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Abstract: Simple writer’s cramp (WC) is a task-specific form of dystonia, characterized by abnormal
movements and postures of the hand during writing. It is extremely task-specific, since dystonic
symptoms can occur when a patient uses a pencil for writing, but not when it is used for sharpening.
Maladaptive plasticity, loss of inhibition, and abnormal sensory processing are important pathophysio-
logical elements of WC. However, it remains unclear how those elements can account for its task-speci-
ficity. We used fMRI to isolate cerebral alterations associated with the task-specificity of simple WC.
Subjects (13 simple WC patients, 20 matched controls) imagined grasping a pencil to either write with
it or sharpen it. On each trial, we manipulated the pencil’s position and the number of imagined
movements, while monitoring variations in motor output with electromyography. We show that sim-
ple WC is characterized by abnormally increased activity in the dorsal premotor cortex (PMd) when
imagined actions are specifically related to writing. This cerebral effect was independent from the
known deficits in dystonia in generating focal motor output and in processing somatosensory feed-
back. This abnormal activity of the PMd suggests that the task-specific element of simple WC is pri-
marily due to alterations at the planning level, in the computations that transform a desired action
outcome into the motor commands leading to that action. These findings open the way for testing the
therapeutic value of interventions that take into account the computational substrate of task-specificity
in simple WC, e.g. modulations of PMd activity during the planning phase of writing. Hum Brain
Mapp 34:613-625, 2013.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Writer’s cramp (WC) is a form of primary focal hand
dystonia [Sheehy and Marsden, 1982], a movement disor-
der thought to develop in individuals with a genetic sus-

ceptibility following repeated performance of skilled
movements [Byl et al., 1996; Hallett, 2006]. Patients with
focal hand dystonia have clear motor planning alterations,
as shown by the loss of surround inhibition, leading to
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unnecessary contractions of more muscles than required in
a certain motor task [Berardelli et al., 1998; Hallett, 2004;
Hallett, 2006]. Other evidence suggests that somatosensory
processing and sensorimotor integration are altered in
these patients [Braun et al., 2003; Byl et al., 1996; Candia
et al., 2003; Rosenkranz et al., 2008; Tempel and Perlmut-
ter, 1993], possibly as a consequence of underlying malad-
aptive synaptic plasticity [Byl et al, 1996; Quartarone
et al., 2003, 2005]. These three mechanisms are fundamen-
tal contributors to the pathophysiology of dystonia. Yet, in
some forms of dystonia like simple WC, these neurobio-
logical alterations appear to occur within a scarcely con-
sidered psychological context, e.g., only for actions having
the goal of writing. For instance, a patient could develop
dystonic symptoms when writing, but not when sharpen-
ing a pencil [Sheehy and Marsden CD, 1982]. In some
cases, dystonia occurs even when just approaching a pen-
cil for writing. Task-specificity is thus an intrinsic element
of simple WC, such that the alterations in motor excitabil-
ity and somatosensory processing generally observed in
dystonia emerge only when triggered by a motor plan
selected to achieve the goal of writing [Braun et al., 2003;
Butz et al.,, 2006; Ceballos-Baumann et al., 1995, Hallett,
2000; Hamano et al.,, 1999; Lerner et al., 2004; Odergren
et al., 1996; 1998; Pujol et al., 2000; Quartarone et al., 2005;
Tempel and Perlmutter JS, 1993]. Here we used fMRI to
study cerebral alterations evoked by selecting a motor
plan for writing in WC patients. The rationale is to exam-
ine the stage where goal-related alterations influence the
sensorimotor machinery, rather than the consequences of
those alterations. Accordingly, we focus on action selec-
tion, i.e. a stage where desired action outcome is used to
specify a series of motor control parameters [Shadmehr
and Krakauer, 2008; Wolpert and Ghahramani, 2000],
rather than action execution. Previous studies on dystonia
have not directly touched on this issue, as these were
mainly focused on the cerebral effects of the production of
dystonic movements [Braun et al., 2003; Butz et al., 2006;
Ibanez et al., 1999; Lerner et al.,, 2004; Odergren et al.,
1998; Pujol et al., 2000]. However, cerebral activity related
to overt motor responses could reflect altered somatosen-
sory activity due to the dystonic movements; altered pre-
motor activity due to alternative movement strategies;
primary abnormalities in the motor plans supporting the
writing movements; or a combination of these factors.
Motor imagery offers a way to distinguish these factors
from alterations related to the specification of the motor
parameters leading to a desired action outcome. Although
motor imagery is likely to engage only parts of the cere-
bral circuits controlling our actions, it has proven to be an
effective and relevant tool for studying alterations of the
motor system [de Lange et al., 2004; Fiorio et al., 2006;
Helmich et al., 2009; Snijders et al., 2011]) being sensitive
to motor control variables like movement speed, force, and
current state of the body [de Lange et al., 2006; Gentili
et al.,, 2004; Nico et al., 2004]. Building on the observation
that motor imagery relies on neural processes similar to

those evoked during performance and planning of the
same movements [Cisek and Kalaska, 2004; Jeannerod,
1995; la Fougere et al.,, 2010; Miller and Wingfield, 2010;
Stephan et al., 1995], we combine this tool with fMRI to
isolate cerebral responses driven by tool-effector interac-
tions functionally associated with simple WC. We asked
patients with simple WC and age-matched healthy con-
trols to imagine grasping a pencil for either writing with
it, or sharpening it. We verified whether imagery perform-
ance was sensitive to motor parameters by manipulating
pencil position and number of imagined movements,
while we monitored variations in motor output with
electromyography.

