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Background. Surround inhibition is a system that sharpens sensation by creating an inhibitory zone around the central core of
activation. In the motor system, this mechanism probably contributes to the selection of voluntary movements, and it seems to
be lost in dystonia. Objectives. To explore if sensory information is abnormally processed and integrated in focal hand dystonia
(FHD) and if surround inhibition phenomena are operating during sensory-motor plasticity and somatosensory integration in
normal humans and in patients with FHD. Methods. We looked at the MEP facilitation obtained after 5Hz repetitive paired
associative stimulation of median (PAS M), ulnar (PAS U), and median + ulnar nerve (PAS MU) stimulation in 8 normal
subjects and 8 FHD. We evaluated the ratio MU/(M +U) % 100 and the spatial and temporal somatosensory integration
recording the somatosensory evoked potentials (SEPs) evoked by a dual nerve input. Results. FHD had two main abnormalities:
first, the amount of facilitation was larger than normal subjects; second, the spatial specificity was lost. The MU/(M + U) * 100
ratio was similar in healthy subjects and in FHD patients, and the somatosensory integration was normal in this subset of
patients. Conclusions. The inhibitory integration of somatosensory inputs and the somatosensory inhibition are normal in
patients with focal dystonia as well as lateral surrounding inhibition phenomena during sensory-motor plasticity in FHD.

1. Introduction

Dystonia is a motor disorder characterized by sustained
involuntary muscular contractions resulting from cocontrac-
tion of antagonistic muscles and overflow into extraneous
muscles [1]. Focal hand dystonia frequently develops after
repetitive movements in the presence of overtraining. These
clinical observations have pointed out toward the presence
of subtle abnormalities of plasticity, within somatosensory
system, which may predispose individual to dystonia after
excessive training [2]. Surround inhibition is a physiological
mechanism to focus neuronal activity and to select appropri-
ate neuronal responses and has been proposed to be an
essential mechanism in the motor system, to sharp and focus

motor activation [3, 4]. Surround inhibition (SI) can be tested
in the motor system using TMS, and it has been demon-
strated that this mechanism is deranged in patients with
FHD [3].

In addition, it is well known that dystonia is character-
ized by a defective somatosensory processing within the
somatosensory system [5] associated with a disturbance
of sensorimotor integration [6-8]. Indeed, proprioceptive
inputs coming from adjacent body parts are abnormally
integrated in dystonia. This aberrant spatial gating, probably
caused by an altered lateral surrounding inhibition, could
contribute to the motor impairment present in dystonia [5].
Abnormalities of inhibition within the somatosensory system
have been reported by Frasson et al. [9].
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Several stimulation protocols can be used to test,
noninvasively, plasticity within the somatosensory motor
system. One of the most established protocols is the paired
associative stimulation (PAS) where a magnetic stimulus is
coupled with contralateral peripheral nerve stimulation
[10]. This protocol exploits the principles of Hebbian LTP/
LTD plasticity first described in animal experimentation.
Patients with focal hand dystonia present two main alter-
ations after PAS: first, the amount of facilitation is larger than
normal; second and more important, the spatial specificity is
lost so that facilitation also occurred in surrounding muscles
[11]. PAS topographical specificity is probably related to
inhibitory phenomena within motor cortex and is not related
to a dual nerve simultaneously stimulation.

We have characterized a new conditioning fast PAS
protocol that requires only two minutes of induction called
5Hz rPAS [12] which produces plastic changes within
both excitatory and inhibitory circuits within the sensory-
motor cortex.

