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Abstract

Motor symptoms of Parkinson’s disease (PD) do not appear until the majority of dopaminergic cells in the substantia nigra pars
compacta are lost, suggesting significant redundancy or compensation in the motor systems affected by PD. Using functional
magnetic resonance imaging, we examined whether compensation in PD is manifested by changes in amplitude and ⁄ or spatial
extent of activity within normal networks (active motor reserve) and ⁄ or newly recruited regions [novel area recruitment (NAR)]. Ten
PD subjects off and on medication and 10 age-matched controls performed a visually guided sinusoidal force task at 0.25, 0.5 and
0.75 Hz. Regression was used to determine the combination of regions where activation amplitude scaled linearly with movement
speed in controls. We then determined the activation of PD subjects in this network, as well as the corresponding PD network. To
measure the spatial variance of activation, we used an invariant spatial feature approach. Control subjects monotonically increased
activity within striato-thalamo-cortical and cerebello-thalamo-cortical regions with increasing movement speed. In PD subjects, the
activity of this network at low speeds was similar to that in controls at higher speeds. Additionally, PD subjects off medication
demonstrated NARs of the bilateral cerebellum and primary motor cortex, which were incompletely normalized by levodopa. Our
results suggest that PD subjects tap into motor reserve, increase the spatial extent of activation and demonstrate NAR to maintain
near-normal motor output.

Introduction

Parkinson’s disease (PD) symptoms develop only after 50–60% of
dopaminergic cells in the substantia nigra degenerate (Hornykiewicz
& Kish, 1987; Fearnley & Lees, 1991). The ability of the brain to
perform without functional impairment until damage reaches a critical
threshold has been termed neuronal reserve (Mortimer et al., 1981;
Satz, 1993). Implicit within this definition is that neuronal reserve is a
passive process incorporating redundancy. However, an active form of
reserve may also be important for overall manifestations of disease
(Stern, 2002). In Alzheimer’s disease, an active cognitive reserve has
been postulated, whereby the normal task-related networks are
recruited to a greater extent than normal to maintain performance
(Stern et al., 2004). Here, we expand this concept into the motor
domain and investigate whether PD subjects demonstrate active motor
reserve, recruiting the normal motor network to a greater extent when

performing tasks of increasing difficulty. We distinguish this form of
compensation from novel area recruitment (NAR), whereby new areas
and ⁄ or networks are recruited.
In the healthy brain, active and passive reserves provide additional

resources when task difficulty increases (Grasby et al., 1994; Grady
et al., 1996). Demonstration of active motor reserve in PD therefore
requires demonstration of increased recruitment of a network that
monotonically increases with task difficulty in normal subjects. As a
typical clinical characteristic of PD is slowness of movement or
bradykinesia, a motor task of increasing speeds will probably
represent progressive difficulty for the motor system. Unlike dis-
ease-related activation changes, which are constant and a direct result
of the disease, we assume that compensatory, NAR changes will: (i) be
regions activated by the patient population but not normal subjects;
and (ii) scale with task difficulty. Detection of NAR suggests that
patients are increasingly recruiting novel regions to maintain near-
normal performance (Grady et al., 1996). Because treatment with
levodopa (l-dopa) medication may improve movement speed in PD
and hence may influence NAR, we propose investigating the same PD
subjects both off and on medication.
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Detection of increased activation in a brain region via the indirect
measure of functional magnetic resonance imaging (fMRI) is not
straightforward, as the traditional assumption that only amplitude, as
opposed to spatial extent of activity, is modulated by task difficulty
may be oversimplistic (Thickbroom et al., 1998; Ng et al., 2008). For
example, Buhmann et al. (2003) showed that the primary motor cortex
(M1) contralateral to the affected hand in PD has fewer active voxels
than the unaffected cortex, despite finding that the average blood
oxygen level-dependent (BOLD) signal had no significant difference
in peak height.
To assess active motor reserve in PD, we investigated how PD

subjects recruited regions of interest (ROIs) that normally scale with
movement speed in control subjects. To investigate NAR, we
determined whether PD subjects recruited new regions that also
monotonically increased with movement speed. In addition, we
investigated the spatial distribution of activation within those ROIs.
By identifying activity that changes with task difficulty, we aimed to
show that active motor reserve and NAR in both amplitude and spatial
domains form part of the compensatory process in PD.

