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Background and purpose: Writer’s cramp (WC) is a focal task-specific dysto-

nia of the hand which is increasingly being accepted as a network disorder.

Non-invasive cortical stimulation using repetitive transcranial magnetic stimu-

lation (rTMS) has produced therapeutic benefits in some of these patients.

This study aimed to visualize the motor network abnormalities in WC and

also its rTMS induced modulations using resting state functional magnetic res-

onance imaging (rsfMRI).

Methods: Nineteen patients with right-sided WC and 20 matched healthy

controls (HCs) were prospectively evaluated. All patients underwent a single

session of rTMS and rsfMRI was acquired before (R1) and after (R2) rTMS.

Seed-based functional connectivity analysis of several regions in the motor net-

work was performed for HCs, R1 and R2 using SPM8 software. Thresholded

(P < 0.05, false discovery rate corrected) group level mean correlation maps

were used to derive significantly connected region of interest pairs.

Results: Writer’s cramp showed a significant reduction in resting state func-

tional connectivity in comparison with HCs involving the left cerebellum, thal-

amus, globus pallidus, putamen, bilateral supplementary motor area, right

medial prefrontal lobe and right post central gyrus. After rTMS there was a

significant increase in the contralateral resting state functional connectivity

through the left thalamus�right globus pallidus�right thalamus�right pre-

frontal lobe network loop.

Conclusions: It is concluded that WC is a network disorder with widespread

dysfunction much larger than clinically evident and changes induced by rTMS

probably act through subcortical and trans-hemispheric unaffected connec-

tions. Longitudinal studies with therapeutic rTMS will be required to ascer-

tain whether such information could be used to select patients prior to rTMS

therapy.

Introduction

Writer’s cramp (WC) is the most common idiopathic

task-specific focal hand dystonia, a movement disor-

der thought to develop in individuals with a genetic

susceptibility whilst repetitively performing a highly

skilled movement [1,2]. It is characterized by exces-

sive contractions of agonist and antagonist hand and

forearm muscles during writing [3]. There are several

hypotheses regarding the underlying aetiopathogenesis

of WC. One of the popular hypotheses has been

related to disturbed surrounding inhibition suggesting

an inability to focus appropriate motor neuronal

response resulting in tremor as suggested by an ear-

lier transcranial magnetic stimulation (TMS) study
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[4]. Another hypothesis is an increase in excitability

of motor regions from changes in neurotransmitter

and/or receptor function, particularly dopamine [5–7]
and GABA [8]. Excessive use of a motor programme

could also result in brain plasticity leading to a

vicious cycle of motor sensitization and overactivity

resulting in tremors. It has been found that therapies

promoting reorganization of sensory regions, includ-

ing constraint-induced movement therapy [9] and

proprioceptive training [10], could alleviate the symp-

toms in WC giving rise to the hypothesis of altered

sensory motor integration as the primary cause in

WC.

Recent task-based functional magnetic resonance

imaging (fMRI) studies have provided valuable

insights into the functional correlates of WC, implicat-

ing abnormal activities in the cerebellum, dorsal pre-

motor cortex and supplementary motor area (SMA)

[11–17] or altered representation of the sensory cortex

in some form [17,18] in focal dystonias. Structural

studies have shown decreased grey matter volume in

the hand area of the left primary sensorimotor cortex,

bilateral thalamus and cerebellum in WC patients

implicating widespread involvement of the motor sys-

tem [19]. Earlier diffusion-tensor imaging studies have

also supported impaired structural connectivity in the

corticospinal tract and thalamus [20] in WC patients.

Evidence from the aforementioned imaging studies

implicating abnormalities in the sensorimotor cortex,

basal ganglia and cerebellum along with various

experimental studies [21–23] have supported the

hypothesis of WC being a network disorder [24] with

pathology being primarily in the motor cortex.

Repetitive transcranial magnetic stimulation (rTMS)

protocols applied in a variety of clinical settings in

combination with electroencephalography (EEG), pos-

itron emission tomography and fMRI have revealed

widespread distributed changes in brain activity fol-

lowing rTMS [25,26]. Studies using EEG functional

connectivity measures such as coherence have proved

that rTMS can alter the strength of connections

between cortical regions, and successful rTMS therapy

is shown to be related to modulation of the entire net-

work (inter-hemispheric and interregional connections)

rather than just a local region [27]. Schneider et al.

