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Cerebellar transcranial direct current stimulation does
not alter motor surround inhibition

Anna Sadnicka, Panagiotis Kassavetis, Tabish A. Saifee, Isabel Pareés, John C. Rothwell,

and Mark J. Edwards

Sobell Department of Motor Neuroscience and Movement Disorders, Institute of Neurology, University College London,

London, United Kingdom

Motor surround inhibition (mS]I) is one mechanism by which the central nervous system individuates finger move-
ments, and yet the neuroanatomical substrate of this phenomenon is currently unknown. In this study, we ex-
amined the role of the cerebellum in the generation of mSl, using transcranial direct current stimulation of the
cerebellum (cDC). We also examined intrasubject and intersubject variability of mSI. Twelve subjects completed a
three session cross over study in which mSI was measured before and after (0 and 20 minutes) sham, anodal and
cathodal cDC. mSlI of the surround muscle (adductor digiti minimi) at the onset of flexion of the index finger was
consistently observed. Anodal and cathodal cDC did not modulate the magnitude of mSI. For individual subjects
(across the three sessions), the intrasubject coefficient of variation was 27%. Between subjects, the intersubject
coefficient of variation was 47%. mSI was a stable effect in individual subjects across multiple sessions. This
is an important observation and contrasts with other neurophysiological paradigms such as paired associative
stimulation response, which exhibit great variability. In addition, we have quantified intrasubject variability of mSlI,
which will allow future therapeutic studies that attempt to modulate mSI to be adequately powered. We have
not found evidence that the cerebellum contributes to the neuroanatomical network needed for the generation
of mSI. Understanding the mechanisms of mSI remains a challenge but is important for disorders in which it is
deficient such as Parkinson’s disease and focal hand dystonia.

KEYWORDS: finger individuation, transcranial direct current stimulation, transcranial magnetic stimulation, motor control

Introduction

Surround (or lateral) inhibition is a term used to de-
scribe multiple phenomena throughout the nervous sys-
tem in which neural signals to a central receptive field
or target are facilitatory and eccentric signals are in-
hibitory. Within the motor system, it was first explored
conceptually as a mechanism by which basal ganglia cir-
cuits selectively execute desired motor programmes [1].
Later, a potential neurophysiological measure of motor
surround inhibition (mSI) was demonstrated; by stim-
ulating the motor cortex using transcranial magnetic
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stimulation (TMS) at the onset of movement of the in-
dex finger, suppression in the size of responses of non-
synergistic surround muscles was seen [2].

It is not known which neuroanatomical structures
within the central nervous system are important for the
generation of mSI. Some authors favour a neocortical
mechanism following the observation that hemispheric
dominance and task difficulty modulate the magnitude
of mSI [3]. However, electrophysiological studies exam-
ining the dependency of mSI on dorsal and ventral pre-
motor, and motor cortex interactions have failed to sup-
port this notion [4,5].

The cerebellum plays a major role in temporal encod-
ing and coordination of movements, and deficiencies in
hand control and individual finger movements are seen
in patients with cerebellar disease [6]. It also has a net
inhibitory effect on the cerebral cortex via the cerebello-
dentato-thalamo-cortical pathway [6]. These character-
istics make the cerebellum a suitable candidate to func-
tionally contribute to the generation of mSI.
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Previous work examining cerebellar brain inhibition
(CBI), and individual finger movements demonstrated
a non-specific decrease in cerebellar inhibition to active
and surround muscles at the motor cortex at the onset
of movement but no link between mSI and CBI [7].
However, CBI relies on a powerful (and painful) phasic
non-topographically specific magnetic stimulation of
the cerebellum that may not reveal subtle changes in
paradigms such as mSI. In this study, we utilise cere-
bellar transcranial direct current stimulation (cDC),
which has emerged as an important technique by which
to enhance (anodal) or decrease (cathodal) cerebellar
excitability [8]. The cerebellum is stimulated for 15
minutes, and changes in excitability are seen for at
least 30 minutes [8]. This has been confirmed neu-
rophysiologically (measuring CBI) and behaviourally
(measuring rates of adaptation to sensory perturbations,
a cerebellar-dependent learning task); anodal cDC in-
creases CBI and leads to faster rates of adaptation and
cathodal cDC decreases CBI [8,9]. In addition, cDC
can be used to assess the cerebellar contribution to
neurophysiological paradigms; recently, the cerebellum
was shown to be a critical structure for the generation of
motor cortex plasticity responses to paired associative
stimulation (PAS) with an interstimulus interval of
25 ms [10].

