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Effects of subthalamic nucleus stimulation

on motor cortex plasticity in Parkinson
disease

ABSTRACT

Objective: We hypothesized that subthalamic nucleus (STN) deep brain stimulation (DBS) will
improve long-term potentiation (LTP)-like plasticity in motor cortex in Parkinson disease (PD).

Methods: We studied 8 patients with PD treated with STN-DBS and 9 age-matched healthy con-
trols. Patients with PD were studied in 4 sessions in medication (Med) OFF/stimulator (Stim) OFF,
Med-OFF/Stim-ON, Med-ON/Stim-OFF, and Med-ON/Stim-ON states in random order. Motor
evoked potential amplitude and cortical silent period duration were measured at baseline before
paired associated stimulation (PAS) and at 3 different time intervals (TO, T30, T60) up to 60 mi-
nutes after PAS in the abductor pollicis brevis and abductor digiti minimi muscles.

Results: Motor evoked potential size significantly increased after PAS in controls (+67.7% of
baseline at T30) and in patients in the Med-ON/Stim-ON condition (+55.8% of baseline at T30),
but not in patients in the Med-OFF/Stim-OFF (—0.4% of baseline at T30), Med-OFF/Stim-ON
(+10.3% of baseline at T30), and Med-ON/Stim-OFF conditions (+17.3% of baseline at T30).
Cortical silent period duration increased after PAS in controls but not in patients in all test
conditions.

Conclusions: Our findings suggest that STN-DBS together with dopaminergic medications

restore LTP-like plasticity in motor cortex in PD. Restoration of cortical plasticity may be one
of the mechanisms of how STN-DBS produces clinical benefit. Neurology® 2015;85:425-432

GLOSSARY

ADM = abductor digiti minimi; ANOVA = analysis of variance; APB = abductor pollicis brevis; CSP = cortical silent period;
DBS = deep brain stimulation; LID = levodopa-induced dyskinesia; LTP = long-term potentiation; Med = medication; MEP =
motor evoked potential; PAS = paired associated stimulation; PD = Parkinson disease; RMT = resting motor threshold;
Stim = stimulation; STN = subthalamic nucleus; TMS = transcranial magnetic stimulation; UPDRS = Unified Parkinson’s
Disease Rating Scale.

Motor complications such as motor fluctuations and levodopa-induced dyskinesia (LID) are
major sources of disability for patients with Parkinson disease (PD).! They may be associated
with impaired long-term potentiation (LTP) and long-term depression of synaptic plasticity in
the corticostriatal synapses of basal ganglia.? Studies in animal models of PD and in patients with
PD undergoing subthalamic nucleus (STN) deep brain stimulation (DBS)** have shown that
PD is associated with impaired synaptic plasticity in the striatum and the substantia nigra.
Moreover, LID was associated with failure of low-frequency stimulation to depotentiate LTP
in an experimental parkinsonian model,” and abnormal depotentiation was demonstrated in the
motor cortex in patients with PD.°

Synaptic plasticity can be investigated by paired associated stimulation (PAS), which is a non-
invasive, well-studied experimental design to induce LTP-like changes in the human motor cor-
tex.” Studies using PAS found that LTP-like plasticity is impaired in the motor cortex and is
restored by dopaminergic medication in patients with PD without dyskinesia®'° but not in
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[ Table 1 Clinical features of patients with Parkinson disease with bilateral STN-DBS
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Unified Parkinson’s

medication; NA = not available; Stim = stimulation; STN = subthalamic nucleus; UPDRS

levodopa equivalent; Med =

Hoehn and Yahr; LE =

deep brain stimulation; H&Y =

Abbreviations: DBS

Disease Rating Scale.

Patient 1 participated in 3 sessions; patients 4 and 5 participated in 2 sessions.

2LE dose: LE = total dose of immediate release levodopa + (0.75 X dose of controlled-release levodopa) + (100 x dose of pramipexole) + (16.7 X dose of ropinirole).

b Dyskinesia items 32-35 of UPDRS-IV complications of therapy.

patients with LID,® suggesting that abnormal
motor cortical synaptic plasticity is present in
PD and may be involved in the pathophysiol-
ogy of LID.

