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Abstract: Parkinson’s disease (PD) is surprisingly heterogeneous: some patients have a prominent rest-
ing tremor, while others never develop this symptom. Here we investigate whether the functional or-
ganization of the voluntary motor system differs between PD patients with and without resting
tremor, and whether these differences relate to the cerebral circuit producing tremor. We compared 18
PD patients with marked tremor, 20 PD patients without tremor, and 19 healthy controls. Subjects per-
formed a controlled motor imagery task during fMRI scanning. We quantified imagery-related cerebral
activity by contrasting imagery of biomechanically difficult and easy movements. Tremor-related activ-
ity was identified by relating cerebral activity to fluctuations in tremor amplitude, using electromyog-
raphy during scanning. PD patients with tremor had better behavioral performance than PD patients
without tremor. Furthermore, tremulous PD patients showed increased imagery-related activity in
somatosensory area 3a, as compared with both healthy controls and to nontremor PD patients. This
effect was independent from tremor-related activity, which was localized to the motor cortex, cerebel-
lum, and thalamic ventral intermediate nucleus (VIM). The VIM, with known projections to area 3a,
was unique in showing both tremor- and imagery-related responses. We conclude that parkinsonian
tremor influences motor imagery by modulating central somatosensory processing through the VIM.
This mechanism may explain clinical differences between PD patients with and without tremor. Hum
Brain Mapp 33:1763-1779, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Parkinson’s disease (PD) is a surprisingly heterogeneous
disorder. The classical triad of symptoms includes resting
tremor, bradykinesia and rigidity, but the expression of

these symptoms varies markedly between patients [Jan-
kovic et al., 1990; Lewis et al., 2005]. For instance, while
the phenotype of some PD patients is dictated by an early
and prominent resting tremor (tremoulous PD), ~25% of
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PD patients never develop this symptom [nontremor PD;
Hoehn and Yahr, 1967]. A large body of evidence suggests
that the tremulous subtype is more benign than the non-
tremor subtype, as evidenced by slower progression of
motor symptoms [Josephs et al., 2006; Louis et al., 1999],
better motor planning abilities [Vakil and Herishanu-Naa-
man, 1998] and less cognitive dysfunction [Alves et al.,
2006; Burn et al., 2006]. Thus, while PD patients with
tremor have an additional symptom, they generally follow
a more benign clinical course than PD patients without
tremor.

These clinical findings suggest that different pathophys-
iological or compensatory mechanisms are involved in
these PD subtypes, but clear evidence is lacking. Here we
address this issue by focusing on the voluntary motor sys-
tem, which harbors the core pathophysiological substrate
of PD [Marsden, 1982]. We consider two possible hypothe-
ses. First, pathological differences between PD patients
with and without tremor could lead to altered processing
in planning-related brain regions, independently from the
pathological changes that produce tremor. Specifically,
post-mortem work has shown that nontremor PD patients
have more severe loss of dopaminergic neurons in the
ventrolateral midbrain that projects to the posterior puta-
men [Jellinger, 2002]. This could lead to impaired process-
ing in regions anatomically connected to this striatal
subregion, for example the premotor cortex [Parent and
Hazrati, 1995; Takada et al., 1998]. Second, the presence of
resting tremor could by itself change the functional organi-
zation of the cerebral motor system. Specifically, resting
tremor has been linked to a cerebral circuit involving the
anterior cerebellum [Deiber et al.,, 1993; Fukuda et al.,
2004], the thalamic ventral intermediate nucleus [VIM;
[Benabid et al., 1991; Lenz et al., 1994]], and the primary
motor cortex [M1; [Fukuda et al., 2004]. M1 and the ante-
rior cerebellum are also involved in motor execution
[Hanakawa et al., 2003; Stoodley and Schmahmann, 2009],
while the VIM is involved in voluntary action planning
[Paradiso et al., 2004] and it relays afferent input to soma-
tosensory area 3a [Padberg et al., 2009]. Thus, tremor-
related responses in this circuit may influence voluntary
action planning by interfering with central motor com-
mands or by altering central somatosensory processing.
This hypothesis predicts that PD patients with resting
tremor show a spatial overlap between tremor- and plan-
ning-related cerebral responses during voluntary action
planning.

We investigate these hypotheses using an experimental
design with three key features. First, we compared two
carefully matched groups of PD patients that had either
absent or prominent resting tremor, but who all displayed
similar levels of akinesia and rigidity. Second, in order to
reliably distinguish between the cerebral underpinnings of
tremor and voluntary action planning, it is important to
use a motor task that does not generate motor output
itself. This separation is necessary because motor execution
and tremor inevitably interact in the corticospinal tract.

Furthermore, somatosensory afferences related to execu-
tion and tremor can compete in the peripheral nervous
system [Jones et al., 1989]. These interdependencies make
it difficult to attribute cerebral differences between PD
subtypes to either central or peripheral mechanisms. Here
we circumvented this problem by using a validated and
well-controlled motor imagery task that does not activate
the corticospinal tract, and that produces no afferent feed-
back [Helmich et al., 2009; Parsons, 1987]. This approach is
justified by empirical evidence showing that motor im-
agery is sensitive to motor control variables [de Lange
et al.,, 2006; Gentili et al., 2004], and that it uses neural
operations involved in action planning [Cisek and Kalaska,
2004]. Third, we wanted to quantify cerebral activity
related to tremor itself. For this purpose, we localized
tremor-related brain activity by measuring fluctuations in
tremor amplitude with surface electromyography (EMG)
during scanning [Helmich et al., 2010]. This design led to
the segregation of three different patterns of cerebral activ-
ity: (1) brain regions where PD patients with and without
tremor have different responses during motor imagery; (2)
brain regions involved in tremor-related processing (this is
indexed by cerebral activity cofluctuating with tremor am-
plitude); and (3) brain regions showing both tremor-
related responses and motor imagery-related activity.

METHODS
Subjects

We included three carefully matched groups of 19
healthy controls (12 men, aged 58.6 + 7.9 years; mean +
SD), 18 tremulous PD patients (10 men, 56.7 + 10.0 years)
and 20 nontremor PD patients (16 men, 59.1 & 9.4 years).
The distributions of age and gender were not significantly
different between the three groups (P = 0.69 and P = 0.27,
respectively). For further group characteristics and statis-
tics, see Table I and Supporting Information Table 1. All
subjects gave written informed consent according to insti-
tutional guidelines of the local ethics committee (CMO
region Arnhem-Nijmegen, Netherlands). All subjects were
right-handed. Patients were included when they had idio-
pathic PD, diagnosed according to the UK Brain Bank cri-
teria by an experienced movement disorders specialist (BR
Bloem). The most important inclusion criterion was either
clear presence or absence of resting tremor. Tremulous PD
was defined as a Unified Parkinson’s Disease Rating Scale
(UPDRS) resting tremor score of >2 for at least one hand
during physical examination, and an obvious history of
resting tremor. Nontremor PD was defined as a UPDRS
resting tremor score of 0 for each hand during physical ex-
amination and no history of resting tremor. The severity of
action and postural tremor played no role in the definition
of the two PD groups. Exclusion criteria were: clinical
signs of dementia, other neurological diseases, and general
exclusion criteria for MRI scanning (such as claustropho-
bia, pacemaker, and implanted metal parts). Before
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TABLE I. Clinical characteristics

