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Background: Dystonia is considered as a motor network disorder involving the dysfunction of the pos-
terior parietal cortex, a region involved in preparing and executing reaching movements.
Objective/hypothesis: We used transcranial magnetic stimulation to test the hypothesis that cervical
dystonic patients may have a disrupted parieto-motor connectivity.

Methods: We enrolled 14 patients with primary cervical dystonia and 14 controls. A paired-pulse
transcranial magnetic stimulation protocol was applied over the right posterior parietal cortex and the
right primary motor area. Changes in the amplitudes of motor evoked potential were analyzed as an
index of parieto-motor effective connectivity. Patients and healthy subjects were also evaluated with a
reaching task. Reaction and movement times were measured.

Results: In healthy subjects, but not in dystonic patients, there was a facilitation of motor evoked potential
amplitudes when the conditioning parietal stimulus preceded the test stimulus applied over the primary
motor area by 4 ms. Reaction and movement times were significantly slower in patients than in controls. In
dystonic patients, the relative strength of parieto-motor connectivity correlated with movement times.
Conclusions: Parieto-motor cortical connectivity is impaired in cervical dystonic patients. This neuro-

physiological trait is associated with slower reaching movements.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Dystonia is a movement disorder characterized by excessive
involuntary muscle contraction. Primary focal dystonias are more
common than primary generalized dystonias [1]. Cervical dystonia
is the most common form of focal dystonia [2].

The pathophysiology of dystonia is not completely understood.
Impaired inhibition at multiple levels of the central nervous system
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is present [3], with alterations of motor circuits involving the basal
ganglia [4], the cerebellum [5,6] and the sensorimotor cortex [7,8].
Recent evidences seem to suggest that the dysfunction of the motor
network involves other cortical areas such as the parietal cortex
[9,10]. Neuropathological and neuroimaging evidences reviewed in
arecent paper [11], suggest that the parietal region is implicated in
different forms of dystonia, in terms of changes of regional blood
flow or gray matter volume. A reduction of the parietal cortex
activation was detected during imaging of movement in patients
with cervical dystonia [12]. Moreover, after repetitive transcranial
magnetic stimulation (TMS) over the parietal cortex, the activation
of the parietal cortex during motor execution, measured by func-
tional magnetic resonance imaging (fMRI), was reduced in patients
with cervical dystonia [13].

In the current study we aim to explore, with a TMS technique,
the connectivity among the posterior parietal cortex (PPC) and the
ipsilateral primary motor area (M1) [14] in cervical dystonia. With
this method a conditioning stimulus (CS) is first used to activate
putative pathways, while a second test stimulus (TS), delivered
over M1 a few milliseconds later, is used to explore changes in
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excitability produced by the input [14,15]. In healthy subjects, a
conditioning TMS pulse applied over the right PPC is able to in-
crease the excitability of the hand area of the right M1 [16].

The PPC-M1 interaction is crucial in preparation and planning of
reaching and grasping movements toward visual targets [17—19], as
well as in visuospatial mechanisms that affect temporal perfor-
mance, accuracy and variability [18,20]. Reaching movements have
been proved as a reliable behavioral correlate of the PPC-M1
interaction, because the excitability of this pathway varies during
the task [17]. Dystonic patients may show behavioral motor task
abnormalities; in fact reaction time task studies in patients with
idiopathic torsion dystonia showed that initiation and execution
responses were slower than in control subjects [21].

Hence our aim was to study PPC-M1 connectivity in cervical
dystonic patients, at rest, using this paired-pulse TMS protocol.
Moreover we hypothesize that the efficacy of PPC-M1 interaction
could be directly related to the slowness in movement time that
characterizes cervical dystonic patients.