STN-DBS is increasingly being used to
treat moderate to advanced PD.!' However,
how STN stimulation improves motor func-
tion and decreases LID is not well understood.
In the present study, we examined the effects
of STN-DBS on LTP-like plasticity in PD.
We hypothesized that STN stimulation im-
proves LTP-like plasticity, suggesting that nor-
malization of motor cortical plasticity may be
one of the mechanisms of action whereby
STN stimulation improves motor function
and decreases LID.

METHODS Participants. We studied 8 patients with PD
(table 1) without severe tremor who had bilateral STN-DBS for
at least 6 months and 9 age-matched healthy controls (6 men and
3 women, aged 58.1 & 5.6 years, range 50—65 years). We applied
exclusion criteria of any cognitive impairment, as evaluated by
their physicians and intake of antidepressant.

Patients were studied in 4 sessions on separate days consisting
of medication (Med) OFF/stimulation (Stim) OFF, Med-OFF/
Stim-ON, Med-ON/Stim-OFF, and Med-ON/Stim-ON in ran-
dom order. The stimulators were switched off for 20 minutes
before the study in Stim-OFF conditions. Patients were off med-
ications at least 12 hours for the Med-OFF conditions and
approximately 1 hour after administration of the usual morning
dose in the Med-ON conditions. Neurologic examination docu-
mented the clinical benefits of medication intake. Amantadine
was withheld for 3 days before the experimental session. Each ses-
sion was conducted at the same time in the morning with the
experimenter blinded to medication and DBS states.

Parkinsonism was assessed with the motor section of the Uni-
fied Parkinson’s Disease Rating Scale, Part ITII (UPDRS-III) and
the Hoehn and Yahr scale in each session and in the preoperative
stage (table 1). Dyskinesia was assessed with UPDRS-IV dyski-

nesia ratings (items 32—35) in pre- and postoperative conditions.

Standard protocol approvals, registrations, and patient
consents. All participants gave written informed consent. The
University Health Network Research Ethics Board approved
the protocol.

Experimental setup. Transcranial magnetic stimulation (TMYS)
was studied with a Magstim 200 stimulator (The Magstim Com-
pany, Whitland, UK). A figure-of-8 coil was placed over the
motor cortical representation of the abductor pollicis brevis
(APB) and over the abductor digiti minimi (ADM) muscle
representation for silent period measurement of the ADM
muscle. The posterior-anterior current direction for the
experiment was used in the brain. Motor evoked potentials
(MEPs) at the dominant hand of the controls and more
affected side of the patients were recorded.

EMG activities at the contralateral APB and ADM muscles
were recorded with surface electrode. The EMG signals were
amplified (model 2024F; Intronix Technologies Corporation,
Bolton, Canada), filtered with bandpass 20 Hz to 2.5 kHz, and
digitized at a rate of 5 kHz (Micro 1401; Cambridge Electronic



Design, UK). The signals were monitored with a computer screen
and speakers for relaxation of studied muscles.

The median nerve at the wrist was stimulated with a prox-
imally positioned cathode. The stimulus width and intensity
were used at 200 microseconds and 300% perceptual
threshold.

In the PAS protocol, the interstimulus interval between
median nerve stimulation at the wrist and TMS over the contra-
lateral motor cortex was 21.5 milliseconds. The 180 pairs were

stimulated at 0.1 Hz for 30 minutes.®

Experimental design. In each session (healthy control, Med-
OFF/Stim-OFF, Med-OFF/Stim-ON, Med-ON/Stim-OFF,
and Med-ON/Stim-ON), resting motor threshold (RMT),
MEP amplitude, and cortical silent period (CSP) duration were
tested before PAS (baseline) and after PAS for 60 minutes (T0,
T30, T60) in both APB and ADM muscles.

Further details of the methods, data analysis, and statistical
analysis are provided in the supplementary material on the

Neurology® Web site at Neurology.org.

