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Abstract: Previous fMRI motor studies in Parkinson’s disease (PD) have suggested that L-dopa may
‘‘normalize’’ areas of hypo- and hyperactivity. However, results from these studies, which were largely
based on analyzing BOLD signal amplitude, have been conflicting. Examining only amplitude changes
at distinct loci may thus be inadequate in fully capturing the activation changes induced by L-dopa. In
this article, we extended prior analyses on the effects of L-dopa by investigating both amplitude and
spatial changes of brain activation before and after L-dopa. Ten subjects with PD, both on and off med-
ication, and ten healthy, age-matched controls performed a visuo-motor tracking task in which they si-
nusoidally squeezed a bulb at 0.25, 0.5, and 0.75 Hz. This task was contrasted with static squeezing to
generate fMRI activation maps. To investigate the effects of L-dopa, we examined the amplitude and
spatial variance of the BOLD response within anatomically-defined regions of interest (ROIs). L-dopa
had significant main effects on the amplitude of BOLD signal in bilateral primary motor cortex and
left SMA. In contrast, L-dopa-mediated spatial changes were apparent in bilateral cerebellar hemi-
spheres, M1, SMA, and right prefrontal cortex. Moreover, L-dopa appeared to normalize the spatial
distribution of ROI activation in PD to that of the controls. Specifically, L-dopa had a ‘‘focusing’’ effect
on activity—an effect more pronounced than the typically-measured fMRI amplitude changes. This ob-
servation is consistent with modeling studies, which demonstrated that dopamine increases the signal-
to-noise ratio at the neuronal level with a resultant focusing of representations at the macroscopic
level. Hum Brain Mapp 31:88–97, 2010. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Despite the clinical benefits of levodopa (L-dopa) on the
motor symptoms of Parkinson’s disease (PD), neuroimag-
ing studies have revealed conflicting results for the effects
of L-dopa on brain activity. Resting state positron emission
tomography (PET) studies of PD subjects have shown a
pattern of hypermetabolism in lentiform and thalamic
areas and hypometabolism of cortical motor regions,
which is improved by L-dopa [Eidelberg et al., 1994, 1997;
Feigin, 2001]. Earlier studies, however, showed no effect of
L-dopa on regional cerebral glucose metabolism [Rouge-
mont et al., 1984]. During voluntary movement, functional
magnetic resonance imaging (fMRI) studies have also
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produced conflicting results. While some have demon-
strated hypoactivity of the supplementary motor area
(SMA) [Playford et al., 1992], others found increased activ-
ity of caudal portions of the SMA [Sabatini et al., 2000].
Similarly, Haslinger et al. [2001] showed hyperactivity of
primary motor cortex (M1) while Buhmann et al. [2003]
found hypoactivity of M1. Nonetheless, both studies
showed that L-dopa ‘‘normalized’’ activity.

A possible explanation of these conflicting results is that
the aforementioned studies have focused on examining the
amplitude of fMRI BOLD response, and neglected possible
characteristic changes in the spatial pattern of activation.
Standard approaches, such as statistical parametric map-
ping (SPM), analyze each voxel in isolation to generate
activation maps. Performing group analyses under this
voxel-based approach requires spatial normalization to a
common template or atlas, which may result in misregis-
tration errors [Castanon et al., 2003], especially for small
subcortical regions affected in PD, such as the basal gan-
glia. Region of interest (ROI)-based techniques, which
compare activation in homologous ROIs across subjects
without spatial normalization, may overcome some of the
difficulties associated with whole-brain warping. However,
the optimum way of summarizing the activity within an
ROI is unclear. Taking the mean of the activation statistics
over an ROI is a simple and popular method [Liu et al.,
2002], but neglects important spatial information.

