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Abstract: Functional reorganization of the motor system occurs in response to both aging and Parkinson’s
disease (PD). Since PD typically develops in older adults, disease progression and the effects of treatment
may interact with normal aging. Using event-related functional magnetic resonance imaging, we studied
patients ‘‘on’’ and ‘‘off’’ their normal dopaminergic medication, age-matched controls and younger adults
on tasks of action and action selection. For manual movements, aging increased activity in bilateral motor,
premotor and cingulate cortex. Activation in the premotor regions of ‘‘on’’ patients was higher relative to
age-matched controls. However, in contrast to controls and ‘‘off’’ patients, the activations for patients when
‘‘on’’ decreased with age. Voluntary selection of actions was associated with activation in a bilateral net-
work of fronto-parietal cortex. Within this network, advancing severity of PD was associated with
decreased activity particularly in premotor and ventrolateral prefrontal cortex. Together, these results
reveal very different patterns of age-related changes in health and PD. Younger patients are able to exert
greater compensatory activity in premotor cortex than older patients, even after correction for disease sever-
ity. This effect is dopamine dependant, and may in part explain the clinical observation of reduced dopa-
mine responsiveness in older patients with PD. Hum Brain Mapp 31:1886–1899, 2010. VC 2010Wiley-Liss, Inc.
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INTRODUCTION

We often take it for granted that we can choose and carry
out actions, expressing our volition as part of normal human
behavior. However, the processes underlying the selection
and execution of responses change with healthy aging
[Ward, 2006] and neurodegenerative diseases like Parkin-
son’s disease (PD) [Ballanger et al., 2008; Buhmann et al.,
2003; Eckert et al., 2006; Haslinger et al., 2001; Rascol et al.,
1994, 1997, 1998; Rowe et al., 2002; Sabatini et al., 2000; Yu
et al., 2007]. Since PD is an archetypal movement disorder,
and typically develops in older adults, it is necessary to
understand better the independent and interacting effects of
healthy aging and PD [Levy, 2007; Levy et al., 2005].
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Our primary focus is the effect of healthy aging and
PD on the motor systems that support voluntary action.
Neuroimaging with functional magnetic resonance imag-
ing (fMRI) and positron emission tomography (PET)
have been used for many years to study the neural ba-
sis of voluntary actions in PD. Many studies have used
�8 patients with mild to moderate PD in a relative
‘‘on’’ or ‘‘off’’ state, and compared regional brain activity
with healthy control subjects, on a variety of ‘‘simple’’
motor tasks including sequential finger thumb opposi-
tion, button presses, or joystick movements. The differ-
ent statistical methods and thresholds of these studies
reflect the evolution of neuroimaging methodologies
over 20 years, but most studies still make a categorical
distinction between groups, and do not explore the
effects of disease severity or age.

Despite these potential limitations, several patterns have
emerged. For simple actions, patients with PD in the ‘‘off’’
state are shown to have impaired activity in medial frontal
cortex (including SMA) and prefrontal areas [Sabatini et al.,
2000; Samuel et al., 1997; Yu et al., 2007], and more so for self-
initiated compared to externally cued movements [Ballanger
et al., 2008; Jahanshahi et al., 1995; Playford et al., 1992]. Addi-
tional increases in activity in ‘‘off’’ patients are reported in lat-
eral premotor cortex [Haslinger et al., 2001; Sabatini et al.,
2000; Samuel et al., 1997], motor cortex [Haslinger et al., 2001;
Yu et al., 2007], and cerebellum [Rascol et al., 1997; Yu et al.,
2007]. The cortical shift frommedial to lateral premotor cortex
[Samuel et al., 1997] and subcortical shift from basal ganglia to
cerebellum [Yu et al., 2007] are proposed to be compensatory.
Dopaminergic medications can partially restore SMA dys-
function [Buhmann et al., 2003; Haslinger et al., 2001; Jenkins
et al., 1992; Rascol et al., 1994, 1997], although the activation of
rostral SMA may remain abnormal [Haslinger et al., 2001].
However, these studies do not distinguish age-related
changes that may arise across the typical 50–75 years age
range of the PD cohorts.

How then does healthy aging affect the neural basis of
simple motor actions? Even for simple tasks, motor func-
tions are reported to change significantly with age [Ward,
2006] including increases in neural activity in the motor,
premotor cortex, and SMA [Heuninckx et al., 2005; Hutchin-
son et al., 2002; Mattay et al., 2002; Naccarato et al., 2006;
Ward and Frackowiak, 2003]. However reduced activation
of the motor cortex has also been reported [D’Esposito et al.,
1999; Hesselmann et al., 2001; Tekes et al., 2005]. Further to
increased activity in the motor networks, there is evidence
of reorganization with recruitment of additional brain areas
including ipsilateral motor and premotor cortex [Naccarato
et al., 2006; Ward and Frackowiak, 2003], which may result
from changes in transcallosal inhibitory connections [Nac-
carato et al., 2006; Rowe et al., 2006].

Reduced lateralization may be part of a generic ‘‘hemi-
spheric asymmetry reduction in older age,’’ described by the
HAROLD model of aging cognition. The HAROLD model
suggests that increased bilateral activation may compensate
for aging [Dolcos et al., 2002]. Evidence that this reorganiza-

tion is compensatory comes from negative correlations of
reactions times with activations in the motor areas [Heu-
ninckx et al., 2008; Mattay et al., 2002], which imply that addi-
tional activation is required by older subjects to maintain
good performance. There are also similarities between age-
related changes in regional activation and changes observed
after stroke: post-stroke patients show widespread ncreases in
task-related activity relative to controls, which normalizes
with recovery [Calautti et al., 2007; Ward et al., 2003a,b].