Materials and methods

Subjects

The study was approved by the University of British Columbia Ethics
Board, and all subjects gave written informed consent prior to
participating in accordance with the Declaration of Helsinki. Ten
volunteers with clinically diagnosed, mild tomoderate (Hoehn and Yahr
stage 2–3) (Hoehn & Yahr, 1967) PD (four men and six women, mean
age 66 ± 8 years, eight right-handed, two left-handed, mean symptom
duration 5.8 ± 3 years) were recruited. Ten healthy, age-matched
subjects without active neurological disorders participated as control
subjects (three men, seven women, mean age 57.4 ± 14 years, nine
right-handed, one left-handed). Exclusion criteria included atypical
parkinsonism, presence of other neurological or psychiatric conditions,
and use of antidepressants, hypnotics, or dopamine-blocking agents. All
PD subjects were taking l-dopa at an average daily dose of
685 ± 231 mg, although some subjects also took other anti-PD
medications, including ropinirole, bromocriptine, and domperidone.
PD subjects stopped their l-dopa medications overnight for a

minimum of 12 h before the study. Dopamine agonists were withheld
for a minimum of 18 h. The mean Unified Parkinson’s Disease Rating
Scale motor score during this ‘off-l-dopa’ state was 26 ± 8. PD
subjects first completed the study in the off-l-dopa state. They were
then given the equivalent of their usual morning dose of l-dopa ⁄
carbidopa in immediate release form (mean, 132 ± 29 mg of l-dopa).
After a 1-h interval to allow l-dopa to reach the peak dose, they then
repeated the same tasks in the on-l-dopa state.

Experimental design

To investigate the amplitude and spatial distribution of activity among
cortical and subcortical brain regions in PD subjects and age-matched
controls, an fMRI, ROI-based pre ⁄ post-medication study of sinusoidal
force production at three frequencies (0.25, 0.5 and 0.75 Hz) was
performed. Frequencies were chosen on the basis of prior tracking
tasks, and pilot data confirmed that this range of frequencies could be
achieved by PD subjects off medication. Prior studies that have used a
greater range of frequencies have typically employed a simpler task
that does not offer much resistance, such as button pressing. With our
squeeze-bulb system, higher frequencies of force production were
difficult or not possible in both control and PD subjects. We compared

rhythmic force output with static contractions rather than with rest, to
ensure that changes in activity were due to movement frequency and
not force output per se. We note that other prior studies, such as a
comparison of manual tracking with eye tracking, have also only used
a non-rest comparison condition (Turner et al., 1998). As the
examined frequencies in this study are too high to be directly
measured by the hemodynamic response, a block design experiment
was utilized, restricting the block durations to 20 s to avoid problems
with reduced amplitude of movement secondary to bradykinesia.

Experimental procedures

Subjects viewed a computer screen via a projection-mirror system
while lying in the magnetic resonance scanner. In their right hand, they
held an in-house-designed magnetic resonance-compatible rubber
squeeze bulb, which was connected to a pressure transducer outside
the scanner room. They lay with their forearm resting down in a stable
position, and were instructed to keep the same hand grip position
throughout the task and to squeeze the bulb using an isometric grip.
Subjects had their maximum voluntary contraction (MVC) measured
at the start of the experiment, and subsequent target movement for all
tasks was scaled to vary between 5 and 15% of MVC.
Subjects performed a visually guided tracking task inwhich theywere

required to control the width of an ‘inflatable ring’ (shown as a black
horizontal bar on the screen), using the squeeze bulb to keep the ring
within a scrolling pathwaywithout scraping the sides (Fig. 1). Thewidth
of the bar could be increased by applying greater pressure to the bulb, and
releasing pressure from the bulb decreased the width of the bar. The
target force output varied sinusoidally from 5 to 15% MVC. To avoid
scraping the sides of the tunnel, the required pressure had to bewithin 1%
of the target force. Subjects had to monitor their own performance
carefully, and no additional visual feedback or error reporting was given
when subjectswent outside thewhite target lines.Weused a block design
for the pathway, with sinusoidal sections in three different frequencies
(0.25, 0.5 and 0.75 Hz) presented pseudo-randomly, and straight
parts in between where the target force needs to be constant at 10%

Fig. 1. Subjects controlled the width of the black bar by using a squeeze bulb
to keep the ends within the vertical scrolling pathway.
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MVC. Task blocks lasted 19.85 s (exactly 10 repetition time intervals),
alternating between sinusoidal and constant force for a total of 4 min.
All subjects performed the 4-min task once only, with the right hand.

PD subjects performed the task once after an overnight withdrawal
(a minimum of 12 h since their last dose of l-dopa, and a minimum of
18 h since the last dose of dopamine agonists) of their anti-PD drugs
and again 1 h after administration of l-dopa. All subjects practiced the
task at each frequency before the first scanning session until errors
stabilized and they were familiar with the task requirements.

Stimuli were designed and presented using custom matlab

software (Mathworks, Natick, Massachusetts, USA) and the
psychtoolbox (Brainard, 1997; Pelli, 1997). matlab was also used
to collect behavioral data from the response device.

Data acquisition

Functional MRI was performed on a Philips Achieva 3.0 T scanner
(Philips, Best, the Netherlands) equipped with a head-coil. Subjects
viewed the task on a mirror attached to the head-coil. Echo-planar
(EPI) T2*-weighted images with BOLD-dependent contrast were
collected using the following scanning parameters: repetition time,
1985 ms; echo time, 37 ms; flip angle, 90�; field of view, 240.00 mm;
matrix size, 128 · 128; pixel size, 1.9 · 1.9 mm. Thirty-six axial
slices with 3 mm thickness and a gap thickness of 1 mm were
collected. The field of view was positioned to include the dorsal
surface of the brain and include the cerebellum (CER) ventrally. Each
functional run lasted 4 min. To facilitate anatomical localization for
each subject, a high resolution, three-dimensional T1-weighted image
consisting of 170 axial slices was acquired of the whole brain. A foam
pillow was placed around the subject’s head within the coil to minimize
head motion and to help block out auditory noise from the scanner.
Subjects also used ear plugs to minimize the noise of the scanner.