The aim of the present study was to evaluate the spatial
integration of somatosensory inputs during sensory-motor
plasticity phenomena, evaluated with 5Hz rPAS, in healthy
subjects and in patients with focal hand dystonia. To achieve
this goal, we compared the amplitude of MEPs obtained after
the 5Hz rPAS protocol induced by stimulating the median
and ulnar nerves simultaneously (MU) vs the MEP ampli-
tude values being obtained from the arithmetic sum of the
5Hz rPAS protocol elicited by stimulating the same nerves
separately (M +U), looking at the amount of suppression
induced by dual nerve simultaneously stimulation. More-
over, we evaluated the spatial and temporal somatosensory
integration recording the somatosensory evoked potentials
(SEPs) evoked by a dual nerve input to investigate the contri-
bution of lateral inhibition in the somatosensory system.
Indeed, previously, Tinazzi and coworkers proposed the
MU/(M + U) * 100 as a marker of lateral surround inhibition
evoked by a dual input in the somatosensory system [5]. In
that study, the increased ratio of SEP component elicited by
median + ulnar stimulation indicated an abnormality of the
intrinsic inhibitory interactions within the somatosensory
system and hence a defect of lateral surround inhibition.

2. Materials and Methods

Eight patients with focal hand dystonia (6 male, 2 female,
mean age 50.2 years) and 8 age- and sex-matched healthy
subjects were recruited (see Table 1). Writer’s cramp was
classified as “simple” if dystonic features were present only
with writing and as “dystonic” if muscle cramps also inter-
fered with other motor tasks [13]. Participants did not receive
any drug acting on the central nervous system and had no
obvious history of neuropsychiatric diseases. All patients
were tested at least 3 months after the last injections of
botulinum toxin. All patients had normal structural MRI
scans and did not show any mutation in the DYT1 gene.
All subjects were right-handed according to the Edinburgh
inventory. All subjects gave their informed consent, and
the study was approved by the local ethics committee in
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accordance with the Declaration of Helsinki on the use of
human subjects in experiments.

2.1. TMS and Recording Protocol. TMS was performed with a
standard focal coil (mean loop diameter of 9 cm, Magstim
Company, Whitland, Dyfed, UK). The coil was placed
tangentially to the scalp at the optimum scalp position which
consistently elicited the best motor evoked potentials (MEPs)
in the right abductor pollicis brevis (APB) and abductor digiti
minimi (ADM) muscles (“motor hot spot”).

2.2. Median and Ulnar Nerve Stimulation. Mixed electrical
stimulation of the right median and ulnar nerves was
performed at the wrist with the cathode located proximally.
Peripheral stimulation was performed using a Digitimer D
160 stimulator (Digitimer, Welwyn Garden City, Herts,
UK). The stimulus intensity was 200% of the perceptual
threshold and the stimulus width 500 us.

2.3. Recording System. EMG was recorded from Ag-AgCl
surface electrodes placed over the right abductor pollicis
brevis (APB) and the right abductor digiti minimi (ADM)
muscles using a belly-tendon montage. The signal was ampli-
fied and bandpass filtered (32 Hz to 1 KHz) by a DIGITIMER
D 150 amplifier (Digitimer Ltd., Welwyn Garden City, Herts,
UK) and stored at a sampling rate of 10KHz (SigAvg
Software, Cambridge Electronic Design, Cambridge, UK).
EMG activity was continuously monitored, and trials in which
the target will be not relaxed were excluded from analysis.

2.4. 5Hz rPAS. The protocol consisted of 600 pairs of stimuli
delivered at a rate of 5Hz for two minutes. Each pair of
stimuli included electrical peripheral nerve stimulation (CS)
at 200% of the sensory threshold coupled with TMS at 90%
active motor threshold over the motor hot spot. We take
care of using always subthreshold intensities to avoid any
muscle twitches produced by reafferent feedback during
rPAS conditioning. The interstimulus interval (ISI) between
the peripheral CS and the transcranial stimulus was fixed at
25 ms. Patients and controls received three different type of
rPAS: rPAS median, rPAS ulnar, and rPAS median + ulnar.
During MU rPAS, the stimulation site in the cortex was on
the APB hotspot. The 5Hz rPAS sessions were given in a
random order, at least 1 week apart.