The assumption that only amplitude is modulated by dis-
ease or by motor task may be overly simplistic, as accumu-
lating evidence suggests that the spatial distribution of
activation, even within an ROI, may also be an important
characteristic of brain activity. Thickbroom et al. [1998] have
shown in normal subjects that the spatial extent of activation
within motor cortex, rather than amplitude of mean
response, was modulated by level of force output during a
finger flexion task. In PD subjects, a previous study demon-
strated that the primary motor cortex contralateral to the
affected hand shows fewer active voxels than the cortex con-
tralateral to the unaffected hand, despite the finding that the
BOLD signal has no significant difference in peak height
[Buhmann et al., 2003]. Moreover, Strafella et al. demon-
strated that in PD subjects, the number of voxels showing
TMS-induced dopamine release in the putamen was greater
in the symptomatic side than the asymptomatic side [Stra-
fella et al., 2005]. Thus, one of the effects of L-dopa may be
the ‘‘refocusing’’ of activity in specific regions. This hypothe-
sis can be examined by measuring the spatial extent of acti-
vation in the same subjects off and on L-dopa medication.

Traditionally, simple methods that rely on counting the
number of active voxels have been used to estimate the spa-
tial extent of activation. However, this metric does not quan-
tify the change in shape, for example whether the activation
distribution is focused or diffused, as one can easily imagine
a scenario where the same number of voxels is active but the
spatial patterns of activation are completely different. To cir-
cumvent this limitation, we have recently proposed a
method that uses invariant spatial features to characterize

the spatial pattern of activation within an ROI [Ng et al.,
2006, 2009], while accounting for intersubject variability in
size and position. One of the proposed features was specifi-
cally designed to measure the spatial extent of activation rel-
ative to the center of the ROI activation pattern. We refer to
this feature as spatial variance. Using this method, we dem-
onstrated that spatial information can increase the sensitiv-
ity to task-related changes in healthy subjects when
compared to amplitude information alone [Ng et al., 2006,
2009]. In this study, we applied this method to PD subjects
off and on medication and age-matched controls performing
a tracking task at three sinusoidal frequencies to investigate
the effects of L-dopa. We predict that PD subjects off medica-
tion will have a more diffused pattern of ROI activation that
normalizes or focuses upon medication.

METHODS

Subjects

The study was approved by the University of British
Columbia Ethics Board and all subjects gave written
informed consent prior to participating. Ten volunteers
with clinically diagnosed PD participated in the study
(four men, six women, mean age 66 � 8 years, eight right-
handed, two left-handed). All subjects had mild to moder-
ate PD (Hoehn and Yahr Stage 2–3) [Hoehn and Yahr,
1967] with mean symptom duration of 5.8 � 3 years. All
PD subjects were taking L-dopa with an average daily
dose of 685 � 231 mg. Other medications included ropinir-
ole, bromocriptine, trihexyphenidyl, and domperidone. We
also recruited 10 healthy, age-matched control subjects
without active neurological disorders (three men, seven
women, mean age 57.4 (14 years, nine right-handed, one
left-handed) for comparisons. Exclusion criteria included
atypical Parkinsonism, presence of other neurological or
psychiatric conditions and use of antidepressants, sleeping
tablets, or dopamine blocking agents.

Experimental Design

We performed an fMRI experiment involving sinusoidal
force production at three frequencies (0.25, 0.5, and
0.75 Hz) to compare the activity among brain regions in
PD subjects pre/post medication and age-matched con-
trols. The chosen frequencies were comparable to prior
tracking tasks, and we confirmed that this range of fre-
quencies could be accomplished by PD subjects, off-medi-
cation in a pilot study. Prior studies that have used a
greater range of frequencies typically employed a simpler
task such as finger tapping. Faster frequencies of force
production using our system were difficult or not possible
in both control and PD subjects. By comparing rhythmic
force output to static contractions as opposed to rest, we
ensured that changes in activity were due to movement
frequency and not solely force output per se. The use of a
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nonrest comparison condition has also been employed in
prior studies. For example, Turner et al. [2003] compared
manual tracking to eye tracking only. We note that the fre-
quencies examined for this study were too fast to be
directly measured with the sluggish hemodynamic
response inherent to the BOLD signal. A block design
experiment was thus employed with the task blocks being
no longer than 20 s to avoid problems with reduced am-
plitude of movement secondary to bradykinesia such as
digital impedance.