Functional MRI data pre-processing and analysis

Pre-processing of fMRI data was completed using brain voyager

(Maastricht, The Netherlands) trilinear interpolation for three-dimen-
sional motion correction and since interpolation for slice time
correction. No temporal or spatial smoothing was performed on the
data. The data were then further motion corrected with Monte Carlo
independent column approximation correction (Liao et al., 2004,
2005), implemented in matlab. MRIcro’s Brain Extraction Tool
(Rorden & Brett, 2000) was used to remove the skull from the
anatomical and first functional images, to facilitate more accurate
alignment of the functional and anatomical scans. Co-registration of
anatomical and functional images was performed using custom scripts
in amira software (Mercury Computer Systems, San Diego, CA,
USA). After co-registration, 18 ROIs were manually drawn on each
unwarped, aligned structural scan.

The following ROIs were drawn separately in each hemisphere,
based upon anatomical landmarks and guided by a neurological atlas
(Talairach & Tournoux, 1988): M1 (Brodman area 4), supplementary
motor area (SMA) (Brodman area 6), prefrontal cortex (PFC)
(Brodman areas 9 and 10), caudate (CAU), putamen (PUT), globus
pallidus (GLP), thalamus (THA), CER and anterior cingulate cortex
(ACC) (Brodman areas 28 and 32). The ROI labels outlined on the
high-resolution anatomical scan were resliced to isotropic voxels at the
fMRI resolution, and the raw time courses of the functional data from
voxels within each ROI were extracted.

Owing to the sluggish hemodynamic response inherent to the BOLD
fMRI signal, which prevents direct measurement of the task-related

frequencies, we used a block design for analysis. A hybrid independent
component analysis ⁄ general linear model scheme was used to contrast
each of the three-frequency blocks with the static force blocks
(McKeown et al., 2003) to create statistical parametric maps (SPMs).
To measure amplitude changes, the analysis was first restricted to

voxels that had a t-value > 1.96. The mean t-statistic for each ROI was
then calculated, and the mean t-statistic was compared between each
of the three frequencies and between each of the three subject groups
(controls, PD off medication, and PD on medication).
To determine the networks of brain regions active at the different

frequencies, the SPMs were analysed further. Feature vectors, equal in
length to the number of ROIs, from each SPM were obtained by
repetitively sampling t-statistics from each ROI as previously
published (McKeown & Hanlon, 2004). This process was repeated
for all S subjects in the group, and the P-variate vectors (P = 18, the
number of ROIs) were assembled into a P by (S · M) matrix, X,
where M is the number of bootstrap samples (M = 3000). A different
X matrix was calculated for each frequency-based SPM. This whole
process was repeated for the PD subjects to provide another P by
(S · M) matrix, both off medication and on medication.
To identify the linear combination of ROIs where activity scaled

with increasing movement speed, a robust multiple regression analysis
approach was used. The above matrices were used in a multivariate
linear regression model using the equation.

Y ¼ Xreg � bþ e ð1Þ

where Y = [ f1, f2, f3]
T represents the three levels of frequency of

squeezing, Xreg = [X1, X2, X3]
T represents the matrices of feature

vectors described above at the different frequencies, b is the vector of
regression weights, which is the linear combination of ROIs that
linearly scales with frequency, and e are the residuals. The regression
coefficients b were estimated using iteratively reweighted least squares
with the bisquare weighting function, as implemented in matlab.
Once the b-coefficients had been determined for normal subjects, the
projection of the PD SPMs on the normal network, b, determined
above, was calculated.

Ypred;normal ¼ Xreg;normal � bnormal

Ypred;PD ¼ Xreg;PD � bnormal

The relative activity across this network at each movement
frequency was then plotted. This was plotted separately for each
subject group to determine whether PD subjects show relatively
increased or decreased recruitment of the normal network during the
task. Networks specific to PD subjects on and off medication, where
activity scaled linearly with movement speed, were calculated using
the same regression technique as for the control subjects.
To characterize the spatial distribution of ROI activation, three-

dimensional moment invariants were employed, as previously
described (Ng et al., 2008). In brief, this method permits one to
measure the spatial variance of activation statistics within each ROI,
and determine whether this spatial characteristic systematically varies
across groups and tasks. See Ng et al. (2008) for a full theoretical and
practical discussion of this approach.