Methods and materials
Subjects

Fourteen right-handed patients (5 men, 9 women, mean age
48 + 14 years, disease duration 8 + 5 years) affected by primary
cervical dystonia (Table 1) were recruited from the Movement
Disorders Outpatient Clinic at the Hospital Universitario Virgen del
Rocio in Seville, Spain. Diagnosis of cervical dystonia was made by
expert neurologists, based on clinical and anamnestic findings.
The assessment included a complete Toronto Western Spasmodic
Torticollis Rating Scale (TWSTRS) and the Burke—Fahn—Marsden
Dystonia Rating Scale (BFMDRS). The TMS experiments were per-
formed at least 3 months after the last botulinum toxin injection.
All other oral drugs were stopped 48 h before the TMS experiments.

Fourteen age-matched (6 men and 8 women, 48 + 15 years),
healthy, right-handed volunteers served as control subjects. They
were recruited from the hospital and research staff. The study was
approved by the local ethics committee and all the subjects gave
written informed consent.

Experimental procedure

PPC-MT1 connectivity
Subjects were seated comfortably and we followed the same
design, electromyography (EMG) recordings and off-line peak-to-

Table 1
Clinical characteristics of patients with primary cervical dystonia.

peak amplitude analysis that were used in a previous study [16,22].
The paired-pulse stimulation technique was used with two dif-
ferent high-power Magstim 200 machines (Magstim Co., Whit-
land, Dyfed, UK). The hand motor area of the right M1 was found at
the point where the largest motor evoked potential (MEP) from the
contralateral FDI muscle was elicited and the optimal position was
marked on the scalp, to ensure the minimum displacement during
the experiment. The intensity of the TS was adjusted to elicit 1 mV
MEP amplitude in the relaxed FDI. The test stimulator was con-
nected to a figure-of-eight coil with a 55 mm external diameter. The
coil was positioned at a 45° angle from the midline to induce a
posterior-anterior current flow. The conditioning stimulator was
connected to a standard figure-of-eight shaped coil with a 70 mm
external diameter, positioned over the P4 position (10-20 EEG
system) (Fig. 1A). This site is situated in the inferior parietal lobule
[18,23—26], that is part of the posterior parietal cortex, and it is
defined by the following Tailarach coordinates: 384 + 6.1,
—67.2 + 4.4, and 46.3 + 5.8 mm [27]. The center of the coil was
positioned over P4 tangentially to the skull and with the handle
pointing downward and slightly medial (10°). MRI-guided frame-
less stereotaxy (Brainsight Frameless; Rogue Research, Montreal,
Quebec, Canada) was used in all subjects to ensure the minimum
displacement during PPC stimulation (Fig. 1B). We performed three
blocks with different intensities of the CS set at 70%, 90% and 110%
of the resting motor threshold (RMT). RMT was tested according to
international standards [28], with the figure-of-eight shaped coil
(70 mm diameter). Inter-stimulus intervals (ISI) between CS and TS
were 2, 4,6, 8,10, 15, and 20 ms (Fig. 1A). Each block consisted of 20
trials only with TS and 10 trials with CS + TS for each ISI (total 90
trials per block). In each block the trials were randomly inter-
mingled with an inter-trial time of 5 s. The order of presentation of
the blocks of trials varied randomly in control and patients.

Reaction time task

We used a choice reaction time task similar to that adopted
previously [17,22]. All subjects sat comfortably in a 45-cm-high
straight-back chair facing a table, 120 cm wide and 60 cm deep. On
the opposite edge of the table an upright, home-made flat wooden
panel was fixed, 80 cm wide and 50 cm high, placed at 60 cm distance
from the subject. Subjects placed the index finger of their left hand on
an upraised bump (2.5 cm-diameter coin), that acted as starting
point, on the table surface. Peripheral targets comprised 2 cm-
diameter upraised bumps, positioned 20 cm left or right of a fixation
cross at a viewing distance of 60 cm (Fig. 1C). The starting point