These data suggest clear differences between aging and
PD on the motor and premotor cortical activations associ-
ated with movement. Whereas PD shifts activity from
medial to more lateral motor networks, aging increases
bilateral motor/premotor cortical activity. Our first aim
was therefore to compare the effects of aging and PD on
the neural mechanisms of action, with particular reference
to the medial (SMA) and lateral premotor cortex. How-
ever, the relationship between age and disease may be
complicated by the heterogeneity of PD and medication
state. Thus, our second aim was to estimate the effects of
disease severity and dopaminergic medication on motor
processes rather than assume an average effect of PD over
all patients. This has been shown to be relevant for cogni-
tive and motor tasks [Rowe et al., 2008b]. Additionally PD
patients have greater difficulty with voluntary actions rela-
tive to externally cued responses [Cunnington et al., 1995],
so our third aim was to examine the interaction of aging
and PD on self-selected responses compared to externally
specified responses using a task known to activate prefron-
tal regions [Rowe et al., 2005, 2008b].

METHODS

Subjects

Sixteen patients (50–80) with idiopathic PD were
recruited from the Cambridge Centre for Brain Repair’s PD
research clinic, using the UK PD Brain Bank clinical diag-
nostic criteria. Patients were tested once on their usual do-
paminergic medication and once after dopaminergic
mediation had been withdrawn (minimum 12 h for short
acting preparations, 24 h for long acting preparations, such
as cabergoline or modified/slow release preparations of
Madopar and Sinemet). The order of testing was counterbal-
anced so that half patients were ‘‘off’’ on their first visit and
half were ‘‘on.’’ Patients were examined on both occasions
using the UPDRS-III motor rating scale and classified with
the Hoehn and Yahr [1967] and Schwab and England [1969]
scales. Fifteen healthy older adults (50–80) and twenty-eight
healthy younger adults, (18–48) were recruited from the
same PD research clinic database and the volunteer panel of
the MRC Cognition and Brain Sciences Unit. Subject details
are summarized in Table I.

All subjects were right handed and none had current
depressive illness, and no known dementia based on prior
cognitive assessment. No subjects in the healthy older and
younger groups had a history of significant neurological,
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rheumatological, or psychiatric illness, nor had any cogni-
tive complaints. Medication is specified in Table I. One
additional patient was recruited but later excluded due to
severe dyskinesia during MRI. Two additional older healthy
subjects were recruited and scanned but then removed from
the analysis because of extensive idiopathic calcification of
the basal ganglia and hydrocephalus, respectively. The
study was given a favorable opinion by the local Research
Ethics Committee and participants gave written informed
consent according to the 1991 Declaration of Helsinki.

Task

The ‘‘finger-tapping’’ task is a visually paced right hand
button press task. Subjects were presented with a picture of a
right hand and pressed a button with one of their four right
hand fingers in response to a cue. The cue was either a
‘‘specified’’ cue in which a single opaque circle indicated
which finger to press, or ‘‘chosen’’ cue in which all circles

appeared opaque indicating subjects could choose any one
finger to press (see Fig. 1). Subjects were asked to ‘‘make a
fresh selection on each trial.’’ They were specifically not
asked to make ‘‘random’’ selections as this may paradoxically
exaggerate monitoring of sequential responses and imply
unspecified rule constraints on choices [cf. Baddeley et al.,
1998]. The task comprised 40 specified trials (10 for each fin-
ger) and 40 action-selection trials, interspersed with 40 null
events in which no cue was presented. Cues were presented
for 1 s with a stimulus onset asynchrony of 2.5 s, and were
randomly intermixed excluding four or more responses of
the same type (action-selection, specified or null) in a row.
The presentation of data was controlled using Cogent 2000
software (www.vislab.ucl.ac.uk/Cogent2000) using Matlab
7.1 (www.mathworks.com) in Windows XP (www.micro-
soft.com). Mean reaction time and response accuracy were
analyzed in SPSS 11.0 (SPSS, Chicago) using repeated meas-
ures analysis of variance and using Greenhouse-Geisser cor-
rection for nonsphericity where appropriate. Randomness of

TABLE I. Demographic and drug details of PD patients and controls

UPDRS Other L-Dopa

No Sex Age Schwab H þ Y (on) Duration On Off Ldopa Ldopa equivalenta A C R E Otherb

1 f 65 90 2.5 4.6 30 38 600 1,560 24
2 m 61 70 2 15.4 17 53 2,200 2,585 300 T 300
3 m 59 80 2 5.7 29 36 500 1,140 200 4
4 f 53 80 2 8.7 14 24 900 2,200 100 21
5 m 78 80 3 13.5 30 50 700 512 O 120
6 f 59 70 2 5.5 31 34 300 1,260 6
7 m 68 80 2 9.0 20 32 250 915 4 S 5
8 m 66 80 2 6.9 25 33 800 1,009 200 1 600
9 m 65 70 2.5 13.5 19 36 700 1,196 800 S 10
10 f 65 100 2 5.0 7 12 250 1,090 21 O 50, D 30
11 f 49 90 2 9.5 15 34 300 1,200 200 15
12 f 78 90 1 5.7 1 14 600 600
13 f 62 90 1 5.4 10 26 500 1,020 18 600
14 m 64 90 2 3.0 17 20 400 1,290 100 P 2.1
15 m 62 100 2 5.2 19 30 800 1,640 100 P 1
16 m 69 80 2 4.8 18 29 400 1,120 4 S 1.25
9m, 7f Mean 63.9 83.8 2.0 7.6 18.9 31.3 637.5 1271.1