2.5. Measures of Cortical Excitability. We carefully monitored
changes in cortical excitability after rPAS using single-pulse
and paired-pulse TMS. The details of these techniques are
given elsewhere. Several cortical excitatory parameters were
taken into account before and after rPAS such as Resting
Motor Threshold (RMT) and peak-to-peak MEP amplitude
at rest. Measurements were acquired before 5Hz rPAS
(baseline), immediately after (T0), 15 minutes (T15), and
30 minutes (T30) after the end of the conditioning protocol.
RMT is a well-standardized measure defined as the mini-
mum intensity that could evoke a peak-to-peak MEP of
50 4V in at least 5 out of 10 consecutive trials in the relaxed
APB and ADM muscles [14]. In addition, we assess corti-
cospinal excitability by collecting 20 consecutive MEPs from
the motor hot spot of the APB and ADM muscles at a rate of
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TaBLE 1: Clinical features.

Subjects Age Sex Clinical features Last botulinum toxin injection (months) Patterns

1 50 M Simple cramp — Predominant extensor pattern
2 55 M Simple cramp — Predominant extensor pattern
3 31 F Simple cramp — Predominant flexion pattern

4 62 M Dystonic cramp 4 Predominant flexion pattern

5 38 M Dystonic cramp — Predominant extensor pattern
6 66 M Dystonic cramp 3 Predominant extensor pattern
7 55 F Simple cramp — Predominant flexion pattern

8 45 M Simple cramp — Predominant extensor pattern

0.1 Hz. We tuned and adjusted the intensity of stimulation to
obtain a MEP of ~1mV in the target muscle. This intensity
was kept constant throughout the experiment. In addition,
for each muscle (APB and ADM), we evaluated the ratio
MU/(M +U) % 100, where MU is the MEP facilitation
obtained after PAS with simultaneous stimulation of median
and ulnar and M + U is the amount of MEP facilitation after
PAS induced after stimulation of the individual nerves.

2.6. SEP Recording Procedure. SEP studies were conducted in
a different day session in order not to interfere with PAS
aftereffects. SEPs were obtained after stimulation of the
median and the ulnar nerves at the wrist. Stimulation param-
eters were square pulses of 0.2 ms duration delivered at a rate
of 22Hz through Ag/AgCl surface electrodes (cathode
proximal; impedance below 5 Kohm) over the nerve. Further
details are reported elsewhere [5, 9]. Two different sessions
were carried out. In the first session, where we assessed
temporal somatosensory integration, the median nerve was
stimulated with single stimuli (S1) and with paired stimuli
(S1+S2) at interstimulus intervals (ISIs) of 20 and 40 ms
given in a random order. S2 (test stimulus) was obtained sub-
tracting the S1 (control response) from the S1+S2 (paired
response). In the second session, where we examined spatial
somatosensory integration, the median (M) and the ulnar
(U) nerves were stimulated individually and simultaneously
(MU). We averaged three hundred sweeps for each trial.
Analysis time was fixed at 100 ms, and filtering bandwidth
was set at 5-1500 Hz. SEPs were acquired using a Signal
Software (Cambridge Electronic Design, Cambridge, UK).
Cortical evoked response (N20) was derived from the parietal
P3 scalp regions contralateral to the stimulation side and
referred to the earlobe of the stimulated side. We measured
peak-to-peak amplitudes and latencies at the peak of all SEPs.
For the first session, we evaluated SEP amplitudes of control
(S1) and test (S2) response and the amplitude ratio (S2/S1) =
100 at 20 and 40 ms of ISIs. For the second session, we
evaluated the ratio MU/(M +U) % 100, where MU is the
SEP amplitude produced from the concomitant stimulation
of median and ulnar nerves, while M+ U is the arithmetic
sum of the SEPs originated by the stimulation of single nerve
(For more detalils, see [5] and [9]).

2.7. Data Analysis. The effects of 5Hz rPAS on RMT and
peak-to-peak MEP amplitude were tested in separate

repeated measure analysis of variance (ANOVA). For each
dependent variable, we run a three-way repeated measure
ANOVA with time (two levels: baseline and post), condition-
ing (three levels: PAS M, PAS U, and PAS MU) as within
subject factor, and group (two levels: dystonia versus con-
trols) as between subject factor. Conditional on a significant
P value, post hoc t-tests were performed to investigate the
strength of main effects and the patterns of interaction
between factors. To evaluate the difference in the amount
of surround inhibition after rPAS between focal dystonia
and controls, we performed a factorial ANOVA. More-
over, to evaluate differences in SEP amplitude between
dystonic patients and controls, we used the unpaired Mann
Whitney U test.