No. Sex Age (years) Disease duration TWSTRS BFMDRS Dominant hand/ Treatment (mg/day)
(years) head deviation
1 M 39 3 26.7 135 R/L BT
2 F 34 15 16 12 R/R BT
3 M 34 9 40.75 17.5 R/R BT
4 M 32 15 32.25 8 R/R BT
5 M 32 5 55.75 22 R/R BT, clonazepam (2)
6 F 44 3 44 25 R/L BT, clonazepam (10)
7 F 48 8 225 7.5 R/L BT
8 F 68 10 32 6 R/L BT
9 M 64 16 36 26 R/R BT, trihexyphenidyl (6)
10 F 66 9 9.75 21 R/L Trihexyphenidyl (6)
11 F 55 2 12 1.5 R/R BT
12 F 68 4 30.75 235 R/L BT
13 F 40 2 31 38.2 R/R BT
14 F 48 8 25 39.5 R/L BT

M = male; F = female; R = right; L = left; BT = botulinum toxin; TWSTRS = Toronto Western Spasmodic Torticollis Rating Scale; BFMDRS = Burke—Fahn—Marsden Dystonia

Rating Scale.
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Figure 1. (A) TMS procedure. Shorter arrows represent the posterior parietal cortex (PPC) conditioning stimulus (CS), that preceded test stimulus (TS) (longer arrow). (B) PPC
stimulation using neuronavigation system. (C) Reaction task. After the imperative sound, the subjects reached to the left or right target. Modified from Ref. [22].

and both peripheral targets were worn using three independent
proximity sensors of plastic optic fiber (reflective fibre optic sensor,
LL3-DTO1, SICKOPTEX, Japan). This kind of plastic optic fiber sensor
produces a positive square signal during sensor activation (sensor
switch on) or a negative square signal during sensor deactivation
(sensor switch off). Sensor responses were digitally converted by a
Power1401 (Cambridge Electronic Devices, UK) and recorded with
SIGNAL software (Cambridge Electronic Devices, UK). Each trial
began with an auditory warning followed by the imperative auditory
signal randomly given 13 s later. Subjects were required to reach

toward and touch the peripheral left or right target as soon as they
heard the imperative sound. The imperative signal consisted of either
a high (800 Hz, 30 ms) or low (200 Hz, 30 ms) frequency tone pulse
that indicated which peripheral target subjects had to reach (high
meaning reach right, low meaning reach left, or vice versa). All
subjects performed a block of 80 trials. A training block of 35 trials
was performed before starting with the 80 trial block. The inter-trial
interval was 6 s. At the start of each block, the high and low tones
were assigned randomly to indicate the side target to reach (left or
right). These instructions were counterbalanced within and across
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subjects. In consequence, each trial had a single reaction time (RT)
that was defined as the time between the imperative sound and the
switching off of the starting point sensor, corresponding to the first
movement of the left index finger. Movement time (MT) was defined
as the time between the RT and the switching on of the corre-
sponding reached peripheral target sensor. TMS experiment and
reaction time task were performed in two separate days at least one
week apart. All the control subjects and twelve of the fourteen cer-
vical dystonic patients performed the reaction time task. Two pa-
tients did not attend to the reaction time task session and they were
lost on follow-up.

Data analysis

Shapiro—Wilk test was used to check the normal distribution of
the data. Parametric or non-parametric tests were used for data
with or without normal distribution respectively. Magnetic stimu-
lation intensities, clinical and demographic data were analyzed
using Wilcoxon and Mann—Whitney U tests, depending on data
type. In PPC-M1 connectivity experiments, PPC-conditioned MEP
amplitudes were normalized to non-conditioned one (TS alone).
Normalized data were analyzed using repeated measures ANOVA,
with PPC CS “INTENSITY” (70%, 90% and 110% of RMT) and “ISI” (2, 4,
6, 8, 10, 15, and 20 ms) as the within-subject factors and “GROUP”
(patients vs. control) as the between-subject factor. A significant
interaction in the ANOVA was followed by post-hoc paired t-test
analysis with Bonferroni correction. The Greenhouse—Geisser cor-
rection was used for non spherical data and Mauchly’s test exam-
ined for sphericity.