EXPERIMENTAL PROCEDURES

Subjects were asked to lie on their back in the functional
magnetic resonance scanner viewing a computer screen
via a projection-mirror system. All subjects held in their
hand a custom-built MR-compatible rubber squeeze-bulb
connected to a pressure transducer outside the scanner
room. With their forearm resting down in a stable position,
the subjects were instructed to squeeze the bulb using an
isometric hand grip and to maintain the same grip through-
out the study. Each subject had their maximum voluntary
contraction (MVC) measured at the start of the experiment
with all subsequent movements scaled to 5–15% of MVC.

Using the squeeze bulb, subjects were required to con-
trol the width of an ‘‘inflatable ring’’ displayed as a black
horizontal bar on the screen (see Fig. 1). Subjects were
instructed to keep this ring within an undulating pathway
at all times. Applying greater pressure to the bulb
increases the width of the bar and vice versa. To maintain
the black bar within the pathway, subjects were required
to squeeze at 5–15% MVC. No additional visual feedback
or error reporting was given; so subjects had to carefully
monitor their own performance. The pathway remained
straight (requiring a constant force of 10% of MVC)
between sinusoidally-undulating periods of three different
frequencies (0.25, 0.5, and 0.75 Hz) presented in pseudo-
randomly ordered 19.85-s blocks (exactly 10 TR intervals).
An entire run lasted 4 min. All subjects performed the
task once with the right hand. Custom Matlab software
(Mathworks) and the Psychtoolbox [Brainard, 1997] were
used to design and present stimuli, and to collect behav-
ioral data from the response devices.

All PD subjects stopped their anti-Parkinson medica-
tions overnight for a minimum of 12 h before the study.
Those subjects who were also taking dopamine agonists
withdrew from this medication for a minimum of 18 h,
and these medications were not administered as part of
the study. The mean Unified Parkinson’s Disease Rating
Scale (UPDRS) motor score during this ‘‘off-L-dopa’’ state
was 26 � 8. No significant correlations between UPDRS
motor scores and age were found. All subjects exhibited
some aspects of bradykinesia on examination.

After completing the experiment in an off-medication
state, subjects were given the equivalent to their usual
morning dose of L-dopa (Sinemet CR) in immediate release

form (mean 132 � 29 mg Sinemet IR). They then repeated
the same tasks postmedication following a 1-h interval to
allow L-dopa to reach peak dose.

Data Acquisition

Functional MRI was collected on a Philips Achieva 3.0 T
scanner (Philips, Best, the Netherlands) equipped with a
head-coil. T2*-weighted images with blood oxygen level de-
pendent (BOLD) contrast were acquired using an echo-pla-
nar (EPI) sequence with a repetition time 1,985 ms, echo
time 37 ms, flip angle 90�, field of view (FOV) 240.00 mm,
matrix size ¼ 128 � 128, pixel size 1.9 � 1.9 mm2. Each
functional run lasted 4 min. Thirty-six axial slices of 3 mm
thickness were collected in each volume, with a gap thick-
ness of 1 mm. We selected slices to cover the dorsal surface
of the brain and included the cerebellum ventrally. A high
resolution, three-dimensional T1-weighted image consisting
of 170 axial slices was acquired of the whole brain to facili-
tate anatomical localization of activation for each subject.

Head motion was minimized by a foam pillow placed
around the subjects head within the coil. Subjects also
used ear plugs to minimize the noise of the scanner. The
subjects constantly viewed visual stimuli on a screen
through a mirror built into the head coil.

fMRI Data Preprocessing and Analysis

The functional MRI data were preprocessed for each
subject using Brain Voyager’s (Brain Innovation B.V.) tri-
linear interpolation for 3D motion correction and sinc
interpolation for slice time correction. The data were then
further motion corrected with MCICA, a computationally

Figure 1.