A P value of <0.05 was considered significant. Data are
given as mean + standard error of the mean.

3. Results

5Hz rPAS did not affect RMT either in controls or in
dystonic patients as indexed by no effect of the factor time
and group and intervention. Figures 1 and 2 plot differences
in the amount of MEP facilitation, after 5Hz rPAS, for the
APB and ADM muscles, respectively, in patients and con-
trols. 5Hz rPAS increased MEP size recorded from APB
muscle in both patients and controls; repeated measure
ANOVA disclosed a significant effect of time [F = 88.38;
P <0.001], but the amount of facilitation was different
between the two groups, as revealed by the time x group
interaction [F =21.14; P < 0.001]. This effect was produced
by a larger increase in MEP amplitude in dystonic patients
compared to controls. We found no time x group x condi-
tioning interaction because all the three types of intervention
induced an increase in MEP amplitude in both dystonic
patients and controls [F =1.51; P=0.229] (Figure 1). Post
hoc t-test revealed that in dystonic patients all the three
types of intervention induced a significant increase in MEP
amplitude [PAS M: t=-8.08, P<0.001; PAS U: t=-5.1,
P=0.003; and PAS MU: t=-4.6, P=0.007]. On the
contrary, in controls, only PAS M and PAS MU induced
changes in MEP amplitude but not PAS U [PAS M: t=
-3.6, P=0.008; PAS U: t=0.3, P=0.70; and PAS MU:
t=-3.7, P=0.007]. Similar statistical effects were observed
in the ADM muscle: effect of time [F=89.22, P<0.001];
timex group interaction [F=29.73, P<0.001]; and
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FIGURE 1: 5 Hz rPAS induced an increase in MEP size recorded from APB muscle in both patients and controls; repeated measure ANOVA
showed a significant effect of time [F = 88.38; P < 0.001], but the amount of facilitation was different between the two groups, as shown by the

time X group interaction [F =21.14; P < 0.001].
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FIGURE 2: 5 Hz rPAS induced an increase in MEP size recorded from ADM muscle in both patients and controls; repeated measure ANOVA
showed a significant effect of time [F = 89.22; P < 0.001] and time x group interaction [F =29.73; P < 0.001].

time x group X conditioning interaction [F=1.68, P=0.19]
(Figure 2). Post hoc t-test revealed again that in dystonic
patients all the three types of intervention induced a
significant increase in MEP facilitation [PAS M: t=-5.8,
P=0.001; PAS U: t=-5.7, P=0.001; and PAS MU: t=
—6.3, P <0.001], while in controls, only PAS U and PAS
MU induced changes in MEP amplitude but not PAS M
[PAS M: t=1.6, P=0.15; PAS U: t=-2.7, P=0.03; and
PAS MU: t=-4.6, P=0.002]. Factorial ANOVA did not
show any significant difference between the amount of ratio
MU/(M +U) * 100 after the 5Hz rPAS between dystonic
patients and controls in the APB muscle. In both groups,
indeed, the percentage of inhibition was around 50%
[F=0.596; P=0.562] (Figure 3(a)). The same amount of
inhibition was found in the ADM muscle for both patients
and controls [F=3.493; P=0.07] (Figure 3(b)). In both
normal subjects and focal dystonic patients, N20 SEP
amplitudes of the S2 response were significantly inhibited

at ISIs of 20 and 40 ms with respect to those of the S1
control response; more specifically, SEP amplitudes of
the test S2 response were always smaller than those of the
control S1 response. The (S2/S1) % 100 ratio of all central
SEPs did not differ between patients and controls at the ISI
of 20 and 40ms [ISI 20ms: Z =-0.4, P=0.62; ISI 40 ms:
Z=-0.9, P=0.32] (Figure 4). Finally, the MU/(M +U) *
100 ratio of the cortical N20 SEP was not significantly dif-
ferent between dystonic patients and controls [Z=-0.2;
P =0.8] (Figure 5).