Sd 7.5 9.6 0.5 3.7 8.6 11.0 465.7 527.8
Older Controlsc

7m, 8f Mean 66.5
Sd 5.9

Younger Controls
17m, 11f Mean 31.0

Sd 10.6

aEquivalent levodopa dose ¼ [levodopa (� 1.2 if COMT inhibitor) (� 1.2 if 10 mg of S or � 1.1 if 5 mg of S)] þ [P � 400] þ [R � 40] þ
[C � 160] þ [pergolide � 200] þ [bromocriptine � 10] þ [lisuride � 160]; all doses are in milligrams. (Williams Gray C. (2007) J Neuro-
sci 27 (18) 4832–4838).
bOther drugs as mg/day are: A ¼ amantadine, C ¼ Cabergoline, R ¼ Ropinirole, E ¼ entacapone, T ¼ tolcapone, S ¼ selegiline,
P ¼ pramipexole, O ¼ orphenadrine, D ¼ domperidone.
cMedications taken by four older controls were: 1 � fenofibrate, 2 � antihypertensives, 1 � ibuprofen, co-codamol, zopiclone, tamsulo-
sin hydrochloride and etodolac.
Schwab, Schwab and England; HþY, Hoehn and Yahr scale; UPDRS, Unified Parkinson’s Disease Rating Scale motor subscale III;
MMSE, Folstein Mini-Mental State Examination; Duration, Duration of disease from diagnosis in years.
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responses for the action-selection condition was analyzed
using Simpson’s Equitability Index [Simpson, 1949].
Response frequency was calculated for three different pat-
terns for selecting a finger in the action-selection condition:
(1) repeating the same finger as previously chosen (e.g.,
repeating the index finger), (2) selecting the immediate neigh-
boring finger of the one previously chosen (e.g., index then
middle), (3) selecting a more remote finger (e.g., index then
ring finger). Frequencies were adjusted for the number of
possible selections available (i.e., when repeating a finger
there is only one available option, whereas a neighbor has
two options for the middle and ring finger, etc).

MRI Data Acquisition and Analysis

A Siemens Tim Trio 3 Tesla scanner was used to acquire
BOLD sensitive T2* weighted EPI images (TR 2000 ms, TE 30
ms, FA 78 degrees) with 32 slices, 3.0 mm thick, in-plane re-
solution 3 � 3 mm, with slice separation 0.75 mm, in sequen-
tial descending order. One hundred fifty six volumes were
acquired, the first six of which were discarded to allow for
steady-state magnetization. An MPRAGE T1-weighted struc-
tural image was also acquired for each subject (TR 2250 ms,
TE 2.99 ms, FA 9 degrees, IT 900 ms, 256 � 256 � 192 iso-
tropic 1-mm voxels) and single volume TSE (TR 5,060 ms, TE
102 ms, FA 140, 28� 4 mm slices) for the purposes of normal-
ization of images, localization of activations on individual
and group brains, and assurance of structural normality.

Data preprocessing and analysis used SPM5 (http://
www.fil.ion.ucl.ac.uk/spm) in Matlab 7 environment (R14,
Mathworks, CA). fMRI data were converted from DICOM to
NIFTII format, spatially realigned to the first image and sinc
interpolated in time to the middle slice to correct for acquisi-
tion delay. The mean fMRI volume and MPRAGE were core-
gistered using mutual information, and the MPRAGE
segmented and normalized to the Montreal Neurological
Institute T1 template in SPM by linear and nonlinear defor-

mations. The normalization parameters were then applied to
all spatiotemporally realigned functional images, the mean
image and structural images, prior to spatial smoothing of
fMRI data with an isotropic Gaussian kernel FWHM 10 mm.

First level Statistical Parametric Modeling for each sub-
ject used a general linear model with one regressor repre-
senting the presentation of a trial (of any type, excluding
null trials). This was subject to parametric modulation
according to the two conditions ‘‘specified’’ and ‘‘action-
selection,’’ and also to reaction time. Two second level
models (random effects) for aging effects and for ‘‘on/off’’
effects were made for each contrast of interest using an
ANOVA of the contrast images from each subject’s analy-
sis at the first level.

Model 1: Aging and disease. Each second level ANOVA
had a similar design for each contrast of interest, and included
four regressors specifying: All task activity, mean corrected
age, group: PD vs. age-matched controls (but not younger
subjects), interaction between group and age, and mean cor-
rected UPDRS score. Model 2: Dopaminergic effects. Each sec-
ond level ANOVA had eight regressors specifying: All task
activity, controls vs. patients, ‘‘on’’ vs. ‘‘off,’’ mean corrected
age in three separate columns for control subjects, ‘‘on’’ and
‘‘off’’ patients, mean corrected UPDRS score when ‘‘on,’’ and
mean corrected UPDRS score when ‘‘off.’’ For both models
SPM(t) maps were generated using t-contrasts for each effect
of interest, thresholded such that false discovery rate (FDR)
was 0.05 for whole brain comparisons. In addition, some
results of specific interest at alternative uncorrected thresholds
are also included, either for comparison with other reports or
where a negative result would be of particular relevance.

RESULTS

Behavioral Analysis

A repeated measures ANOVA was conducted on the
mean RT of each condition (action-selection and specified)

Figure 1.

An example of a sequence of trials. Cues to which finger to press are followed by null events in

which no cue is presented and the hand remains on the screen for 1.5 s. Examples shown

include a specified index finger cue, an action-selection cue, and a specified ring finger cue.
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with age as a covariate and disease as a between subjects
factor (all controls vs. PD patients). The analysis revealed
no significant effect of condition, RTs were similar for
both action-selection and specified trials (action-selection:
mean ¼ 765.8 ms, SD ¼ 172; specified: mean ¼ 675.5 ms,
SD ¼ 138; F(1,56) ¼ 1.6, P > 0.05). There was a significant
effect of age on RT, with RTs being slower in older age
(F(1,56) ¼ 14.5, P < 0.001) but no effect of disease (F(1,56) ¼
2.3, P > 0.05) and no interaction of condition with age or
disease.

A repeated measures ANOVA on mean RT for each con-
dition between patients ‘‘on’’ versus ‘‘off’’ dopaminergic
medication showed an overall difference between the two
conditions (F(1,29) ¼ 15.51, P < 0.05), but no overall effect
on RT of taking dopaminergic medication (F(1,56) ¼ 1.3,
P > 0.05) and no interaction of dopaminergic medication
and condition (F(1,29) ¼ 0.1, P > 0.05). There was also no
overall effect of disease severity (as measured by UPDRS)
on RT, but severity did interact with condition (F(1,29) ¼
9.6, P > 0.05); patients who were worse took longer to
respond in the specified condition. Figure 2A,B show the
reaction times of all the subjects for both conditions. The

age-related increase in RT accords with previous studies
of healthy aging.