In the reaction time experiment, RT and MT were calculated
separately for the left and right target. Independent and repeated
measures t-tests were used to analyze RT and MT data. Pearson’s
and Spearman’s correlations between conditioned MEP amplitudes
at 4 ms ISI (CS 90% of RMT), RT and MT, TWSTRS and BFMDRS scores
head deviation side and age was performed to explore the clinical to
functional relationship. A P value of <0.05 was considered to be
statistically significant in all analyses. All statistical analyses were
carried out using IBM SPSS Statistics 20 software.

Results
Demographic data and magnetic stimulation intensities

No significant differences were found in demographic data be-
tween patients and control subjects. RMT and TS intensities were
not different among groups (P = 0.92 and P = 0.98 respectively).
Mean RMT values were 41.2% + 6.4 of maximum stimulator output
in control subjects and 41.0% + 6.9 in patients. Mean TS intensity
values were 51.2% 4 8.6 of maximum stimulator output in control
subjects and 51.1% + 7.8 in patients.

PPC-MT1 connectivity

Factorial repeated measures ANOVA showed a significant
GROUP x ISI (F = 2.890; P = 0.011) and GROUP x ISI x INTENSITY
(F = 2.184; P = 0.012) interactions. Paired t-test analyses revealed a
significant difference between control and dystonic groups at 4 ms
ISI for a CS intensity of 90% RMT (P < 0.001) (Fig. 2A and B). Controls
showed an effect of double pulse intervention (P = 0.011 at 4 ms)
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Figure 2. (A) A single conditioning stimulus (CS), applied over the posterior parietal cortex (PPC), changed motor evoked potential (MEP) amplitude in controls but not in dystonic
patients, when inter-stimulus interval was 4 ms and CS intensity was 90% of resting motor threshold (RMT). MEP amplitude values are expressed relative to unconditioned MEP.
Error bars represent standard error. *P < 0.05. ISI: inter-stimulus interval. (B) MEP amplitude (4 ms ISI) in controls and patients. Horizontal bars represent mean and 95% of

confidence interval.
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while no effect was present in patients, showing that there was an
MEDP facilitation when the PPC CS preceded the TS over M1 by 4 ms
at a CS intensity of 90% of the RMT in control subjects and that this
effect was not observed in the group of dystonic patients. No dif-
ferences were observed between control and dystonic patients
groups at any other ISI or CS intensity (Supplementary Fig. 1).

Reaction time task

RT as well as MT both toward the left and right sides were
significantly lower in control subjects than in patients (Ps less than
0.007, Figs. 3 and 4). When tested for right-left difference, both
groups showed minor left movement time values respect to the
right ones (P < 0.0001 in patients and P = 0.002 in controls)
without differences in reaction time values. No correlation was
found between RT and MT in both groups.

We then correlated the individual values obtained in the TMS
experiments for the PPC-M1 connectivity (with the intensity of CS
at 90% RMT, 4 ms ISI) with the individual RTs and MTs. In control
subjects MEP amplitude did not correlate with either RT or MT.
However, in cervical dystonic patients MEP amplitude significantly
correlated with MT toward both the left side (P = 0.016, r = —0.674)
and the right side (P = 0.032, r = —0.619) but not with RT (Figs. 3
and 4).

No differences between the two groups were found in decision
errors. There were no anticipation errors (RT < 150 ms), no omis-
sion errors (the subject do not move after the imperative sound)
and no abnormal long responses (RT + MT > 2 s).

In patient group, no significant correlation was found be-
tween TWSTRS, BFMDRS scores, head deviation side, and age
with MEP amplitude (CS at 90% RMT, 4 ms ISI) or with RT and MT
values.