PD with tremor PD without tremor

(n = 18) (n = 20)
Group Mean SD Mean SD P-value
Age 56.7 10 59.1 9.4 0.44
Gender 10 M/8 F 16 M/4 F 0.11
Duration 4.3 2.1 4.5 2.6 0.83
H&Y 2 0.3 2.1 0.2 0.57
LEDD 220.6 419 348.6 247.7 0.25
FAB* Conceptualization 294 0.25 3 0 0.27
Mental Flexibility 2.5 0.63 2.8 0.55 0.21
Motor Programming 2.7 0.48 2.7 0.67 0.85
Sensitivity to Interference 2.9 0.25 2.8 0.41 0.25
Inhibitory Control 2.8 0.44 2.9 0.31 0.24
Environmental Autonomy 3.0 0 3.0 0 1.0
Attention Span 6.6 0.63 6.7 0.88 0.74
Total 16.8 1.1 171 12 0.47
BIS-11° Motor 17.1 29 16.2 2.8 0.38
Attention 18.6 35 19.1 4.7 0.76
No Planning 249 52 25.1 3.4 0.87
Total 60.6 5.5 60.4 8.6 0.94
UPDRS part III Total 27.2 8.1 27.9 9 0.79
Hand 16.2 4.8 14.6 5.1 0.34
Foot 4.2 22 3.9 2 0.64
Bradykinesia 10.8 42 12.5 43 0.25
Rigidity 55 2.3 6.4 2.9 0.3
“Face” 1.9 12 29 1.6 0.034
“Body” 3.4 1.8 4.8 24 0.05
Tremor (TRS part A) Rest 4.2 2 0.2 0.52 <0.001
Posture 2.9 19 24 1.1 0.053
Action 11 13 0.9 14 0.63

Three groups of subjects were measured: 19 healthy controls, 18 PD patients with marked tremor and 20 PD patients without tremor.
All subjects were consistent right-handers. All PD patients were tested in a practically defined off-state [more than 12 h after having
taken their last medication; (Langston et al., 1992)]. Disease duration is shown in years, and defined as the time since patients noticed
their first symptoms. Tremor scores are shown as points on the Tremor Rating Scale [maximum score per item ranges from 0 to 4 points
per effector and per side, i.e., maximum score is 8 points per side; (Stacy et al., 2007)]. Three nontremor patients had a very subtle rest-
ing tremor while off-medication at the day of testing, explaining the nonzero resting tremor score. Bradykinesia refers to the sum of
UPDRS items 23-26, rigidity to UPDRS item 22, “Face” to the sum of UPDRS items 18-19 and “Body” to UPDRS items 27-31 [Stochl
et al., 2008]. The right row shows the P-value resulting from the statistical comparison of the three groups (ANOVA) and of the two PD
groups (two-sample f-test). All groups were matched in terms of age and gender; the difference between the PD groups was confined
to resting tremor and to facial and gait/axial symptoms. UPDRS, Unified Parkinson’s Disease Rating Scale part III (highest possible
score is 108 points); H&Y, Hoehn and Yahr rating scale (highest stage is 5). M, male; F, female; FAB, frontal assessment battery [Dubois
et al., 2000]; BIS-11 = Dutch version of the Barratt Impulsiveness Scale [Patton et al., 1995]; PD, Parkinson’s disease; LEDD, levodopa
equivalent daily dose. See also Supporting Information Table 1 for the asymmetry of bradykinesia, rigidity and tremor.

“FAB scores were collected in 16 PD patients with tremor and in all 20 nontremor PD patients.

PBIS-11 scores were collected in 15 PD patients with tremor and in 17 nontremor PD patients.

scanning, the patients’ disease severity was assessed by
one examiner (RC Helmich) using the Hoehn & Yahr
stages and the UPDRS. Tremor severity was assessed
using Part A of the Fahn-Tolosa-Marin Tremor Rating
Scale (TRS), which involves a clinical score of 0-4 points
for each extremity (hands and feet, left and right), sepa-
rately for resting, postural and action tremor [Stacy et al.,
2007]. Cognitive function was assessed with the Frontal
Assessment Battery [FAB; [Dubois et al., 2000]]. We also
collected the Dutch version of the Barratt Impulsiveness
Scale (BIS-11) [Patton et al.,, 1995] in a subset of PD

patients (15 tremulous PD and 17 nontremor PD). The BIS-
11 is 30-item questionnaire concerning control of thoughts
and behavior. The scale is based on a tri-factor model of
impulsivity measuring: (a) “motor impulsiveness” meas-
ured by 11 items (e.g., I do things without thinking); (b)
“attentional impulsiveness” measured by eight items (e.g.,
I do not pay attention); (c) “nonplanning impulsiveness”
measured by 11 items (e.g., I plan tasks carefully). Twelve
patients did not use any Parkinson medication; the others
used dopaminergic medication (levodopa or dopamine-
agonists). The amount of dopaminergic medication
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[expressed as the levodopa equivalent daily dose; LEDD;
Wenzelburger et al., 2002] was not significantly different
between both PD groups (Table I). The experiments were
performed in the morning, and the patients were asked
not to take their medication the evening before the experi-
ment. Thus, they were all off-medication for at least 12 h
during the experiment [i.e.,, in a practically defined off-
condition; Langston et al., 1992].

Age was compared across the three groups using a one-
way analysis of variance (ANOVA). Gender was compared
using a chi-square test. Disease characteristics were com-
pared across the two PD groups using two-sample {-tests.
First, we compared the severity of tremor symptoms
across groups by using the resting, action and postural
tremor scores from the TRS part A, separately for each
type of tremor. Second, we compared nontremor symp-
toms across groups by using different items from the
UPDRS-III. We divided the total UPDRS score into four
different subscores [Stochl et al., 2008]: bradykinesia of the
extremities (sum of items 23-26), rigidity (item 22),
speech/hypomimia (sum of items 18-19) and axial/gait
bradykinesia (sum of items 27-31).

Motor Imagery
Experimental design

We evoked and quantified motor imagery on a trial-by-
trial basis by using the laterality judgment task [Parsons,
1987]. During this task, subjects were presented with pic-
tures of hands and feet (Fig. 1a), and they were required
to judge whether the presented stimulus depicted a left or
a right body part. Importantly, stimuli could be shown in
a biomechanically easy or difficult orientation. Biome-
chanically easy stimuli consisted of hand stimuli where
the fingers pointed medially and of foot stimuli where the
toes pointed upwards (both with respect to the vertical
body axis). Biomechanically difficult stimuli consisted of
hand stimuli where the fingers pointed laterally and of
foot stimuli where the toes pointed downwards. By com-
paring these conditions (biomechanically difficult vs.
easy), we were able to identify the network that is specifi-
cally involved in imagined movements, while avoiding the
interpretational and methodological problems that arise
when using a secondary task to control for visuospatial
processes only loosely related to movement simulation [de
Lange et al., 2006; Helmich et al., 2007; Parsons, 1987].
Because both sets of stimuli are matched for visual com-
plexity and rotation (with respect to the canonical stimulus
position), this procedure inherently controls for effects
related to stimulus presentation, mental rotation/visual
imagery, and response delivery. Thus, we used this experi-
mental manipulation to assess the behavioral and cerebral
correlates of action planning. For each orientation, the
hand- and foot-stimuli could be shown in four different
rotations (45°, 75°, 105°, and 135°) and in two different
views (hands: palmar or radial view; feet: lateral or medial

A Biomechanical complexity (BMC)
difficult

easy

hand

Effector

foot

|
| stimulus |

response ‘ inter-trial
presentation window interval (ITl)
(700 ms) (variable) (2000 — 3000 ms)
Figure I.

