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ABSTRACT

Chronic refractory central post-stroke pain
(CPSP), one of the most disabling consequences
of cerebral stroke, occurs in up to 10% of
patients with CPSP. Because a considerable pro-
portion of these patients with chronic pain
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remain resistant to pharmacological and
behavioral therapies, adjunctive invasive and
non-invasive brain stimulation therapies are
needed. We performed a review of human
studies applying burst and conventional motor
cortex stimulation (burstMCS and cMCS,
respectively) for chronic pain states, on the basis
of data sources identified through searches of
PubMed, MEDLINE/OVID, and SCOPUS, as well
as manual searches of the bibliographies of
known primary and review articles. Our aim was
to review and discuss clinical data on the indi-
cations of burstMCS for various chronic pain
states originating from central stroke (excluding
trigeminal facial pain). In addition, we assessed
the efficacy and safety of burst versus cMCS for
central post-stroke pain with an extended fol-
low-up of 5 years in a 60-year-old man. Accord-
ing to our review, uncontrolled observational
human cohort studies and one RCT using cMCS
waveforms have revealed a meaningful clinical
response; however, these studies lacked placebo
groups and extended observation periods. In our
case report, we found that 3 months of adjunc-
tive ¢cMCS reduced pain levels [visual analog
scale (VAS) pre: 9/10 versus VAS post 7/10],
whereas the pain decreased further under
burstMCS (VAS pre: 7/10 versus VAS post: 2/10);
the study involved a follow-up of 5 years and the
following parameters: burst rate 40 Hz (500 Hz),
1-1.75 mA, 1 ms, bipolar configuration. To date,
only limited evidence exists for the efficacy and
safety of burst motor cortex stimulation for the
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treatment of refractory chronic pain. BurstMCS
resulted in significantly decreased post-stroke
pain observed after 5 years of cMCS. The avail-
able literature suggests similar efficacy as that of
conventional (tonic) motor cortex stimulation,
although the results are preliminary. Mechanis-
tically, the precise mechanism of action is not
tully understood. However, burstMCS may
interact with the nociceptive thalamic-cingulate
and descending spinal pain networks. To deter-
mine the potential utility of this treatment,
large-scale sham-controlled trials comparing
cMCS and burstMCS are highly recommended.

Keywords: Burst waveforms; Central post-
stroke pain; Chronic pain; Motor cortex
stimulation

Key Summary Points

Conventional motor cortex stimulation
yielded meaningful pain suppression in
refractory trigeminal facial pain and post-
stroke pain.

Preliminary clinical data indicate burst
motor cortex stimulation to be safe and
efficient.

Novel waveforms such as burst motor
cortex stimulation deserve enhanced
attention.

Comparative sham-controlled trials using
conventional and burst stimulation are
warranted.

Electrical (transcranial magnetic
stimulation) and pharmacological drugs
(e.g. morphine, ketamine) may help to
predict motor cortex stimulation
outcome.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features

for this article go to https://doi.org/10.6084/
m9.figshare.13235165.

INTRODUCTION

Pharmacological and behavioral interventions
are the first-line treatments for chronic central
pain (CPP), particularly for the post-stroke pain
occurring in up to 10% of patients with cerebral
stroke [1]. A substantial portion of patients with
CPPs develop refractory pain with unfavorable
responses to established conservative therapy.
Brain stimulation, both non-invasive [transcra-
nial magnetic stimulation (TMS), transcranial
direct current stimulation, transcranial alter-
nating stimulation, transcutaneous vagus nerve
stimulation], minimally invasive [motor cortex
stimulation (MCS)], and invasive [deep brain
stimulation (DBS)], has been reported to yield
response rates ranging from 25 to 45%. Epidural
MCS appears to be superior to DBS of the tha-
lamus or brainstem, and it is used more fre-
quently because of its easier and less invasive
application and its wider range of indications
[2-5]. A recent MCS study applying a conven-
tional MCS (cMCS) pattern in a series of 16
patients with a mean follow-up of 28 months
reported pain relief regardless of the type of
stroke/location [6]. cMCS waveforms have been
widely used for a broad variety of chronic pain
conditions including post-stroke pain, facial
pain, trigeminal neuralgia, and neuropathic
pain of the limbs (different origin), and for
some movement disorders, mainly tremor and
Parkinson’s disease [1, 7-18]. Preliminary clini-
cal data indicate that epidural MCS and TMS are
superior to DBS of the thalamus or brainstem,
although randomized controlled comparative
human studies have not been reported
[5, 14, 19-29]. In general, adjunctive cMCS has
been found to evoke substantial clinical pain
suppression associated with a lower risk profile
than more invasive neuromodulation approa-
ches through DBS. Regardless of the applied
minimally invasive and invasive brain stimula-
tion therapies (MCS and DBS), non-invasive
brain stimulation techniques (TMS, transcranial
direct current stimulation, transcranial alter-
nating stimulation, or vagus nerve stimulation)