MATERIALS AND METHODS
Subjects

Thirteen patients with simple writer’s cramp (5 men, 8
women) with a mean age of 53 years (range, 36-63) and 20
healthy controls (10 men, 10 women) with a mean age of
55 years (range, 32-69) were included after giving written
informed consent according to the Declaration of Helsinki.
Age and gender were matched (i.e., not significantly dif-
ferent) between the two groups (age P = 0.41; gender P =
0.57). The study was approved by the local ethics commit-
tee. All participants were consistent right-handers (mean
latency quotient 96%) [Oldfield, 1971]. They all had a full
range of motion of the right arm and shoulder. All
patients were affected at the right hand. During clinical
testing, all patients developed dystonic symptoms during
writing, but not during other movements (such as sharp-
ening). Four patients receiving Botulinum injections were
investigated three months after the last injection. No other
neurotropic medication was used by the participants. The
primary complaint of the patients was cramping (11) or
loss of control (8) during writing. Altered flexion of the
thumb or index finger were the most common disturban-
ces during writing. Two patients also had some writing
tremor. In addition to a neurological examination, the
Writer’s cramp rating scale (WCRS) and the Burke-Fahn-
Marsden rating scale (BFM) were used to rate the severity
of the dystonia [Burke et al, 1985; Wissel et al., 1996]
(Table I).

Experimental Design

The experimental design consisted of three factors: task
(two levels), movement repetitions (four levels), and bio-
mechanical difficulty (two levels), fully randomized within
each of the two experimental groups (patients, controls).
This yielded a total of 16 different stimuli, repeated 15
times, for a total of 240 trials during the whole fMRI
experiment. In the following sections we describe these
factors of the experimental design in more detail.
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TABLE I. Patient details

Age Age at

Patient No. Sex (years) disease onset BFM WCRS  Rx

1 F 58 42 2 1 BTX
2 F 45 25 1 7 none
3 F 63 42 2 3 none
4 M 53 37 3 2 none
5 F 61 41 3 6 none
6 F 57 38 2 6 none
7 M 68 44 2 2 none
8 F 36 25 2 4 none
9 M 63 43 2 2 BTX
10 F 46 44 2 12 BTX
11 M 50 47 1 1 none
12 F 39 29 2 2 none
13 M 53 43 3 3 BTX

BTX, botulinum toxin; BFM, Burke Fahn Marden dystonia rating
scale; F, female; M, male; No., number; Rx, treatment; WC, Writ-
er’'s Cramp; WCRS, Writer’s Cramp rating scale.

Task

Because we were interested in task-specific activity dur-
ing motor planning, we contrasted a writing task with a
control task that involved pencil manipulation without
writing movements (pencil sharpening). During the writ-
ing task, subjects were presented with pictures showing a
pencil and a blank sheet of paper. They were asked to
imagine themselves grasping the pencil and write the let-
ter “e," using small distal joints movements—similar to
writing on a paper as opposed to writing on a blackboard.
During the sharpening task, subjects were presented with
pictures showing a pencil and a sharpener. They were
asked to imagine themselves grasping the pencil with the
right hand and sharpen it by rotating it inside the sharp-
ener (Fig. 1). The prediction is that there should be differ-
ences in cerebral activity between patients and controls in
the writing task, but not in the sharpening task (Group x
Task interaction).

Movement Repetitions

To monitor the subjects” ability to perform motor im-
agery, we asked them to perform the task (imagine either
to write or to sharpen the pencil) for a given number of
times (repetitions) on each trial. More precisely, subjects
were asked to imagine writing zero, two, four, or six times
the letter “e" on the piece of paper. Similarly, they were
asked to imagine rotating the pencil zero, two, four, or six
times inside the sharpener. For the zero repetition the sub-
jects were asked to imagine grasping and moving the pen-
cil to the piece of paper or sharpener without subsequent
writing or sharpening. The prediction is that there should
be clear behavioural differences in imagery times as a
function of the number of repetitions.

Biomechanical Difficulty

In principle, finding a relationship between duration of
the imagined movements and number of movement repe-
titions could be attributable to knowledge about how long
it would take to actually execute that movement [Pyly-
shyn, 2002]. Therefore, we introduced a second manipula-
tion to test whether subjects” motor imagery performance
was influenced by biomechanical constraints dependent on
the current posture of their body, a strong test for the
presence of first-person kinaesthetic imagery independent
from propositional representations [de Lange et al., 2005,
2006]. Stimuli were shown in two orientations, chosen on
the basis of a behavioral pilot study involving actual
movements. Biomechanically easy stimuli consisted of pic-
tures with the pencil tip pointing at a 135° angle from the
horizontal plane. Biomechanically difficult stimuli con-
sisted of pictures with the pencil tip pointing at a 315°
angle from the horizontal plane (Fig. 1).