Results

Behavioral data

The power spectra of the squeeze data for all movement blocks from
all subjects are shown in Fig. 2, demonstrating that both PD subjects
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Table 1A. Task frequency and subject group comparisons

ROI Group Frequency
Group ·
frequency

Slow task Medium task Fast task

Normal vs.
PD off

Normal vs.
PD on

Normal vs.
PD off

Normal vs.
PD on

Normal vs.
PD off

Normal vs.
PD on

Left PUT 0.6944 0.0206* 0.4103 0.3906 0.4125 0.8758 0.8784 0.6424 0.2353
Right PUT 0.3177 0.1012 0.0605 0.3938 0.9501 0.2665 0.6370 0.3528 0.0102*
Left CAU 0.9798 0.1707 0.5668 0.8418 0.6631 0.7596 0.2314 0.9980 0.6619
Right CAU 0.5641 0.1751 0.3536 0.3162 0.2830 0.9170 0.3556 0.8807 0.2146
Left THA 0.2285 0.0322* 0.8121 0.9498 0.5309 0.4185 0.8201 0.9529 0.1720
Right THA 0.0499* 0.1469 0.6303 0.7781 0.4303 0.2902 0.8403 0.6986 0.0472*
Left CER 0.1436 0.0006** 0.4652 0.7835 0.9877 0.1227 0.7759 0.4905 0.1497
Right CER 0.0560 0.0056** 0.3858 0.7068 0.3181 0.2235 0.8068 0.2850 0.1246
Left M1 0.0089** 0.0014** 0.9017 0.0930 0.8068 0.1478 0.3930 0.2806 0.1739
Right M1 0.0053** 0.0226* 0.4690 0.1496 0.6616 0.5563 0.1647 0.0110* 0.6075
Left SMA 0.0785 0.0013** 0.3415 0.5354 0.9872 0.3710 0.6912 0.3251 0.0508
Right SMA 0.0514 0.0013** 0.3565 0.3401 0.5883 0.3788 0.8197 0.9545 0.0197*
Left PFC 0.5679 0.2214 0.2954 0.2763 0.9392 0.5494 0.5518 0.4550 0.0458*
Right PFC 0.2422 0.0502 0.4523 0.1409 0.5334 0.2894 0.5518 0.6274 0.1332
Left ACC 0.5921 0.6112 0.5955 0.7623 0.6660 0.6420 0.3856 0.5561 0.2958
Right ACC 0.3389 0.1676 0.6381 0.7941 0.4243 0.4270 0.6045 0.2769 0.3707

Table 1B. Comparing task frequencies within each subject group

Normal control group PD off medication PD on medication

Slow vs.
medium

Slow vs.
fast

Medium
vs. fast

Slow vs.
medium

Slow vs.
fast

Medium
vs. fast

Slow vs.
medium

Slow vs.
fast

Medium
vs. fast

Left PUT 0.5899 0.6336 0.2185 0.0552 0.8839 0.0282* 0.0008* 0.0615 0.6695
Right PUT 0.3350 0.1656 0.0428* 0.2536 0.8421 0.3004 0.5635 0.1581 0.2672
Left CAU 0.1137 0.9676 0.1163 0.0297* 0.8373 0.0523 0.8260 0.9829 0.7992
Right CAU 0.2210 0.6925 0.0397* 0.2320 0.3311 0.0981 0.8801 0.5237 0.4569
Left THA 0.1764 0.6553 0.1246 0.4779 0.4543 0.0461* 0.0523 0.6019 0.4097
Right THA 0.2727 0.6985 0.0930 0.4310 0.6576 0.1437 0.2661 0.3246 0.7987
Left CER 0.1600 0.2359 0.0206* 0.6641 0.0892 0.0263* 0.0425* 0.6908 0.1076
Right CER 0.2090 0.5657 0.0399* 0.8572 0.0950 0.0093** 0.2512 0.9440 0.3675
Left M1 0.7511 0.0540 0.0256* 0.6224 0.2622 0.0520 0.1105 0.4677 0.0186*
Right M1 0.8344 0.5098 0.7266 0.5640 0.1119 0.0367* 0.2454 0.4140 0.0162*
Left SMA 0.6361 0.1129 0.0163* 0.7459 0.0682 0.0068** 0.1539 0.8187 0.1613
Right SMA 0.5152 0.1208 0.0149* 0.1776 0.1674 0.0200* 0.3942 0.8617 0.2314
Left PFC 0.4072 0.4950 0.0370* 0.1293 0.2700 0.6341 0.6403 0.2128 0.4210
Right PFC 0.3933 0.4933 0.0073** 0.1129 0.5397 0.2189 0.1389 0.1724 0.8855
Left ACC 0.6104 0.8463 0.1142 0.3568 0.6048 0.0219* 0.3426 0.8293 0.3889
Right ACC 0.4016 0.9483 0.0053** 0.1962 0.3963 0.0077** 0.7583 0.8572 0.9540

The data presented in Table 1A and B show the P-value results from two-way mixed anova analysis of the BOLD signal amplitude (comparing the mean t-statistic
in each ROI) in Parkinson’s disease (PD) and normal control subjects. ACC, anterior cingulate cortex; CAU, caudate; CER, cerebellum; M1, primary motor cortex;
PFC, prefrontal cortex; PUT, putamen; SMA, supplementary motor area; THA, thalamus. *P < 0.05 and **P < 0.01.