Our hypothesis was that stimulatory anodal ¢cDC
would enhance mSI and cathodal cDC would impair
mSI. Investigating techniques that may have the poten-
tial to modulate mSI is important for patients with disor-
ders such as focal hand dystonia and Parkinson’s disease
in which impaired mSIis seen [11,12]. The multiple ses-
sion design of this study gave us additionally the oppor-
tunity to assess intrasubject and intersubject variability
of mSI.

Methods

Subjects

Twelve right-handed healthy subjects (mean age,
25 years; range, 19-35 years; 9 male) with no history
of neurological or psychiatric disease participated in the
study. Handedness was determined by the Edinburgh
Handedness Inventory. Written informed consent was
obtained from all participants, and the study was ap-
proved by the local ethics committee and conducted in
accordance with the Declaration of Helsinki 2008.

Recording

Disposable surface electromyographic (EMG) elec-
trodes were placed on the right first dorsal interosseus

(FDI) and abductor digiti minimi (ADM) muscles,
using a belly-tendon montage. The signal from the
EMG electrodes was amplified (gain 1000), band-pass
filtered (20—2000 Hz) (Digitimer D360 amplifier) and
digitised at a sampling rate of 5 kHz and stored in a
laboratory computer for off-line analysis by CED 1401
hardware and Signal software (Cambridge Electronic
Design Ltd, Cambridge, UK).

Transcranial magnetic stimulation

Monophasic TMS pulses were delivered from a
Magstim 2002 stimulator. A figure-of-eight coil (exter-
nal loop diameter of 9 cm) was held tangentially on
the scalp at an angle of 45° to the midsagittal plane
with the handle pointing laterally and posteriorly. Corti-
cospinal tract excitability was measured as the peak-to-
peak amplitude of the motor-evoked potential (MEP)
generated by single-pulse TMS. TMS was applied to
the motor “hot spot” of the right ADM muscle that
was defined as the point where a magnetic stimulus of
slightly suprathreshold intensity consistently elicited an
MEP in ADM of the highest amplitude. This position
was marked on a tight fitting neoprene cap to ensure
consistent coil position during the experiment.

Cerebellar transcranial direct current
stimulation

The cDC was applied to the cerebellum as previously
described [8]. It was delivered with an intensity of 2 mA,
using a DC stimulator through 25 cm? saline-soaked
surface sponge electrodes (Eldith-Electro-Diagnostic &
Therapeutic Systems GmbH, Germany). One electrode
was centred on the right cerebellar cortex, 3-cm lat-
eral to the inion and the other electrode was positioned
on the right buccinator muscle [8]. Anodal or cathodal
cDC was delivered over the cerebellum for 15 minutes.
In the sham session, anodal cDC was applied for 30 sec-
onds in order that a true sham condition was simulated
(some subjects experience tingling at site of electrodes
when stimulation is initiated). At the onset and offset of
all interventions (anodal, cathodal and sham), current
was changed in a ramp-like manner over 10 seconds.
Subjects were supervised during cDC and listened to a
radio documentary. They were asked to keep all move-
ment, specifically finger movements, to a comfortable
minimum.

Motor task

Subjects were seated in a chair with their right hand rest-
ing in a relaxed position on a desk. They were asked
to briefly depress a small button with the index finger
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after a “go” signal (an auditory tone of 50 ms) with a
self-paced delay. FDI is a synergist rather than a pri-
mary muscle for this movement, and previous studies
have shown that this movement induces activation of
FDI and suppression of the MEPs elicited in the ADM
muscle [2]. Subjects were first asked to press with maxi-
mal force, and amplitude of mean EMG activity in FDI
was noted. Subjects were then trained to perform the
movement to the amplitude of 10% maximal EMG ac-
tivity while visual feedback of the muscle activity was
projected on a screen in front of them. Duration of the
movement was approximately 100 ms. We favoured a
short movement duration to facilitate production of a
clean onset and offset of EMG activity as mSI has been
found to be active only during the initiation of the move-
ment and not later during tonic muscle contraction [2].
Subjects were also asked to keep the surround muscle
ADM relaxed while they were performing the move-
ment. Training was continued until subjects achieved
consistent performance of the desired movement, and
raw EMG signal in ADM muscle was not in excess of
100 uV.