The degree of randomness in the action-selection condi-
tion was analyzed in one-way ANOVAs of Simpsons equit-
ability, but showed no difference between groups (Younger,
Older and PD ‘‘on,’’ and PD ‘‘on’’ vs. ‘‘off’’); however, there
was a difference in the frequency of responses between the
younger and older controls and the patients. The patients
showed a tendency to repeat the same finger, whereas the
controls tended to choose a neighboring finger and sup-
press repetitions (Repeat: F(2,58) ¼ 5.05, P < 0.05; Neighbor
F(2,58) ¼ 3.1, P < 0.05, Remote: F(1,58) ¼ 2.2, P > 0.05, see
Fig. 2C). An ANOVA of dopaminergic effects also showed
a significant difference in strategy when ‘‘on’’ and ‘‘off’’ do-
paminergic medication (F(2,58) ¼ 5.6, P < 0.01) with ‘‘on’’
patients showing more perseverative behavior than ‘‘off’’
patients. This effect might be influenced by the type of do-
paminergic medication and a posthoc analysis of treatment
type was motivated by recent evidence that behavioral
choices may not be equally affected by dopamine agonists
and l-dopa [Van Eimeren et al., 2009]. An ANOVA of repet-
itive responses by treatment state (‘‘on’’ vs. ‘‘off’’) and medi-
cation type (levodopa vs. dopamine agonists) revealed a
trend between the medication types (F(1,13) ¼ 3.3, P < 0.1)
when covarying the UPDRS difference between ‘‘on’’ and
‘‘off’’ states. This suggests that the increase in perseveration
when ‘‘on’’ compared to when ‘‘off’’ is greater for the 12
subjects on dopamine agonists, although this effect is small
and underpowered.

Disease severity also had a significant effect on strategy
(F(2,58) ¼ 6.2, P < 0.01): patients with more severe disease
were more perseverative. These results show that patients
used more inflexible strategies when selecting a response,
which became more marked with disease progression and
dopaminergic therapy (Fig. 2D).

NEUROIMAGING RESULTS

Model 1: Aging and Disease Effects on

Task-Related Activity

Overall task performance (combining both action-selec-
tion and specified trials compared to baseline, FDR P <
0.05) showed activity in a wide bilateral cortical and sub-
cortical network. Aging was associated with increased ac-
tivity in bilateral motor cortex, right premotor cortex and
medial cingulate cortex, and decreasing activity in the
right anterior cingulate cortex. The increased activity in
the right premotor cortex is particularly interesting since
the younger subjects show deactivation of this area (Fig.
3A and Table II). Furthermore, mean RT correlated nega-
tively with peak activity for older subjects in the right pre-
motor and cingulate cortex (R ¼ �0.36, P < 0.05 and R ¼
�0.4, P < 0.05, respectively; controlling for PD). These
negative correlations suggest that amongst older subjects,
greater activation supports relatively faster responses. For

Figure 2.

Mean RTs for (A) specified and (B) action-selection conditions for

the controls (grey squares) and PD groups (On ¼ black triangles,

Off ¼ white triangles) across the age range. (C) Frequency of

choices for the action-selection condition, including repeating the

previous selection, choosing the immediate neighboring finger to

the previous selection or selecting a remote finger. A value of one

indicates a true random selection, above one indicates a prefer-

ence for that strategy, and below one indicates a tendency to sup-

press that strategy. The control subjects show a preference to not

repeat the same finger choosing instead another finger, whereas

patients in the ‘‘off’’ state show no preference but when in the

‘‘on’’ state they show a tendency to perseverate. (D) Frequency of

repeats correlated with UPDRS score for patients when ‘‘on’’ and

‘‘off.’’ There is a significant trend of increasing perseveration with

increasing disease severity.
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the younger group, there was no significant correlation
between activity in anterior cingulate and mean RT (ante-
rior cingulate: R ¼ �0.16, P > 0.05).

To examine the effects of PD, the patients ‘‘on’’ dopami-
nergic medication were compared to age-matched controls
within an inclusive mask of task activity vs. baseline (FDR
P < 0.05). Patients showed increased activity in the left
premotor cortex, caudal SMA, left middle and superior
temporal gyrus and right middle temporal gyrus and right
cerebellum (Fig. 3B and Table II). These disease effects are
more rostral and left lateralized than the effects of healthy
aging and all were negatively related with age: younger
patients showed greater activity for all regions (P < 0.001
uncorrected). However, there were no significant correla-
tions between peak activity and mean RT. There was also

no effect of disease severity on task activity, suggesting
that (younger) patients activate a wider network of activity
independent of the stage of disease.

Action Selection

When selecting actions (compared to making specified
responses) subjects activated a broad bilateral network that
has been described in previous studies [Rowe et al., 2005,
2008a]. This included dorsal and ventrolateral prefrontal
cortex, middle and inferior frontal gyrus, SMA and premo-
tor cortex, inferior parietal cortex, right supramarginal
gyrus, right hippocampus, fusiform gyrus, thalamus, and
cerebellum (Fig. 4 and Table III). This contrast was used as
an inclusive mask for analyses of age and disease effects.

Figure 3.

Age and PD effects on task activity for both conditions (speci-

fied and action-selection trials) versus baseline displayed on the

MNI reference brain corrected for multiple comparisons (FDR

P < 0.05). (A) Regions of increasing activity with age are shown

in red, including bilateral motor cortex, right premotor cortex

and mid cingulate cortex; The green cluster shows decreasing

activity with age in right anterior cingulate cortex. (B) Increased

activity for patients when ‘‘on’’ versus age-matched control sub-

jects are shown in blue including left premotor cortex, caudal

SMA, left middle and superior temporal gyrus, right middle tem-

poral gyrus, and right cerebellum. Images are masked by activity

related to the task for all subjects at FDR P < 0.05. Peak activity

for each cluster is plotted against age showing linear trends of

activity (control subjects are in gray squares and the PD group

in black triangles). The aging effects (in red) are overlaid on the

PD effects (blue) to show the clear differences between aging

and PD. Disease effects are more rostral and left, whereas

healthy aging is more bilateral.
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There were no significant effects of age on action-selec-
tion related activations. There were no overall effects of
PD compared to controls, and no interaction between PD
and age on action-selection related activations.