[28] conducted task-based fMRI in conjunction with

5 Hz rTMS on five patients with writers’ dystonia and

showed induced modulation of the sensorimotor cor-

tex and differential decrease in basal ganglia activation

compared with controls. In a similar study by Hav-

rankova et al. [29] in four patients low frequency

rTMS has been shown to increase task-induced

BOLD activation in the bilateral sensorimotor cortex,

posterior parietal cortex and the SMA.

One drawback of using task-based fMRI to study

focal dystonia is the large inter-subject variance in

task activations associated with task performance

which may be compromised in WC patients. Resting

state fMRI (rsfMRI) is a novel method gaining

rapid momentum in its popularity for studying neu-

rological disorders due to its non-dependence on

task paradigms, capability of all-inclusive network

evaluation and ease of data acquisition. Recent stud-

ies evaluating resting state network abnormalities in

dystonia patients have reported a disease-induced

under-connectivity in the sub-segments of motor net-

works evaluated [15,30–32]. Most of these studies

have focused on the sensorimotor cortex and the

premotor cortex based on earlier task-specific fMRI

abnormalities. A recent study by Mohammadi et al.

[33] found additional abnormalities in the default-

mode network in WC with increased connectivity of

the left putamen.

The goal of the current work was to study the

entire motor network in WC using rsfMRI. In addi-

tion, our aim was also to understand the whole brain

modulations of resting state functional connectivity

(RSFC) induced by rTMS which could not be

assessed using previous EEG rTMS studies. Our

hypothesis was that WC patients will have entire

motor network functional connectivity abnormalities

and rTMS will alter these abnormalities.

Methodology

Nineteen male patients with WC with a mean age of

35 years (SD �4.9 years) were prospectively recruited.

Twenty age, gender and education matched healthy

controls (HCs) with no family history of neurological

or psychiatric diseases were recruited as a control

group. All subjects were right handed and patients

with WC had dystonia only whilst writing. Average

age at onset of symptoms was 32.17 years (SD �5.65)

and mean symptom duration was 3.1 years (SD �0.7).

Both the patients and the controls were evaluated in

detail by a single movement disorder specialist (PKP)

and patients on medications were asked to withhold

these drugs for 1 week before the experiment. The

demographic details of the patients are included in

Table 1. Inclusion criteria for all subjects were a nor-

mal MRI study and absence of any brain, spinal or

peripheral nerve trauma/surgery. Secondary causes of

dystonia were ruled out in all patients by appropriate

investigations. None of the patients had a history of

botulinum toxin therapy during their lifetime. All

patients underwent two sessions of MRI, one prior to

the rTMS (R1) and the other immediately after the

rTMS (R2). The mean time delay between the rTMS
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session and R2 was 10 min. HCs were scanned only

once and did not undergo an rTMS session. No sub-

ject experienced any untoward incident during the

procedure. Institute ethics committee approval was

obtained for the study. Written informed consent was

obtained from each of the participants and the study

was approved by the institution review board of the

NIMHANS.

Magnetic resonance imaging acquisition parameters

During the data acquisition the subjects were

instructed to remain in a relaxed state without

engaging in cognitive or motor activity and to keep

their eyes closed. rsfMRI images were acquired

using a 3 T scanner (Skyra; Siemens, Erlangen, Ger-

many). 185 volumes of spin echo echo-planar images

(EPI) were obtained using the following EPI param-

eters: 36 slices, 4 mm slice thickness in interleaved

manner with an FOV of 192 9 192 mm, matrix

64 9 64, repetition time 3000 ms, echo time 35 ms,

re-focusing pulse 90°, matrix 256 9 256 9 114, voxel

size 3 9 3 9 4 mm. A three-dimensional magnetiza-

tion-prepared rapid acquisition gradient echo

(MPRAGE) sequence for anatomical information

(with voxel size 1 9 1 9 1 mm, 192 9 256 matrix)

for better registration and overlay of brain activity

was also acquired. The acquisition parameters were

kept identical for R1 and R2 for WC patients and

for HCs.