Fig. 2. Power spectra of behavioral squeeze
data for control subjects and Parkinson’s disease
(PD) subjects on and off medication for each of the
three target task frequencies.
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and control subjects could perform the task successfully with output at
0.25, 0.5 and 0.75 Hz in slow, medium and fast blocks respectively. In
addition, there were no significant differences in performance between
controls, PD subjects off medication, and PD subjects on medication
(as measured by error rates) in the anova results (F2,166 = 1.56,
P > 0.05). In PD subjects, tremor did not cause any prominent
changes in task performance.

Mean t-statistics

Table 1 shows theP-value results of a two-waymixedanova comparing
the mean t-statistic in each ROI between frequencies and between
subject groups. There was a significant main effect of group (normal,
PD off, PD on) in the bilateral M1, and a significant main effect of
frequency in the left M1, bilateral SMA, and bilateral CER (Table 1A).
There were no significant interactions between group and frequency.

Comparisons between control subjects and PD subjects at each of the
task frequencies (Table 1B) revealed no significant differences in the
mean t-statistic in any of the 18 ROIs. Comparisons between task
frequencies for a single subject group revealed significant differences
between the medium and high frequency for control subjects within the
right PFC and ACC, and for PD subjects off medication in the right

CER, left SMA, and right ACC. For PD subjects on medication, there
were significant differences in mean t-statistics in the left PUT between
low and medium frequencies (Table 1).

Multiple linear regression

We used multiple linear regression to determine the combination of
ROIs in which activity linearly increased with increasing movement
speed in healthy control subjects. We found that, in control subjects,
increasing frequency was associated with increased activity in a
widespread network incorporating the bilateral PUT, contralateral
GLP, bilateral THA, bilateral SMA, bilateral CER, ipsilateral M1 and
bilateral PFC, and decreased activity in the bilateral CAU and
contralateral ACC (Fig. 3).
Using this network, control subjects successfully recruited addi-

tional resources at each frequency (Fig. 4, left upper). PD subjects off
medication recruited the normal network to a higher extent, even at the
lowest frequency (Fig. 4, upper center). The increased activity of the
normal network was partially normalized by l-dopa (Fig. 4, right
upper). At all frequencies, the relative activity of the normal network
was decreased by l-dopa in the majority of PD subjects (Fig. 4,
lower).

Fig. 3. Network of regions in control subjects
in which activation monotonically increased with
increasing movement speed. Black bars indicate
regions of interest where this was statistically
significant. L, left; R, right; ACC, anterior cingu-
late cortex; CAU, caudate; CER, cerebellum; GLP,
globus pallidus; M1, primary motor cortex; PFC,
prefrontal cortex; PUT, putamen; SMA, supple-
mentary motor area; THA, thalamus.

Fig. 4. Upper: relative activity in the normal
network at each of the task frequencies in each
subject group. Lower: relative activity in the
normal network subject in Parkinson’s disease
(PD) subjects off and on medication at each task
frequency. Note that although the absolute scale is
arbitrary, the scaling is the same across all graphs,
and can therefore be directly compared. l-dopa,
levodopa.
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The network that scaled with movement frequency in PD subjects
off medication (Fig. 5, upper) demonstrated more prominent involve-
ment of the bilateral CER and bilateral M1, and, to a lesser extent, the
bilateral PFC. Scaling of the bilateral SMA and THA, and the right
PUT, was decreased in PD subjects off medication as compared with
controls. The activity of the ipsilateral PUT, CAU and GLP decreased
in PD subjects as movement speed increased, unlike in control
subjects, where only the bilateral CAU was negatively associated with
movement speed.
Following l-dopa medication (Fig. 5, lower), PD subjects again

demonstrated prominent involvement of the CER and M1, but activity
in the basal ganglia and THAwas largely normalized, with that in the
right PUT and bilateral THA increasing with movement frequency,
and that in the right CAU decreasing.

Three-dimensional moment invariant results

The spatial variance of fMRI activation maps within each ROI for
each frequency and subject group was compared using a two-way
mixed anova (Table 2). This demonstrated a significant main effect
of group in the bilateral SMA, CER, and M1 (Table 2A). The
bilateral M1 showed significant changes between controls and PD
subjects off medication at the medium and high frequencies, and
the left CER and left SMA demonstrated significantly different
spatial variance between controls and PD subjects on medication
only at the highest frequency.
Frequency had a significant main effect of spatial variance in the

thalamic, cerebellar and SMA cortices bilaterally, and in the right PFC,
at P < 0.01 (Table 2B). There was an additional main effect of
frequency in the right M1 at P < 0.05. At P < 0.01, these effects were
not apparent in the comparison of frequencies within individual subject
groups, with the exception of the bilateral THA in control subjects
between low and high frequencies. However, at the less restrictive
threshold of P < 0.05, control subjects demonstrated changes within