There were significant effects of the stage of disease, as
measured by the UPDRS. Activity in left ventrolateral pre-
frontal cortex, bilateral inferior premotor cortex, and left
insula decreased as disease severity increased (Fig. 4B).
Thus although there were no categorical differences
between the controls and the patients for action-selection,
there were changes within the patient group related to dis-
ease severity. It is interesting to note from Figure 4B that
the mildest patients showed activation in prefrontal cortex
above the range of healthy controls, whereas more severe
patients’ activations were at or below the normal range.

Model 2: Effects of PD and Dopaminergic

Therapy

This model included older controls and patients, both
scanned on two occasions. There were no significant cate-
gorical differences in task-related activity between patients

‘‘on’’ and ‘‘off’’ dopaminergic medications, when corrected
for multiple comparisons. Earlier articles have reported
differences between patients particularly within the SMA
and pre-SMA at more liberal thresholds, for example, P <
0.05 uncorrected [Jenkins et al., 1992], P < 0.005 [Mallol
et al., 2007], or P < 0.001 uncorrected [Buhmann et al.,
2003; Haslinger et al., 2001; Samuel et al., 1997]. Exploring
our data at these more liberal thresholds, we also find
greater activity in pre-SMA (xyz ¼ �12 24 54, t ¼ 3.06,
P ¼ 0.003) for patients ‘‘on’’ compared to the ‘‘off’’ state
(Table IV).

There was a significant interaction between aging and
PD, and a significant interaction between aging and ‘‘on’’
vs. ‘‘off’’ states. In contrast to control subjects, younger
‘‘on’’ patients showed an increase in task related activity
in lateral prefrontal cortex, SMA and premotor cortex,
thalamus, and right superior cerebellum that decreased
with age (Fig. 5A and Table IV). In contrast, ‘‘off’’ patients
compared with controls did not show an increase in corti-
cal regions nor a decline in activation with age, except
right cerebellar activation, which was increased in young
‘‘off’’ patients and decreased with age (Table IV).

There was an effect of dopaminergic therapy on aging
related activations. In the ‘‘on’’ state compared to the ‘‘off’’
state, there was increased activation in younger patients in
right superior orbital frontal gyrus, anterior medial cingu-
late cortex, insula, left temporal gyrus, and thalamus.
These activations decreased with age. In contrast, in the
‘‘off’’ state a gradual increase in activity with age was
observed in these areas (see Fig. 5B and Table IV).

There were no effects of disease severity on activations
related to task performance, combining specified and
selected responses. Thus, both ‘‘off’’ patients and older
healthy subjects show increasing cortical activations with
progressive aging, patients in the ‘‘on’’ state show the op-
posite pattern: cortical activation is greater in younger
patients and declines with age, independent of disease
severity.

Action Selection

For activity related to action selection, there were no cat-
egorical differences between ‘‘on’’ and ‘‘off’’ patients.
Action-selection related activations were again relatively
stable across the age range (no difference at FDR P < 0.05
or P < 0.001 uncorrected).

Both groups of patients showed an effect of disease se-
verity on action-selection related activations, but these
effects depended on dopaminergic medication state. For
both ‘‘on’’ and ‘‘off’’ patients, there was less activity in left
anterior insula (xyz ¼ �42 10 �8, t ¼ 5.1, P < 0.05) and
superior parietal (xyz ¼ �30 �52 64, t ¼ 4.86, P < 0.05)
with more advanced disease. For patients ‘‘off’’ compared
to the ‘‘on’’ state, there was an increase in right inferior
frontal/ventral premotor cortex, insula, and hippocampal
activity with advancing severity whilst when ‘‘on,’’

TABLE II. Regions of significant activation from Model

1: Task-related activity and interactions with age and

disease

Region X Y Z t

Aging (positive correlation)
Cingulate L �10 �18 52 6.04

R 8 �12 52 4.81
Primary Motor Cortex R 40 �24 52 5.03
PreMotor Cortex R 26 �30 68 3.86

R 22 �28 68 3.73
Primary Motor Cortex L �40 �18 54 4.07

L �44 �20 54 4.0
L �36 �20 52 3.97
L �30 �30 50 3.97

Somatosensory Cortex R 62 �14 40 4.43
R 20 �46 68 3.52

Precuneus/Somatosensory L �14 �48 70 3.49
Inferior Frontal Gyrus L �30 �34 12 4.28

Aging (negative correlation)
Anterior Cingulate R 10 36 12 5.18

PD vs. Controls
PreMotor Cortex L �36 �6 62 5.32

L �20 �12 72 3.94
L �44 �6 56 3.82

SMA L �8 �14 48 4
L �2 0 58 3.78
R 2 0 54 3.74

Middle Temporal L �58 �38 12 5.03
R 66 �46 �2 3.6

Superior Temporal Gyrus L �64 �14 14 4.35
Cerebellum R 26 �52 �22 4.36

R, right; L, left; XYZ, coordinates of maximal activated voxel in
standard anatomic space using the MNI template; t, Maximum t
level at this voxel. P < 0.05 FDR.
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patients showed a decrease in activity in these areas with
disease severity (see Table IV).