Experimental design

Each subject took part in a cross over study, which con-
sisted of each of the three types of stimulation (sham,
cathodal or anodal) in a randomised order. Each ses-
sion was separated by a week. Resting motor threshold
(RMT) was measured and was defined as the lowest in-
tensity [expressed as a percentage of maximum stimulus
intensity (MSQO)] that evoked a response of about 50 uV
in the relaxed ADM in at least 5 of 10 trials [13]. The
intensity of the stimulation was then set to evoke ADM
MEPs with average peak-to-peak amplitude of approxi-
mately 1 mV at rest for the remainder of the experiment.

For the assessment of mSI, five states of self-triggered
TMS were applied in a random order at variable inter-
vals between EMG onset and TMS trigger (0, 50, 100,
200 ms and 5 seconds). This allowed us to assess the
magnitude of mSI at time 0 ms and also assess if cDC in-
duced changes in the timing profile of inhibition/mSI at
later time intervals. The TMS pulse was triggered when
EMG signal of right FDI rose above 100 uV. Twenty
trials of 5 seconds (rest) and 15 trials of the other four
intervals (0, 50, 100 and 200 ms) were collected. Five
seconds after the onset of movement is considered to be
sufficient for measurements at rest as no post-activation
inhibitory or facilitatory effect are known to be active at
this time [2].

Data analysis and statistics

For each subject, peak-to-peak MEP amplitude for each
trial was measured off-line, and the mean MEP ampli-
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tude at rest and at each time interval was calculated. For
each interval, mean MEP amplitude was then divided by
mean rest MEP amplitude for the respective muscle (la-
belled in graphs as percentage of resting MEP). If the
ratio is less than 1, there is evidence for mSI. When it is
greater than or equal to 1, there is no mSI.

Unless otherwise stated, all results are expressed as
mean =+ standard error of the mean (SEM). We used
SPSS software (version 19) for statistical analysis (SPSS
Ltd., IBM, Armonk, NY, USA). Kolmogorov—Smirnov
test was used to explore the normality of the data dis-
tribution, and Levene’s test was used to explore the ho-
mogeneity of variance. LLogl0 transformation was per-
formed when data were not normally distributed.

Repeated measures analysis of variance (rmANOVA)
was used to confirm the presence of mSIin ADM and to
assess the effects of cDC on the magnitude of mSI before
and after stimulation. Bonferroni’s correction for multi-
ple comparisons was used for post hoc t tests. To quan-
tify intrasubject and intersubject variability, the coeffi-
cient of variation (COV) was expressed as a percentage.
The COV is the ratio of the standard deviation to the
mean.

Results

All subjects completed the three sessions without any
adverse events, and each experimental session lasted
2 hours.

Baseline measures

The mean stimulus intensity for RMT of ADM across
the three sessions for all subjects was 41% of MSO
(£2.3%). The stimulus intensity required for a 1-mV
MEP in ADM ranged from 38% to 80% of MSO across
subjects with a mean value of 57% (£3.4%). The mean
stimulus intensity required for a 1-mV MEP in ADM
was 137% of the RMT.

mSI present in ADM

Figure 1 demonstrates the profile of MEP sizes in the
FDI and ADM muscles for each of the intervals tested.
MEDPs are expressed as percentage of resting MEP, and
the group mean is derived from the individual mean of
the three baseline measurements of mSI taken at each
session. Logl0 transformation was performed and the
data satisfied the assumptions for parametric tests after
the transformation. One-way rmANOVA revealed a sig-
nificant effect of INTERVAL (0, 50, 100 and 200 ms)
in the ADM muscle F(3,7) = 22.84, p < 0.001 and FDI
muscle F(3,7) = 15.84, p < 0.001 (Figure 1).

In ADM post hoc paired sample ¢ tests of raw MEP
data at rest (5 seconds) and during movement (0, 50,
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Figure 1. Profile of mSI. This figure demonstrates the group mean of the individual means across the three baseline sessions. In the

upper panel, the normalised data are shown for both muscles. Raw MEP data are given for individual muscles below. The surround muscle
ADM is significantly inhibited at time interval 0 ms. Note the reduction of variability in the ADM muscle MEPs (as indicated by the error
bars demonstrating the standard error). The active muscle FDI is facilitated at the onset of movement and the later time intervals tested

(*p < 0.01; ***p < 0.001).