Experimental Procedures
Training session

Before scanning, subjects performed actual writing and
sharpening movements in a set-up consisting of the elements
presented in the pictures, namely the pencil, an empty sheet
of paper, and a sharpener, with the same spatial configura-
tion as in the pictures. For instance, on each trial the pencil
was positioned at either of the two orientations used in the
imagery experiment, and subjects were asked to grasp the
pencil and write on a piece of paper, first while lying outside
the MRI scanner (duration: 10 min; see Supporting Informa-
tion Fig. 1) and then while lying in a dummy-scanner exactly
reproducing the MR scanner setting (duration: 10 min). The
piece of paper and the sharpener were held in place with
appropriate support, allowing the subjects to perform the
task with their right hand only. Before starting the motor im-
agery task, subjects were instructed to imagine the tasks as
vividly as possible, in a first-person perspective, as if their
right arm and hand were actually moving, but without mak-
ing any actual movements.

fMRI session—Set-up

The two motor imagery tasks (writing, sharpening) were
performed in two sessions of 20 minutes each (with the
order of experimental factors pseudo-randomized within
each session), separated by a break outside the scanner.
During the experiment, subjects were lying supine in the
MR-scanner. Head movements were minimized by an ad-
justable padded head holder. Visual stimuli (pictures)
were projected onto a screen at the back of the scanner
and were seen through a mirror above the subjects” heads.
The stimuli subtended a visual angle of ~ 10°. Stimuli pre-
sentation was controlled through a PC running Presenta-
tion software (Neurobehavioural systems, Albany, USA).
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A.
Stimulus
Close % Imagine %
Task Inspect picture eyes task Open eyes
Time I trialn T T T T I trial n +1 >
Imagery time ITI(3-55)
B.
Stimulus +
Close 1‘5 Imagine Fj
Task Inspect picture eyes task Open eyes
Time trialn T T T T I trialn +1 >
Imagery time ITI (3-5s)
Figure I.

Time course of motor imagery trials. During each trial, after
inspection of the picture on display, the subjects closed their
eyes and pressed a button with the index finger of their left
hand to signal they had started imagining to grasp the pencil for
writing or sharpening it. During the sharpening task, a pencil
and a handheld sharpener were shown (A). During the writing
task, a pencil and a blank piece of paper were shown (B). The
pencil was shown in two orientations that afforded either a bio-
mechanically difficult (A) or easy (B) movement. The subjects

Motor responses, i.e. left index finger flexions resulting in
button presses, were recorded via an MR-compatible key-
pad (Current Designs, Philadelphia, USA) positioned on
the left side of the subject’s abdomen.

fMRI session—Trial time course

Both tasks started with the presentation of a picture
(Fig. 1). After a short inspection of the photograph on dis-
play, the subjects closed their eyes and pressed a button
with their left index finger. The button-press was used to
mark the onset of the imagery episode. They were
instructed not to imagine reaching for the pencil until
knowing how to grasp the pencil. Subjects opened their
eyes and pressed the button again after they imagined
writing or sharpening. Following the second button press,
a fixation cross was presented on the screen during a ran-
domly jittered intertrial interval (ITI) between 3,000 ms
and 5,000 ms (Fig. 1).

fMRI Data Collection and Preprocessing

MR images were acquired on a 3T Trio MRI system (Sie-
mens, Erlangen, Germany), using a standard circular
polarized head coil for radio-frequency transmission and
signal reception. Blood oxygenation level-dependent

pressed the button again when they finished imagining writing or
sharpening the pencil according to the number of movement
repetitions (0x, 2x, 4x, 6x) stated in the visual instructions.
Following the second button press, a fixation cross was pre-
sented on the screen and the subjects could open their eyes. Af-
ter a variable intertrial interval (ITl, intertrial interval, 3-5 s) a
new picture was shown. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

(BOLD) sensitive functional images were acquired using a
single shot gradient EPI sequence (TR/TE = 2,380 ms/30
ms; 50 ms gap between successive volumes; 35 transversal
slices; ascending acquisition; voxel size 3.5 x 3.5 x 3.0
mm?® FOV = 224 mm?). High-resolution anatomical
images were acquired using an MP-RAGE sequence (TE/
TR 3.03/2,300 ms, 192 sagittal slices, voxel size 1.0 x 1.0 x
1.0 mm®, FOV 256 mm?).

Functional data were preprocessed and analyzed with
SPM5 (Statistical Parametric Mapping, www. fil.ion.ucl.
ac.uk/spm). First, the functional images were spatially real-
igned using a sinc interpolation algorithm that estimates
rigid body transformations (translations, rotations) by mini-
mizing head-movements between each image and the refer-
ence image [Friston, 1995]. Subsequently, the time-series for
each voxel was temporally realigned to the acquisition of
the first slice. Images were normalized to a standard EPI
template centered in MNI (Montreal Neurological Institute)
space [Ashburner and Friston, 1997] by using linear trans-
formations and resampled at an isotropic voxel size of 2
mm. The normalized images were smoothed with an iso-
tropic 10 mm full-width-at-half-maximum Gaussian kernel.
Anatomical images were spatially coregistered to the mean
of the functional images [Ashburner and Friston, 1997] and
spatially normalized by using the same transformation
matrix applied to the functional images.
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EMG Data Collection and Analysis

A concern in the comparison of patients and controls is
that differences in actual movements (related to dystonia
or overt hand movements during motor imagery of writ-
ing) might result in changes in cerebral activity. To control
for these factors, muscle activity from the right hand was
measured during the fMRI experiment in patients and
controls using MR-compatible surface EMG-electrodes
(BrainAmp, Brain Products, Munich, Germany) on the
flexors and extensors of the right hand. A neutral electrode
was placed on the head of the ulna. Following amplifica-
tion and A/D conversion (Brain Products GmBH, Gilch-
ing, Germany), an optical cable fed the EMG signal to a
dedicated PC outside the MR room for further off-line
analysis (sampling rate: 5000 Hz). Because of technical
problems no muscle activity was measured in one patient
and one control (one session).

MR artifact correction followed the method described by
Allen and Van Duinen, including low-pass filtering (400
Hz), and down-sampling (1000 Hz). [van Duinen et al.,
2005] Finally, we applied high-pass filtering (10 Hz, to
remove possible movement artifacts), and rectification. For
each trial, we considered the root mean square (RMS) of
the EMG signals measured during the imagery task and
the intertrial interval, excluding the EMG signal measured
during the button presses (500 ms). We tested the effects
of GROUP (patients, controls) and TASK (writing, sharp-
ening) using mixed-effects repeated measures ANOVA.