DISCUSSION

The key results of this study are that (1) with healthy
aging, activity increased in motor cingulate cortex and in
bilateral motor and premotor cortex. (2) Aging differen-
tially affected PD patients and control subjects and inter-
acted with dopaminergic medication. When ‘‘off,’’ task-
related activity in PD increased with age similarly to con-
trol subjects, with the exception of the right cerebellum. In
contrast to controls, ‘‘on’’ younger patients had elevated
activity in right lateral prefrontal cortex, SMA, left premo-
tor cortex, right thalamus and cerebellum, which
decreased with age. In contrast to the ‘‘off’’ state, younger
patients when ‘‘on’’ also had higher levels of activity that
again decreased with age in superior orbital gyrus, ante-
rior cingulate, insula, temporal cortex, and thalamus. (3)
Advancing disease severity, for both ‘‘on’’ and ‘‘off’’ states
reduced activity related to action-selection in insula and
superior parietal cortex, and additionally in ventrolateral
prefrontal and premotor cortex for ‘‘on’’ patients. (4) Dopa-
minergic medication made the pattern of sequential

responses in the action-selection condition more
perseverative.

The bilateral increase in motor areas with age is consist-
ent with previous reports of spreading motor activation
with aging [Rowe et al., 2006; Ward and Frackowiak, 2003]
and a generalized loss of lateralization with aging [Cabeza,
2002]. Our data go beyond these previous reports by
showing that the increase in extent of motor activations
occurs gradually across the adult lifespan and is not just a
feature of older adults. Several mechanisms may contrib-
ute to this motor reorganization. There may be changes in
transcallosal inhibition [Naccarato et al., 2006] or a com-
pensatory response to maintain good performance [Heu-
ninckx et al., 2008, Mattay et al., 2002]. Our data support
the latter mechanism, in terms of the correlations between
behavioral performance (RT) and peak activity. However,
the magnitude of the reorganization may depend on the
degree of age-related impairments in connectivity among
distant motor-related cortical areas [Rowe et al., 2006].

In contrast to healthy aging, PD was associated with a
different set of changes in activation of the cortical and
subcortical motor network, and these changes interacted
with age and medication. There was an increase in motor
network activity for younger PD patients, specifically
when ‘‘on’’ medications. These effects were age dependent

Figure 4.

Activity involved in action-selection versus specified trials cor-

rected for multiple comparisons (FDR < 0.05). (A) Increased

activity for action-selection in wide bilateral network. includ-

ing: dorsal and ventro -lateral prefrontal cortex, middle and

inferior frontal gyrus, SMA and premotor cortex, inferior pa-

rietal cortex, right supramarginal gyrus, fusiform gyrus, and

cerebellum. (B) In the patient group action-selection activity

was modulated by UPDRS in left lateral prefrontal cortex,

bilateral inferior premotor cortex and left insula when ‘‘on’’

(Masked by Action-selection vs. Specified contrast at FDR

P < 0.05). Plots of peak activity across UPDRS scores show

how BOLD response declines with more severe disease, age-

matched control subjects are also presented (gray lines) to

show normal range.
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and not due to differences in disease severity that were
factored out in the analysis. This increase in activity in
younger ‘‘on’’ patients suggests that dopamine enables
compensatory changes in younger patients that cannot be
exploited by older patients and may even be detrimental
in terms of task-related activity. The worsening motor
response to levodopa with increasing age has previously
been attributed to the likelihood of lesions in nondopami-
nergic systems in older patients [Blin et al., 1991; Durso
et al., 1993; Gomez Arevalo et al., 1997; Levy, 2007; Levy
et al., 2005]. One possibility is an increase in the frequency
of gait disturbance and bradykinesia related to pedunculo-
pontine dysfunction rather than striatal dopamine deple-
tion [Ballanger et al., 2009]. However, our data also
suggest that younger patients can access a dopamine-

dependant mechanism for action mediated by lateral pre-
motor cortex.

We observed significantly increased lateral premotor
cortex activation in younger ‘‘on’’ patients, and a weak
trend toward reduced activation of SMA when ‘‘off.’’ Pre-
vious reports discuss this effect as a shift from medial
(SMA) to lateral premotor cortex [Mallol et al., 2007;
Samuel et al., 1997] occurring despite, or because of, a
mild hyperdopaminergic state in medial frontal cortex in
mild to moderate PD [Rakshi et al., 1999]. This reorganiza-
tion in response to PD in younger patients may be a com-
pensatory mechanism for deficient inputs to medial
premotor systems from the basal ganglia [Buhmann et al.,
2003] or from direct pathology that occurs in the mesocor-
tex before lateral frontal cortex [Braak et al., 2006]. For
activation related to manual movements, STN-DBS does
normalize the underactivity of SMA and over activity or
lateral premotor cortex [Grafton et al., 2006], suggesting
that the cortical changes in PD are at least in part second-
ary to subcortical changes. However, interpretation is com-
plicated by the effects of STN-DBS on resting state blood
flow, with reductions in both in both premotor cortex and
SMA [Geday et al., 2009; Karimi et al., 2008].

In our study, the categorical difference between medica-
tion states was not large although levodopa is often
reported to enhance pre-SMA activity in PD. For our
visuomotor task, activity (averaging both conditions) in
the ‘‘off’’ state was reduced in the pre-SMA compared to
when ‘‘on,’’ only at liberal thresholds as used in some pre-
vious studies [Buhmann et al., 2003; Haslinger et al., 2001;
Jenkins et al., 1992; Mallol et al., 2007; Samuel et al., 1997].
Despite the liberal threshold, the replication of the effects
of PD and levodopa therapy in the SMA and pre-SMA
across so many studies increases confidence in the result
[Haslinger et al., 2001; Jahanshahi et al., 1995; Jenkins
et al., 1992; Rascol et al., 1997; Samuel et al., 1997; Yu
et al., 2007]. Task differences may also affect the size of
the deficit in pre-SMA of patients in the present study. For
example, many studies use repetitive or sequential move-
ments that are cued by a pacing tone [Haslinger et al.,
2001; Jenkins et al., 1992; Samuel et al., 1997; Yu et al.,
2007] rather than visually cued movements. It is also pos-
sible that the relative hyperdopaminergic state in early PD
[Rakshi et al., 1999] or greater neuroplasticity in younger
patients contribute to the variability of effects in pre-SMA
across studies.