100 and 200 ms) revealed that mSI was present at time
interval 0 ms, thus MEPs in ADM were significantly in-
hibited at time interval 0 ms z(11) = 4.93, p < 0.001.
There was no significant inhibition of ADM at the other
time intervals, and it can be seen from Figure 1 that the
MEP size gradually increases. Only one subject had a
mean ADM MEP amplitude at the onset of the move-
ment (interval O ms), which was not less than the resting
MEP (mean mSI = 1.12 + 0.04 across three baseline
sessions). The MEP was still suppressed in this subject
(as there is an increase in spinal excitability at 0 ms [2]),
but it is not by definition inhibited.

In FDI, there was significant enhancement of MEP
amplitudes at all of the time intervals (0, 50, 100 and

200 ms) compared with rest (0 ms z(11) = —8.77,
p < 0.001; 50 ms #z(11) = —5.46, p < 0.001; 100 ms
t(11) = —4.27, p = 0.001; 200 ms #(11) = —3.45,
p=0.005).

Effect of cDC on mSlI

To explore the effect of cDC on mSI, we looked at the
magnitude of mSI at 0 ms in the muscle ADM at each of
the time points measured (baseline, T0, T20) (Figure
2A). rmANOVA with factors TIME (baseline, TO,
T20) and ¢cDC (sham, anodal, cathodal) revealed no
significant effect of TIME [F(2,10) = 1.09, p = 0.35],
cDC [F(2,10) = 1.03, p = 0.38] or their interaction
[F(4,8) = 1.05, p = 0.39]. There was also no significant
effect of cDC on MEP profile at any of the other inter-
vals tested (50, 100 or 200 ms) (Figure 2B-D). On the
basis of these results, we conclude that the cerebellum
does not seem to have a role in the generation of mSI.

Intrasubject and intersubject variability of mSI

To quantify variability of mSI, we examined mSI seen
in ADM at the onset of index finger movement (interval

International Journal of Neuroscience
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Figure 2.  Effect of sham, anodal and cathodal cDC on the magnitude of mSI in ADM. There was

no significant modulation of the magnitude of mSI by cDC.

0 ms) (Table 1). Intrasubject variation of mSI (range of
mSI responses exhibited by a single subject) as assessed
by COV had a mean value of 27% (range, 14%—-48%).
Intersubject variability (different subjects) had a mean
value of 44% (range, 40%—46%).

Discussion

Motor surround inhibition was clearly demonstrated
across subjects; at 0 ms, there was consistent and sta-
tistically significant inhibition of MEPs in ADM. The
study design allowed three measures of mSI on different
sessions in the same subjects, and mSI was confirmed to
be stable within subjects. Given the intrinsic variability
of MEPs, this marks out the measurement of mSI a
robust and reproducible TMS paradigm. This is in con-
trast to some other commonly used electrophysiological
paradigms. For example, a common measure of motor
cortex plasticity is PAS in which repetitive pairing
of median nerve stimulation and TMS pulses to the
motor cortex lead to facilitation of MEPs in APB [14].
However, if individual PAS responses are displayed, it is
seen that some subjects have facilitatory responses while
others have inhibitory responses to PAS. Furthermore,
if PAS is tested in the same subjects at another session,
the direction of the MEP response may change, subjects
can switch between facilitators and inhibitors and vice
versa [15]. This is not seen with mSI when tested

© 2013 Informa Healthcare USA, Inc.

across the three sessions and quantified by the COV
(Table 1). This reemphasises the importance of the
deficiency of mSI seen in diseases of motor control
such as focal hand dystonia and Parkinson’s disease
[16]. Attempting to modulate the strength of mSI, as in
this study, remains an important potentially therapeutic
goal in neurophysiological studies of mSI.