Experimental design. A: Experimental conditions. Subjects were
presented with a picture of a hand or a foot, and they were
asked to judge whether it represented a left or a right body
part. There were two levels of motor planning difficulty, depend-
ing on the biomechanical complexity of the imagined movement
towards the position indicated by the stimulus. B: Time course
of one trial. The star indicates the fixation point; the crosses on
the left and on the right indicate the targets for the saccade
used by the subjects to respond during the imagery task. The
drawings in Panels A and B illustrate representative stimuli con-
figurations sampled from the set of 64 pictures used in this
study.

view). Stimulus rotation and stimulus view were not of
primary interest for this study, but their inclusion in the
experimental design was important to ensure that subjects
used motor imagery to solve the laterality judgment task,
rather than alternative processes like spatial mappings
between position of a stimulus feature and laterality. This
yielded a total of 64 different stimuli (total of 640 trials
during the whole fMRI experiment).

Experimental procedures

Subjects started with a training session outside the scan-
ner until they could perform the task (see Supporting In-
formation). The task in the scanner was divided in two
consecutive sessions of ~30 min each, with a break of ~15
min in between. Subjects were lying supine, facing the
bore of the magnet, unable to see their hands. The stimuli
were presented via a mirror onto a screen, using
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Presentation software (Neurobehavioral systems, Albany,
USA). The stimuli subtended a visual angle of <5°. Each
trial started with the fixed presentation of the stimulus for
700 ms, followed by a variable response window (tailored
to the individual’s reaction times), and it ended with a
variable inter-trial interval that was randomly jittered
between 2,000 and 3,000 ms (Fig. 1b). Subjects responded
to left and right body parts by making a saccade to a tar-
get depicted on the left or on the right side of the screen
(eccentricity of ~9°). Eye movements were monitored
using a video-based infrared eyetracker (Sensomotoric
Instruments, Berlin, Germany). By using saccades as
response modality, we minimized interferences between
resting tremor, motor imagery, and button presses. The
subjects’ trial-to-trial reaction times (RT; defined as the
time between stimulus onset and onset of the saccade)
were calculated off-line using custom-made Matlab soft-
ware (MathWorks, Natick, MA). Following visual inspec-
tion of each trial, saccade onset was defined as the first
time point (since trial onset) at which the change in pupil
position (first temporal derivative) was larger than three
standard deviations (SD) above the mean.

Behavioral analyses

We analyzed the influence of factors GROUP (controls,
tremulous PD, nontremor PD), EFFECTOR (hand, foot),
and ORIENTATION (biomechanically easy, difficult) on
median reaction times (RT) and on normalized error rates
[ER; arcsine transformation; Sheskin, 2003], using three-
way repeated measures ANOVA on the behavioral data
collected during scanning. Alpha-level was set at P = 0.05.

fMRI Image Acquisition and Preprocessing

Functional images were acquired on a Siemens TRIO 3
T MRI system (Siemens, Erlangen, Germany) equipped
with echo planar imaging (EPI) capabilities, using an
eight-channel head coil for radio frequency transmission
and signal reception. Blood oxygenation level-dependent
(BOLD) sensitive functional images were acquired using a
single shot gradient EPI-sequence [TE/TR = 30/2,380 ms;
35 axial slices, voxel size = 3.5 x 3.5 x 3.0 mm?; inter-slice
gap of 0.5 mm; field of view (FOV) = 224 mm. High-reso-
lution anatomical images were acquired using an MP-
RAGE sequence (TE/TR = 2.92/2,300 ms; voxel size = 1.0
x 1.0 x 1.0 mm?, 192 sagittal slices; FOV = 256 mm; scan-
ning time ~5 min).

All data were preprocessed and analyzed with SPM5
(Statistical Parametric Mapping, www. fil.ion.ucl.ac.uk/
spm). First, functional EPI images were spatially realigned
using a least squares approach and a six parameter (rigid
body) spatial transformation [Friston et al., 1995]. Subse-
quently, the time-series of each voxel was realigned tem-
porally to acquisition of the first slice (slice time
correction). Anatomical images were spatially coregistered
to the mean of the functional images [Ashburner and

Friston, 1997] and segmented using a unified segmentation
approach. The resulting transformation matrix was then
used to normalize the anatomical and functional images.
The normalized functional images were resampled at an
isotropic voxel size of 2 mm and smoothed with an iso-
tropic 8 mm full-width-at-half-maximum (FWHM) Gaus-
sian kernel.

Analysis of Task-Related Cerebral Effects
General linear model

The preprocessed fMRI time series was analyzed at the
first level using an event-related approach in the context
of the General Linear Model (GLM). The GLM considered
the factors LATERALITY (left, right), EFFECTOR (hand,
foot) and ORIENTATION (biomechanically easy, difficult),
leading to eight different conditions. Trials were modeled
as square-wave functions time-locked to stimulus onset,
and durations corresponding to the mean reaction time
across all imagery trials of the subject. The effect of stimu-
lus ROTATION on cerebral activity was separately mod-
eled for each condition using a linear basis function
(parametric modulation with four levels corresponding to
45°, 75°, 105°, and 135°). In addition, our first-level model
included separate regressors of no interest: two regressors
modeling incorrect and missed trials, two regressors
describing the signal intensity averaged on each scan over
the segmented white matter and over a blank portion of
the MR images (Out of Brain signal, OOB), and 36 regres-
sors describing head motion [linear, quadratic and cubic
effects of the six movement parameters belonging to each
volume and also the first derivative of each of those
regressors, to control for spin-history effects; Lund et al.,
2005]. In PD patients with tremor, we also included a
regressor modeling the changes in tremor amplitude dur-
ing scanning (see below). Parameter estimates for all
regressors were obtained by maximum-likelihood estima-
tion, while using a temporal high-pass filter (cut-off 128 s),
and modeling temporal autocorrelation as a first-order
auto-regressive -AR(1)- process. At the first level, we
defined a contrast that combined left and right stimuli for
each effector and orientation, and the four resulting con-
trast images (hand-easy; hand-difficult; foot-easy; foot-dif-
ficult) were taken to the second level and entered into a
full factorial repeated measures ANOVA with factors
Group, Effector, and Orientation. Although the gender dis-
tribution was not significantly different between groups,
we added this information as a covariate to the second
level analysis, to correct for possible gender-related cere-
bral differences during motor imagery [Seurinck et al.,
2004].

Region of interest analysis

Besides a whole brain search, we also performed an
region of interest (ROI) analysis on the bilateral dorsal
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premotor cortex (PMd). This was done because we
expected subtype-specific differences in the PMd, as out-
lined in the introduction, and because the PMd plays a
dominant role in motor imagery, as previsouly shown
[Cisek and Kalaska, 2004; de Lange et al., 2006; Johnson
et al,, 2002]. Specifically, we took the PMd coordinates
from a previous study that performed the same motor im-
agery task in healthy subjects [MNI coordinates, left PMd:
[-24 —8 54]; right PMd: [30—8 56]; [de Lange et al., 2006]],
and we searched for altered imagery-related activity in
two spheres of 10 mm radius around these coordinates.