Interactions between age, disease, severity, and dopami-
nergic therapy may also influence the pre-SMA effect. In
early untreated PD, impairments in the pre-SMA are
sometimes evident [Buhmann et al., 2003], but not always
[Eckert et al., 2006; Martin et al., 2008]. Patients with more
advanced disease show more consistent impairments
[Camicioli et al., 2007; Yu et al., 2007]. It may be that the
early stage younger patients even have an elevated pre-
SMA response for some motor contrasts [Catalan et al.,
1999; Eckert et al., 2006; Rowe et al., 2002; Sabatini et al.,
2000]. This inconsistency may depend on the subtleties

TABLE III. Regions of significant activation from Model

1: Activity related to action selection and its correlation

with disease severity

Region X Y Z t

Action-Selection vs. Specified
Dorsolateral PFC L �40 52 16 6.57

R 44 38 30 4.94
Ventrolateral PFC L �40 54 �2 6.40
Medial Frontal Cortex L �46 22 36 7.05

L �38 4 32 6.53
R 38 20 44 6.89
R 40 6 30 5.11

Inferior Frontal Cortex L �48 16 8 6.92
L �30 18 �6 5.80
R 36 22 �10 4.52

SMA 0 18 52 7.13
Pre motor cortex L �26 2 60 5.00

R 14 14 62 6.90
Inferior Parietal R 42 �58 50 7.31

R 12 �62 48 4.95
L �40 �60 52 6.46
L �4 �66 44 5.28

Supramarginal gyrus R 52 �38 48 5.35
ParaHippocampal gyrus L �12 �10 �12 3.08
Hippocampus R 16 �36 16 2.82
Fusiform L �32 �76 �6 5.38

R 30 �84 �6 5.44
Thalamus L �12 �10 4 3.20

L �14 �30 14 2.99
Cerebellum L �34 �54 �32 5.35

L �20 �72 �26 4.50
R 30 �64 �28 4.40
R 40 �52 �30 4.31

Disease Severity (negative correlation)
Ventrolateral PFC L �36 42 6 4.54
Premotor cortex L �46 2 34 3.90

R 38 4 34 4.41
Insula L �32 14 �10 5.3

L �26 24 8 4.0

R, right; L, left; XYZ, coordinates of maximal activated voxel in
standard anatomic space using the MNI template; t, Maximum t
level at this voxel; P < 0.05 FDR.
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between patient groups or the motor and cognitive details
of the tasks in question, but it may also result from a dys-
regulation of SMA, for example, by deafferentation from
its prefrontal cortical influences [Rowe et al., 2000]. We
now turn to one of these functions associated with pre-
frontal inputs to premotor regions, namely the selection
between alternative actions.

Action-Selection

We examined the effects of aging and disease on action
selection by comparing selected responses with specified
responses. Selected responses resulted in greater activity in
characteristic bilateral fronto-parietal network that is robust
across many studies of selected manual and nonmanual tasks
making it well suited to the study of aging and PD [Deiber
et al., 1991; Forstmann et al., 2008; Hyder et al., 1997; Jueptner
et al., 1997; Rowe et al., 2008a; Weeks et al., 2001].

Normal responses on this paradigm are not wholly ran-
dom. We did not ask subjects to generate random
responses, since this paradoxically increases deviations
from random behaviors [Baddeley et al., 1998]. Rather, we
asked subjects to ‘‘make a fresh choice on each trial’’ and
intermixed choice trials with null trials and specified trials.

This successfully reduced the rate of redundancy in se-
quential chosen responses in control subjects [cf. Baddeley
et al., 1998 or Jahanshahi and Dirnberger, 1999], in which
responses were asked to be random. Nonetheless, healthy
subjects of all ages tend to avoid repetitions of responses.
This avoidance of repetition was absent for patients in the
‘‘off’’ state, and reversed when ‘‘on.’’ That is to say, that
dopaminergic treatment did not normalize response pat-
terns, but made them even more abnormal with greater
perseveration. A posthoc comparison suggested that this
effect may be greater for dopamine agonists than l-dopa.
This trend is consistent with recent evidence of differential
effects on response strategy [e.g., Van Eimeren et al., 2009]
leading to more perseveration with dopamine agonists,
although we note that our study was not designed or
powered to examine this difference definitively.

The fMRI data showed a stable effect of age on choice-
related activations in prefrontal and parietal cortex. In addi-
tion, there were no categorical differences between patients
and controls, and between medication states in the patients.
However, PD is not a unitary phenomenon, and we identi-
fied effects of disease severity (as measured by the motor
UPDRS), which in some regions interacted with ‘‘on/off’’
state. When ‘‘on,’’ patients with less severe disease showed
greater activation in left ventrolateral prefrontal cortex and

TABLE IV. Regions of significant activation from Model 2: Activation peaks related to task (combining selection and

specified conditions) and action-selection (selection versus specified trials), in relation to age, disease severity, and

medication status

Region X Y Z t

Task vs. Rest
Controls Aging vs. PDOn Aging Lateral Prefrontal Cortex R 52 34 10 3.97

SMA L �4 0 56 3.96
Pre-motor Cortex L �34 �6 64 4.49

Thalamus R 16 �6 8 4.01
Cerebellum R 30 �52 �26 5.07

Controls Aging vs. PDOff Aging* Cerebellum R 30 �52 �26 3.45
PDOff Aging vs. PDOn Aging Superior Orbital Gyrus R 20 50 �6 4.84

Anterior Cingulate L �4 26 24 4.63
Insula R 36 �22 8 3.92

Middle Temporal Gyrus L �48 �20 �16 4.49
Thalamus R 10 �18 �4 4.16

PDOn vs. PDOff** PreSMA L �12 24 54 3.06
Action-Selection vs. Specified
PDOn and PDOff: Disease

Severity (negative correlation)
Insula L �42 10 �8 5.1

Superior Parietal L �30 �52 64 4.86

PDOff vs. PDOn Ventral Premotor Cortex R 54 �4 22 4.95
R 30 �22 22 4.87

Insula L �42 �24 14 4.27
Hippocampus R 12 �40 16 4.21

R, right; L, left; XYZ, coordinates of maximal activated voxel in standard anatomic space using the MNI template; t, Maximum t level
at this voxel. P < 0.05 FDR, except.
*P < 0.001 uncorrected.
**P < 0.05 uncorrected.
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premotor cortex, together with greater tendency to maintain
a varied sequence of responses without perseveration. With
advanced disease, there was both reduced activation (in
prefrontal and premotor cortex) and a greater tendency to
perseverate on chosen responses. We interpret this as evi-
dence for prefrontal-premotor interactions enabling flexible
response selection in health and early PD.