The mSI is defined as the functional inhibition of
surround muscles seen during the movement initiation
phase (and just before and during the first phase of
EMG onset) [16]. The mechanisms of how and where
it is generated are less well characterised. At the spinal
level, there is a non-spatially selective facilitation at
these time points (shown by F-wave and H-reflex stud-
ies), and thus mSI is thought to reflect a supraspinal
control mechanism [2]. We find no evidence that mod-
ulating the excitability of the cerebellum in isolation can
change the magnitude of mSI. This adds to previous
work examining CBI, which did not find a functional
link between mSI and CBI [7]. In addition, no associ-
ation between activity in premotor cortex (both ventral
and dorsal) and mSI has been demonstrated [4,5]. It
may be that mSI is a fundamental inhibitory mechanism
within the nervous system, and subtle alteration of the
activity of one of the nodes within the mSI network does
not allow a meaningful change in mSI to be observed.
Alternatively, the genesis of mSI may reside within
other areas such as the basal ganglia nuclei. It should
be possible in the future to explore this hypothesis by
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measuring mSI in patients with Parkinson’s disease or
dystonia before and after deep brain stimulation.

At the synaptic level a gamma amino butyric acid
(GABA)ergic mechanism for mSI has been proposed
largely based on animal work [16]. In humans, proving
the link between GABAergic circuits and mSI is less cer-
tain. No functional link has been shown between mSI
and short-interval intracortical inhibition and cortical
silent period, which are indirect markers for GABAx
and GABAg receptor function, respectively [2,17].
Other inhibitory projections to M1 are reduced at the
onset of movement and do not consistently demon-
strate the action specific modulation of muscle excitabil-
ity unique to mSI (long-interval intracortical inhibition,
short-latency afferent inhibition, long-latency afferent
inhibition, interhemispheric inhibition, CBI) [2,7,16].

There is increasing evidence that mSI is an adaptive
phenomena. It has previously been shown that mSI
is more pronounced in the dominant hemisphere, is
stronger with low force levels and starts earlier with
increasing task difficulty [3,18]. More recently, it
has been demonstrated that the magnitude of mSI is
increased by carefully timed vibration training [19].
Conversely, 30 minutes of finger exercises with syn-
chronised movements of the index and little finger in
contrast to little finger movements alone reduces the
magnitude of mSI, perhaps blurring individuation of
digits as measured by mSI or implicating a role for
fatigue on mSI modulation [20].

The failure of cDC to modulate mSI was surprising.
We believe cDC to be an excellent tool to explore the
functional network that contributes to mSI; indeed, in
the visual cortex, anodal cDC has recently been found to
change surround suppression, a comparable paradigm
to mSI in the visual system [21]. It is an interesting ques-
tion whether the degree of adaptation of mSI may be
increased or decreased by stimulation techniques; one
might expect cDC to modify the adaptation seen with
vibration training.

Further characterisation of mSI remains a challeng-
ing field. It is worth restating that the first study of mSI
found comparable amounts of inhibition in ADM when
the paradigm is triggered by mouth or leg movement
(risorius: 77%; tibialis anterior: 68%) [2]. This finding
has never been replicated but suggests a less spatially
specific mechanism for mSI than is currently discussed,
particularly when mSI is mentioned in the context of
models of focal hand dystonia. In addition, the current
literature freely moves between using the term surround
inhibition as a cellular mechanism in the senses, neuro-
physiological mechanism in motor (mSI) and sensory
systems (somatosensory-evoked potentials [22]), as a
mechanism for selecting motor programmes [23] and
as an explanation for psychophysical phenomena [24].
To move away from a purely descriptive term that rep-
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resents the capability of organisms to attach saliency to
inputs or produce specific commands, we must examine
the similarities and differences between surround inhi-
bition at each hierarchical level and modality to under-
stand its mechanisms further.

A limitation of our study is that subtle differences in
experimental conditions across the three sessions may
have lead to incorrect acceptance of the null hypothe-
sis that the cerebellum does not functionally contribute
in the generation of mSI (both subject dependent, e.g.
level of attention to task and experimental, e.g. differ-
ences in placement position of TMS coil). We consid-
ered increasing the number of subjects but as no trend
was seen in our 12 subjects we consider the acceptance
of the null hypothesis to be correct.

Conclusions

We find mSI to be a robust electrophysiological phe-
nomenon with minimal intrasubject variability over the
three sessions in this study. Quantification of intrasub-
ject variability in this study will allow future therapeutic
studies that attempt to modulate mSI to be adequately
powered. We do not find evidence to suggest that the
cerebellum contributes to the neuroanatomical network
necessary for the generation of mSI. We have reviewed
the current literature on mSI and identify important fu-
ture challenges in the field that need further investiga-
tion so that the physiology of mSI and its deficit in cer-
tain diseases is more clearly understood.
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