the bilateral CER, right SMA and right PFC when comparing low
and high frequencies, PD subjects off medication showed changes in
the left CER and right PFC, and PD subjects on medication showed
changes in the right THA, right M1, right CER, and right SMA, along
with the left CAU.
In order to determine the effect of frequency on spatial variance, we

plotted the spatial variance in the M1, CER and SMA as a function of
frequency (Fig. 6). In the bilateral M1, spatial variance was increased
at medium and high frequencies and appeared to show a stronger
linear relationship with frequency, similar to the findings from
multiple linear regression. In the bilateral cerebellar hemispheres,
spatial variance was increased by frequency in both groups, but
appeared to be increased more in PD subjects, even at the lowest
frequency. In contrast, in the SMA, spatial variance was reduced and
the linear relationship with speed was weaker in PD subjects than in
controls.

Discussion

Our results suggest that PD subjects demonstrate active motor reserve,
whereby they recruit normal networks to a greater extent at lower
speeds, as well as demonstrating NAR in both the amplitude and
spatial domains. The task that the subjects performed was an
externally visually guided task, where PD subjects demonstrate
relatively normal motor performance as compared with tasks where
movement is self-initiated (Jahanshahi et al., 1995).
As expected, in normal subjects, movement frequency modulated

the mean fMRI t-statistic within the contralateral M1, bilateral SMA,
and bilateral CER. These regions are consistent with a cerebello-
thalamo-cortical motor pathway, known to be active during tracking
tasks (Miall et al., 2001). The right PFC and ACC were the only
regions in healthy controls to show significant changes in mean
t-statistic between the medium and high frequencies, and there were
no significant changes between low and medium frequencies using

Fig. 5. Network of regions in which activation
monotonically increased with increasing frequency
in Parkinson’s disease (PD) subjects off medication
(upper) and on medication (lower). Black bars
indicate regions of interest where this was statis-
tically significant. L, left; R, right; ACC, anterior
cingulate cortex; CAU, caudate; CER, cerebellum;
GLP, globus pallidus; M1, primary motor cortex;
PFC, prefrontal cortex; PUT, putamen; SMA,
supplementary motor area; THA, thalamus.
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this technique. Because we utilized a non-rest, static force comparison
condition in order to detect regions specific to movement speed, we
expected that the observed changes in BOLD signal would be
relatively small and that techniques that consider ROIs in isolation
may not be sensitive enough. In support of this, multivariate linear
regression was able to identify several additional regions where
combined activity changed with increasing movement speed in normal
controls. The most prominent of these regions were the THA and PUT
bilaterally, consistent with prior studies showing that activity in the
basal ganglia is related to increasing movement amplitude and rate
(Taniwaki et al., 2003).

In the bilateral CAU, the BOLD signal had an inverse relationship
with movement speed in control subjects. It has been shown that
bilateral CAU activation occurs when feedback about task perfor-
mance is given (Elliott et al., 1998), and that CAU activation is
increased and sustained following reward, but dips sharply after
punishment (Delgado et al., 2000). Although no performance
feedback was given in the current task, self-monitoring was likely,

and it is therefore feasible that, as the task became more difficult with
increasing movement speed, subjects perceived that their performance
worsened, resulting in decreased activation of the CAU.
By using multiple linear regression to identify regions in control

subjects where activity scales linearly with movement speed, we
identified a network that was subsequently probed in PD subjects in
order to determine how the normal network was utilized in PD
subjects performing the same task. We found that PD subjects had
almost maximally recruited this network at the lowest frequency
(Fig. 4), suggesting that PD subjects can still recruit the normal
network, but must do so to a greater extent, utilizing motor reserve
to retain an optimal level of task performance. This allowed them to
perform the slower task relatively ‘normally’, but when speed was
further increased, PD subjects could no longer increase recruitment
of this network. This is consistent with prior studies that have
demonstrated that the preferred movement speed in subjects
performing motor tasks is slower in PD subjects (Phillips et al.,
1994).

Table 2A. Task frequency and pre-medication and post-medication group comparisons

ROI Group Frequency
Group ·
frequency

Slow task Medium task Fast task

Normal vs.
Pre-med.

Normal vs.
Post-med.

Normal vs.
Pre-med.

Normal vs.
Post-med.

Normal vs.
Pre-med.

Normal vs.
Post-med.