Repetitive transcranial magnetic stimulation

acquisition parameters

A Magstim Super Rapid stimulator (Magstim Co.

Ltd, Whitland, UK) with a figure-of-eight coil con-

figuration was used for all patients. Size was

recorded from the right first dorsal interosseous at

rest by delivering 900 stimuli (90% of resting motor

threshold, RMT) at 1 Hz for 15 min. The RMT was

calculated by applying single-pulse TMS stimulation

using a TMS stimulator attached to an electromyog-

raphy machine. Motor evoked potential was

recorded from the first dorsal interosseous muscle

using Ag-AgCl surface electrodes placed over the

muscle in a belly tendon arrangement. The RMT

determined the lowest intensity that produced motor

evoked potentials of >50 lV in at least five out of

10 trials. These were applied tangentially to the scalp

with the handle pointing backwards and laterally at

an approximate angle of 45° to the mid-sagittal line,

and perpendicular to the presumed direction of the

central sulcus.

Data analysis

Preprocessing

For each subject, the data processing scheme based

on SPM8 software (Functional Imaging Laboratory,

Wellcome Trust Centre for Neuroimaging, Institute

of Neurology, UCL, London, UK) was implemented.

Table 1 Demographic details of the patients

Sex Age Duration Medications Wrist dystonia

Thumb

dystonia

Index finger

dystonia

Dystonic tremor

whilst writing

1 M 21 2 Trihexiphenidyl Extension Flexion No No

2 M 21 3 Gabapentine/baclofen Extension Flexion Flexion No

3 M 57 1 Gabapentin/baclofen Extension Flexion No Yes

4 M 26 4 NIL Extension Flexion No No

5 M 23 2 Clonazepam Extension Flexion Flexion No

6 M 40 1 NIL Extension Flexion Flexion No

7 M 50 2 Trihexiphenidyl/baclofen Extension and ulnar deviation Flexion No Yes

8 F 40 6 Trihexiphenidyl and

clonozepam

Flexion and ulnar deviation Flexion No No

9 M 21 0.5 NIL Flexion and ulnar deviation Flexion No No

10 M 37 0.5 NIL Extension and ulnar deviation Flexion No No

11 M 26 3 Trihexiphenidyl/baclofen Extension Flexion Flexion Yes

12 M 38 0.5 NIL Flexion with radial deviation Flexion Flexion Yes

13 M 23 3 NIL Ulnar deviation Flexion/Extension No No

14 M 58 10 NIL Flexion and ulnar deviation Flexion Flexion No

15 M 53 10 NIL Flexion and radial deviation Flexion No Yes

16 M 54 3 NIL Extension with radial deviation Flexion Flexion No

17 M 49 15 Tetrabenazine Extension and ulnar deviation Extension No No

18 M 49 0.5 NIL Extension Flexion No Yes

19 M 33 3 Pacitane/baclofen Flexion with radial deviation Flexion No Yes

20 M 28 1 NIL Extension Flexion Flexion No
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In the first step, the first five functional images were

discarded from each of the subjects’ rsfMRI data to

allow for signal equilibration. After discarding the

first five images, each of the remaining images was

registered to mean image to correct for head move-

ments within the scan using the ‘realign’ tool in

SPM8. During the motion correction step, head

motions in six directions (x, y, z, roll, pitch and yaw)

were recorded. Following realignment each of the

functional images was co-registered to MPRAGE

images for each of the subjects. After co-registration

MPRAGE images were segmented into grey matter,

white matter (WM) and cerebrospinal fluid (CSF) and

distinct probability maps were derived for each of

these segments using the ‘new segment’ tool in SPM8.

During segmentation deformation fields were calcu-

lated to transform each of the MPRAGE images into

MNI (Montreal Neurological Institute) standard

space. For each of the subjects the WM/CSF proba-

bility maps were thresholded at P > 0.99 to derive

binary masks representing WM/CSF. Functional

images for each of the subjects were transformed in

MNI standard space using the deformation field

derived in the new segmentation procedure and down-

sampled to 3 mm isotropic voxel size to make group

comparison feasible. For each of the subjects, WM/

CSF masks were used to extract time series from EPI

data pertaining to WM and CSF. These time series

were extracted using in-house developed MATLAB

scripts that used built-in SPM* functions (spm_read_-

vol.m). Principal component analysis was performed

using the PRINCOMP function in MATLAB

(R2012b). A total of 34 nuisance time series were used

as covariates in the linear regression model to mini-

mize the effects of physiological and motion signals.