4. Discussion

Four main findings clearly emerge from this study:

(1) All type of conditioning protocols (PAS M, PAS U,
and PAS MU) can induce long-lasting plastic
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FiGure 3: 5 Hz rPAS did not induce any significant difference between the amount of ratio MU/(M + U) * 100 after the 5 Hz rPAS between
dystonic patients and controls in the APB and ADM muscles (factorial ANOVA APB: F = 0.596, P = 0.562 (a); ADM: F =3.493, P = 0.07 (b)).

100 1
90 1
80 A
70 A
60 -
50 A
40 4
30 A
20 1
10

Percentage of unconditioned SEP

0
Normal subjects

O 18120
W ISI40

Dystonic subjects

FIGURE 4: In normal subjects and focal dystonia patients, N20 SEP amplitudes of the S2 response were significantly suppressed at ISIs of 20
and 40 ms with respect to those of the S1 control response. The (S2/S1) * 100 ratio of all central SEPs did not differ between patients and
controls at the ISI of 20 and 40 ms (unpaired Mann Whitney U test: ISI 20 ms: Z = -0.4, P =0.62; IS 40 ms: Z = -0.9, P =0.32).
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F1GURE 5: The MU/(M + U) * 100 ratio of the cortical N20 SEP was
not significantly different between dystonic patients and controls
(unpaired Mann Whitney U test: Z=-0.2, P =0.8).

changes in cortical excitability of both dystonic
patients and normal subjects

(2) In keeping with previous findings, focal hand
dystonia patients had two main abnormalities. First,

associative plasticity after PAS25 was enhanced
compared to normal subjects; second, the spatial
specificity was lost so that facilitation was observed
in both median and ulnar innervated muscles

(3) The inhibitory integration of somatosensory inputs
as well as the somatosensory inhibition are normal
in patients with focal dystonia

(4) Surround inhibition phenomena are normal in
focal dystonia when applying PAS-induced sensory-
motor plasticity protocol

4.1. PAS Aftereffects. Our results confirm that 5 Hz rPAS at an
interstimulus interval of 25ms can promote lasting changes
in cortical excitability. Considering that rPAS aftereffects
are long lasting, reversible, and topographically specific
[12], this protocol is reminiscent of Hebbian plasticity
models described in animal experimentation. A main advan-
tage of rPAS protocol is the short duration of conditioning
which makes this technique ideal to apply in patients [15].
In keeping with previous studies, we found a stronger
increase in corticospinal excitability after rPAS in dystonic



patients than in healthy controls. In addition, patients
with dystonia showed loss of topographical specificity of
PAS-induced effects, with facilitation spreading over
median and ulnar innervated muscles, while in healthy indi-
viduals the increase in excitability only occurred in APB
muscle innervated by the median nerve but not in the
ADM muscle innervated by the ulnar nerve. The loss of
spatial specificity is perhaps the most important and robust
finding and could be related to the abnormalities of neuronal
inhibition within motor cortex already identified in dystonic
patients [16]. It is to point out that this excess of motor cortex
plasticity is not confined to the clinically affected regions by
dystonia but generalize across the entire sensorimotor
system, representing an endophenotypic trait of the disease
[17-20]. Although these findings have been reproduced by
different groups [21-23], in one study, it has been reported
that the effects of PAS were highly variable, and they con-
clude that enhanced plasticity should not be considered a
dystonic fingerprint because the direction of response can
vary, and there is an overlap between patient and healthy
data [24].