RESULTS The clinical features of the patients stud-
ied are shown in table 1. The doses of dopaminergic
medications expressed as levodopa equivalent at the
time of the study were 640.6 = 371.8 mg/d

Figure 1

Examples of MEPs of the abductor pollicis brevis muscle from a
control participant and a patient with Parkinson disease

Controls

Med-OFF/Stim-OFF

= 1

Baseline T30

Med-OFF/Stim-ON

4 4

Med-ON/Stim-OFF

Med-ON/Stim-ON
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W | \f ’
T30 Baseline T30

|0.5 mV

100 ms

Representative MEPs are averages of 20 trials at baseline and at 30 minutes after PAS in
off and on medication and stimulation sessions. There was increased MEP amplitude in
the control participant and in the patient in the Med-ON/Stim-ON session, but not in the
other sessions after PAS. Med = medication; MEP = motor evoked potential; PAS = paired
associated stimulation; Stim = stimulation.

compared with presurgery doses of 1,040.5 =
434.9 mg/d (p = 0.059).

We completed 3 sessions in patient 1 and 2 sessions
in patient 4 because they declined to participate in fur-
ther sessions. Patient 5 did not take any medication
and therefore only had Med-OFF/Stim-OFF and
Med-OFF/Stim-ON sessions. Patient 5 was studied
on the less affected side because tremor in the stimula-
tor off state precluded satisfactory recording on the
more affected side. This patient showed almost nor-
malization of LTP-like plasticity with STN-DBS
(+42% of baseline at T30 in Stim-ON condition
compared with +6% in Stim-OFF condition).
UPDRS motor scores were lower in the Med-ON/
Stim-ON compared with the Med-OFF/Stim-OFF
session (p = 0.001) and Med-ON/Stim-OFF session
(p = 0.005). UPDRS dyskinesia scores were lower
after STN-DBS surgery compared with before surgery
(p = 0.011) (table 1). While all patients had dyskinesia
before surgery, 5 of the 8 patients had dyskinesia even
after DBS surgery. When we compared these patients
with 3 patients who showed no (UPDRS-IV score 0)
dyskinesia after surgery (patients 2, 4, and 5), there was
no significant difference in PAS response in Med-
OFF/Stim-ON and Med-ON/Stim-ON conditions.

Comparisons between patients and healthy controls.
MEP amplitude ratio to baseline. Figure 1 shows exam-
ples from a control participant and from a patient.
The group data are shown in figure 2A and table e-1.
For the APB muscle, analysis of variance (ANOVA)
including control participants and patients showed a
significant effect of group (¥ = 5.94, p = 0.001) and
time (F = 4.96, p = 0.003) with a nonsignificant
time X group interaction (F = 1.78, p = 0.06). Post
hoc analysis showed reduced plasticity in the Med-
OFF/Stim-OFF (p = 0.002) and Med-OFF/Stim-
ON (p = 0.018) groups compared with controls,
with a trend for reduced plasticity in the Med-ON/
Stim-OFF group compared with controls (p =
0.051). There was no difference between the Med-
ON/Stim-ON group and controls (p = 0.851). To
further explore the effects of PAS, we performed
mixed-model ANOVAs in each group. There was a
significant effect of time on MEP amplitude in the
controls (F = 4.25, p = 0.012) and in the Med-ON/
Stim-ON session (F = 4.78, p = 0.013), whereas the
effect of time was not significant in the other sessions.
Post hoc analyses showed increased MEP amplitude
at T30 and T60 compared with baseline for control
participants (+67.7% of baseline at T30, +72.3% at
T60) and in the Med-ON/Stim-ON session
(+55.8% at T30, +57.0% at T60) (p < 0.05 for
all comparisons). There was no significant change in
MEP amplitude at all times after PAS compared with
baseline for other sessions.
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[ Figure 2 Effect of PAS on MEP amplitudes
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The data are shown as a ratio to the baseline MEP amplitude. Ratios over 1 mean facilitation and ratios below 1 mean inhi-
bition of MEP amplitude. In the abductor pollicis brevis muscle, PAS increased MEP amplitudes in controls and patients in
the Med-ON/Stim-ON condition but not in patients in the Med-OFF/Stim-OFF, Med-OFF/Stim-ON, and Med-ON/Stim-OFF
conditions (A). PAS did not significantly increase MEP amplitude in the abductor digiti minimi muscle in controls and patients
in all the conditions (B). *p < 0.05 by post hoc test compared with baseline. Error bars represent standard error. Med =
medication; MEP = motor evoked potential; PAS = paired associated stimulation; Stim = stimulation.