These included the first five principal components of

the WM and CSF time series, six time series describ-

ing head motion, six time series describing head

motion at previous time points and 12 quadratics of

motion time series (Friston 24 model). Following lin-

ear regression, the BOLD fMRI data for each of the

subjects were spatially smoothed with 6 mm full width

at half maximum Gaussian blur and temporally fil-

tered between 0.01 and 0.1 Hz.

Connectivity analysis

In order to study differences in RSFC of the motor

network and its subcomponents, seed-based connec-

tivity analysis was performed. A total of 41 seed

regions (Table 2) corresponding to the motor network

and its sub-cortical components were selected based

on earlier studies. For each of the seed regions, a

6 mm sphere was created surrounding the centre voxel

coordinated in MNI space and downsampled to 3 mm

isotropic voxel size. Average time series were extracted

for each of these seed regions of interest (ROIs). Pear-

son’s correlation coefficient was calculated between

this average seed time series and between the time

series from all the brain voxels to subject level seed-

based correlation maps. Each of these seed-based cor-

relation maps was transformed into a Z score using

Fisher’s r�Z transformation. Voxel-based group level

statistics were computed to compare connectivity

maps between the control group and WC patients

and to derive group level seed-based mean connectiv-

ity maps for each of the seed ROIs and for each of

the groups.

To study the mean connectivity pattern between

all the subcomponents of the motor network, the

group level seed-based correlation maps derived in

the previous step were used. For each of the seed

ROIs, the group level mean correlation map was

thresholded (P < 0.05, false discovery rate corrected)

to derive all the brain voxels that significantly corre-

lated with the seed region. From this thresholded

seed-based correlation map, the number of overlap-

ping voxels that passed the statistical threshold and

were within 6 mm radius of the target ROI coordi-

nate was calculated. Each of the seed and target

ROI pairs that displayed >95% overlapping voxels

was considered connected. This procedure was

repeated for each of the seed regions and for each of

the groups to derive a group level connectivity

matrix, which displayed each of the significantly con-

nected ROI pairs for each of the groups. These

matrices were displayed using an in-house developed

MATLAB program to study topographical changes

in connectivity patterns across groups and as an

effect of rTMS (Fig. 1).

To study differences in the mean connectivity

strength for each of the ROI pairs, Pearson’s correla-

tion coefficient was calculated between average time

series for each of 820 ROI pairs [n 9 (n � 1)/2,

n = 41 ROIs]. Each of these correlation values was

transformed into a Z score using Fisher’s r�Z trans-

formation. For each of the ROI pairs, group level sta-

tistics were performed to compare differences in

connectivity strength between the groups (Fig. 2).

Group level statistics comparing HCs and WC

patients at run 1 were calculated using a two-sample t

test. Group level comparison of R1 and R2 in WC

patients was performed using a paired t test.

For each of the ROI pairs that displayed group

level differences in connectivity strength between the

HCs and WC R1 and between WC R1 and WC R2,

raw Pearson correlation values were extracted for WC

subjects before and after the rTMS. Each of these

connectivity strengths at R1 and R2 were correlated
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with disease duration to assess whether rTMS can

affect connectivity strengths in patients with longer

disease duration.

Results

Because head motion is a concern in most fMRI stud-

ies, especially resting state studies [34,35], all the data

from each of the subjects were tested for the presence

of any head motion. Motion correction was per-

formed using SPM8. During the motion analysis, two

subjects from both the groups were excluded because

they had more than 1.5 mm (maximum frame-wise

displacement) movement during the study. Hence for

all the subsequent analysis only 17 WC and 18 HC

subjects were used. For each of the subjects, mean

frame-wise displacement was calculated. Group level

statistics were performed comparing the mean frame-

wise displacement between the three subject groups to

assess whether the groups differed in motion charac-

teristics. No significant group level difference in head

motion was observed between the HCs and WC R1

(P = 0.7924) and between WC R1 and WC R2

(P = 0.2685). As there were no group level differences

observed in mean motion between the groups, mean

motion was not included as a covariate in subsequent

group level analysis.