Experimental task. Subjects were required to squeeze a bulb

with sufficient pressure to keep the side of the black bar on the

gray path.
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expensive but highly accurate method for motion correc-
tion [Liao et al., 2005]. No temporal smoothing, spatial
smoothing, or spatial normalization was performed. To
coregister the anatomical and functional images, the Brain
Extraction Tool (BET) in MRIcro [Rorden and Brett, 2000]
was used to strip the skull off of the anatomical and first
functional image from each run to enable a more accurate
alignment of the functional and anatomical scans. Custom
scripts in Amira software (Mercury Computer Systems,
San Diego, USA) were then used to coregister the anatomi-
cal and functional images. Sixteen specific ROIs were man-
ually drawn on each aligned structural scan based upon
anatomical landmarks and guided by a neurological atlas
[Talairach and Tournoux, 1988] using the Amira software.
ROIs included: primary motor cortex (M1) (Brodmann
Area 4), supplementary motor cortex (SMA) (Brodmann
Area 6), prefrontal cortex (PFC) (Brodmann Area 9 and
10), caudate (CAU), putamen (PUT), thalamus (THA), cer-
ebellum (CER), and anterior cingulate cortex (ACC) (Brod-
mann Area 28 and 32). The labels on the segmented
anatomical scans were resliced to isotropic voxels at the
fMRI resolution of 3 � 3 � 3 mm3. The raw time courses
of the voxels within each ROI were then extracted. A
hybrid Independent Component Analysis (ICA)/General
Linear Model scheme was used to contrast each of the
three frequency blocks with the static force condition
[McKeown, 2000] to create statistical parametric maps for
each ROI.

To characterize the spatial distribution changes of acti-
vation statistics within each ROI, we used an invariant
moment-based feature that we previously proposed [Ng
et al., 2006, 2009] to measure the spatial variance of ROI
activation (see Appendix). To decouple the effects of am-
plitude, we normalized the activation statistics to the
range of [0,1]. Previous studies have also characterized
ROI activity by measuring the spatial extent of activation
but only with the percentage of activated voxels, which do
not incorporate the spatial characteristics of the activation
distribution. Instead, our feature measures the spread of
activation relative to the activation centroid, which in
effect distinguishes whether an ROI activation pattern is
focused or diffused. For comparison, we also thresholded
the t-statistics of BOLD signal changes at 1.96, and com-
puted the mean t-statistic within each ROI under the dif-
ferent task conditions. A 2 � 3 repeated-measures
designed ANOVA was performed on the PD data to ana-
lyze the main effects of medication, movement frequency,
and any interactions between these two factors. Also, a
paired-test was performed to examine the effects of medi-
cation at each task frequency. A threshold corresponding
to an uncorrected P value of 0.05 with false discovery rate
(FDR) correction was used to detect significance. For the
omnibus test, we listed the F values, instead of the P val-
ues, to facilitate direct comparisons of effect sizes between
amplitude and spatial variance. For the frequency-specific
contrasts, we provided the (signed) t values for analyzing
the direction of changes in amplitude and spatial variance.

In ROIs where a significant main effect of medication for
both amplitude and spatial variance were present, we com-
pared the spatial variance of ROI activation in PD patients
with that of normal subjects who did not receive any medi-
cation to determine whether L-dopa normalizes the activity
of PD. In addition, we plotted the ROI activation t-statistics
before and after medication to visually demonstrate how
the spatial distribution of activation was altered by L-dopa.
To ensure that the detected activation differences between
controls and PD off and on medication were not due to dif-
ferences in task performance, we calculated the perform-
ance error of each subject at each frequency, and applied an
ANOVA to the error rates. Error was computed as the dis-
tance between the squeeze-bulb-controlled bar and the tar-
get pathway normalized by the width of the pathway. In
addition, we compared the error rates of the first and sec-
ond block of each frequency to confirm that no significant
fatigue or practice effects were present within a session at
the behavioral level. We have also examined potential fa-
tigue and practice effects within a session at the brain activ-
ity level by first splitting the voxel intensity time courses
into two halves and estimating the activation effects of each
half using a general linear model (GLM). We then com-
puted the spatial variance using the activation effects of
each half and applied a paired t test. An uncorrected
threshold of P < 0.05 was used.

RESULTS

Behavioral Data

Figure 2 shows a summary of the behavioral data, demon-
strating that the performance of controls and PD off and on
medication were similar. Peaks in the frequency spectra of
the squeeze output correctly corresponded to the target fre-
quency of each task block. Applying an ANOVA on the per-
formance error rates detected no significant differences
between any of the subject groups (F(2,166) ¼ 1.56, P ¼
0.2132). Comparison of error rates for the first and second
block of each frequency did not demonstrate significant
practice effects within a session (F(1,345) ¼ 1.53, P ¼ 0.2171).