Behavioural Analysis

We monitored task performance by testing whether the
imagery times were modulated by the angle of the pencil
(factor Biomechanical Difficulty) and by the number of
times the writing/sharpening actions were repeated (factor
Movement Repetitions). Imagery time was measured as
the interval between the two button presses within a trial
that marked the beginning and the end of the imagery pe-
riod (Fig. 1). We analyzed the influence of the factors
Group (patients, controls), Task (writing, sharpening), Bio-
mechanical Difficulty (difficult, easy) and Movement Repe-
titions (0, 2, 4, 6 times) on imagery time by means of a 2 x
2 x 2 x 4 mixed-effects repeated-measures ANOVA. The
alpha-level was set a P < 0.05. The Greenhouse-Geisser
method was used to correct for nonsphericity.

fMRI Analysis (First Level)

The preprocessed fMRI time series were analyzed on a
subject-by-subject basis using an event-related approach in
the context of the General Linear Model [Friston, 1995].
For each subject, regressors of interest were defined to
characterize the cerebral response evoked during the per-
formance of the imagery task in each of the sixteen differ-
ent conditions of the 2 x 2 x 4 design [i.e.,, TASK (writing,
sharpening), Biomechanical Difficulty (difficult, easy) and

Movement Repetitions (0, 2, 4, 6 times)]. These effects
were modelled as square waves time-locked to picture
presentation, extending in time during each trial over the
imagery time averaged across all imagery times of the sub-
ject. We also considered and modelled several confounds:
12 head-motion regressors (describing translation and rota-
tion in each of the three dimensions, and their temporal
derivatives), as derived from the spatial realignment pro-
cedure in the statistical model; two regressors for signals
arising from segmented white matter and cerebral spinal
fluid [Verhagen et al., 2008] and one regressor describing
the EMG-activity measured during the experiment [Bakker
et al., 2008; Helmich et al., 2010]. Data were high-pass fil-
tered (cutoff, 128 s) to remove low-frequency confounds
such as scanner drifts. The statistical significance of the
estimated haemodynamic responses was assessed using Z-
statistics. We calculated the parameter estimates for the
effects of Task, Biomechanical Difficulty, and Movement
Repetitions for each subject, bringing 16 contrast images to
the second level for each subject.

fMRI Analysis—Second Level

We report the results of a random effects analysis. For
clarity, we indicate the number of movement repetitions
or biomechanical difficulty considered in the contrast with
a superscript, and the group with a subscript. We tested
for the following effects.

First, we tested for a linear increase of cerebral activity as
a function of movement repetitions (Movement Repetitions:
writingo < wri’cing2 < writing4 < wri’cing6 N sharpeningO <
sharpening” < sharpening® < sharpening®) and for
increased cerebral activity during biomechanically difficult
imagined movements (Biomechanical Difficulty: writing®**¥
< writing®!* N sharpening®® sharpening® <) across
both groups. These analyses were meant to isolate imagery-
related activity shared across the two groups (see Table I;
Supporting Information).

Second, we considered the effects of TASK. This analysis
was meant to isolate writing-related effects, both in
patients and controls. We tested for writing-related activity
shared across the two groups [(writi11g2'4'6)PATIENTS N (wri-
ting2'4'6)CONTROTS], and for differential writing-related activity
shared across the two groups [(writing®*® > sharpe-
ning2/4’6)PATIENTS N (Writing2/4’6 > Sharpening2,4’6)coNTR0Ls]r
with two conjunction analyses [Nichols et al., 2005]. Also,
we tested for generic effects of performing motor imagery
tasks shared across the two groups [(writingo’2’4'6)PATIENTSn
(sharpeningo'z’4’6),,AWNTS N (wri’cingo’2’4’6)CC,NTRO],S N (sharpe-
ning0’2’4’6)CONTROLS]. In order to limit the effects to those
areas showing clear motor imagery effects, we masked this
contrast with the effects of Movement Repetitions and Bio-
mechanical Difficulty.

Third, we considered the Group x Task interaction, i.e.,
differential cerebral activity between patients and controls
evoked during imagery of writing compared to sharpening
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[(Writir1g2'4’6 >sharpening2’4’6)PATIENTS > (Wri’cir1g2’4’6 > shar-

pening®*®) ourosl- In order to focus the interaction effects
to those areas showing clear motor imagery effects, we
masked the interaction contrast with the effects of Move-
ment Repetitions and Biomechanical Difficulty.

Fourth, we tested whether there was a significant Group
x Task interaction when limiting the analysis to those tri-
als involving imagery of reaching-grasping movements of
the pencil, without any subsequent writing or sharpening
[(writingO > sharpenimgo)PATIENTS > (writingo > sharpe-
ningO)CONTROLS]. To limit the analysis to those voxels show-
ing clear motor imagery-related effects, we limited the
search to those voxels showing an effect of Biomechanical
Difficulty.