The WC patients had a significant decrease in

RSFC compared with HCs involving the left cerebel-

lum, bilateral thalamus, bilateral putamen, bilateral

globus pallidus, bilateral SMA, left intraparietal sul-

cus and left premotor cortex [P < 0.05, family-wise

error (FWE) corrected]. Data obtained in WC subjects

immediately following rTMS significantly modulated

these networks by increasing the strength of the con-

nections by predominantly modifying the left cerebel-

lum, bilateral basal ganglia and left parietal cortex

connections.

Table 2 List of seeds selected for the analysis with their x, y and z

coordinates as per the MNI template

X Y Z Code Area

32 �20 48 RPCG1 Right precentral gyrus

�32 �20 48 LPCG1 Left precentral gyrus

�12 �16 64 LSMA1 Left supplementary motor area

12 �16 64 RSMA1 Right supplementary motor area

�26 �48 �36 LCBM1 Left cerebellum

�36 �62 �34 LCBM2 Left cerebellum

14 �42 �20 RCBM3 Right cerebellum

24 �52 �30 RCBM4 Right cerebellum

0 50 �1 RMPF1 Right medial prefrontal

�10 �54 14 LPCC1 Left posterior cingulate

10 �54 14 RPCC1 Right posterior cingulate

�32 �16 66 LPCG2 Left precentral gyrus

�8 �4 64 LSMA2 Left supplementary motor area

2 2 46 RSMA2 Right supplementary motor area

�24 �40 68 POG1 Left post central gyrus

28 �36 70 RPOG1 Right post central gyrus

�8 �62 �10 LCBM3 Left cerebellum

�12 �20 8 LTHM1 Left thalamus

12 �20 8 RTHM1 Right thalamus

�22 �2 2 LPUT1 Left putamen

22 �2 2 RPUT1 Right putamen

�14 �4 �2 LMGP1 Left medial globus pallidus

14 �4 �2 RMGP1 Right medial globus pallidus

�48 �42 54 LIPS1 Left intraparietal sulcus

�34 �46 60 LSPC1 Left superior parietal cortex

�14 �54 64 LSPC2 Left superior parietal cortex

48 �42 54 RIPS1 Right intraparietal sulcus

34 �46 60 RSPC1 Right superior parietal cortex

14 �54 64 RSPC2 Right superior parietal cortex

�27 �49 �35 L-CBM L-cerebellum

�12 �20 8 L-THM L-thalamus

�22 �2 2 L-PUT L-putamen

�12 �16 64 L-SMA L-supplementary motor area

�14 �4 �2 L-MGP L-medial globus pallidus

�48 �42 54 L-IPS Left-inferior parietal sulcus

�32 �20 48 L-PCG L-precentral gyrus

�12 8 10 L-Caud L-caudate

�9 50 �2 L-MFG L-medial frontal gyrus

�30 �29 26 L-LFG L-lateral frontal gyrus

�39 �7 10 L-INSULA L-insula

�52 �39 0 L-TG L-temporal gyrus

�9 32 7 L-ACC L-anterior cingulate cortex

�38 17 5 L-FrOpp L-frontal oppeculum

�36 �46 49 L-ParLobe L-parietal lobe

�5 60 �15 L-OrFrnt L-orbitofrontal gyrus

�20 5 0 L-GP L-globus pallidus

�28 �36 70 L-POG L-post central gyrus

�19 40 27 L-SFG L-superior frontal gyrus

�9 �32 �48 B-Stem Brain stem

27 �49 �35 R-CBM R-cerebellum

12 �20 8 R-THM R-thalamus

22 �2 2 R-PUT R-putamen

12 �16 64 R-SMA R-supplementary motor area

14 �4 �2 R-MGP R-medial globus pallidus

48 �42 54 R-IPS R-inferior parietal sulcus

32 �20 48 R-PCG R-precentral gyrus

12 8 10 R-Caud R-caudate

9 50 �2 R-MFG R-medial frontal gyrus

(continued)