Amplitude of BOLD Signal Changes

Applying an ANOVA on the activation amplitude dem-
onstrated that bilateral motor cortices and the contralateral
SMA were significantly affected by L-dopa medication (Ta-
ble I). Frequency had a main effect in left putamen, bilat-
eral M1, and bilateral SMA. Assessing the effects of L-dopa
on the mean t-statistics at each frequency individually
detected no significant changes within any ROIs at the
slow frequency (Table I). At the medium frequency, only
the left primary cortex demonstrated a significant
decrease. At the fastest frequency, significant decreases
were detected in the contralateral SMA and ipsilateral
putamen, thalamus, cerebellum, and primary cortex.
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Spatial Variance of Activation

Significant main effects of medication were detected in
bilateral cerebellar hemispheres, bilateral primary motor
cortices, bilateral SMA, and ipsilateral prefrontal cortex. A
significant interaction in the left prefrontal cortex was
found (Table II). No main effect of frequency was

detected, but frequency-specific effects of L-dopa on spatial
variance were found in the ipsilateral cerebellum and
SMA, and contralateral primary motor cortex at the slow
frequency. At medium frequency, significant medication
effects were detected in the contralateral thalamus, ipsilat-
eral cerebellum, and bilateral primary motor and supple-
mentary motor cortices. At the highest frequency,

Figure 2.

Summary of the behavioral data. Power spectrum of the behav-

ioral output for each subject is overlaid with each of the three

task frequencies displayed as a separate curve. The frequencies

at which the power spectrum of the squeeze output peaked cor-

respond to the target frequencies. Task performance of controls

and PD off and on medication were similar with no significant

group differences detected in the error rates (F(2,166) ¼ 1.56, P

¼ 0.2132). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

TABLE I. Significant levels for changes in amplitude

Omnibus F values PD pre vs. post (signed) t values

Drug (df ¼ 1 � 9) Freq (df ¼ 2 � 9) Drugxfreq (df ¼ 2 � 18) Slow (df ¼ 9) Med (df ¼ 9) Fast (df ¼ 9)

LPUT 0.673 8.8408* 0.9731 0.0387 0.3577 2.2117
RPUT 3.005 1.3327 0.9617 0.8733 0.8279 3.5048*
LCAU 0.0204 0.6264 1.2633 0.2186 �1.8418 0.4649
RCAU 0.5681 0.9952 1.8381 0.1279 �0.9090 1.5609
LTHA 3.2017 2.2485 0.5614 0.5350 1.2289 1.9743
RTHA 6.3626 0.8866 0.8143 1.0246 1.3428 2.7468*
LCER 4.2957 3.9746 1.8672 0.3238 1.7032 2.4203
RCER 6.7006 3.7269 1.9682 0.7144 1.6627 2.7120*
LM1 14.8849* 6.5018* 0.1797 1.9013 3.1898* 2.1657
RM1 10.3895* 7.0887* 0.7666 1.9949 1.8447 3.0737*
LSMA 7.5348* 4.9269* 2.3465 0.6627 1.5783 3.3468*
RSMA 5.6209 5.9822* 1.076 1.8681 1.0667 2.4745
LPFC 1.6699 1.351 0.9966 1.2107 0.0048 1.9988
RPFC 2.1181 2.2402 0.6813 1.0585 0.4431 2.2878
LACC 1.6492 0.1546 1.5574 1.0295 �0.6637 1.5231
RACC 2.1335 1.4331 1.7187 1.3674 0.3025 1.9277

Levels that are significant for a P value <0.05 with FDR correction (P < 0.026) are highlighted in bold*. df ¼ degrees of freedom.
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significant effects were detected in bilateral prefrontal and
supplementary motor cortices, as well as contralateral cer-
ebellum and ipsilateral primary motor cortex.