Statistical Inference

Statistical inference on common task-related and differ-
ential task-related cerebral effects used a false-discovery
rate (FDR) corrected for multiple comparisons over the
whole brain and over the selected search volume (P <
0.05), respectively [Genovese et al., 2002]. The search vol-
ume consisted of ROIs centered on cerebral areas previ-
ously shown to be involved in writing in healthy controls.
Spherical volumes (radius: 6 mm) were centered at the
reported coordinates of left dorsal premotor cortex, PMd
[-28 —1 65] and left ventral premotor cortex, PMv [-53 11
29] [Longcamp et al., 2003]. In addition, as previous stud-
ies on dystonia emphasized the role of primary sensory
cortex (S1) and basal ganglia, we performed an explora-
tory analysis on an additional set of ROIs in both left and
right hemisphere: primary sensory cortex, caudate puta-
men, and pallidum (as defined with the WFU Pick Atlas,
[Maldjian et al., 2003]. FWHM was 10.3 mm x 10.4 mm x
9.8 mm.

fMRI Analysis—Anatomical Inference

Anatomical details of significant signal changes were
obtained by superimposing the SPMs on the structural
images of the subjects. The atlas of [Duvernoy et al., 1991]
was used to identify relevant anatomical landmarks. When
applicable, the anatomical position of our significant clus-
ters and local maxima was formally tested against pub-
lished (three-dimensional) probabilistic cytoarchitectonic
maps (SPM Anatomy Toolbox, [Eickhoff et al., 2005;
Mayka et al., 2006].

RESULTS
Patient Characteristics

Patient characteristics are shown in Table I. The median
BFM score for patients was 2, range, 1-3. The median
WCRS score was 3, range, 1-14. The scores for controls
were 0.

Behavioral Results

Overall task performance was well matched between the
two experimental groups. There was no effect of Group,
Task, or Group x Task interaction on imagery times (main
effect Group: F(1, 31) = 0.89 P = 0.35; main effect Task:
F(1,31) = 0.07, P = 0.79; Task x Group interaction: F(1,31)
= 3.14, P = 0.09). Both groups performed the imagery task
by taking into account motor components: imagery times
increased with increasing number of movements (main
effect of Movement Repetitions: F(1.11, 34.34) = 247.97, P
< 0.001), and as a function of biomechanical difficulty
(main effect Biomechanical Difficulty: F(1, 31) = 12.56, P =
0.001) across both tasks. Importantly, these effects did not
differ between groups (Movement Repetitions x Group
interaction: F(1,31) = 0.35, P = 0.58; Biomechanical Diffi-
culty x Group interaction: F(1,31) = 0.27, P = 0.61) or
between tasks (Task x Movement Repetitions interaction:
F(2.05,63.56) =1.73, P = 0.19; Task x Biomechanical Diffi-
culty interaction (F(1, 31) = 1.01, P = 0.32) (Fig. 2).

Muscular Activity

There were no differences in EMG activity measured
during performance of the motor imagery tasks and dur-
ing the intertrial intervals (main effect Epoch F(1, 31) =
1.88, P = 0.18). The two groups did not significantly differ
in overall EMG activity (main effect Group F(1,30) = 3.00
P = 0.09). No group-differences were found across tasks
(Group x Task interaction (F(1, 30) = 1.20, P = 0.28;
Group x Epoch x Task (F(1, 30) = 0.14, P = 0.71). Finally,
there were no significant between-groups differences in
EMG-related cerebral activity.

Common Task-Related Cerebral Effects
Across Groups

Motor imagery of writing evoked shared patterns of cer-
ebral activity across the two groups in parts of the motor
system. A conjunction analysis across patients and control
groups [(writing2’4’6)mmm5 n (writing2’4’6)mNTROL5] revealed
significant effects in the precentral gyrus (0 —2 60, Z = 8).
This cluster fell in Brodmann Area 6 (BA 6) [60%, (Eickhoff
et al., 2005)], and it was functionally defined as supplemen-
tary motor area [SMA; >95% (Mayka et al., 2006)]. There
were also effects in the left superior frontal gyrus (22 -4
70, Z = 5.43). This cluster also fell in BA 6 [50%, (Eickhoff
et al., 2005)], and it was functionally defined as dorsal pre-
motor cortex [PMd; 50% (Mayka et al., 2006)]. This conjunc-
tion analysis revealed effects also in the left inferior frontal
gyrus; =56 6 22, Z = 5.48—corresponding to BA 44 [40%,
[Eickhoff et al., 2005] /ventral premotor cortex (PMv)
>95%, [Mayka et al., 2006]]; in the right cerebellum [48 —-58
-30, Z = 5.67; lobule 7a [100%, (Eickhoff et al., 2005)]; in
the left cerebellum [-36 -52 -32, Z = 6.04; lobule 6 (80%,
Eickhoff et al., 2005)]; anterior parietal cortex [-40 42 52, Z
= 6.00—corresponding to BA 2 [40%, (Eickhoff et al.,
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Figure 2.

Behavioural performance during scanning. This figure illustrates the imagery times (IT) measured
in trials involving (A) different movement repetitions (0, 2, 4, and 6) and (B) different biome-
chanical constraints (easy, difficult) separately for each task (write, sharpen) and group (controls,

patients).

2005)]; and in the superior parietal lobule [-12 70 62, Z =
6.34 — corresponding to BA7a (60%, Eickhoff et al., 2005)]—
see Table II, Supporting Information data.

There were no suprathreshold effects shared across
groups when considering differential responses between
writing and sharpening [(writing2’4'6 > sharper1ir1gz’4’6)PATIENTS
N (writingM’6 > sharpeninng’G)mNTROLS]. There were addi-
tional effects in the left putamen [-24 16 4; Z = 3.33; 100%,
(Eickhoff et al., 2005)], and a trend in the left pallidum
[-18 6 0; Z = 2.20; 100%; (Eickhoff et al., 2005)] when con-
sidering shared effects across groups and tasks [(wri-
ﬁng0/2/4/6)PATEENIS n (Sharpeningog/l/ﬁ)mm«:ms N (Writingo’2/4/6)comms
N (sharpeningo’z"l’(’)commw]—see Table III, Supporting Informa-
tion data).