Table 2 (Continued)

X Y Z Code Area

30 �29 26 R-LFG R-lateral frontal gyrus

39 �7 10 R-Insula R-insula

52 39 0 R-TG R-temporal gyrus

9 32 7 R-ACC R-anterior cingulate cortex

38 17 5 R-FrOpp R-frontal oppeculum

36 �46 49 R-ParLobe R-parietal lobe

5 60 �15 R-OrFrnt R-orbitofrontal gyrus

20 5 0 R-GP R-globus pallidus

28 �36 70 R-POG R-post central gyrus

19 40 27 R-SFG R-superior frontal gyrus

�44 �24 2 IFG Inferior frontal gyrus

10 �54 14 PCC Posterior cingulate cortex
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Figure 1 displays the topology of the RSFC of the

motor network in HCs and WC patients. Significant

differences in connectivity topology can be observed

between HCs (Fig. 1c) and WC patients at R1

(Fig. 1a). Modulation of connectivity as an effect of

rTMS session is also visible in WC patients (Fig. 1b).

Seed-based connectivity analysis

Disease-induced connectivity differences

Seed-based connectivity analysis revealed that WC

patients had overall reduced connectivity in all the

evaluated regions of the motor network compared to

HCs (P < 0.05, FWE correction). The regions which

showed significant (P < 0.05, FWE corrected) reduc-

tion in connectivity were the left cerebellum, bilateral

thalamus, bilateral putamen, bilateral globus pallidus,

bilateral SMA, left intraparietal sulcus and left premo-

tor cortex. Bilateral post central gyrus, right intrapari-

etal sulcus, bilateral superior parietal cortex, the right

medial prefrontal lobe, right premotor cortex and

bilateral posterior cingulate cortex did not show any

significant RSFC changes in comparison with HCs.

Repetitive transcranial magnetic stimulation induced

connectivity differences

It was found that rTMS induced an increase in the

connectivity in all seeds of the motor network that

were evaluated. None of the regions showed decreased

connectivity in R2 compared to R1. The regions

which showed significant (P < 0.05, FWE corrected)

increase in connectivity were the left cerebellum, bilat-

eral thalamus, bilateral putamen, left intraparietal sul-

cus and left superior parietal cortex. No significant

modulation was shown by both the globi pallidi, the

bilateral SMA, left premotor cortex, bilateral post

central gyrus, right intraparietal sulcus, bilateral supe-

rior parietal cortex, the right medial prefrontal lobe,

right premotor cortex and bilateral posterior cingulate

cortex.

(a)

(c)

(b)

Figure 1 Illustrative representation of the network topology of the motor network. The lines represent the connections between the

source seed region and the target seed region. These results demonstrate the baseline connectivity of various subcomponents of motor

cortex in patients with writer’s cramp (a) prior to repetitive transcranial magnetic stimulation (P < 0.05, family-wise error corrected).

Reduced connectivity of all the seeds can be observed in comparison with the healthy controls (c). (b) Connectivity after a single ses-

sion of repetitive transcranial magnetic stimulation which demonstrates diffuse increased connections with aggregation involving the

cerebellum and basal ganglia.
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Figure 2 represents the seed-based connectivity

analysis of the various ROIs which were found to be

significantly different between the groups.

Group level correlation analysis

A group level correlation matrix showing the pairwise

correlation coefficient between each seed region with

every other seed region is shown in Fig. 3. Figure 3a

compares the pairwise correlation coefficient for each

of the ROI pairs between HCs and R1. The lower

diagonal matrix represents the HC group, whilst the

upper diagonal matrix represents the R1 group. ROI

pairs that showed significant differences in connectiv-

ity strength between the two groups have been

marked with a circle. Group level analysis of HCs ver-

sus R1 (P < 0.01, FWE corrected) revealed that the

left cerebellum, left thalamus, left globus pallidus, left

putamen, bilateral SMA, right medial prefrontal lobe

and right post central gyrus were significantly under-

connected in WC patients in comparison with HCs.