A\ Adis


https://doi.org/10.6084/m9.figshare.13235165
https://doi.org/10.6084/m9.figshare.13235165

Pain Ther (2021) 10:101-114

103

should be considered and explored before
invasive brain stimulation [6, 17].

First, clinical uncontrolled case series data
have suggested that the application of burst
waveforms for MCS along with a tonic MCS
pattern is reasonably safe [19]. Currently avail-
able neurostimulation devices would facilitate
this approach and notably enable assessment of
the efficacy of different MCS paradigms in
sham-controlled studies, as previously reported
for burst SCS targeting drug-resistant chronic
pain and movement disorders [30-32] (see
Table 1).

BurstDR™, a relatively novel stimulation
waveform, has been approved and is mainly
used for spinal cord stimulation treatment of
various pain conditions [30-32]. Here, we pre-
sent our long-term comparative findings in a
single patient with CPP treated with an MCS
approach, assessing the effects of cMCS versus
burstMCS waveforms on the neuropathic pain
levels observed over a S-year period. Further-
more, we provide a comprehensive overview of
the state of the art and existing evidence of the
therapeutic effects of MCS (cMCS and/or
burstMCS) as an adjunctive treatment for CPP
(excluding trigeminal facial pain). In addition,
we describe the relevant literature providing
insights into the mechanism of action of MCS
on pain neural transmission. Our aim in this
review is to highlight the capabilities of cur-
rently available MCS modalities that can deliver
different waveforms relevant for chronic pain
control.

METHODS

We performed a narrative review with searches
of PubMed, MEDLINE/OVID, and SCOPUS, as
well as manual searches of the bibliographies of
known primary and review articles, from the
years 1990-2020. Other data comprised manual
searches of publications, including concepts of
burst stimulation waveforms targeting the sen-
sorimotor cortex, with an emphasis on clinical
studies, on the basis of the following search
terms: motor cortex stimulation, burst wave-
form, tonic stimulation, chronic central pain,
neuropathic pain, post-stroke pain, prediction,

non-invasive brain stimulation, and random-
ized controlled trials. Clinical studies focused
on results for various parameters including
visual analog scale (VAS) scores as well as indi-
vidual functional outcomes. Trigeminal facial
pain was excluded as a potential indication for
MCS. This narrative review is accompanied by a
single-case report of burstMCS applied over a
long-term period of 5years in a patient with
post-stroke pain. Owing to the limited scope of
studies with meta-analysis, and to the clinical
heterogeneity and methodological diversity
across studies, we believed that a large-scale
meta-analysis would have limited scope and
value. The patient consented to publication of
his data. The case report was written in accor-
dance with Committee on Publication Ethics
(COPE) guidelines, and it complies with the
CARE statement.