A LEFTWARD MOVEMENTS
700 1
*
600 | |
g EDYSTONIA
500 - OCONTROL
400 T
Reaction time Movement time
B
800 1
£ o o @
o 4 )
g 600 2 - 5
T s ® o o
§ o O .= e nns e -'CT -o-- .
© 400 A o
@ =]
@ o 0
()
200 - - - - - - - \
0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
4ms MEP amplitude (% of Test)
C
1000 1
»
£ 800 - -
Q
E
] 600 A
Qo
£
o
3 400 A
=
200 -

0.40 0.60 0.80 1.00

1.20 1.40 1.60 1.80 2.00

4ms MEP amplitude (% of Test)

Figure 3. Leftward movements. Reaction time and movement time (A) and its relationship with MEP amplitude (inter-stimulus interval 4 ms, conditioning stimulus at 90% of resting
motor threshold) (B, C). A significant correlation was observed only in patients, between MEPs and movement times (P = 0.016, r = —0.674; continuous line (C)).
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Figure 4. Rightward movements. Reaction time and movement time (A) and its relationship with MEP amplitude (inter-stimulus interval 4 ms, conditioning stimulus at 90% of
resting motor threshold) (B, C). A significant correlation was observed only in patients, between MEPs and movement times (P = 0.032, r = —0.619; continuous line (C)).

Discussion

This study shows that parieto-motor cortical connectivity is
impaired in cervical dystonic patients at rest and that parietal
dysfunction correlates with slower movement time in a choice re-
action task.

Exploring parieto-motor cortical connectivity with TMS is a
well-established paradigm both in healthy subjects [16—18] and in
neurological patients [22,29,30]. The activation of cortico-cortical
projections arising from the inferior parietal lobe and/or intra-
parietal sulcus and terminating in M1 is probably responsible for
the early peak (4—8 ms) that is observed with this protocol [16]. The
transfer of this information probably occurs through fibers of the
superior longitudinal fasciculus [31], either through direct projec-
tion or an indirect pathway involving the ipsilateral ventral pre-
motor cortex [18]. In our study, when CS over PPC was set at 90% of

RMT and preceding TS by 4 ms, MEPs arising from M1 were
increased in control subjects but not in patients, suggesting the
existence of a dysfunction of parieto-frontal cortico-cortical con-
nectivity in cervical dystonic patients.

Parieto-motor impairment cannot be easily ascribed to a dif-
ferent threshold of activation of the cortico-cortical output origi-
nating from PPC (both CS at 70% and 110% of RMT failed to modulate
M1 response) but probably reflects some intrinsic changes or some
loss of functionality of the PPC neuronal population and/or
abnormal influences of PPC on ipsilateral M1 circuits. A previous
study using fMRI showed decreased parietal activation during
movement in cervical dystonic patients [13], and task-independent
(at rest) alterations of premotor-parietal circuits in writer’s cramp
patients [32]. Our study follows this precedent, revealing, with a
TMS paradigm, an at rest impairment of the parieto-motor circuit
in cervical dystonic patients. It can be argued that the same M1
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circuits can be implicated in this altered response, and the present
study did not test it specifically. Anyway M1 excitability should not
grossly differ between patients and controls given that RMT and the
intensity needed for test stimuli are very similar in the two groups.

Slower initiation and execution responses were observed in
patients with idiopathic torsion dystonia [21] and, similarly,
voluntary head movements have been reported to be slow in cer-
vical dystonic patients [33—36]. Interestingly, a recent study in
cervical dystonia proved an impairment of the coordination of large
gaze reorientations as well as a reduction of body segmental
velocity (in particular, trunk bradykinesia), leading to gross pro-
longations in target acquisition time [37], and supporting the ex-
istence of “bradykinesia” in cervical dystonic patients. As expected,
in our group of cervical dystonic patients we found slower reaction
and movement times. We also found a negative relationship be-
tween MEP amplitude (at 4 ms ISI, with PPC-CS at 90% of RMT) and
movement time, pointing toward the role of parietal dysfunction in
movements’ slowness. Anyway, the design of our study does not
permit to establish a causal relationship between the parietal
impairment and movements’ slowness in cervical dystonic pa-
tients. Future studies, applying TMS during the reaction time task or
manipulating PPC function by inhibitory repetitive TMS before the
motor task, could clarify the effective causal relationship between
PPC function and “bradykinesia.” The role of this parieto-motor
functional connection in the pathophysiology of bradykinesia has
been recently suggested in Parkinson’s disease, with the same
experimental procedure [22]. This analogy should be carefully
evaluated for at least two reasons. First the nature of bradykinesia
may be different in the two conditions. In cervical dystonic patients,
the close association between head-on-trunk velocity and trunk
velocity [37] supports the view that the “bradykinesia” is at least in
part “secondary” to the slow head movement, as opposed to “pri-
mary” bradykinesia in Parkinsonism. Second, this analogy might
suggest that impaired PPC-M1 connectivity and its relation to re-
action time is an unspecific trait. If it is present in different type of
movement disorders, it may represent an epiphenomenon of an
abnormal output of other nervous structures and one can hypoth-
esize that basal ganglia could be implicated. Further studies are
needed to prove if these results can be extended to other dystonia
types or other movement disorders.