The decrease in frontal activation accords with the
increasingly perseverative behavior in sequential choices
with more advancing disease (Fig. 2D). Perseveration can
arise from impaired switching to new responses or
response strategies. PD patients are impaired at set shift-

ing in cued set shift paradigms with feedback, being rela-
tively stuck in set [Cools et al., 2001a; Downes et al., 1989;
Owen et al., 1992; Rowe et al., 2008b] especially when
competing information is present [Cools et al., 2001a]. In
such task-set paradigms, dopaminergic therapies may
improve cognitive flexibility [Cools et al., 2001a] but do so
in proportion to baseline performance and baseline striatal
dopamine function in health and PD [Cools et al., 2009;
Cropley et al., 2008].

Interestingly, perseveration of chosen responses was
worsened by treatment with dopaminergic medication.
Why do our patients show more abnormal response
patterns on dopaminergic treatment, with more persevera-
tion? Dopamine supports striatum mediated stimulus-
response habits [Everitt and Robbins, 2005], so one possi-
bility is that with our medication withdrawal regimen the
formation of within-session stimulus response habits is
impaired. These habits could lead to repetitive response
choices over successive ‘‘choice’’ trials. However, our task
includes no formal instrumental learning phase or differ-
ential rewards, which would be expected if habits were to
emerge from instrumental behaviors.

An alternative explanation lies in the difference between
the two processes underlying the nonrandomness of nor-
mal response selection—to remember the previous moves
and to switch to an alternative. Dopaminergic medication
therapy may increase the representation of recent moves,
because of its essential role in stabilizing neuronal repre-
sentations in working memory [Cohen et al., 2002; Durste-
witz et al., 1999, 2000]. Responses can then be more
constrained by this response history. If there remains a
partial deficit in response switching despite dopaminergic
medication [Cools et al., 2001b; Cropley et al., 2008], then
the enhanced memory for prior moves would increase rep-
etition. However, it is difficult to dissociate a failure of
working memory from a failure of response control when
both lead to perseverative responses [Collins et al., 1998].
With sequential responses on a self-ordered task, cytotoxic
lesions but not dopamine depletion of prefrontal cortex
increased perseveration of responses [Collins et al., 1998].
A nondopaminergic mechanism is therefore implied for
the failure to inhibit repetitious moves or to switch to al-
ternative moves. Candidates include the serotonergic and
noradrenergic projections to prefrontal cortex, which mod-
ulate inhibition and set-shifting [Clarke et al., 2005, 2007;
McGaughy et al., 2008; Mehta et al., 2004] and which are
impaired in PD [Scatton et al., 1983].

Limitations

Despite the inclusion of ‘‘on’’ and ‘‘off’’ states and repeat
scanning of control subjects in a pseudofactorial design,
there are clearly limitations to our study. There may be bi-
ased sampling of the population inherent in our recruitment
procedures, which may confound the effects of aging and
PD, through educational, medical, or genetic cofactors. We
believe these effects are likely to be small, not only because

Figure 5.

Dopaminergic dependent interactions with aging on task activity

(for both action-selection and specified conditions). (A) Patients

taking dopaminergic medication, compared to control subjects,

have an early increase in activity in right inferior frontal cortex,

SMA and premotor cortex, thalamus, and right superior cerebel-

lum which decreases with age. In contrast, with healthy aging

there is a gradual increase in activity in these regions (P < 0.05

FDR). (B) When ‘‘off’’ medications compared to the ‘‘on’’ state,

patients have increasing activity in right superior orbital gyrus,

anterior cingulate, insula, thalamus and left temporal cortex,

with age (P < 0.05 FDR), whilst when ‘‘on’’ medication activity

in these regions declines with age.
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of similarity of age, sex and NART estimates of premorbid
IQ between patients and older controls, but also the simplic-
ity of the motor task itself. Disease heterogeneity also pre-
cludes a unitary measure of disease severity. Like many, we
have used the UPDRS-III motor subscale, but this has only a
partial correlation with nonmotor aspects of PD, and patho-
logical or neurochemical disease progression. It would be
interesting, for example, to use radioligand-PET estimates
of the integrity of dopamine and nondopamine projections
as objective measures of disease progression.

The effects of drugs and aging on the neurovascular
coupling must also be considered. We do not have multi-
modality imaging on our participants to definitively
address this issue, but as suggested by Iannetti and Wise
regarding pharmacological MRI [Iannetti and Wise, 2007]
studied tasks that engage relevant psychological processes;
used standardized unbiased preprocessing and data prep-
aration methods including motion artifacts; and focused
on regionally specific effects with clear hypothesis testing.
Such condition-specific and regionally specific effects of
aging, disease and medication, are less likely to be due to
generic differences in neurovascular coupling. It is also
possible that differences in movement artefacts may lead
to differences of within-subject variance between groups.
We sought to reduce this by selecting patients without
severe dyskinesia or tremor and using second level models
dominated by between-subject variance, and a systematic
approach to modeling movement variance.

CONCLUSION

Our data show differential effects of healthy aging and
PD on simple motor responses. Younger patients exhibit a
compensatory dopamine dependant increase in left dorsal
premotor cortex, independent of disease severity. For
action-selection, both disease severity and dopaminergic
therapy increase perseverative responses, while normal
activations in prefrontal and ventral premotor cortex
declined with advancing disease, independent of age.
These interactions between disease, age, and severity may
have implications for the management of PD, particularly
with respect to older and more severe patients.
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