Normalization by L-Dopa

Figure 3 shows a plot of the t-statistics within the right
M1 of an exemplar PD subject off and on L-dopa. Compar-
ing the spatial distribution of t-statistics, L-dopa appears to
‘‘refocus’’ the area of activation. In fact, the signs of the t
values in Table II indicate that L-dopa refocuses the activa-
tion distributions in all detected ROIs. This trend was con-
sistently found in all PD subjects as shown in Figure 4,
where the spatial variance of activation in PD subjects off
and on medication as compared to healthy age-matched
controls within the left SMA and right M1 (two regions
where both amplitude and spatial distribution of activa-
tion was significantly affected by L-dopa) are plotted. The
spatial variance of activation within these two regions was
reduced to a similar level as controls upon medication,
thus demonstrating the normalizing effect of L-dopa. To
test for potential practice and fatigue effects in brain acti-
vation, we applied a t test to the spatial variance estimated
from the two halves of the voxel intensity time courses.
No significant effects of practice or fatigue were observed
within a session (see Fig. 5).

DISCUSSION

A predominant effect of L-dopa appears to be a change
in the spatial extent of activation in both cortical and sub-
cortical regions. In fact, the spatial effects of medication
were significant in the contralateral motor cortex and ipsi-
lateral cerebellum even at the lowest frequency, whereas

medication-related changes in amplitude, as estimated
with mean t-statistics, were only evident at the higher fre-
quencies, thus demonstrating the importance of

TABLE II. Significant levels for changes in spatial variance

Omnibus F values PD pre vs. post (signed) t values

Drug (df ¼ 1 � 9) Freq (df ¼ 2 � 9) Drugxfreq (df ¼ 2 � 18) Slow (df ¼ 9) Med (df ¼ 9) Fast (df ¼ 9)

LPUT 6.5223 2.0291 2.1145 1.0635 1.5567 2.2143
RPUT 0.7215 2.9808 0.7837 1.1852 �0.2336 0.8348
LCAU 0.7839 2.4848 0.5714 1.4493 0.1426 0.4231
RCAU 1.3244 0.5395 0.0049 0.9300 0.9067 0.6653
LTHA 5.6095 1.7118 0.8005 1.8939 2.7875* 1.7908
RTHA 3.7745 3.348 0.132 1.7606 1.6623 1.8535
LCER 16.3948* 4.431 0.0733 2.2859 2.5362 3.4764*
RCER 14.7629* 4.4819 1.1506 3.0916* 4.0051* 2.4414
LM1 21.1873* 2.1283 0.1104 4.6332* 3.7173* 2.3194
RM1 15.9926* 3.2057 0.9148 2.0983 3.8733* 5.5411*
LSMA 17.6862* 2.02 0.6574 2.2920 2.7982* 3.6637*
RSMA 22.0431* 4.2877 0.4216 3.5140* 3.2640* 3.1688*
LPFC 5.2297 0.303 4.7305* 0.1934 1.0652 3.5769*
RPFC 8.8842* 3.0336 2.6654 1.5191 0.4227 3.2107*
LACC 0.3014 0.3971 2.2213 1.5437 �1.0503 0.4792
RACC 1.6947 0.5357 0.929 1.4865 0.0150 1.0911

Levels that are significant for a P value <0.05 with FDR correction (P < 0.026) are highlighted in bold*. df ¼ degrees of freedom.

Figure 3.

Focusing effect of L-dopa seen in a typical PD subject. The t-

maps shown (right M1) include all voxels with positive t values

normalized between [0,1] to emphasize the spatial distribution

changes. (top left) A much wider recruitment of the ROI was

required to perform the same motor task prior to medication.

(top right) The ROI activation pattern appears to focus upon

medication. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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incorporating spatial information. Also, the ANOVA
results demonstrate that the effected sizes of spatial var-
iance were larger than that of amplitude for all ROIs dis-
playing significant L-dopa effects on both features.
Nevertheless, for a few of the ROIs during the highest fre-
quency task, medication-related changes were only present
in the activation amplitude, thus integrating amplitude
and spatial variance to more fully characterized activation
changes would be desirable.