4.2. Lateral Inhibition during PAS and within Somatosensory
System. Inhibitory integration of somatosensory inputs as
well as the somatosensory inhibition phenomena evaluated
in our population of dystonic patients did not show any
abnormalities compared with the ones of normal subjects.
These findings support the idea that the temporal and spatial
integration along somatosensory pathways are normal at
least in focal hand dystonia, and this could explain the
normal integration of the simultaneous median-ulnar nerve
stimulation after PAS. On the other hand, our data confirm
again that in focal hand dystonia there is a clear abnormality
in sensory-motor plasticity as indexed by the loss of spatial
specificity after PAS that may account for the creation of
abnormal motor engrams. PAS topographical specificity has
a different mechanism since the afferent stimulation is not
dual and is probably related to the alteration of inhibitory
phenomena within motor cortex which are lost in dystonia.
These results can be apparently in contrast with the previous
findings of Tinazzi and coworkers and Frasson and
coworkers [5, 9]. Indeed, they found an abnormal somato-
sensory inhibition and sensory integration of afferent propri-
oceptive inputs. However, in both studies, the majority of
patients were affected by generalized or segmental dystonia
with only two patients having FHD [5, 9]. On the contrary,
in our study, we only included a population affected by
FHD. In a recent paper, Antelmi and coworkers [25] found
a reduced suppression of SEPs in cervical dystonia at the
ISI of 20 and 40 milliseconds, not confirmed in our study
and in the study of Tamura and coworkers [26]. These con-
trasting results could be related to the fact that in the study
of Antelmi and coworkers, SEPs were elicited by stimulation
of the digital nerves of the index finger rather than the
median nerve at the wrist. In the same paper, Antelmi and
coworkers found an abnormal sensory integration in spatial
domain in cervical dystonia, but again, this contrasting result
might be due to the different methodology employed in the
two studies [25].
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4.3. Data Interpretation. In conclusion, the data of the
present study suggest, in contrast with previous ones, that
surround inhibition along somatosensory pathways are
intact in FHD. In addition, we demonstrated that surround
inhibition is also normal during the induction of sensory-
motor plasticity phenomena. These results may suggest that,
at least in FHD, spatial and temporal processing of sensory
inputs are normal in patients with FHD despite the well-
known alterations of spatial and temporal tactile discrimina-
tion, which are related to dysfunction in somatosensory
cortex (S1) [26-29]. In a previous paper, Tamura and
coworkers showed in FHD a reduction of inhibition of the
P27 SEP component after a double stimulation of the median
nerve at 5 ms interval, and they correlated this alteration with
the abnormalities of temporal tactile discrimination. Simi-
larly, the authors did not find any reduction of inhibition of
N20 and P27 component at 20 and 40ms intervals, as
demonstrated in the present study [26]. On the other hand,
Frasson and coworkers found a reduction of inhibition at
20 and 40 ms interval with a normalcy at 5ms which was
not confirmed by Tamura [9]. Therefore, future studies are
needed to better clarify the link between the physiological
mechanisms in tactile discrimination within S1 and the cor-
relation with the cortical SEP components in healthy subjects
and in the different form of dystonia. On the other hand,
considering that spatial and temporal processing of sensory
inputs are clearly abnormal in patients with generalized
dystonia as demonstrated in the study of Tinazzi et al. and
Frasson et al. [5, 9], we can speculate that a progressive
loss of surround inhibition phenomena may contribute
to the spreading and subsequent generalization of dystonia.
Therefore, we can hypothesize that the greater is the spread-
ing of dystonia in the body parts, the lesser is the ability to
integrate and discriminate afferent sensory inputs coming
simultaneously from adjacent body parts which could be
subject of a subsequent study.
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The data used to support the findings of this study are
available from the corresponding author upon request.

Consent

Informed consent was obtained from the patients after
the nature and possible consequences of the studies were
explained.

Conflicts of Interest

Dr. Francesca Morgante has received honoraria as a
Consultant & Advisory Boards from Medtronic and Chiesi.
She has received honoraria for speaking from UCB Pharma,
Medtronic, Lundbeck, Chiesi, and Abbvie. She serves in the
Editorial board of Movement Disorders Clinical Practice
and Frontiers in Movement Disorders. The other authors
do not report any financial disclosure and have no profes-
sional or financial affiliations that might be perceived as
having biased the presentation.