Correlation with disease duration

On the basis of the finding that motor symptoms pro-
gress more slowly in tremor-dominant than in nontremor
patients [Jankovic and Kapadia, 2001], we quantified the
effect of disease duration on cerebral activity. This was
done for brain regions with differential group effects (i.e.,
left PMd, left/right BA3a, left OP4). Thus, for each group
we calculated a Spearman’s rho coefficient (two-tailed)
between disease duration and imagery-related activity
(difference between beta value for biomechanically diffi-
cult vs. easy trials).

Analysis of Tremor-Related Cerebral Effects

During MR scanning, we measured activity in the exten-
sor digitorum communis (EDC) or flexor carpi radialis
(FCR) muscle (depending on the tremor characteristics) of
the most-affected forearm of each PD patient. The same
was done for the right FCR in 17 out of 19 healthy con-
trols. We used these data for the following purposes. First,
by testing for brain responses temporally correlated to
fluctuations in tremor power, we could investigate the cer-
ebral network involved in tremor genesis. Specifically, for
each tremulous PD patient we determined the individual
“tremor frequency” (Fig. 4a) and extracted the EMG power
at this frequency. This produced a regressor describing the
scan-by-scan fluctuations in tremor-related EMG power.
After normalization and convolution with the hemody-
namic response function (hrf; Fig. 4b), we added this
regressor to the first-level model described above. For each
patient, this produced one contrast image representing
tremor amplitude-related effects. To calculate effects over
the whole group, we reoriented these contrast images such
that the left side was always the most-affected side. This
was done because all patients had an asymmetric tremor
(Supporting Information Table I), but they were not all
affected on the same side. Then we tested for significant
tremor-related effects over the whole brain, by performing
a one-sample t-test. In addition, we used a more sensitive
within-patients comparison to detect tremor-related effects,
i.e.,, we compared tremor-related responses between homo-
topic regions in the most- and least-affected hemisphere.
We applied this procedure to: (1) the tremor-related
regions localized above; (2) regions where we expected

tremor-related responses [primary somatosensory cortex,
using anatomical ROI's of BAl, 2, 3a, and 3b from the
Anatomy Toolbox; [Eickhoff et al., 2005]]; (3) two control
regions where we expected no tremor-related effects [vis-
ual cortex: BA17 and 18; [Eickhoff et al., 2005]]. Finally, by
comparing averaged EMG power between groups and
task conditions (using the same statistical model as for
RT), we could rule out that subjects made actual move-
ments during the motor imagery task, and we could test
whether tremor amplitude of tremulous PD patients
increased as a function of the task conditions. For further
details, see Supporting Information.

Analysis of Overlapping Task- and Tremor-
Related Cerebral Effects

In tremulous PD patients, we searched for regions show-
ing both task-related effects (as indexed by larger activity
for biomechanically difficult vs. easy trials) and tremor-
related effects (as indexed by cofluctuations between cere-
bral activity and tremor amplitude). Thus, we entered
these two sets of contrast images into a second level analy-
sis (full factorial model). All images were reoriented such
that the left side was always the most-affected side. We
then performed a formal conjunction analysis on these two
conditions [Nichols et al., 2005], and searched for cerebral
effects in the bilateral motor cortex, cerebellum, and VIM
(i.e., ROI analysis in areas with significant tremor-related
effects, shown in Fig. 4c).

Statistical Inference

Statistical inference was performed at the cluster-level,
using a threshold of P < 0.05 corrected for multiple com-
parisons over the whole brain, on the basis of an intensity
threshold of t > 3.1 [Friston et al., 1996]. We applied the
Non-Stationary Cluster Extent Correction for SPM toolbox
(http:/ /fmri.wfubmc.edu/cms/NS-General) to calculate
cluster-level statistics for F-contrasts. Following significant
interactions between groups and conditions (whole-brain
corrected), we calculated the average beta values across
these clusters using MarsBar [http://marsbar.sourceforge.-
net], and performed further statistical testing on these val-
ues in SPSS 15.0. Finally, when performing analyses in
regions of interest (e.g., in the PMd), we applied a voxel-
level family-wise error (FWE) correction within these
search volumes.

RESULTS
Clinical Characteristics

PD patient with and without tremor were matched for
general disease severity (duration, total UPDRS, H&Y
scale, FAB, BIS-11; see Table I). Bradykinesia and rigidity
scores were also similar across groups. PD patients with
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tremor had significantly more resting and postural tremor
than the nontremor group, while action tremor severity
did not differ between groups. In contrast, nontremor PD
patients had significantly more axial and gait symptoms,
as well as symptoms related to speech and hypomimia.
This is consistent with the clinical characteristics of these
subtypes [Jankovic et al., 1990].

Behavioral Results
Reaction times

Overall, patients and controls were equally fast in
responding (no main effect of GROUP: F(1,54) = 0.14; P =
0.87). All groups were significantly slower for motor im-
agery of biomechanically difficult than easy trials (main
effect of ORIENTATION: F(1,54) = 109.0; P < 0.001; Fig.
2a,b). This effect was stronger for feet than for hands
(Effector x Orientation interaction: F(1,54) = 58.0; P <
0.001), but clearly present for both effectors (main effect of
Orientation; hand stimuli: F(1,54) = 36.2; P < 0.001; foot
stimuli: F(1,54) = 112.8; P < 0.001). The effects of biome-
chanical complexity were similar across groups (F < 1 for
all interactions with GROUP). These results indicate that
all groups were sensitive to the biomechanical constraints
associated with imaging hand and foot movements, i.e.,
the subjects used motor imagery to solve the task. All
groups were equally fast for imagery of hand and foot
movements (no main effect of Effector: F(1,54) = 1.2; P =
0.28; no interaction with Group). Having used a task that
patients can solve as well as controls, it becomes meaning-
ful to compare cerebral responses across groups during
performance of correct trials [Price and Friston, 1999].

Error rates

All groups adequately performed the task with low
error rates of 7.7 + 6.1% (controls), 11.7 + 7.9% (tremulous
PD) and 14.0 £ 9.6% (nontremor PD; mean + SD; no sig-
nificant difference across groups). All groups made more
errors for motor imagery of biomechanically difficult than
easy trials (main effect of Orientation: F(1,54) = 109.6; P <
0.001; Fig. 2c,d); this effect was stronger for feet than for
hands (Effector x Orientation interaction: F(1,54) = 32.5; P
< 0.001), but clearly present for both effectors (main effect
of Orientation; hand stimuli: F(1,54) = 26.6; P < 0.001; foot
stimuli: F(1,54) = 126.6; P < 0.001). Contrary to the
matched performance in terms of reaction times, we found
that nontremor PD patients had relatively high error rates
specifically for imagery of biomechanically difficult hand
movements (Group x Effector x Orientation interaction:
F(2,54) = 3.3; P = 0.045; hands: Group x Orientation inter-
action: F(2,54) = 6.1, P = 0.004; feet: no Group x Orienta-
tion interaction: F(2,54) = 0.1; P = 0.89). This pattern set
the nontremor PD group aside from both controls (hands;
Group x Orientation interaction: F(1,37) = 9.7, P = 0.004)

and from PD patients with tremor (hand; Group x Orien-
tation interaction: F(1,36) = 7.0; P = 0.012).