Differential Task-Related Cerebral Effects
Between Groups (Task X Group Interaction)

Motor imagery of writing evoked differential patterns of
cerebral activity (as compared to imagery of pencil sharp-
ening) between the dystonic and the control groups in por-
tions of the precentral gyrus contralateral to hand used

during the imagery of writing [-24 -6 66, Z = 2.89 P =
0.048, 60% probability in BA6 [Eickhoff et al., 2005]; 75%
probability in PMd (Mayka et al., 2006)]. This effect was
driven by a relative increase in activity during motor im-
agery of writing in the patients group (Table II, Fig. 3).
This effect was significant even when analysis of the Task
x Group interaction was limited to those trials requiring
no writing or sharpening movements, but just a reaching-
grasping movement towards the pencil in the context of
trials involving writing or sharpening (i.e., the zero-repeti-
tion trials, see Experimental design). This effect was local-
ized to the same portion of the left dorsal premotor cortex
[28 2 62, Z = 3.14, P = 0.047; 20% probability in BA 6
[Eickhoff et al., 2005]; 90% probability in PMd [Mayka
et al., 2006]; Table II, Fig. 3].

Further analysis of the Task x Group interaction (across
the different repetition levels) revealed a statistical trend
in the left PMv [-52 8 34, Z = 2.13; P = 0.066; 10% proba-
bility in BA6 [Eickhoff et al., 2005]; 90% probability in
PMv (Mayka et al., 2006)]. There were no significant Task
x Group interaction effects in the right PMd, PMv, S1, or
basal ganglia, nor differential effects when comparing con-
trols versus patients and sharpening versus writing.
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TABLE Il. Stereotactic coordinates of the local maxima showing differential cerebral activity during motor imagery
of writing across groups

P-value

Functional mask Functional Cluster Hemi- (corrected for

Contrast (inclusive) Anatomical label label size  sphere Z-value search volume) x vy z
(writing™*® > Biomechanical ~ Superior frontal gyrus PMd 59 L 2.89 0.048 —-24 —6 66
sharpenil1g2’4’{’)I,A‘,‘,W,‘S difficulty and
> Movement
(writing™*® > repetitions
Shal’P eningZAlﬁ)CONTROI s
(writing® > Biomechanical ~ Superior frontal gyrus PMd 71 L 3.14 0.047 —-28 2 62
sharpeningo),,mENTS difficulty
> Inferior frontal gyrus PMv 6 L 213 0.066 -52 8 34
(writing® >
sharpening’)coxrrors

Brain areas with a significant Group x Task interaction, i.e., a larger increase in activity for motor imagery of writing versus motor im-
agery of sharpening in patients than in controls. The first row describes effects obtained when considering trials involving imagery of 2,
4, or 6 repetitions of either writing or sharpening movements (as indicated by the 2, 4, 6 superscript). The second row describe effects
obtained when considering trials involving imagery of grasping movements only (as indicated by the 0 superscript), but occurring in
the context of periods involving writing or sharpening movements. In order to isolate cerebral responses sensitive to motor processes,
we searched for GROUP x TASK interactions occurring within those region showing increased activity for imagined movements of
larger biomechanical difficulty and duration [effects of angle (difficult > easy) and movement repetitions (linear increase as a function
of number of movement repetitions), see Methods]. Results are based on the ROI coordinates centered on cerebral areas previously
shown to be involved in writing in healthy controls, using spherical volumes (radius: 6 mm) centered at these coordinates: left dorsal
premotor cortex, PMd [-28 —1 65] and left ventral premotor cortex, PMv [-53 11 29] (Longcamp 2003) using small volume correction
on the selected VOIs (FDR < 0.05). Stereotactic coordinates are reported in Montreal Neurological Institute (MNI) space. Details on the
anatomical and functional labelling can be found in the Methods and Results sections. L, left; PMd, dorsal premotor cortex; PMv, ven-

tral premotor cortex; R, right.

DISCUSSION

We used motor imagery as a tool to investigate altera-
tions in neural activity related to planning of writing in
dystonic patients with simple writer’s cramp (WC). These
patients showed an increase of activity in the contralateral
dorsal premotor (PMd) cortex when imagining grasping a
pencil and writing with it using their dystonic hand, as
compared with imagining grasping the same pencil with
the same hand and sharpening it. Imagining grasping the
pencil, without any subsequent movement, was sufficient
to evoke altered responses in the same PMd region, pro-
vided that the imagined grasping movement occurred in
the context of trials involving writing movements. This
cerebral finding matches and qualifies the clinical observa-
tion that some WC patients show dystonic symptoms al-
ready while reaching for a pen to write.

The cerebral effect was not confounded by between-
groups differences in task-related motor performance,
muscular activity, or somatosensory processing. The effect
was embedded within portions of the motor system sup-
porting imagery of writing across both experimental
groups (i.e., left frontal cortex, left superior parietal lobule,
left postcentral gyrus, and the right cerebellum). These
results show that simple WC is primarily characterized by
altered action plans, over and above the known deficits of
these patients in generating focal motor output and in

processing somatosensory feedback [Braun et al., 2003;
Butz et al.,, 2006; Ceballos-Baumann et al., 1995; Hu et al.,
2006; Lerner et al., 2004; Odergren et al., 1998; Pujol et al.,
2000; Quartarone et al.,, 2003; Tempel and Perlmutter,
1993]. The present findings provide a cerebral and compu-
tational substrate for the known task-specificity of dystonic
symptoms in simple WC. Namely, this disorder appears
linked to alterations in the computations that transform a
desired action outcome into a series of motor parameters
leading to that action, i.e., writing.