RESULTS

Patient History and Neurological State

A 60-year-old man had chronic refractory neu-
ropathic CPP due to a right-side posterior tha-
lamic stroke of cardio-embolic origin (stroke
onset at the age of 55 years). Over 2 years, the
patient developed progressive, persistent, and
painful hemi-dysesthesia along with allodynia
of the upper limbs. Before MCS implantation,
routinely performed MRI scans (5 years post-
stroke) showed an irregularly shaped T2-hyper-
intense embolic lesion at the dorsal thalamic
area (sensory nuclei, pulvinar). Additionally,
diffusion tensor imaging MR data confirmed
diffusion restriction and damage to the white
matter structures due to the ischemic lesion in
this area (Fig. 1a—d). Neurological examination
indicated no functional impairment beyond
mild ataxia. Neuropathic pain affected the left-
side upper and lower extremities, and mani-
fested as sharp, burning paresthesia and more
pronounced allodynia in the upper limb. Mul-
timodal pain therapy administered at the uni-
versity  pain  center  (neurology and
anesthesiology), including pharmacological/
behavioral and non-invasive brain stimulation
(TMS) approaches, achieved limited response.
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Fig. 1 a-d Axial T2-weighted MRI image on admission
demonstrated an ischemic lesion in the dorsal part of the
thalamus, located between the sensory thalamic nuclei and
the pulvinar of the thalamus. b Axial T1-weighted with Gd
contrast-enhanced MRI sequence showing the ischemic
lesion in the dorsal part of the thalamus. ¢ Axial FLAIR
(fluid-attenuated inversion recovery) MRI image on
admission demonstrated an ischemic lesion in the dorsal

part of the right-side thalamus. d Axial diffusion tensor

Baseline pain medication included pregabalin
100 mg/day and tilidate 100 mg/day. Because
the thalamic lesion was located in the sensory
nuclei of the thalamus, DBS of the thalamic
nuclei was not considered; hence, the patient
was referred for epidural brain stimulation by
MCS. Invasive MCS was applied on the basis of
interdisciplinary pain board approval for use of

imaging (D'TI) MR data, evaluated as a color-coded water
diffusion directionality map, demonstrate destruction of
white matter fiber tracts in the right-side dorsal part of the
thalamus, as indicated by the ellipse. (Color code: blue,
feet-to-head direction; green, anterior-to-posterior direc-
tion; and red, left-to-right direction)

cMCS and burstMCS paradigms. Ethical review
board approval was not applicable, because
MCS was considered the last treatment option.
The patient was not notified about the time of
stimulation mode change, because he had pro-
vided written informed consent before the
implantation.
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Operative Procedure

Under general anesthesia (without relaxation), a
16-contact paddle lead (5-column array
46 mm x 11 mm x 2 mm; PENTA, Abbott Inc.,
Plano, TX, USA) was implanted in the patient.
The burst stimulation device/pattern was
applied and marked for spinal cord stimulation.
Target accuracy was determined in a frame-
based manner (Leksell frame; Elekta AB, Swe-
den) that accurately revealed the appropriate
entry and target zones with MR/CT-fusion (T1
contrast-enhanced, T2, FLAIR), and the proce-
dure was performed under guidance by electro-
physiological mapping (motor-evoked potential
MEP; somato-sensory evoked potential SSEP
phase reversal). Subsequently, the paddle lead
was connected via an extension wire (Abbott
Inc. Plano, TX, USA) to a subcutaneous sub-
clavicularly implanted, rechargeable IPG (Prod-
igy IPG; Abbott Inc., Plano, TX, USA) able to
perform cMCS and burstMCS patterns. On the
basis of the patient’s relatively greater upper
limb-associated pain, and the hemibody neu-
ropathic pain, we decided where on the motor
homunculus to center a perpendicularly placed
electrode, given that the upper and lower
extremities were unlikely to be covered by a
single paddle-like electrode. Postoperative
sequential CT scans indicated that the perpen-
dicularly placed electrode was slightly anterior
to the central strip.

Postoperative Stimulation Protocol
and MCS Responsiveness

Phase 1 (cMCS) was administered for the first
3months with the following stimulation
parameters: 1-2.75 mA intensity (stimulation
intensity starting at 20% of the motor threshold
and subsequently increased to 80% of the motor
threshold), 4—, 6+, 8+, 10—, bipolar configu-
ration, 90-180 ps, and 40-50 Hz. The activated
contacts were chosen according to the
anatomical locations to ensure sufficient stim-
ulation of the arm motor strip. After 3 months
of cMCS, the stimulation mode was switched to
phase 2 (burstMCS) in a single-blinded fashion
with the following parameters: burst rate 40 Hz,

[
o

=& Arm Pain VAS

== Leg Pain VAS

O B N W A U O N B W

Baseline 3 mcMCS 60 m bMCS

Fig. 2 Pain intensity measured on a visual analog scale
(VAS) at baseline, after 3 months of cMCS mode, and
after switch to bMCS pattern for a further 5 years

intra-burst 500 Hz, 1-1.75 mA intensity (stimu-
lation parameters were adjusted once per
month), pulse width 1ms, and unchanged
polarities (fixed active contact).

