 0.48 0.01 n.s.

Symbol Digit Modalities Test (N=29)
Written 0.49 0.01 <0.05 0.36 n.s. n.s.
Oral 0.53 0.005 n.s. 0.44 0.05 n.s.

Motor
Finger Tapping Test (N=29) 0.66 0.0005 <0.005 0.66 0.0005 0.005

aPearson’s product-moment correlation.
bSignificance after the partialing out of age effects.

FIGURE 2. Correlations Between Dopamine D2 Receptor Availability (Bmax/Kd)
in the Caudate and the Putamen and Performance on the Finger Tapping Test
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could evaluate whether, for example, the improved per-
formance on the Stroop Color-Word Test observed
with exercise in sedentary humans (50–70 years of age)
(43) is in fact associated with changes in D2 receptors
and ultimately target lifestyles as well as medications
that favor an active dopamine system.

The results of this study are also relevant for an un-
derstanding of the cognitive abnormalities reported in
patients suffering from disease with dopamine involve-
ment, such as Parkinson’s disease and schizophrenia,
whose impaired performance has been documented on
both the Wisconsin Card Sorting Test and the Stroop
Color-Word Test (44, 45).

A limitation in the interpretation of these data is that
one cannot determine whether the decline in dopamine
D2 receptors represents cell loss and/or a decline in the
expression of D2 receptors in striatal cells. Thus, one
cannot determine whether decline in D2 receptors with
age represents primary or secondary changes in the
striatum. This is particularly relevant, since imaging
studies have shown changes in the striatum with aging.
More specifically, MRI studies have shown an increase
in T2 high signal intensity lesions with age, which is
most prevalent in the striatum (46), and PET metabolic
studies have shown a relative increase in striatal versus
frontal metabolic activity in the elderly (38). Further-
more, the striatal changes may have functional conse-
quences, as evidenced by a reported correlation be-
tween the presence of T2 high signal intensity lesions
and performance on the Benton Visual Retention Test
(46). However, it is unlikely that decline in D2 receptors
with age reflects only nonspecific tissue loss in the
striatum, since k1 measures in the striatum, which re-
flect cerebral blood flow, did not decline with age as
would have been expected if the decline in D2 receptors
were due solely to tissue loss.

Although we did not use MRI coregistration to select
the regions of interest in this study, we have shown
comparable estimates for dopamine D2 receptor meas-
ures when regions are selected directly from the PET
images and when they are coregistered with MRI and
then projected onto the PET images (26). To minimize
quantification errors from possible effects of striatal at-
rophy with aging, the size of the regions of interest se-
lected was less than half the size of the structures sam-
pled in all directions, and the regions were placed in the
center of the structure. A limitation in the generalizabil-
ity of these data is that the education and verbal IQ of
this study group were above average, and hence these
findings require replication in groups more repre-
sentative of the general population.

For many years neuropsychologists have struggled
with developing test batteries that would probe specific
functional brain circuits. The availability of imaging
methods offers the possibility of determining not only
the neuroanatomical brain structures involved with
neuropsychological test performance but also the role
that specific neurotransmitters may play in the mecha-
nisms through which brain circuits interact to perform
cerebral functions. In this study we selected neuropsy-

chological tests that we presumed had a major dopa-
minergic component, since they show abnormal results
in patients with Parkinson’s disease. However, this as-
sumption is limited by the fact that Parkinson’s disease
is likely to involve multiple neurotransmitters. Thus,
the demonstration of a significant correlation between
performance of those tasks and dopamine D2 measures
serves to corroborate an important role of dopamine in
the processing of the tasks in healthy individuals.

In summary, this study documents an association be-
tween the age-related decline in dopamine brain func-
tion and impaired performance on specific motor and
cognitive tasks in healthy individuals. It also corrobo-
rates an involvement of dopamine in cognitive tests of
executive function in healthy individuals. These results
support the need to investigate interventions that en-
hance dopamine function to improve motor and cogni-
tive performance and enhance the quality of life of the
elderly.
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