Group level analysis of R2 versus R1 (P < 0.01, FWE

corrected) revealed that connectivity between the left

thalamus, right globus pallidus, right thalamus and

right prefrontal lobe were significantly modulated

immediately following rTMS. Figure 3 represents the

group level statistics of all the ROI-based connectivity

differences for all the group level comparisons

(HC�R1 and R2�R1).

Correlation with disease duration

Amongst the 17 subjects with WC, 14 subjects had dis-

ease duration <3 years and only three subjects had

Figure 2 Composite image of the mean seed-based correlation maps in six different seeds, namely the left cerebellum (L-CBM), left

intraparietal sulcus (L-IPS), left putamen (L-PUT), left thalamus (L-THM), right putamen (R-PUT) and right thalamus (R-THM);

mean t statistic seed-based correlations of the significant areas are presented in the warm colours. Each section has four rows at four

different axial levels, namely the cerebellum, mid brain, ventricles and supraventricular sections. The columns in each section represent

various contrasts, namely mean image of healthy control (HCs), Pre rTMS (R1), HC > Pre rTMS (R1) and Post rTMS (R2) > Pre

rTMS (R1) respectively.
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duration more than 10 years. A trend towards signifi-

cance was noted within several regions and is presented

in Fig. 4. However, no significant functional connectiv-

ity correlating with disease duration was found.

Amongst the nine regions studied, six regions had

negative correlation with reduction in connectivity as

the duration of disease increased and three had posi-

tive correlation with increased connectivity with dis-

ease duration. The connectivity of the lateral globus

pallidus, bilateral putamen and bilateral SMA was

negatively correlated with disease duration. The posi-

tively correlated ROIs were the left cerebellum, left

medial globus pallidus and left putamen. When an

evaluation was done of whether rTMS-induced RSFC

changes were dependent on duration of disease it was

again found that the rTMS-induced increased connec-

tivity was limited to connections of the left cerebel-

lum. Figure 4 represents the disease correlations of

the various networks which were found significant.

Discussion

It is surprising that a few decades ago dystonia was

considered as a psychiatric disorder and now it is

being increasingly accepted as a neurological func-

tional network disorder based on various clinical

and imaging studies [36]. rTMS is a valid tool used

in modulating the network non-invasively and is

increasingly used as a therapeutic tool [37] with vary-

ing degrees of clinical response. The utility of rTMS

as a therapeutic modality in focal hand dystonias has

been explored previously by Havrankova et al. [29]

and Borich et al. [38] who have demonstrated

improved writing after 1 Hz rTMS on somatosensory

cortex and premotor cortex respectively. RSFC analy-

sis is capable of visualizing the whole brain function

and thus not only helps in understanding the patho-

physiology of idiopathic disorders such as WC but

also helps in non-invasively probing the plasticity

induced by rTMS. Visualization of these abnormalities

if applicable in a single patient could assist in clinical

diagnosis, as more often than not structural imaging

is normal in WC. Visualization and quantification of

rTMS-induced modulations non-invasively could

potentially help in selecting patients who would bene-

fit from such therapy.

In our study it was found that patients with WC

had widespread reduced connectivity involving the

Figure 3 A group level correlation matrix showing the pairwise correlation coefficient between each of the seed regions with every

other seed region is shown. (a) Pairwise correlation coefficient between HC and R1. The lower diagonal matrix represents the HC

group, whilst the upper diagonal matrix represents the R1 group (Pairwise regions with significant differences between the two groups

have been marked with a circle). (b) Pairwise correlation coefficient between R2 and R1. The lower diagonal represents R2 and upper

diagonal represents R1.
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cerebellum, thalamus, globus pallidus and putamen on

the left side, bilateral SMA, right medial prefrontal

lobe and right post central gyrus in comparison with

age matched controls. Our observations are similar to

those reported by several previous studies [30,31,33].