Adjunctive cMCS ameliorated the patient’s
pain levels, as quantified by the VAS after
3 months [arm pain: baseline VAS 9/10 versus
7/10 (22% reduction); leg pain: VAS 9/10 to VAS
8/10 (11% reduction)]. After switching to
burstMCS for an additional 60 months, we
observed an increase in pain suppression (arm
pain: baseline VAS 7/10 versus 2/10; leg pain:
VAS 8/10 to VAS 1/10) along with discontinua-
tion of the pre-implantation pain medication
(Fig. 2). No implantation- and/or stimulation-
associated adverse events occurred. While the
stimulation intensities increased under both
MCS patterns, no MCS-evoked seizures were
observed.

DISCUSSION

1. Summary of Our Long-Term Observa-
tions and Comparison with Published
Human Studies Addressed to Different
MCS Waveforms for Post-Stroke Pain

We first determined the long-term effects of
burstMCS for refractory CPP adjunctive to cMCS
and pharmacological therapy. Meaningful pain
suppression was achieved after combined
cMCS/burstMCS without stimulation-related
side effects (e.g., seizure).
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Our findings confirmed those of a small-scale
MCS study reporting similar results despite a
shorter observation period [8]. In addition,
adjunctive pain medication (pregabalin) was
removed after 7 months; this medication is
usually prescribed as adjunctive pharmacologi-
cal seizure treatment. The results during the
observation period (60 months) should be
interpreted with caution, because the effects of
MCS are well known to deteriorate over longer
time frames. In general, the lack of a sham
treatment period (MCS “off”) limits our find-
ings, because our patient was not blinded to the
activation of the device. Furthermore, a trial
period was not performed, because MCS
responsiveness in general appears to occur over
relatively long time periods of weeks rather than
days. To date, no evidence exists either in favor
of or against the true value of MCS trials, par-
ticularly in view of the long-term responsive-
ness to MCS. The lead location may explain the
clinical observations and support an enhanced
response in the upper limb.

The concept of applying electrical stimula-
tion targeting the motor cortex dates to the
early 1970s, and was an incidental consequence
of observations made by Penfield and colleagues
in epilepsy surgery resecting the postcentral
gyrus. In later years, extension of the resection
area toward the precentral strip was found to
promote sufficient pain suppression [4].
Although c¢cMCS has been applied in a broad
variety of chronic pain disorders, trigeminal
facial pain and post-stroke pain exhibit the
highest degree of responsiveness and are classi-
fied as the two major indications for cMCS
[14, 15].

Since the pioneering work of Yamamoto and
colleagues, several uncontrolled cohort studies
have confirmed that cMCS is safe and efficient
for the treatment of post-stroke pain and
trigeminal facial pain. Notably, among hard-
ware-related failures or dysfunction, seizure,
implant infection, and rarely post-implant
hematomas have been observed after MCS sur-
gery. Despite several recommendations, MCS
therapy has been performed with heteroge-
neous implantation techniques, because some
physicians prefer to perform MCS surgery
according to intraoperative neurophysiologic

recordings, whereas others use neuroimaging
(functional sequences). In addition, some sur-
geons approach the central cortex area via a
burrhole rather than performing more invasive
craniotomy, and assess trial test stimulations
before permanent MCS implantation; however,
consensus is lacking regarding the usefulness
and predictive value of a trial period for MCS
treatment [6, 7, 9-11, 13, 16-29]. Velasco et al.
performed the only existing randomized sham-
controlled study in a heterogeneous, small
cohort of patients with chronic neuropathic
pain, with an observation period of 12 months
[13]. Most enrolled patients with pain had
postherpetic neuralgia, and one patient had
post-stroke pain (thalamic infarct). However,
after 1year, the participants with post-stroke
pain perceived a significant reduction in pain
(69%) with respect to allodynia and hyperalge-
sia, whereas pre-MCS hypesthesia remained
unchanged, with the following MCS parame-
ters: 40 Hz, 90 psec, and 2.0-6.5V [13].