fMRI Results: Motor Imagery-Related Effects
Shared cerebral activity across groups

In all three groups, we observed motor imagery-related
activity in the bilateral dorsal premotor cortex (PMd), pos-
terior parietal cortex, ventral premotor cortex, insula,
pallidum, thalamus, cerebellum, occipito-temporal cortex,
pre-SMA, and the left dorsolateral prefrontal cortex (effect
of Orientation: biomechanically difficult > easy, conjunc-
tion analysis across groups [Nichols et al., 2005]; Fig. 3a,b;
Supporting Information Table II). This finding is consistent
with previous studies that showed the involvement of this
network in motor imagery, both in healthy subjects [de
Lange et al., 2006] and in PD patients [Helmich et al.,
2007]. Furthermore, all groups showed effector-specific cer-
ebral effects (hand vs. foot imagery; see Supporting Infor-
mation Material for details). Specifically, imagery of hands
was associated with specific activity in lateral portions of
Brodmann Area (BA) 3b and in BA17, while imagery of
feet was associated with specific responses in dorso-medial
BAG6, the superior parietal lobule (SPL) and the inferior
parietal cortex (IPC; Supporting Information Fig. 1a,b). Fur-
thermore, responses in BA3b, BA6, and IPC were sensitive
to the laterality of the stimulus, such that activity in the
right hemisphere was larger for imagery of left- than right-
lateralized movements and vice versa (Supporting Informa-
tion Fig. lc—f). This somatotopy strongly suggests that all
subjects used first-person kinesthetic motor imagery to
solve the task, rather than visual imagery.

Between-groups differential cerebral activity

There was a significant interaction between Group (con-
trols, tremulous PD, nontremor PD) and Orientation (bio-
mechanically easy, difficult) in the somatosensory cortex
both in the left hemisphere (local maximum at MNI [—34
—22 + 38], 80 voxels; F = 12.8, z = 4.39; P = 0.019 cor-
rected) and in the right hemisphere (local maximum at
MNI [+36 —20 + 36], 69 voxels; F = 13.7, z = 457, P =
0.047 corrected; Fig. 3c,d). Anatomically, both regions
could be assigned to BA3a with high probabilities of 70%
(left hemisphere) and 90% [right hemisphere; [Eickhoff
et al,, 2005]]. In both regions, PD patients with tremor
showed increased somatosensory activity during biome-
chanically difficult (as compared with easy) trials (left
BA3a: t(17) = —2.8, P = 0.013; right BA3a: t(17) = —3.3, P
= 0.005), while controls showed decreased somatosensory
activity during biomechanically difficult (as compared
with easy) trials (left BA3a: #(18) = 3.6, P = 0.002; right
BA3a: t(18) = 3.4, P = 0.003). This was visible in a signifi-
cant Group (controls, tremulous PD) by Orientation (bio-
mechanically difficult, easy) interaction in both the left
(F(1,35) = 20.3, P < 0.001) and the right (F(1,35) = 22.2,
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Figure 2.

Behavioral results: effects of biomechanical complexity. Reaction
times (RT, in seconds; Panels A, B) and error rates (ER, in %
correct; Panels C, D) for biomechanically easy (gray bars) and
difficult (black bars) conditions are shown separately for hand
(panels A-C) and foot (panels B-D) trials, across the three differ-
ent groups (x-axis). Subjects were consistently slower for bio-
mechanically difficult (as compared with easy) trials; this effect
was larger for foot than for hand stimuli, but it was equal across

P < 0.001) BA3a. Conversely, nontremor PD patients
showed an absent modulation of somatosensory activity
across biomechanically difficult or easy trials (left BA3a:
£(19) = 1.4, P = 0.18; right BA3a: #(19) = —0.3, P = 0.77).
This was visible in a significant Group by Orientation
interaction with respect to the controls (left BA3a: F(1,37)
=59, P = 0.020; right BA3a: F(1,37) = 8.8; P = 0.005) and
the tremulous PD patients (left BA3a: F(1,36) = 89, P =
0.005; right BA3a: F(1,36) = 6.1, P = 0.018). In contrast to
the effects seen in BA3b, responses in the left and right

groups. Subjects made more errors for biomechanically difficult
(as compared with easy) trials, and this effect was larger for
foot than for hand stimuli. Nontremor PD patients had relatively
high error rates specifically for imagery of biomechanically com-
plex hand movements. Controls = |9 healthy controls; tremor
= |8 PD patients with tremor; nontremor = 20 nontremor PD
patients. In panel C, * indicates P < 0.05, ** indicates P < 0.0l
and *** indicates P < 0.001. BMC = biomechanical.

BA3a were not sensitive to the laterality of the stimulus
(left or right; see Supporting Information Fig. 2). Since
nontremor PD patients had enhanced error rates during
hand imagery (see Fig. 2), it might be argued that their
absent modulation of BA3a activity by biomechanical com-
plexity was driven by task disengagement. This possibility
is unlikely, however, because the somatosensory effects
were present for both hand and foot imagery, and because
these effects were present for nontremor subgroups with
high and low error rates (Supporting Information Fig. 3).
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Figure 3.

Motor imagery-related brain activity. Panels A and B show
shared motor imagery-related activity between the three groups.
In panel A, the statistical parametric map (SPM, in yellow) of the
t-contrast: “biomechanically difficult > easy” [conjunction analy-
sis over all groups; (Nichols et al., 2005)] is shown at an uncor-
rected threshold of P < 0.001 (for graphical purposes). In panel
B, imagery-related cerebral activity (mean beta values + SEM,
on the y-axis) is plotted for the superior parietal lobule (SPL),
shown separately for biomechanically easy and difficult condi-
tions (colored bars) and across the three groups (x-axis). Panels
C-G show differential motor imagery-related activity between
the three groups. In panels D and F, the SPM of the F-contrast:
“GROUP x ORIENTATION interaction” is shown at an uncor-
rected threshold of P < 0.001 (for graphical purposes), superim-
posed on three coronal sections of a representative brain of the

MNI series. Panels C, E, and G show the effects size (mean beta
values £ SEM, on the y-axis) of imagery-related cerebral activity
in the left BA3a (panel C), left OP4 (panel E) and left PMd
(panel G), plotted separately for biomechanically easy and diffi-
cult conditions (colored bars) and across the three groups (x-
axis). Panels H and | show that imagery-related activity in the
left PMd (difference between beta values for biomechanically dif-
ficult and easy trials, on the y-axis) decreased as a function of
disease duration (in years, on the x-axis) for nontremor PD
patients (panel H), but not for PD patients with tremor (panel
). In panels C, E, and G, * indicates P < 0.05, ** indicates P <
0.0l and *** indicates P < 0.001. NS indicates no significant dif-
ference. BA, Brodmann area. Other conventions as in Figure 2.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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In addition to these effects in primary somatosensory cor-
tex, there was a strong trend towards a Group x Orienta-
tion interaction in the left secondary somatosensory cortex
(local maximum at MNI [-58 —10 + 12], 133 voxels; F =
10.6, z = 3.83; P = 0.070 corrected; Fig. 3a,e). Anatomically,
this region could be assigned to the parietal operculum
(OP4) with a probability of 60% [Eickhoff et al., 2005].
Within this region, controls showed decreased cerebral ac-
tivity during biomechanically difficult (as compared to