In our patients we cannot exclude impairment in the program-
ming (if left or right) and planning of reaching movements, the
ability to initiate movement promptly and visual motor-integration
during movement. Parieto-motor dysfunction may affect all these
different components [19,20], leading to a progressive summation
of time delays, beginning from the first proposal of the movement
and persisting until the end of the reaching task. Indeed our cervical
dystonic patients showed not only prolonged MT but also slower
RTs, while, in Parkinson’s disease patients, RTs were not slower [22].
In addition, motor cortical excitability that precedes a voluntary
movement is abnormally modulated in patients with upper limb
dystonia [38]. They cannot properly recruit the neurons or circuits
required to perform the movement and this could also contribute in
making reaction time slower.

When analyzing right—left differences, we observed that left-
side MT values were smaller than right side ones in both groups.
The explication can be found in the experiment setting, for the
reason that, when reaching the right target, the left arm undergoes
a bigger displacement than toward the left target. The fact that
longer right side MTs were observed it in both control and dystonic
group support this hypothesis.

Interestingly we found a relation of parieto-motor activity with
MT toward both the ipsilateral and the contralateral space, while a
functional interplay was demonstrated in healthy subjects only
toward contralateral directions [17]. Parietal dysfunction could be

bilateral and comparable in the two hemispheres and it could be
associated to a bilateral increase of MT or, as an unspecific and non
causal trait, other mechanisms and structures are implicated, as
mentioned before.

The lack of correlation of these parameters with TWSTRS and
BFMDRS may indicate a reduced sensibility of clinical scales in
detecting subtle neurophysiological and motor task changes in our
group of patients or that parieto-motor dysfunction is an adaptive
phenomenon, not necessarily correlated with clinical scale.

We chose to explore right PPC-M1 connectivity because, even if
parieto-motor facilitation is present bilaterally, in the left hemi-
sphere the time course is quite different [16] and the effects are
somewhat milder in term of relative facilitation [17].

Finally, both in controls and in patients, we did not observe a late
(15 ms) parieto-motor interaction [16,18,39]. As observed in a
previous study [22], a decreased function of non-primary motor
areas activity in older subjects [40] may explain these differences.

A limitation of the study is how we set parietal spot. As in a
previous study [22], we used de 10-20 electrode system to place the
TMS coil and then with the Brainsight we ensured the minimum
displacement during the study. So it is possible that we did not
localize the optimal facilitatory spot in all subjects. Anyway we used
the same procedure in controls and patients and the differences we
found between these two groups cannot be ascribed to a better
parietal spot location in one group respect to the other.

In conclusion we proved that cervical dystonic patients show
a parieto-motor cortical dysfunction that is evident at rest as a
task-independent neurophysiological abnormality. The slower
movement time during a choice reaction time task could be an
epiphenomenon of this parieto-motor impairment. The study
supports the hypothesis that parietal cortex is one of the structures
involved in the pathophysiology of dystonia, as a network disorder
that involves different brain regions [41]. A network in which it may
be difficult to distinguish alterations that are causative, adaptive or
maladaptive. Finally identifying a neurophysiological-behavioral
relationship may permit, in the future, to improve clinical symp-
toms by producing plastic changes in the corresponding area of the
brain.
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