In general, in view of the invasiveness of
cMCS, efforts have been made to provide
potential predictive measures for cMCS
responsiveness [5, 29]. Yamamoto and co-
workers have determined the predictive poten-
tial of pre-implantation pharmacological drugs
such as morphine, thiamylal, and ketamine,
and have demonstrated that patients with
neuropathic pain who are sensitive to thiamylal
and ketamine, and insensitive to morphine,
display pronounced long-lasting cMCS respon-
siveness, thus indicating the potential utility of
analgesic drugs in predicting cMCS outcome.
However, these remarkable findings have not
been further re-examined on a systemic evi-
dence-based level [29].

TMS is a non-invasive first-line neuromodu-
lation treatment in different drug-resistant
chronic pain disorders; its response rate
depends on parameters such as TMS frequency
and the location of the lesion. In contrast to
MCS treatment, previously performed TMS did
not elicit a response in our patient; however,
the available published literature indicates
controversial findings regarding the predictive
value of TMS before MCS implantation [1, 3].
MCS parameters for central post-stroke pain
(CPSP) have usually been kept at frequencies
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between 1 and 20 Hz, and resulted in a broad
response rate of 30-50% in CPSP [1, 6].

According to several human studies, non-
invasive TMS targeting the motor cortex has
used different frequencies (1 Hz-20 Hz), and
better outcomes have been reported for 20 Hz-
driven TMS. Notably, in some cases, 1 Hz TMS
has been reported to increase pain intension/
perception, whereas treatment with 20 Hz TMS
elicits a sufficient response; more interestingly,
cMCS implantation later in the course of pain
treatment has achieved sustained cMCS out-
comes [3, 5].

2. Mechanistic Insights into the Effects of
Tonic and BurstMCS on Brain Pain Cir-
cuits Originating from Central Stroke

Along with observational cohort studies sup-
porting the use of cMCS for chronic pain—in
which trigeminal facial pain and post-stroke
pain are classified as the most suitable disor-
ders—neuroimaging studies (PET) and electro-
physiological measures have shown that several
brain areas are relevant to the mechanism of
action of cMCS, including the thalamus, cin-
gulate cortex, brainstem, orbitofrontal cortex,
and, via descending pain-inhibiting pathways,
the corticospinal tract [4].

Electrophysiological studies have shown that
irregular burst discharges are often encountered
in the posterolateral thalamus in patients with
central thalamic pain after stroke. The more
often irregular burst discharges are encoun-
tered, the greater the decrease in sensory
response in the posterolateral thalamus.
Decreased activity with abnormal burst dis-
charge in the posterolateral sensory thalamus
has been suggested to be associated with chan-
ges in cortical activity adjacent to the central
sulcus, which might contribute to the genera-
tion of central thalamic pain [4]. The ischemic
lesion in our case report occurred between the
ventral posterolateral nucleus and the pulvinar
of the thalamus. In addition, because of thala-
mic stroke affecting the sensory nuclei—pulvinar
zone of the thalamus, MCS appears likely to
modulate parts of the medial thalamic pain
pathway, which was not affected after stroke in
our case. In addition, the cingulate cortex,

brainstem, and corticospinal tracts have been
suspected to play a key role in neural pain
transmission and processing [8].