Left PUT 0.1893 0.0509 0.6384 0.5152 0.2429 0.5580 0.2481 0.8817 0.0738
Right PUT 0.3118 0.0533 0.6693 0.8990 0.1768 0.7069 0.8906 0.5126 0.1174
Left CAU 0.1630 0.0517 0.9146 0.5657 0.0749 0.3283 0.2722 0.3922 0.2126
Right CAU 0.5273 0.1857 0.9897 0.8667 0.5144 0.9699 0.4226 0.7318 0.4001
Left THA 0.0395* 0.0008** 0.2448 0.1643 0.5378 0.0432* 0.6680 0.9958 0.0711
Right THA 0.1688 0.0000** 0.1679 0.1300 0.7005 0.7010 0.2605 0.5623 0.0535
Left CER 0.0066** 0.0001** 0.8861 0.6396 0.0872 0.6313 0.1692 0.6796 0.0015**
Right CER 0.0171* 0.0001** 0.8509 0.7590 0.0514 0.5288 0.0719 0.8602 0.0324*
Left M1 0.0148* 0.2749 0.4168 0.2589 0.2448 0.0195* 0.8639 0.0130* 0.5559
Right M1 0.0043** 0.0171* 0.6834 0.0805 0.7743 0.0040** 0.9706 0.0099** 0.9112
Left SMA 0.0258* 0.0073** 0.3445 0.9078 0.0249* 0.5702 0.4538 0.6734 0.0032**
Right SMA 0.0174* 0.0008** 0.7411 0.1627 0.1138 0.4370 0.2491 0.6722 0.0254*
Left PFC 0.2590 0.6137 0.1857 0.8827 0.7458 0.6583 0.9025 0.3284 0.0662
Right PFC 0.0460* 0.0043** 0.1752 0.6186 0.4202 0.8294 0.5312 0.1970 0.0326*
Left ACC 0.9166 0.9119 0.3336 0.9449 0.1881 0.8032 0.3507 0.9019 0.7777*
Right ACC 0.6936 0.5569 0.8967 0.7385 0.4662 0.6619 0.6562 0.7052 0.7425

Table 2B. Comparing task frequencies within each subject group (control, pre-medication and post-medication)

Normal control group PD off medication PD on medication

Slow vs.
medium

Slow vs.
fast

Medium
vs. fast

Slow vs.
medium

Slow vs.
fast

Medium
vs. fast

Slow vs.
medium

Slow vs.
fast

Medium
vs. fast

Left PUT 0.3279 0.2394 0.8710 0.2329 0.0120 0.1893 0.2597 0.7315 0.6342
Right PUT 0.5399 0.2027 0.3855 0.3450 0.3810 0.5952 0.0374* 0.1601 0.4335
Left CAU 0.7177 0.2582 0.4137 0.9809 0.1847 0.4770 0.1250 0.0207* 0.5669
Right CAU 0.8479 0.2779 0.1711 0.9220 0.5690 0.6601 0.9732 0.3125 0.3807
Left THA 0.9883 0.0019** 0.0202* 0.2180 0.1850 0.6075 0.9232 0.1475 0.2973
Right THA 0.0953 0.0022** 0.0209* 0.9122 0.3475 0.1064 0.3604 0.0127* 0.0322
Left CER 0.7085 0.0120* 0.0343* 0.5242 0.0312* 0.0499* 0.9926 0.0557 0.2210
Right CER 0.9581 0.0178* 0.0517 0.2890 0.0632 0.1936 0.8391 0.0217* 0.0550
Left M1 0.3178 0.5282 0.4776 0.2040 0.1475 0.4191 0.7180 0.2071 0.2506
Right M1 0.7111 0.2320 0.0742 0.2514 0.2286 0.6752 0.8527 0.0385* 0.0499*
Left SMA 0.3738 0.0537 0.0318* 0.6065 0.1286 0.1744 0.2937 0.1908 0.9073
Right SMA 0.2552 0.0246* 0.0955 0.9903 0.3339 0.2092 0.1688 0.0157* 0.1720
Left PFC 0.9174 0.5714 0.5312 0.4700 0.1122 0.3327 0.6407 0.0848 0.1149
Right PFC 0.0887 0.0227* 0.4370 0.2631 0.0255* 0.0353* 0.2988 0.5921 0.2753
Left ACC 0.4980 0.8765 0.5063 0.4851 0.9240 0.5843 0.0251* 0.2726 0.3281
Right ACC 0.7277 0.7372 0.9457 0.6132 0.6611 0.3790 0.3218 0.2569 0.8066

The data presented in Table 2A and B show the P-value results from two-way mixed anova analysis of the spatial variance of activation between frequencies and
subject groups. ACC, anterior cingulate cortex; CAU, caudate; CER, cerebellum; M1, primary motor cortex; PFC, prefrontal cortex; PUT, putamen; SMA,
supplementary motor area; THA, thalamus. *P < 0.05 and **P < 0.01.
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When PD subjects off medication had already maximally recruited
the normal network, they switched to a different, compensatory
network, demonstrating NAR. Off medication, PD subjects showed
less recruitment of the basal ganglia and THA in the network that
increased linearly with increasing movement speed, and instead
showed monotonically increasing activity in the bilateral M1 and
CER, together with the bilateral PFC, as compared with controls
(Fig. 5, upper), possibly representing compensatory overactivation of
these regions to counteract dysfunctional striato-frontal motor circuits
(Samuel et al., 1997; Sabatini et al., 2000). Using a quantitative
measure of spatial variance, we also demonstrated that significant
changes in the spatial distribution of fMRI activity occurred in PD
subjects in the CER and M1, and that the increase in spatial variance
showed a monotonic relationship with movement speed, suggesting
that compensatory hyperactivity of these regions occurs at both
amplitude and spatial scales (Tables 1 and 2).
Interestingly, the ipsilateral PUT and GLP showed a decrease in