Our finding of the wider spread of activation in PD sub-
jects off-medication is consistent with prior cognitive stud-
ies, where increase in activation amplitude and spatial
extent (by voxel counts) were found in the prefrontal cor-

tex [Monchi et al., 2004]. The focusing effect of L-dopa
observed in the current study is also consistent with cogni-
tive studies, where L-dopa was shown to reduce the re-
gional cerebral blood flow (rCBF) in the prefrontal cortex
during a working memory task [Cools et al., 2002]. Similar
findings were observed in a working memory study by
Mattay et al. [2002] and similar effects were seen in healthy
controls given methylphenidate [Mehta et al., 2000].

The observed focusing effect likely resulted from the do-
pamine-induced increase in signal-to-noise in the cortical
microcircuits [Winterer et al., 2006], which manifests in the
BOLD activation as a sharpening or focusing of response.
In computational modeling studies, the effects of dopa-
mine at the individual neuronal level are often modeled as
a change in shape of the normally sigmoid curve that
relates neuronal inputs to output firing rates. Increasing
dopamine results in a more nonlinear curve approaching a
threshold-like function, while decreasing dopamine results
in the input–output curve becoming more linear [Sikstrom,
2007]. Neurons with threshold-like functions are less sensi-
tive to small synaptic fluctuations that would be seen with
more linear regimes, and thus dopamine can be consid-
ered as increasing the signal-to-noise of the neuron. When
the effects on individual neuronal units are assembled into
a network, the macroscopic effect is that the low-dopamine
states, as would be seen in PD, result in indistinct neural
representations with many units having similar represen-
tations, as opposed to a few selected units being active
when the modeled dopamine levels are higher [Li and Sik-
strom, 2002; Sikstrom, 2007]. Also, studies of COMT (cate-
chol-O-methyltransferase) genotype (which codes for the
dopamine catabolising enzyme COMT) showed relatively
diminished BOLD response and increased noise in COMT-
Val carriers (which have lower levels of available synaptic
dopamine) [Winterer et al., 2006]. Thus, the focusing effect
of dopamine observed in the current motor experiment
conforms to results in other domains.

An alternative explanation for the observed changes in
spatial distribution relates to the vascular effect of dopa-
mine, which affects BOLD signal changes by altering local
blood flow. This explanation, however, seems unlikely
given the results in previous studies where L-dopa was
found to increase rCBF in some areas and decreased rCBF
in others [Cools et al., 2002], whereas L-dopa only
decreased spatial variance in a subset of ROIs in the pres-
ent study. Another important consideration is the potential
effect of motor learning on the extent of activation. Karni
et al. [1995] have shown changes in the spatial extent (by
voxel counts) of activity with practice, both within and
between training sessions. These effects were complex,
with order effects predominant in early training sessions,
regardless of whether the sequence was trained or
untrained. However, in later sessions, when performance
had reached an asymptotic level, the trained sequence pro-
duced a consistently larger spatial extent of activation
compared to a control sequence made up of the same sub-
movements. Since we only observed a decrease in spatial

Figure 4.

Normalization of the spatial variance of activation within an ROI

by L-dopa. (top panel) The spatial variance of a region demon-

strating a significant effect of L-dopa (the left SMA) is plotted.

The arrows represent the effects of L-dopa on the spatial var-

iance of each PD subject. The feature values for the normal sub-

jects are shown for comparison. (bottom panel) Normalization

of spatial variance in a region ipsilateral to the movement (right

primary motor cortex, M1). L-dopa appears to refocus the acti-

vation of M1 in PD with the resultant spatial extent becoming

more similar to that of the controls. [Color figure can be

viewed in the online issue, which is available at www.

interscience.wiley.com.]
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extent upon L-dopa administration, it is unlikely that prac-
tice effects contributed to our results. In addition, exami-
nation of error rates demonstrated that no significant
differences in performance error between PD subjects off
and on mediation were present, which suggests that repe-
tition of the task in the on state did not lead to significant
improvement in task performance. Moreover, comparing
the spatial variance estimated from the first and second
halves of the voxel intensity time courses did not detect
any significant effects of practice or fatigue within a ses-
sion (see Fig. 5). Hence, given over an hour of rest
between sessions, fatigue is unlikely to have contributed to
the detected activation changes, although this does not
preclude potential motor consolidation between sessions.
We note that ordering effects may be controlled by coun-
terbalancing the scanning order of PD subjects. However,
due to the washout period of L-dopa, counterbalancing
would necessitate the on and off scans to be conducted on
different days. Prior studies on the reproducibility of fMRI
have demonstrated that when subjects perform an identi-
cal task on separate scanning sessions, the extent of activa-
tion could vary substantially [Bosnell et al., 2008; Marshall
et al., 2004]. Hence, considering that spatial changes are
the primary focus of this study, we opted to complete
both scans on the same day.