ALTERED MOVEMENT REPRESENTATIONS IN
WC PATIENTS

There was a relative increase in cerebral activity in the
PMd of patients with simple WC during motor imagery of
writing, as compared with sharpening. This effect was not
present in healthy controls, and it was sensitive to motor con-
straints, as indicated by the significant modulations of activ-
ity induced by biomechanical difficulty and duration of the
imagined movements. This result confirms and extends the
findings of previous studies that showed (and used) altered
electrophysiological responses in the PMd of patients with
dystonia: alteration of the contingent negative variation
(CNV) in WC [Hamano et al., 1999; Ikeda et al., 1996; Kaji
et al.,, 1995]; alteration of the functional interhemispheric
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Figure 3.

Differential cerebral effects of imagined writing in patients and
controls. Panel A shows cerebral activity that increased during
motor imagery of writing vs. motor imagery of sharpening, and
more in patients than in controls. This contrast is shown at an
uncorrected threshold of P < 0.05 and P < 0.0l (for graphical
purposes), overlaid onto the structural scan of a representative
subject from the MNI series. To restrict these effects to areas
specifically involved in motor imagery, we included only voxels
where activity increased linearly with repetition (2, 4, or 6 imag-
ined movements) and where activity increased more for biome-
chanically difficult than easy trials (using inclusive masking at an
uncorrected threshold of P < 0.05). The left side of the figure is

the left side of the brain. Panel B shows cerebral responses
over the left dorsal premotor cortex (PMd; —24 —6 +66]. This
region showed a significant Group x Task interaction (P =
0.048, FDR-corrected). For each group, the histograms show pa-
rameter estimates (in S.E.M. units) evoked by writing (the left
two bars for each group) or sharpening (the right two bars for
each group), separately for trials involving biomechanically easy
movements (dark gray bars) or biomechanically difficult move-
ments (light gray bars). Effects are averaged over the different
repetitions (2, 4, or 6 imagined movements). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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pathway (Koch et al., 2008) and the intrahemispheric path-
way [Huang et al., 2010] between the PMd and motor cortex;
and improvement of WC after 1Hz repetitive transcranial
magnetic stimulation [Murase et al., 2005] and after theta
burst stimulation [Huang et al., 2010] of the PMd.

These altered PMd responses could reflect the increased
computational load imposed on this structure by the need
to control altered sensorimotor representations in primary
motor and somatosensory cortices in patients with dystonia
[Beck et al., 2009; Braun et al., 2003; Candia et al., 2003].
However, this account would not explain why the altered
PMd responses observed in this study is linked to a predic-
tion of the specific functional outcome of the movement
(i.e., writing), over and above its effector-specific character-
istics. Namely, we show that the same hand-object interac-
tion (grasping) leads to altered premotor responses when
preceded by imagined writing actions, but not when pre-
ceded by imagined sharpening actions, irrespective of
whether writing actions are actually part of the imagined
movements. The present findings therefore indicate that the
PMd alterations observed in dystonia are more likely
related to the known role of this region in processing the
outcome of a goal-directed action according to learned stim-
ulus-response mappings [Hoshi and Tanji, 2006; Maj-
dandzic et al., 2009; Toni et al., 2001b]. More precisely, a
desired end-state involves a learned association between
sensory cues and motor responses (i.e., the spatial relation
between the pencil and the fingers when holding it for writ-
ing). The PMd appears to be preferentially and necessarily
involved in deriving the motor parameters that lead to that
end-state [Hoshi and Tanji, 2006; Passingham, 1986; Toni
et al., 2001b; Toni et al., 2001a; Toni et al., 2002]. The present
findings suggest that patients with simple WC have a prob-
lem in dealing with this type of sensorimotor computations.

INTERPRETATIONAL ISSUES

It might be argued that the current findings either sim-
ply replicate or fail to replicate changes in PMd activity
previously observed in patients with dystonia [Ceballos-
Baumann et al., 1995; Ibanez et al., 1999; Kadota et al.,
2010; Odergren et al., 1998; Preibisch et al., 2001; Pujol
et al., 2000]. In fact, here we report a novel writing-specific
planning impairment that was not addressed in previous
reports [Ceballos-Baumann et al., 1995; Ibanez et al., 1999;
Lerner et al., 2004; Odergren et al., 1996; Preibisch et al.,
2001; Pujol et al., 2000]. Both groups performed the tasks
adequately, without overall differences in imagery times
between groups or tasks, an indication that the two tasks
evoked imagined actions of comparable length across sub-
jects. Similarly, there were no between-groups differences
in EMG activity specifically related to writing (as com-
pared to sharpening). These results exclude task difficulty,
imagined cramping movements, or actual dystonic symp-
toms as an explanation for between-group cerebral differ-
ences during motor imagery.

The imagery times of both groups were equally sensitive
to the biomechanical constraint associated with the pencil
positions and with the duration of the movements. This
result indicates that patients and controls were equally ca-
pable of performing the imagery task, and that the task
was solved by using motor processes. The cerebral loca-
tion and lateralization of the writing-related effects pro-
vide further independent support for the notion that
subjects used their motor system when imagining writing
with their right hand.