For the ADM muscle, there was a significant effect
of group (F = 5.51, p = 0.001) and time (F = 4.59,
2 = 0.005) without a significant interaction. Post hoc
analysis showed no significant difference among
groups. Moreover, there was no significant effect of
time on MEP amplitude in all groups although there
was nonsignificant increase in MEP amplitudes after
PAS in control participants (¥ = 2.75, p = 0.089)
and in the Med-ON/Stim-ON session (F = 3.09,
2 = 0.055) (figure 2B, table e-1).

CSP duration ratio to baseline. Figure 3 shows exam-
ples from a control participant and from a patient,
and table e-2 and figure 4 show the group data. For
the APB muscle, mixed-model ANOVA showed
main effects of group (F = 6.06, p = 0.001), time
(F=2.86, p = 0.041), and time X group interaction
(F=2.16, p = 0.019). In separate ANOVAs for each
group, there was a significant effect of time on CSP
duration in the control group (F = 4.72, p = 0.01),
the Med-OFF/Stim-OFF (F = 3.66, p = 0.024), and
the Med-OFF/Stim-ON sessions (F = 3.23, p =
0.047) but not in the other 2 conditions studied. Post
hoc analysis showed significantly prolonged CSP
duration at TO (p = 0.011) and nonsignificant pro-
longation of CSP duration at T30 (p = 0.066) and at
T60 (p = 0.184) compared with baseline in control
participants but no significance change at all times
after PAS in the Med-OFF/Stim-OFF and the
Med-OFF/Stim-ON sessions (figure 4A, table e-2).

For the ADM muscle, the effect of group showed
significance (F = 3.56, p = 0.015) on CSP duration
but the effect of time and time X group interaction
was not significant. In separate ANOVAs for each
group, there was a significant effect of time in control

Neurology 85 August 4, 2015

participants and patients in all sessions studied (figure

4B, table e-2).

Resting motor threshold. RMT at baseline was similar
among the 5 groups in the APB and ADM muscles
(controls 36.2% =+ 2.8%, Med-OFF/Stim-OFF
41.0% =+ 3.4%, Med-OFF/Stim-ON 40.1% =
2.0%, Med-ON/Stim-OFF 40.7% = 2.8%, and
Med-ON/Stim-ON 40.1% =+ 2.1% for the APB mus-
cle). ANOVA showed no significant effect of time or
group on RMT in either the APB or ADM muscles.

Background EMG area. EMG background activity
before TMS for measurement of MEP amplitude
showed no difference at baseline between controls
and patients in all sessions in the APB and ADM
muscles (table e-3). The assessment of the CSP in
Med-ON/Stim-ON session for the APB muscle at
T30 and T60 of patient 2 and of the CSP in Med-
OFF/Stim-ON session for the APB muscle at T60
of patient 5 was excluded from the analysis as the
majority (>50%) of trials were rejected because of
increased background EMG activity.

Effect of STN stimulation and dopaminergic medications
on MEP amplitude and CSP duration in patients with
PD. Mixed-model ANOVA for MEP amplitude ratio
to baseline for the APB muscles in patients with PD
showed higher MEP amplitudes in medication on
compared with off (F = 14.96, p = 0.001) and in
the stimulation on compared with off (¥ = 9.06, p =
0.004) conditions, but no significant effects of time
(F =172, p = 0.179), medication X stimulation
interaction (¥ = 1.25, p = 0.267), medication X
time interaction (¥ = 1.67, p = 0.179), or stimulation
X time interaction (¥ = 1.36, p = 0.262).



Figure 3 Examples of CSPs from a control participant and a patient with
Parkinson disease in the abductor pollicis brevis muscle

Controls
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Representative CSP traces are averages of 10 trials at baseline and at 30 minutes after
PAS in off and on medication and stimulation sessions. There was increased CSP duration
in the control participant but not in the patient in all conditions after PAS. CSP = cortical
silent period; Med = medication; PAS = paired associated stimulation; Stim = stimulation.