>

EMG power spectrum

easy) trials (£(18) = —8.0, P < 0.001), while both PD groups
showed an absent modulation of OP4 activity (tremulous
PD: t(17) = 0.31, P = 0.77; nontremor PD: £(1,19) = 14, P =
0.18). There were no brain regions where orientation-related
activity changed as a function of both effector and group,
indicating that the differences between patients and controls
generalized to imagery of both hand and foot movements.
Finally, we searched for group differences in the bilat-
eral premotor cortex [based on ROIs from [de Lange et al.,

Tremor-related activity (one patient)
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2006]]. Our results demonstrate a strong trend towards a
GROUP (controls, tremulous PD, nontremor PD) by ORI-
ENTATION (biomechanically easy, difficult) interaction in
the left PMd (MNI coordinate: [-20 —12 46]; F = 7.6; z =
3.2; P = 0.069, FWE-corrected; Fig. 3f,g). Direct t-tests
between groups revealed significantly larger effects of bio-
mechanical complexity in controls than in nontremor PD
patients (T = 3.9, P = 0.009, FWE-corrected), while PD
patients with tremor showed an intermediate pattern that
was not significantly different from the other two groups
(P > 0.2). Imagery-related activity in the left PMd
decreased with disease duration in the nontremor group
(p = —0.50; P = 0.024; Fig. 3h), but not in the tremulous
PD group (p = 0.03; P = 0.91; Fig. 3i). There were no sig-
nificant group-differences in the right PMd.

fMRI Results: Tremor-Related Cerebral Activity

In tremulous PD patients, EMG bursts were observed at
a typical tremor frequency of 4-5 Hz (Fig. 4a). We used
scan-by-scan fluctuations of EMG power at the patient-
specific tremor frequency to localize tremor-related cere-
bral responses, operationalized as those regions where ac-
tivity cofluctuated with variations in tremor amplitude
(Fig. 4b). We performed four different analyses.

First, we conducted a whole-brain search for tremor-
related cerebral regions. This revealed three significant
areas Fig. 4c): the precentral gyrus contralateral to the trem-
ulous limb (MNI [£28 —26 + 60], 401 voxels, T = 8.39, P <
0.001 corrected), the contralateral thalamus (MNI [+16 —18
0], 138 voxels, T = 5.53, P = 0.029 corrected) and the ipsilat-
eral cerebellum (MNI [+6 —56 —24], 930 voxels, T = 6.09, P
< 0.001 corrected). The local maximum of the precentral
cluster was located at the border of BA 4a and 6, with a

probability of 40% for either BA [Eickhoff et al., 2005]. The
local maximum of the thalamic cluster was located in a
region that is anatomically connected to the primary motor,
somatosensory, and premotor cortices [Behrens et al., 2003];
[http:/ /www.fmrib.ox.ac.uk/connect]. Since the VIM is sit-
uated in this region of the thalamus [Fukuda et al., 2004],
and generally thought to play a dominant role in the gener-
ation of resting tremor [Benabid et al., 1991; Lenz et al,
1994], we labeled this cluster accordingly. The cerebellar
cluster was located in Lobules IV and V [Diedrichsen et al.,
2009], in a region that is consistently activated during vari-
ous sensorimotor tasks [Stoodley and Schmahmann, 2009].
The involvement of these three regions in resting tremor is
consistent with previous PET studies [Fukuda et al., 2004;
Kassubek et al., 2001].

Second, since all tremulous PD patients had a more pro-
nounced tremor on one hand than the other, we directly
compared tremor-related responses between homotopic
regions in the most- and least-affected hemisphere. This
revealed significantly larger tremor-related responses in
the most- than least-affected motor cortex [t(17) = 3.8, P <
0.001], VIM [t(17) = 3.1; P = 0.003] and cerebellum [t(17)
= —4.3; P < 0.001; Fig. 4c,d]. Furthermore, using this sensi-
tive within-patients comparison, we found significantly
larger tremor-related responses in the most- than least-
affected somatosensory cortex (BA1l: t(17) = 2.6, P = 0.017;
BA3a: t(17) = 2.7, P = 0.016; BA3b: #(17) = 2.9, P = 0.011;
Supporting Information Fig. 3b), but no asymmetry in the
visual cortex (BA17: P = 0.26; BA18: P = 0.46; Supporting
Information Fig. 3c).

Third, given the close proximity between tremor-related
responses in BA4a/6 (Fig. 4c) and task-related responses
in BA3a (Fig. 3c), we wanted to rule out that these effects
were part of one underlying pattern. Accordingly, we

Figure 4.

Tremor-related brain activity. Panel A shows rectified EMG
power (y-axis) as a function of frequency (x-axis), averaged across
18 PD patients with tremor (in red), 17 controls (in violet) and
20 nontremor PD patients (in blue). For each patient, a regressor
describing scan-by-scan variations in EMG power at tremor fre-
quency (~4 to 5 Hz) was used to localize brain regions with
tremor-related responses (i.e., regions where cerebral activity
cofluctuated with tremor amplitude). Panel B illustrates this pro-
cedure for one patient, over a period of 260 scans (~10 min, on
the x-axis). In this patient, cerebral activity in the contralateral
motor cortex (MI, blue line, time course filtered at f > 0.008
and z-normalized) was correlated with tremor amplitude (black
line, z-normalized). Panel C shows the anatomical distribution of
tremor amplitude-related brain activity (in cyan, SPM of a t-con-
trast across 18 PD patients with tremor, shown at an uncor-
rected threshold of P < 0.001). The left side represents the side
contralateral to the tremulous hand. In purple, the homotopic
regions in the other (least-affected) hemisphere are shown. Panel
D shows the tremor-related responses (mean beta values =+
SEM, on the y-axis) for the motor cortex (MC, BA4a/6), ventro-

lateral thalamus (VIM nucleus) and cerebellum (CBLM), sepa-
rately for the most-affected hemisphere (blue bars) and for the
least-affected hemisphere (purple bars). Panel E shows that the
imagery-related effects in BA3a (in red, same contrast as in Fig.
3D) are independent from the tremor-related effects in neighbor-
ing BA4a/6 (in blue, same contrast as in panel C). That is, im-
agery-related brain activity was significantly larger in BA3a than in
BA4a/6 (left two bars, the y-axis shows the difference between
biomechanically difficult and easy conditions; average £ SEM).
Conversely, tremor-related brain activity was significantly larger
in BA4a/6 than BA3a (right two bars, the y-axis shows the aver-
age beta value + SEM). Panel F shows rectified EMG power (av-
erage = SEM, on the y-axis) during imagery of biomechanically
easy and difficult movements (colored bars), across the three
groups (x-axis). The results show increased EMG activity in PD
patients with tremor compared to controls and nontremor PD
patients, but EMG power was not modulated by the biomechani-
cal complexity (BMC) of the imagined movement. Other conven-
tions as in Figures 2 and 3. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

* 1773 o



¢ Helmich et al. ¢

Motor Cortex

Cerebellum

z=-20

0 SPM{T}: motor imagery (BMC-diff > BMC-easy)

Il SPM{T}: tremor amplitude O overlap

C

Ventrolateral thalamus

D

Ventrolateral thalamus [+ 14 -22 +6]

__ 2007 m@BMCeasy  WBMC difficut 1813
(1] P e .
5 1 1
o 1501
~ F0.10
>
'S 1.00 1
©
© I 0.05
= 0.50
i
@ o0 ' i
hand foot tremor
y'=:22 imagery imagery amplitude
Figure 5.