However, unlike other studies the involvement in our

study is widespread because several additional ROIs

were used in the entire motor network and not only

the premotor and sensory motor cortex. Although

seed-based connectivity analysis revealed a decrease in

connectivity of the left intraparietal region with bilat-

eral premotor and right precentral gyrus in WC simi-

lar to that reported earlier, group level correlation

analysis did not find significance in these areas. The

reasons for differences in observations in the areas

which are affected could be multifactorial and could

include patient related factors such as disease duration

and severity, methodological differences such as coor-

dinate selection for definition of the ROI, the level of

statistical significance etc.; a trend towards decreased

connectivity in the bilateral globus pallidus, putamen

and SMA with disease duration was also found, simi-

lar to the findings of Delnooz et al. [30]. The novel

finding of a trend towards increasing connectivity of

the left cerebellum, left putamen and globus pallidum

with disease duration is very interesting as it signifies

that these areas are developing increasing connections

perhaps as a compensatory phenomenon as the dis-

ease progressed.

A single session of rTMS induced widespread

increase in connectivity significantly involving basal

ganglia networks. The network that was significantly

altered after rTMS was the left thalamus�right globus

pallidus�right thalamus and right prefrontal lobe.

Additionally the areas connected with the left cerebel-

lum had a trend towards increasing connections after

rTMS. A single session of rTMS did not induce any

significant changes in the connections of the left pre-

motor cortex and supplementary cortex contrary to

our expectations based on previous studies using

rTMS. Since all the patients in our study had only

right side symptoms it could be possible that the dis-

ease-induced decreased connectivity affected the left

motor network more severely and hence a single ses-

sion of rTMS could not make any further changes in

these networks. It is also possible that this was

because these areas were subjacent to the rTMS site

and hence had decreased BOLD response immediately

after the rTMS. Based on the finding of a positive

correlation of cerebellar connectivity with disease

duration and the evidence that only its connections

showed significant modulation after rTMS, it is pro-

posed that changes induced by a single session of

rTMS probably work through preserved connections.

Figure 4 Scatter plots for disease duration in years compared with resting state functional connectivity strength between different seeds

presented as a black line representing R2 and a red line representing R1. The connections of the left cerebellum, left putamen and left

medial globus pallidus show a trend towards a positive correlation demonstrated as an upward slanting red line. The left cerebellum

seed is noted to have positive modulation with repetitive transcranial magnetic stimulation seen as an upward slanting black line. The

rest of the seeds do not show any significant modulations due to repetitive transcranial magnetic stimulation.
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This finding is also supported by the fact that the

majority of changes after rTMS were in the contralat-

eral hemisphere, namely the right globus pallidus,

right thalamus and right prefrontal lobe where the

connections would have been relatively preserved since

all our patients had only right-handed symptoms. This

finding is unique to our study; however, it needs to be

noted that EEG functional connectivity measures [27]

have also shown modulations of inter-hemispheric

and interregional connections after successful rTMS

therapy which could be supportive of our findings.

In this study networks other than the motor net-

work were not evaluated and also a ROI correlation

with other brain regions not considered in the parcel-

lation was not assessed. Since there are increasing

reports of non-motor manifestations in patients with

dystonia [34] it is possible that other networks are also

involved. Future studies could look into assessing

these using physiological methods for analysis. It is

also seen that right-hand-affected patients also

develop left-hand dystonia after they initiate left-

handed writing. Since only right-handed and right-

affected WC patients were evaluated, underlying func-

tional connectivity abnormalities in cases of left-sided

WC symptoms and left-handed patients remain unex-

plored. The long-term plasticity changes induced by

therapeutic rTMS (daily sessions for 7–10 days) which

could have had direct clinical application were not

evaluated. It is possible that the changes observed are

transient and could vary with time as the changes

were not evaluated serially. Since the number of sub-

jects was low the correlation with disease duration

and severity had no statistical significance. Another

factor is that resting state activity is not sufficiently

controlled and does not address the task-related

changes in movement strategies or functional compen-

sation that occur only during motor performance;

hence task-based connectivity analysis in addition

would have made the evaluation more complete.

Conclusions

Resting state functional connectivity analysis in

patients with WC reveals decreased connectivity

involving several areas of the motor network. The

changes induced by a single session of rTMS are dif-

fuse and involve subcortical structures, are trans-hemi-

spheric and probably act through areas showing

preserved connections such as the cerebellum. Hence

it is concluded that WC is a network disorder with

widespread dysfunction much larger than clinically

evident and RSFC analysis is a viable non-invasive

tool for probing its pathophysiology and plasticity.
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