Clinically, the finding of increased spatial distribution of
activity in the primary motor cortex of PD subjects off
medication is particularly interesting as it may help
explain symptom progression in PD. Since the basal gan-
glia and its cortical loops are arranged somatotopically in
a pattern from the feet to the face, a spread of activation
related to movement of a specific part of the body may

also lead to impaired movement in additional areas of the
body. Recently, studies have shown that individuals
whose symptoms start in the legs move first to the arms
and body before moving to the head, neck, and face, while
those whose first symptoms are in the arms are likely to
see spread to both the lower body and head at a similar
time [Dickson and Grunewald, 2004]. Our results would
fit with this finding, suggesting that activity spreads from
a focal area to a more diffuse pattern, slowly encompass-
ing areas that normally control adjacent body parts.

In this article, using a novel method to quantify the spa-
tial distribution changes in ROI activation, we demon-
strated that L-dopa induces a similar focusing effect
during motor tasks as that seen in cognitive studies. Our
results suggest that spatial changes may be a robust fea-
ture of cortical and subcortical circuits for various types of
behavior. In addition, we showed that incorporating spa-
tial information enhances sensitivity in discriminating acti-
vation changes. Results in this study provided further
support that one of the system-level effects of L-dopa may
be the ‘‘refocusing’’ of activity in a broad range of cortical
and subcortical structures. Thus, future fMRI studies
investigating medication effects in PD should also consider
spatial effects in addition to amplitude effects.
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Figure 5.

Analysis of potential practice and fatigue effects in brain activity.

(a) Histogram of the differences between J1 generated from the

first and second halves of the voxel intensity time courses. All

differences in J1 across subject groups and ROIs were pooled in

the histogram. Majority of the subjects showed minute differ-

ence in J1. (b) P values obtained by applying a paired t test to J1

generated from the first and second halves of the voxel intensity

time courses separately for each group and ROI. No significant

practice or fatigue effects were found for a liberal uncorrected

threshold of P < 0.05. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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APPENDIX

Computation of 3D Moment Invariants

In this study, we are interested in examining the spatial
extent of activation within each ROI to analyze the effects of
L-dopa and movement frequency. The 3D moment invariant
that measures such property is calculated as follows:
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For a given ROI, we first scale the spatial coordinates
(x,y,z) to account for ROI size differences across subjects
[Goodall, 1991]:

xs ¼ x=s; ys ¼ y=s; zs ¼ z=s;

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i2ROI

ððxi � �xÞ2 þ ðyi � �yÞ2 þ ðzi � �zÞ2Þ
r

(1)

where �x, �y, and �z are the centroid coordinates of the ROI
and (xs,ys,zs) are the scaled spatial coordinates. Summing
centralized 3D moments, lpqr, as shown below results in a
3D moment invariant that measures spatial extent [Ng et
al., 2006, 2009]:

J1 ¼ l200 þ l020 þ l002 (2)

lpgq ¼
ZZ Z
ROI

ðxs � �xsÞpðys � �ysÞqðzs � �zsÞrqðxs; ys; zsÞdxsdysdzs

(3)

where n = p + q + r is the order of the centralized 3D
moment, �pqr, �(xs,ys,zs) is the t value of a voxel located at
(xs,ys,zs), and �xs, �ys, and �zs are the centroid coordinates of
q(xs,ys,zs). Only positive t values are used in this study
due to the presently unclear interpretation of negative t
values, and the t values are normalized to the range of
[0,1] to decouple the effects of amplitude from spatial
changes [Ng et al., 2009]. The resulting spatial feature, J1,
is invariant to scaling (1), rotation (2), and translation (3),
which accounts for differences in ROI sizes and subject’s
orientation in the scanner.
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