Overlap between imagery- and tremor-related brain activity. Pan-
els A-C show the anatomical distribution of tremor-related brain
activity (in yellow, SPM of the t-contrast: “biomechanically difficult
> easy”) and tremor-related brain activity (in red, SPM of the t-
contrast: “tremor amplitude”) across 18 PD patients with tremor.
Both contrasts are shown at a threshold of P < 0.0] uncorrected,
to best visualize the pattern of overlap and segregation. Panel A
focuses on the motor cortex, Panel B on the cerebellum and
Panel C on the thalamus. The results demonstrate that imagery-
and tremor-related effects are clearly separated in the motor cor-

directly compared tremor- and task-related activity (factor
PROCESS) across the two clusters (factor REGION, i.e.
BA3a and BA4a/6, both calculated for the most-affected
hemisphere) and found a double dissociation in their activ-
ity patterns (Process x Region interaction: F(1,17) = 31.1, P
< 0.001; Fig. 4e). Thus, while tremor-related responses
were significantly larger in BA4a/6 than in BA3a (t(17) =
—7.3, P < 0.001), the opposite was true for task-related
processing (t#(17) = 3.9, P = 0.001). It should be noted,
however, that these differences in BA3a occurred in the
context of significant tremor-related effects (¢(17) = 2.0; P =
0.031, one-tailed) and task-related effects (t(17) = 2.7, P =
0.008, one-tailed), as expected on the basis of our previous
findings (Fig. 3d and Supporting Information Fig. 3b).

tex and cerebellum, but that they overlap in the ventrolateral thal-
amus (orange voxels in Panel C). Panel D shows both imagery-
related activity (indexed by larger activity for biomechanically diffi-
cult than easy trials, colored bars on the left side) and tremor-
related responses (indexed by cofluctuation of cerebral activity
with tremor amplitude, bar on the right side) in a thalamic voxel
where these two effects converged [tested with a conjunction
analysis; (Nichols et al., 2005)]. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Fourth, we calculated the average EMG power for each
trial to test whether resting tremor amplitude was modu-
lated by the task conditions. Tremulous PD patients
showed significantly higher EMG activity than the other
two groups (main effect of Group: F(2,49) = 11.7, P <
0.001, controls vs. tremulous PD: P = 0.001; nontremor PD
vs. tremulous PD: P = 0.001; two-sample f-tests; Fig. 4f),
while controls and nontremor PD patients showed similar
EMG activity (P = 0.38). Crucially, EMG activity did not
differ across conditions (F < 2) and these effects were sim-
ilar across groups (all interactions with Group: F < 2).
This indicates that altered imagery-related brain activity
across groups cannot be explained by actual movements
or by task-related changes in tremor amplitude.
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fMRI Results: Overlap Between Tremor- and
Motor Imagery-Related Cerebral Activity

In tremulous PD patients, we tested for cerebral regions
showing both tremor-related responses (indexed by the
EMG amplitude regressor) and imagery-related activity
(indexed by a contrast between biomechanically difficult
and easy trials), using a conjunction analysis of both con-
trasts [Nichols et al., 2005]. This revealed significant effects
in the most-affected VIM (MNI coordinates: [+14 —22 +
6], T = 4.1; P = 0.005 FWE corrected; [£16 —22 + 2], T =
3.9; P = 0.011 FWE corrected; Fig. 5c) and in the least-
affected VIM (MNI coordinates: [£18 —16 + 4], T = 4.0; P
= 0.005 FWE corrected; Fig. 5c). These three thalamic
regions were reported to have maximal anatomical connec-
tivity with the posterior parietal cortex, the somatosensory
cortex, and the premotor cortex, respectively [http://
www.fmrib.ox.ac.uk/connect; Behrens et al., 2003]. Con-
versely, tremor- and imagery-related cerebral effects were
strictly segregated in the (pre)motor cortex (Fig. 5a), with
task-related activity being located more rostrally (in BA 6/
8) than tremor-related activity (in BA4a/6). Likewise, we
found a clear spatial segregation in the cerebellum (Fig.
5b), with task-related activity in lateral (Lobule VI and
Crus I) and tremor-related activity in more medial areas
[Lobules IV and V; [Diedrichsen et al., 2009]].

DISCUSSION

We investigated whether the functional organization of
the cerebral motor system differs between PD patients
with and without tremor. Planning-related activity was
investigated using a controlled motor imagery task, and
quantified by comparing imagery of biomechanically diffi-
cult and easy movements. In addition, we measured
tremor-related brain activity using EMG recordings during
scanning. There are three main findings. First, we found
that PD patients with tremor had increased imagery-
related activity in the somatosensory cortex (BA3a). Sec-
ond, we observed tremor-related brain activity in the pri-
mary motor cortex, cerebellum and ventral intermediate
nucleus (VIM) of the thalamus. Third, PD patients with
tremor showed an overlap between tremor- and imagery-
related activities in the VIM, which has known anatomical
projections to BA3a. These findings suggest that tremor-
related activity in the VIM may influence motor imagery
by altering central processing of somatosensory input. In
addition to these main findings, we observed a tendency
towards differential effects in the dorsal premotor cortex
(PMd). Specifically, controls showed robust imagery-
related responses in PMd, while tremulous PD patients
showed reduced responses and nontremor PD patients
showed absent responses. Furthermore, imagery-related
activity in PMd decreased with disease duration in nontre-
mor PD, but not in tremulous PD. In the following sec-
tions, we discuss how these cerebral differences may

account for some of the clinical and behavioral differences
observed between PD patients with and without tremor.

Altered Somatosensory Activity During Motor
Imagery in Parkinson’s Disease

The enhanced imagery-related BA3a activity in PD
patients with tremor, defined as the disparity between bio-
mechanically difficult and easy movements, was function-
ally dissociated from tremor-related responses. That is,
imagery-related BA3a activity was modulated by the bio-
mechanical complexity of the imagined movement, but
tremor amplitude was not. This indicates that the
increased BAB3a activity was not primarily driven by
increased tremor-related input from the periphery, but
rather by altered central gating of somatosensory signals.
Altered central gating of afferent signals in PD patients
with tremor may be mediated by the VIM, which was
unique in showing both imagery- and tremor-related activ-
ities. That is, electrophysiological recordings in PD patients
have shown that many VIM neurons with tremor charac-
teristics also respond to somatosensory input and are acti-
vated during voluntary movements [Lenz et al., 1994].
Furthermore, anatomical studies in nonhuman primates
have shown that the homologue of the human VIM [ven-
troposterior lateral nucleus, pars oralis; VPLo; Percheron
et al., 1996] receives somatosensory input from the spinal
cord [Stepniewska et al., 2003], and sends projections spe-
cifically to BA3a within the somatosensory cortex [Padberg
et al., 2009]. The VPLo is also densely connected with
regions of the motor system, i.e. M1 [Holsapple et al.,
1991; Hoover and Strick, 1999] and the cerebellum [Evrard
and Craig, 2008]. This pattern of connectivity allows the
VIM to provide a neural interface where somatosensory
input is modulated by cerebellar output before it reaches
the cortex [Stepniewska et al., 2003]. Accordingly, the tha-
lamic region where we observed overlapping responses
was previously found to have high anatomical connectiv-
ity with both the somatosensory cortex and the premotor
cortex, as measured with diffusion tensor imaging [Beh-
rens et al., 2003; Johansen-Berg et al., 2005]. Interestingly,
the overlap between tremor- and task-related responses in
the VIM was significant for both hemispheres. This was
caused by the spatial distribution of tremor-related
responses, which were strictly lateralized in M1 (i.e., only
seen in the hemisphere contralateral to the tremulous
limb), but more bilateral (although asymmetric) in the
VIM and cerebellum. This finding may explain why the
increased imagery-related BA3a activity of PD patients
with tremor also occurred in both hemispheres.