activity as movement speed increased in PD subjects off medication.
Because these regions are part of the normal speed-related network
identified in control subjects, and because this network is almost
maximized in the PD subjects at the lowest speed, we suggest that

this decrease reflects the switch from a more normal network at
lower speeds to the NAR recruitment at higher speeds, which requires
a shift from basal ganglia-thalamo-cortical loops to cerebello-thalamo-
cortical loops.
The increased recruitment of normal networks and recruitment of

novel areas shown here is consistent with research into cognitive
deficits in PD. For example, during a working memory task, PD
subjects showed increased activation of prefrontal and parietal areas as
compared with controls, which correlated with task performance, and
a novel correlation of posterior cingulate activity with task perfor-
mance (Marié et al., 2007). Similarly, increases in the spatial extent of
activation have been shown in the cognitive domain in PD; for
example, Monchi et al. (2004) showed that the PFC activation had
increased amplitude and spatial extent (by voxel counts) during a set-
shifting task. The results of this study thus support the idea that reserve
and NAR are common mechanisms across both motor and cognitive
domains.
The idea that there may be a ‘cost’ of compensation has previously

been discussed in the context of subjects recovering from stroke
(Mulder et al., 2002). In the current study, the near-maximal
recruitment of the normal network at lower frequencies by PD

Fig. 6. Spatial variance of activation in the primary motor cortex (M1), supplementary motor area (SMA) and cerebellum for each frequency, within representative
control and Parkinson’s disease (PD) subjects.
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subjects off medication implies that increased effort is required to
maintain adequate behavioral output. This increased effort needed to
move at a more normal rate requires activation of active motor reserve
and reflects a cost of compensation (Stern, 2002). NAR at higher
speeds by PD subjects can be considered as an even further cost of
compensation.

After l-dopa medication, recruitment of the normal network in PD
subjects was reduced, suggesting that PD subjects no longer needed to
utilize motor reserve to the same extent (Fig. 4, upper right and lower).
As the graphs in Figs 3 and 5 represent the contribution of each ROI to
the linear scaling of movement frequency, we demonstrated that
frequency-dependent activity in the basal ganglia and THA was
relatively normalized in PD subjects following medication (Fig. 5,
lower). However, PD subjects still showed prominent frequency-
dependent activity of the CER and M1 even after medication,
suggesting that l-dopa can modulate disease-specific activity, but may
be unable to quickly adjust compensatory NAR in other regions.

An alternative explanation for the decreased recruitment of the
normal network in PD subjects on medication is that dopaminergic
agents are able to improve the efficiency of processing within task-
related networks by increasing the signal-to-noise ratio (Mattay et al.,
2000). Similar findings have been shown in a cognitive task in PD
subjects, where blood flow in the PFC was increased relative to
controls in the off-medication condition, but decreased relative to
controls following l-dopa administration (Cools et al., 2002).

Following l-dopa, the modulation of spatial variance with
increasing frequency was partially normalized predominantly in the
ipsilateral cortex. Spatial variance can also be influenced by motor
learning, which should be considered here, as PD subjects performed
the task a second time during the on-medication session. However,
we chose a simple sinusoidal task that would not require extensive
learning. Furthermore, prior studies have shown that practice results
in an increased spatial extent (Karni et al., 1995) rather than a
decrease, and PD subjects did not show an improvement in task
performance during the on-medication session as compared with the
off-medication session, so it is unlikely that our results can be
explained as a result of practice effects. The demonstration that
spatial variance in PD subjects was modulated by the difficulty of the
task adds support for the idea of this phenomenon occurring as a
compensatory mechanism.

Another potential mechanism for compensation is altered connec-
tivity between regions, as has been shown in PD subjects (Palmer
et al., 2009). The multivariate linear regression approach that we
employed here investigated co-activation between regions. This will
not capture the direction of information flow between regions, which
requires more specialized models (Li et al., 2008) that are beyond the
scope of the current article.

Interestingly, research into other neurodegenerative conditions has
also identified increases in recruitment of both normal and novel
networks, suggesting that compensation is a general mechanism that is
important for understanding neurodegenerative disorders (Palop et al.,
2006). In Alzheimer’s disease, Grady et al. (2003) showed that
patients recruited a novel dorsolateral prefrontal and posterior cortex
network during a semantic and episodic memory task, and the activity
of this network correlated with better performance on both tasks. This
increased recruitment was similar to that seen in healthy older adults
as compared with younger adults in a previous study (Grady et al.,
2002). Similarly, Reddy et al. (2000) have shown that patients with
multiple sclerosis have a fivefold increase in the amplitude of
ipsilateral sensorimotor cortex activity as compared with controls.
Thus, it appears that utilization of reserve and of NAR are common
mechanisms of compensation across several disorders. A better

understanding of these mechanisms may lead us to treatments that
will enhance compensation, providing greater symptomatic relief from
the effects of degeneration.
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