In contrast to the motor imagery study in WC patients
by Fiorio and colleagues, our patients do not show longer
imagery times in comparison to controls. There are, how-
ever, four clear differences between the current study and
the report by Fiorio et al. First, the patients selected in the
study by Fiorio et al. are more severely affected than those
recruited in this study (mean BFM: Fiorio 6.0; Delnooz 3.0,
P = 0.004; {BFM = Burke Fahn and Marsden rating scale}).
Second, we only included patients with simple writer’s
cramp, whereas both simple writer’s cramp patients and
dystonic writer’s cramp patients were included by Fiorio
et al. Taken together, these clinical differences suggest that
the patients studied by Fiorio et al. might have had a
more widespread impairment of hand motor control, influ-
encing more severely their performance during motor im-
agery. Third, the current study uses a different motor
imagery task than Fiorio et al. (2006). Rather than focusing
on motor imagery of a body part (as in Fiorio et al.), here
we ask patients to imagine a goal-oriented interaction
between their hand and a tool. Fourth, the patients tested
in the current study were instructed to engage in motor
imagery, whereas the hand-laterality judgement task used
in Fiorio et al. implicitly relies on motor imagery. Taken
together, these task-related differences suggest that Fiorio
et al. might have been particularly sensitive to alterations
in multimodal hand representations used to solve the
hand laterality judgment task, whereas the current task
might be more appropriate to study the goal-related speci-
ficity of simple WC.

In addition to the primary role of the dorsal premotor
cortex in dystonia one might hypothesize that the changes
described above are secondary to long-term dystonia. As
fMRI is a correlative measure, it does not allow causal links
between activity patterns, behavioural responses and neu-
rological symptoms. Therefore it is possible that the hyper-
activity found in the PMd is due to a secondary plasticity
change in the circuits involved in motor planning. Further
longitudinal studies will need to address this possibility.

Finding altered PMd activity when WC patients imagined
grasping a pencil might appear at odds with the dominant
role of the ventral premotor cortex (PMv) in controlling
reaching-grasping movements [Davare et al., 2010; Fogassi
et al., 2001]. In fact, it has been repeatedly shown that the
PMv is crucial when hand movements are selected for
grasping an object according to its visuospatial properties
[Hoshi and Tanji, 2006], rather than according to arbitrarily
instructed action outcomes (as in this study; [Kurata and
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Hoffman, 1994; Majdandzic et al., 2009; Toni et al., 2001a].
In other words, learned action-outcome associations
(processed in PMd) are necessary to uniquely specify which
of the different grasping actions afforded by the visuospa-
tial properties of a pencil (processed in PMv) should be
selected. Accordingly, we found a statistically weaker effect
in PMv when patients imagined grasping a pencil, in the
context of trials involving writing (Table II). Furthermore,
given the importance of the PMv region in the online control
of grasping movements [Fogassi et al., 2001; Verhagen et al.,
2008], and given that the present set-up does not involve
such control, it appears plausible that the PMv might
contribute to simple WC during the actual performance of
visually guided grasping and writing movements.

In contrast to previous studies that examined actual
writing movements in WC and other types of dystonia, we
found no significant between-groups differences in the
somatosensory cortex during imagery of writing relative to
sharpening. However, there were robust imagery-related
somatosensory responses in both groups, in line with the
notion that the generation of motor plans relies on an esti-
mation of the current state of the system [Shadmehr et al.,
2010], and that motor plans involve a prediction of the
somatosensory consequences of those plans even in the ab-
sence of sensory feedback [Blankenburg et al., 2006; Chris-
tensen et al, 2007, Tanne-Gariepy et al, 2002].
Accordingly, we suggest that somatosensory alterations
are unlikely to embody the task-specific features of simple
WC. Rather, those somatosensory alterations could reflect
more general abnormalities found in WC and other types
of dystonia during actual motor performance.

Finally, we found no significant task-specific differences
in the basal ganglia between patients and controls. Given
the important role of the basal ganglia in the storage and
retrieval of learned sensorimotor associations [Nixon et al.,
2004], and their involvement in dystonia [Berardelli et al.,
1998; Hallett, 2004], this result could be a false negative
reflecting the selectivity of the differential effects assessed
in this study. Alternatively, it is possible that the basal
ganglia contributions to dystonia emerge only once altered
goal-specific motor plans are implemented and executed,
such as in the loss of the surround inhibition that is
(partly) driven by the PMd [Beck et al., 2009].

Follow-up studies with a larger sample size are required
to address this issue and to confirm whether the present
findings are statistically robust, beyond the increased power
but limited scope afforded by the current region of interest
analysis. However, given the relative rarity of simple WC in
the task-specific form studied here, it might prove difficult
to assemble a considerably larger sample of patients.

CONCLUSION

We have tested whether simple writer’s cramp is charac-
terized by altered task-specific motor plans. We show that
the dorsal premotor cortex of WC patients is disproportion-

ally active when patients imagine grasping a pencil to write
with it. We suggest that this dorsal premotor alteration
reflects a computational impairment in deriving the motor
parameters adequate to achieve an outcome arbitrarily
linked to sensory cues, e.g., the learned spatial configuration
that the fingers need to take around a pencil when writing,.
Given that maladaptive cortical plasticity within the motor
system represents a fundamental trait of dystonia [Quartar-
one et al., 2003, 2005, 2008], it is conceivable that simple WC
might emerge when synaptic plasticity in PMd remains up-
regulated despite the highly overtrained stage of the arbi-
trary sensorimotor associations supporting writing. In this
perspective, the present findings suggest that down-regulat-
ing synaptic plasticity in the dorsal premotor cortex during
the planning phase of a writing movement, as can be real-
ized with some transcranial magnetic stimulation proce-
dures [Huang et al., 2010; Murase et al., 2005] may alleviate
and perhaps treat writer’s cramp.
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