Neural Plasticity

Authors’ Contributions

C. Terranova and V. Rizzo contributed equally to this work.
They shared the authorship of this work.

References

(1]
(2]

(3]

(10]

(11]

(12]

(13]

(14]

(15]

M. Hallett, “The neurophysiology of dystonia,” Archives of
Neurology, vol. 55, no. 5, pp. 601-603, 1998.

A. Quartarone, H. R. Siebner, and J. C. Rothwell, “Task-
specific hand dystonia: can too much plasticity be bad for
you?,” Trends in Neurosciences, vol. 29, no. 4, pp. 192-199,
2006.

Y. H. Sohn and M. Hallett, “Disturbed surround inhibition in
focal hand dystonia,” Annals of Neurology, vol. 56, no. 4,
Pp. 595-599, 2004.

J. W. Mink, “The basal ganglia: focused selection and
inhibition of competing motor programs,” Progress in Neuro-
biology, vol. 50, no. 4, pp. 381-425, 1996.

M. Tinazzi, A. Priori, L. Bertolasi, E. Frasson, F. Mauguiere,
and A. Fiaschi, “Abnormal central integration of a dual
somatosensory input in dystonia: evidence for sensory over-
flow,” Brain, vol. 123, no. 1, pp. 42-50, 2000.

G. Abbruzzese, R. Marchese, A. Buccolieri, B. Gasparetto, and
C. Trompetto, “Abnormalities of sensorimotor integration in
focal dystonia: a transcranial magnetic stimulation study,”
Brain, vol. 124, no. 3, pp. 537-545, 2001.

S. Tamburin, P. Manganotti, C. A. Marzi, A. Fiaschi, and
G. Zanette, “Abnormal somatotopic arrangement of sensori-
motor interactions in dystonic patients,” Brain, vol. 125,
no. 12, pp. 2719-2730, 2002.

L. Bertolasi, S. Romito, M. Tinazzi, N. Rizzuto, and A. Priori,
“Impaired heteronymous somatosensory motor cortical
inhibition in dystonia,” Movement Disorders, vol. 18, no. 11,
pp. 1367-1373, 2003.

E. Frasson, A. Priori, L. Bertolasi, F. Mauguiére, A. Fiaschi, and
M. Tinazzi, “Somatosensory disinhibition in dystonia,” Move-
ment Disorders, vol. 16, no. 4, pp. 674-682, 2001.

K. Stefan, E. Kunesch, L. G. Cohen, R. Benecke, and J. Classen,
“Induction of plasticity in the human motor cortex by paired
associative stimulation,” Brain, vol. 123, no. 3, pp. 572-584,
2000.

A. Quartarone, S. Bagnato, V. Rizzo et al, “Abnormal
associative plasticity of the human motor cortex in writer’s
cramp,” Brain, vol. 126, no. 12, pp. 2586-2596, 2003.

A. Quartarone, V. Rizzo, S. Bagnato et al., “Rapid-rate paired
associative stimulation of the median nerve and motor cortex
can produce long-lasting changes in motor cortical excitability
in humans,” The Journal of Physiology, vol. 575, no. 2, pp. 657-
670, 2006.

M. P. Sheehy and C. D. Marsden, “Writers’ cramp-a focal
dystonia,” Brain, vol. 105, no. 3, pp. 461-480, 1982.

P. M. Rossini, A. T. Barker, A. Berardelli et al., “Non-invasive
electrical and magnetic stimulation of the brain, spinal cord
and roots: basic principles and procedures for routine
clinical application. Report of an IFCN committee,” Electro-
encephalography and Clinical Neurophysiology, vol. 91,
no. 2, pp. 79-92, 1994.

K. Stefan, M. Wycislo, and J. Classen, “Modulation of
associative human motor cortical plasticity by attention,”
Journal of Neurophysiology, vol. 92, no. 1, pp. 6672, 2004.

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

M. Hallett, “Neurophysiology of dystonia: the role of
inhibition,” Neurobiology of Disease, vol. 42, no. 2, pp. 177-
184, 2011.