Nontremor PD patients also showed altered imagery-
related activity in BA3a (as compared to controls), but
these changes were significantly smaller than in PD
patients with tremor. Specifically, in nontremor PD
patients BA3a activity was not modulated by the biome-
chanical complexity of imagined movements, with BOLD
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values intermediate between healthy controls and tremu-
lous PD. This suggests that the somatosensory alterations
observed in tremulous PD occur in the presence of a more
general, PD-wide impairment in central somatosensory
processing, which fits with a large body of evidence show-
ing clear proprioceptive deficits in PD [Boecker et al.,
1999; Konczak et al., 2009; Seiss et al., 2003]. Here we
extend these previous findings by showing abnormal ac-
tivity in the somatosensory cortex during imagined move-
ments in PD. The primary cause of PD-wide changes in
somatosensory processing is likely located within the do-
pamine-depleted cortico-striatal circuit. Accordingly, we
have recently shown that PD patients have altered connec-
tivity between the putamen and somatosensory cortex
[Helmich et al., 2010], and parkinsonian primates have
nonspecific pallidal responses to proprioceptive input [Fil-
ion et al., 1988]. Taken together, our findings suggest that
PD-related changes in the cortico-striatal circuit and
tremor-related changes in the cerebello-thalamic circuit
both contribute to altered processing in the somatosensory
system. These somatosensory alterations may influence
voluntary action planning in PD, as outlined below.

Functional Implications

Healthy controls showed reduced activity in the somato-
sensory cortex during imagery of biomechanically difficult
movements, which fits with previous studies showing
diminished (or gated) central processing of somatosensory
afferents during motor imagery [Cheron and Borenstein,
1992; Jahn et al., 2004; Rossini et al., 1996]. The inhibition
of somatosensory afferents during motor imagery has been
linked to the ability of the healthy brain to generate sen-
sory predictions about planned actions [known as forward
models Wolpert, 2007]. Specifically, forward models use
the efference copy of an action plan [Sperry, 1950] to pre-
dict the somatosensory consequences of that action. When
the action plan is executed, the predicted somatosensory
input is compared with the actual input, and the resultant
mismatch is used to adjust the ongoing action plan. When
no mismatch occurs, this mechanism allows the brain to
ignore the sensory input generated by a movement [Blake-
more et al., 1998]. During motor imagery, the gain of the
actual somatosensory input is minimized, and the imag-
ined action unfolds exclusively under the influence of in-
ternal predictions [Grush, 2004; Shadmehr and Krakauer,
2008].

The absence of somatosensory gating in both PD groups
suggests that these patients were impaired in generating
somatosensory predictions derived from their imagined
movements (forward models). This interpretation fits with
empirical evidence that PD patients have an impaired
dynamic representation of arm position during movements
[Contreras-Vidal and Gold, 2004; Klockgether et al., 1995].
However, a link between altered somatosensory gating
and impaired forward models does not explain why PD

patients with tremor showed larger somatosensory altera-
tions and better behavioral performance. One possibility is
that tremor-related increases in somatosensory processing
may have beneficial effects on voluntary action planning.
For instance, the robust afferent input generated by a
tremulous limb may improve somatosensory uncertainty,
and dynamic (tremor-related) somatosensory input may be
better integrated into upcoming motor plans than static
somatosensory input [Gelissen and Cools, 1987]. In a simi-
lar vein, it has been suggested that the physiological
tremor observed in healthy subjects is an exploitable phe-
nomenon that may reduce limb inertia [Goodman and
Kelso, 1983]. Future studies may further focus on possible
beneficial aspects of parkinsonian resting tremor, for
example by testing whether limb estimation before move-
ment onset is different between PD patients with and
without tremor. An alternative possibility is that the clini-
cal benefits of tremor-dominant PD patients [Alves et al.,
2006; Louis et al., 1999], and the better behavioral perform-
ance observed here, are related to other pathophysiological
differences between both subtypes.

Interpretational Issues

The differential effects of biomechanical complexity
across groups were localized in the same BA3a region for
hand and foot imagery. This result is not caused by lim-
ited functional resolution, since we could show lateralized
and effector-specific cerebral effects in adjacent parts of
the somatosensory cortex (i.e. BA3b), as well as in the pre-
motor cortex (see Supporting Information Fig. 1). Rather, it
could be related to the peculiar organization and proper-
ties of BA3a, namely large receptive [Krubitzer et al., 2004]
and highly fractured topographic representations [Huff-
man and Krubitzer, 2001]. The increased BA3a responses
in PD patients with tremor were present for both effectors,
although half of these patients did not have a clinically no-
ticeable foot tremor. However, more sophisticated behav-
ioral measurements could reveal a classical resting tremor
in apparently nontremulous limbs [Beuter et al., 2005],
provided that the PD patient had a visible tremor in
another limb. Furthermore, basal ganglia recordings in PD
patients with tremor could reveal tremor-related activity
even when there was no noticeable tremor [Levy et al.,
2001]. This suggests that in those PD patients developing
resting tremor, this feature is distributed throughout the
whole motor system, which is consistent with our
findings.

Finally, although nontremor PD patients were carefully
selected on the basis of absent tremor in clinical history
and at prior clinical examination, three patients neverthe-
less showed a slight resting tremor at the day of testing
(Table I). Two of these patients did not display any tremor
in the fMRI scanner (no EMG peak at 4-5 Hz), and one
patient displayed a very low-amplitude tremor in the
scanner (i.e. 10 times lower than in the tremor group). All
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three PD patients had marked bradykinesia and rigidity,
and exclusion of these subjects did not change our find-
ings in the bilateral BA3a (Supporting Information). There-
fore, we are confident that these three patients belong to a
relatively nontremulous PD subtype, and that inclusion of
these subjects did not confound our comparison with
tremulous PD.

CONCLUSION

Our results demonstrate functional differences in the
voluntary motor system of PD patients with and without
resting tremor. PD patients with tremor showed increased
imagery-related activity in the somatosensory cortex
(BA3a), and tremor- and imagery-related responses over-
lapped in a thalamic region connected to the somatosen-
sory cortex. We conclude that tremor-related responses in
the cerebello-thalamic circuit may influence voluntary
action planning by modulating the transmission of soma-
tosensory input to the cortex.
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