For the ADM muscle, MEP amplitudes were high-
er in the medication on (¥ = 5.26, p = 0.025) and
stimulation on (F = 14.29, p = 0.001) than in the off
conditions and there was a significant medication X
stimulation interaction (F = 6.38, p = 0.014).
Figure 2B shows that the effects of stimulation were

greater in the medication on than the medication off
state. The effects of time (F = 1.58, p = 0.214),
medication X time interaction (F = 0.73, p =
0.537), and stimulation X time interaction (F =
2.36, p = 0.079) were not significant.

ANOVAs for CSP duration ratio to baseline for
the APB and ADM muscles in patient groups showed
no significant effect of the main factors and their
interactions.

DISCUSSION We found that patients with advanced
PD had impaired LTP-like motor cortical plasticity
induced by PAS in Med-OFF/Stim-OFF, Med-
OFF/Stim-ON, and Med-ON/Stim-OFF states but
plasticity was restored to normal levels in the Med-
ON/Stim-ON condition.

Ovur finding of deficient PAS-induced motor cortex
plasticity in the Med-OFF/Stim-OFF session is consis-
tent with previous studies.*'*'>'* There are several
possible mechanisms of how dopamine deficiency
leads to reduced motor cortex plasticity in patients with
PD who are off medication. These findings may be
similar to blockade of LTP in corticostriatal slices from
dopamine-denervated rats."”” Experimental studies have
demonstrated that dopamine strongly influences stria-
tal LTP and long-term depression.” In PD, there are
prominent synchronized oscillatory activities in the 10-
to 35-Hz range in the basal ganglia—thalamocortical
loop™® and they may lead to abnormal motor cortex
plasticity by disturbing cortical activities necessary to
petform appropriate movements.'” Alternatively, there
is dopaminergic denervation in the upper layers of the
motor and prefrontal cortices in PD."®

Dopaminergic medications did not restore cortical
plasticity induced by PAS in the Med-ON/Stim-OFF

[ Figure 4 Effect of PAS on CSP durations
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The data are shown as aratio to the baseline CSP duration. PAS prolonged CSP duration in APB muscle in controls but not in
patients with Parkinson disease (A). In the abductor digiti minimi muscle, PAS did not prolong CSP duration in controls and
patients (B). *p < 0.05 by post hoc test compared with baseline. Error bars represent standard error. CSP = cortical silent
period; Med = medication; PAS = paired associated stimulation; Stim = stimulation.
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session although presurgical doses were not used
because they might induce significant dyskinesia that
would interfere with the study. Thus, the reduction
of the dosage of dopaminergic medications after
DBS may partly account for this finding but doses
used still achieved significant antiparkinsonian ef-
fects. Since all our patients had LID (table 1), this
finding is similar to our previous observation that
LTP-like plasticity induced by PAS was not restored
by levodopa administration in patients with PD and
dyskinesia.® In addition, the patients in the current
study had more advanced PD than those in the pre-
vious study.® However, it is possible that adequate
treatment of PD by any combination of DBS and
medication would restore motor cortex plasticity.
The impaired PAS-induced plasticity in the Stim-
OFF states (either Med-ON or Med-OFF) suggested
that the effects of STN stimulation on cortical plas-
ticity did not persist after the stimulation was turned
off. This is consistent with the observation that most
of the improvement in the cardinal symptoms of PD
disappeared in less than half an hour after STN-DBS
was switched off.”

STN stimulation alone did not restore cortical
plasticity as no significant change in MEP amplitude
was induced by PAS in the Med-OFF/Stim-ON ses-
sion (figure 2). However, the Med-ON/Stim-ON
session showed an increase in MEP amplitudes after
PAS, comparable to those in controls (figure 2).
These findings suggest that dopaminergic medica-
tions together with STN-DBS are needed to restore
LTP-like plasticity in motor cortex in patients with
advanced PD, supporting the suggestion that STN-
DBS and dopaminergic medications have synergistic
effects in patients with PD.?*?!

The ADM muscle showed less increase in MEP
amplitude than the APB muscle in control partici-
pants, confirming the topographical specificity of
PAS reported in previous studies.” However, mixed
ANOVA among patients with PD showed that both
medication and stimulation increased the plasticity
induced by PAS for this heterotopic muscle, and there
were synergistic effects of medication and DBS as
demonstrated by the significant medication and stim-
ulation interaction.