D. Weise, A. Schramm, M. Beck, K. Reiners, and J. Classen,
“Loss of topographic specificity of LTD-like plasticity is a trait
marker in focal dystonia,” Neurobiology of Disease, vol. 42,
no. 2, pp. 171-176, 2011.

A. Quartarone and A. Pisani, “Abnormal plasticity in dystonia:
disruption of synaptic homeostasis,” Neurobiology of Disease,
vol. 42, no. 2, pp. 162-170, 2011.

A. Quartarone, V. Rizzo, and F. Morgante, “Clinical features of
dystonia: a pathophysiological revisitation,” Current Opinion
in Neurology, vol. 21, no. 4, pp. 484-490, 2008.

A. Quartarone, V. Rizzo, C. Terranova et al, “Sensory
abnormalities in focal hand dystonia and non-invasive brain
stimulation,” Frontiers in Human Neuroscience, vol. 8, 2014.

D. Belvisi, A. Suppa, L. Marsili et al., “Abnormal experimen-
tally- and behaviorally-induced LTP-like plasticity in focal
hand dystonia,” Experimental Neurology, vol. 240, pp. 64-74,
2013.

S. Meunier, H. Russmann, E. Shamim, J. C. Lamy, and
M. Hallett, “Plasticity of cortical inhibition in dystonia is
impaired after motor learning and paired-associative stimula-
tion,” The European Journal of Neuroscience, vol. 35, no. 6,
pp. 975-986, 2012.

P. Schwingenschuh, D. Ruge, M. J. Edwards et al., “Distin-
guishing SWEDDs patients with asymmetric resting tremor
from Parkinson’s disease: a clinical and electrophysiological
study,” Movement Disorders, vol. 25, no. 5, pp. 560-569, 2010.

A. Sadnicka, M. Hamada, K. P. Bhatia, J. C. Rothwell, and
M. J. Edwards, “A reflection on plasticity research in writing
dystonia,” Movement Disorders, vol. 29, no. 8, pp. 980-987,
2014.

E. Antelmi, R. Erro, L. Rocchi et al, “Neurophysiological
correlates of abnormal somatosensory temporal discrimina-
tion in dystonia,” Movement Disorders, vol. 32, no. 1,
pp. 141-148, 2016.

Y. Tamura, M. Matsuhashi, P. Lin et al., “Impaired intracorti-
cal inhibition in the primary somatosensory cortex in focal
hand dystonia,” Movement Disorders, vol. 23, no. 4, pp. 558-
565, 2008.

A. Conte, L. Rocchi, A. Nardella et al., “Theta-burst
stimulation-induced plasticity over primary somatosensory
cortex changes somatosensory temporal discrimination in
healthy humans,” PLoS One, vol. 7, no. 3, article €32979, 2012.

F. M. Molloy, T. D. Carr, K. E. Zeuner, J. M. Dambrosia, and
M. Hallett, “Abnormalities of spatial discrimination in focal
and generalized dystonia,” Brain, vol. 126, no. 10, pp. 2175-
2182, 2003.

F. Morgante, M. Tinazzi, G. Squintani et al., “Abnormal tactile

temporal discrimination in psychogenic dystonia,” Neurology,
vol. 77, no. 12, pp. 1191-1197, 2011.



	Spatial Integration of Somatosensory Inputs during Sensory-Motor Plasticity Phenomena Is Normal in Focal Hand Dystonia
	1. Introduction
	2. Materials and Methods
	2.1. TMS and Recording Protocol
	2.2. Median and Ulnar Nerve Stimulation
	2.3. Recording System
	2.4. 5&thinsp;Hz rPAS
	2.5. Measures of Cortical Excitability
	2.6. SEP Recording Procedure
	2.7. Data Analysis

	3. Results
	4. Discussion
	4.1. PAS Aftereffects
	4.2. Lateral Inhibition during PAS and within Somatosensory System
	4.3. Data Interpretation

	Data Availability
	Consent
	Conflicts of Interest
	Authors’ Contributions