Although the precise mechanism of action of
MCS remains to be established, experimental
studies have provided valuable insights.
Through behavioral tasks, immunohistochem-
istry (c-fos and serotonin expression), micro-
PET, and electrophysiological recording, MCS
has been found to alter c-fos/serotonin expres-
sion and activity in the thalamus, the peri-
aqueductal grey, and the cerebellum. In
addition, neuronal activity in the thalamic
nuclei, which are responsible for sensory pro-
cessing (nucleus ventralis posterolateralis), was
induced by mechanical stimulation but was
reversed by MCS treatment. These interesting
experimental findings may partly explain the
effects of MCS observed in humans, involving
ascending and descending central circuits rele-
vant to neural pain transmission [33]. MCS
using a burst stimulation pattern may interact
with thalamo-cingulate plasticity, particularly
with the intra-laminar nuclei of the thalamus, a
key relay structure associated with pain atten-
tion [4, 34]. A burst-firing pattern of the thala-
mus (burst hyperactivity) may evoke short- and/
or long-term plasticity in connected circuits
such as the nociceptive thalamic-anterior cin-
gulate pathway. The medial thalamic complex,
for instance, is believed to potentiate anterior
cingulate cortex neuronal activity through its
burst-firing pattern. Such neuronal transmis-
sion enables temporal response and processing
of peripheral persisting noxious stimuli (e.g.,
pain). The transition from acute to chronic pain
may be a result of the dysrhythmicity of the
thalamic-cingulate network responsible for pain
attention and pain-induced fear/anxiety
behavior [34, 35]. Of note, previously applied
cMCS may have evoked a priming effect for
further pain reduction, as observed under sec-
ondarily applied burstMCS in our report.
Therefore, both MCS patterns (conventional
and burst) may interact and induce changes in
the neural transmission from the thalamus to
the anterior cingulate cortex and back [4].
Beyond its effects on the sensory brain and
spinal cord pathways, MCS has been suggested
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to modulate pain attention by affecting orbito-
frontal areas [36].

3. Pros and Cons of Minimally Invasive and
Invasive Central Neurostimulation Ther-
apies for Chronic Pain through MCS And
DBS

Although consensus is lacking regarding stan-
dardized implantation techniques, stimulation
parameters and outcome assessment, minimally
invasive MCS and invasive DBS have been
widely used to treat chronic pain conditions of
different origins, leading to limited evidence,
acceptance, comparability, recommendation,
and interpretation of positive and negative
outcomes of MCS and DBS. Various DBS targets
have been explored, such as the thalamic sen-
sory nuclei (ventralis posterolateralis), thalamic
affective nuclei (centrum medianum parafasci-
cularis), anterior cingulate cortex, periaque-
ductal grey, and most recently the posterior
limb of the internal capsule [37-39]. Prelimi-
nary data from a study assessing thalamic DBS
and MCS in neuropathic patients found similar
effectiveness for brain stimulation modalities in
a small cohort [39]. However, the results have
led to several concerns and promoted an
ongoing debate regarding simultaneous com-
bined MCS-DBS approaches instead of per-
forming less invasive MCS before DBS [40, 41].

4. Proposal for Future Targeted MCS Clini-
cal Trial Protocol

In the past, the main criticism in neurostimu-
lation trials has been the lack of control groups
(sham stimulation) to exclude and/or charac-
terize the placebo effect, which is known to
promote pain suppression in a substantial por-
tion of treated people [42, 43]. Although, for
various reasons, some difficulties have arisen
with the inclusion of sham-surgery/-stimula-
tion, currently available MCS systems allow for
easily performed sham stimulation and should
be considered in further MCS trials comparing
different waveforms (e.g., tonic versus burst).
Hence, future targeted MCS clinical research
should seek to classify and include potentially
valuable predictive methodologies, such as
TMS, to further investigate the effects of

analgesic drugs, and to explore placebo control
groups. All the described strategies would con-
tribute to and extend current knowledge of
relevant MCS induced changes in chronic pain
pathways [3, 5, 29, 42, 43].

CONCLUSIONS

cMCS has been found to effectively decrease
neuropathic chronic pain associated with cen-
tral stroke in many uncontrolled observational
studies, with fewer complications than more
invasive DBS procedures for various targets.
Preliminary data derived from small-scale stud-
ies support the extension of MCS treatment to
novel waveforms, particularly BurstDR MCS.
The principal limitation of this study is that we
report observations in a single patient, and
therefore the results are difficult to generalize.
BurstMCS appears to have a potentially clini-
cally meaningful effect. This comparative case
report did not provide clear evidence against or
in favor of each applied MCS mode, but was
intended to serve as a basis for future targeted
clinical trials to determine the potential utility
of this method. We recommend re-visiting this
open question in large-scale sham-controlled
comparative MCS trials (burst versus tonic ver-
sus sham) and to quantify the possible effects
on deeper brain circuits using functional/struc-
tural neuroimaging and electrophysiological
strategies.
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