Several mechanisms may account for the restora-
tion of cortical plasticity in patients with PD receiving
STN stimulation. Previous studies showed that STN-
DBS restored deficient cortical inhibition.?> There is
evidence from animal models of PD that the effects of
STN stimulation are at least partly mediated by short-
latency cortical activation from antidromic stimula-
tion of the cortico-subthalamic projection.?*** This is
consistent with cortical evoked potentials studies in
patients with PD that demonstrated short-latency
cortical activation from STN-DBS.?>2° Moreover,
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TMS studies showed increased cortical excitability
time-locked to STN-DBS at short latency that corre-
sponds to antidromic activation of the cortico-
subthalamic pathway and at longer latencies that
may involve the pallidal-thalamocortical pathway.?®
STN-DBS may also override abnormal synchronized
oscillations and disrupted firing patterns in PD and
replaces them with more regular firing within the
basal ganglia—thalamocortical loop.””*® Thus, the
normalized firing patterns in the basal ganglia may
lead to reconditioned plasticity response in the motor
cortex through its connections."”

Since PAS involves median nerve stimulation, the
somatosensory system and sensorimotor integration
likely has a crucial role in the effects of PAS on the
human motor cortex. Previous studies found abnor-
mal sensorimotor integration in patients with PD.*
STN stimulation improved short-latency afferent
inhibition reduced by dopaminergic medications
and normalized long-latency afferent inhibition in
the on-medication state.>?' Of note, there were syn-
ergistic effects of medications and STN-DBS on both
short- and long-latency afferent inhibition, similar to
effects of PAS plasticity.’®?' Thus, the restoration of
motor cortex plasticity in patients with PD by STN-
DBS and dopaminergic medications may be related
to an effect of STN stimulation on sensorimotor
integration.

All of the patients had reduction of dyskinesia after
STN-DBS (table 1). In the presence of STN-DBS,
the restoration of LTP-like cortical plasticity by dopa-
minergic medications is similar to findings in non-
dyskinetic patients with PD,® suggesting that
STN-DBS may have a direct role in reducing dyski-
nesias, an effect proposed by several investigators.®>*?
Pathologic plasticity in corticostriatal synaptic con-
nections could result in atypical motor patterns, char-
acteristic features of LID.>** Decreased LTP-like
plasticity seen in corticostriatal and motor cortical
networks may impair the organization of desired
motor patterns and leads to subsequent development
of LID, which consists of undesired motor patterns.®
Therefore, the effect of STN stimulation on synaptic
plasticity in motor cortex may contribute to reduction
in dyskinesia. Our findings may be compared to the
effects of globus pallidus interna DBS on PAS in
patients with dystonia. PAS-induced cortical plastic-
ity is exaggerated in patients with dystonia.®>*
Chronic globus pallidus interna DBS was reported
to normalize or even decrease PAS-induced plasticity
to below normal levels.?”*

For the APB muscle, the CSP duration was pro-
longed at TO compared with baseline in control par-
ticipants, but there was no change in CSP duration in
any of the sessions in patients with PD. This is similar
to the findings of a previous study in patients with PD



and LID.® Therefore, STN stimulation did not
directly affect the inhibitory intracortical system
mediating the CSP.

There are several limitations to the present study.
We studied a small number of patients and some pa-
tients did not complete all study sessions because the
protocol was very demanding for the patients with
advanced PD. Nevertheless, we were able to obtain
robust effects. Since LID was a main reason for pa-
tients to undergo STN-DBS, we did not have pa-
tients without LID in the study. Therefore,
whether the findings are specifically related to LID
requires further study. Because we did not record
PAS before DBS surgery, we could not examine
the time course of cortical plasticity following
STN-DBS implantation. It has been shown that
the correction of short- and long-latency afferent
inhibition in PD requires long-term STN-DBS.?!
Further investigations with longitudinal studies
including preoperative assessment and serial studies
after surgery in a larger number of patients will
reveal more information about how STN-DBS
changes cortical plasticity in PD.

We found that cortical plasticity induced by PAS
in patients with advanced PD is restored by STN-
DBS together with dopaminergic medications.
STN-DBS and dopaminergic medications may have
synergistic effects on cortical plasticity. Normaliza-
tion of motor cortex plasticity may be one of the
mechanisms of action of STN-DBS.
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