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Abstract

Deep brain stimulation (DBS) implanted in different basal ganglia nuclei regulates the
dysfunctional neuronal circuits and improves symptoms in movement disorders. However, the
understanding of the neurophysiological mechanism of DBS is at an early stage. Transcranial
magnetic stimulation (TMS) can be used safely in movement disorder patients with DBS, and can
shed light on how DBS works. DBS at a therapeutic setting normalizes the abnormal motor
cortical excitability measured with motor evoked potentials (MEP) produced by primary motor
cortical TMS. Abnormal intracortical circuits in the motor cortex tested with paired-pulse TMS
paradigm also show normalization with DBS. These changes are accompanied with improvements
in symptoms after chronic DBS. Single-pulse DBS produces cortical evoked potentials recorded
by electroencephalography at specific latencies and modulates motor cortical excitability at certain
time intervals measured with MEP. Combination of basal ganglia DBS with motor cortical TMS at
stimulus intervals consistent with the latency of cortical evoked potentials delivered in a repetitive
mode produces plastic changes in the primary motor cortex. TMS can be used to examine the
effects of open and closed loop DBS. Patterned DBS and TMS delivered in a repetitive mode may
be developed as a new therapeutic method for movement disorder patients.
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Introduction

Movement disorders are characterized by hyperkinetic or hypokinetic movements. Abnormal
neuronal activities in the cortex and other regions related to disturbances in the basal ganglia
nuclei is a major cause of many movement disorders (Lang and Lozano, 1998a; Lozano and
Lipsman, 2013). Modulation of disordered circuits within basal ganglia-thalamo-cortical
pathways is a critical therapeutic strategy in various movement disorders. Although a
pharmacological approach to correct disordered circuits is useful, potential exposure of all
neurons in the brain to a drug may make the therapy less attractive in some patient
populations (Lang and Lozano, 1998b). Pinpointing the dysfunctional neuronal circuits and
regulating their activity with deep brain stimulation (DBS) after surgical placement may be a
better option for patients who have failed conventional pharmacological therapy (Benabid et
al., 1991; Deuschl et al., 2006b; Kupsch et al., 2006; Lozano and Lipsman, 2013). There is
level 1 evidence for subthalamic nucleus (STN) and internal globus pallidus (GPi) DBS as
treatment of motor symptoms in Parkinson’s disease (Rughani et al., 2018) and level 3
evidence for ventralis intermedius nucleus of thalamus DBS as treatment of essential tremor
patients (Zesiewicz et al., 2011). There is also level 1 evidence with large, randomized
controlled trials for GPi DBS as treatment of generalized and segmental dystonia patients
(Kupsch et al., 2006; Volkmann et al., 2014).

Despite the clinical evidence of treatment efficacy in some movement disorders, the
understanding of the neurophysiological basis for the mechanisms of action of DBS is still at
an early stage (Fasano et al., 2017; Kringelbach et al., 2007; Lozano et al., 2002; Lozano and
Lipsman, 2013; Udupa and Chen, 2015). Although animal studies are powerful and
successful in determining certain DBS targets and examination of its underlying
mechanisms in some movement disorders (Bergman et al., 1990; Hamani and Temel, 2012),
no animal model is currently able to recreate all aspects of a particular movement disorder.
One basic idea in clinical neurophysiology for solving this difficulty is to study the
physiological effects of DBS in human patients by overcoming the technical barriers of both
invasive and non-invasive recordings in humans to reliably record from dysfunctional brain
circuits.

Transcranial magnetic stimulation (TMS) is a noninvasive and painless technique to
stimulate the intact human brain (Hallett, 2000, 2007). When TMS is applied to the primary
motor cortex, it activates the corticospinal neurons and generates motor evoked potential
(MEP) in the target muscles. TMS is safe in movement disorders patients with DBS
implanted in different targets in the basal ganglia (Phielipp et al., 2017; Udupa and Chen,
2015). The motor portions of basal ganglia circuits project their outputs to motor related
cortical areas through the thalamus (Alexander et al., 1986; DeLong and Wichmann, 2007;
Nambu, 2007). Therefore, investigation of changes in basal ganglia circuits and motor
cortical circuits caused by DBS using various TMS paradigms may provide insights on the
mechanisms of DBS in movement disorders. Repetitive TMS, which involves application of
trains of regularly repeating TMS pulses, modulates cortical plasticity and produces long-
term potentiation or depression-like effects in the cortex (Hallett, 2000, 2007). Combination
of DBS and TMS applied in repetitive mode is a novel technique to identify plastic changes
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in the cortex in movement disorders. In addition, DBS may produce plastic changes directly
and this may be related to the therapeutic effects of DBS. In this article, we review TMS
studies with various designs and paradigms that investigated the physiological effects of
DBS in movement disorders patients with DBS implanted in different targets including STN,
GPi and ventralis intermedius nucleus of thalamus (Fig. 1).

Physiological effects with deep brain stimulation at therapeutic setting

The primary motor cortex plays an important role in voluntary movement and is the primary
target of the output of the motor portions of the basal ganglia (Alexander et al., 1986;
DeLong and Wichmann, 2007; Udupa and Chen, 2015). Therefore, comparing motor
cortical excitability and cortical circuits in patients with movement disorders in the DBS on
and off states is a way to elucidate the mechanism of action of DBS in these diseases (Fig.
1A)(Hallett, 2000; Lozano et al., 2002).

2.1. Changes in motor cortical excitability

Since DBS disturbs the disordered firing and pathological oscillatory activity in the target
basal ganglia nuclei, it likely changes the excitability of primary motor cortex indirectly
through multiple synaptic transfers and corrects abnormal signals to the motor cortex.
Therefore, the normalization of MEP induced by TMS may be detected in the DBS on
compared to off state (Lozano et al., 2002; Udupa and Chen, 2015). STN and GPi are the
two most common target nuclei for DBS in patients with Parkinson’s disease and dystonia
(Lang, 2000; Lozano et al., 2002; Lozano and Lipsman, 2013). DBS of the ventralis
intermedius nucleus of thalamus (an area receiving cerebellar inputs) is an effective
treatment for essential tremor (Deuschl et al., 2011). Studies with single-pulse TMS have
revealed that DBS on these targets are associated with changes in motor cortical excitability.

MEP threshold refers to the lowest TMS intensity to produce a small but reliable MEP in the
target muscle. MEP threshold reflects the excitability and local density of a central core of
corticospinal neurons with the highest sensitivity to TMS (Hallett, 2000, 2007). MEP
threshold either at rest or during tonic contraction of the target muscle did not change with
DBS. The phenomenon was consistent across different diseases with DBS implanted in
various basal ganglia nuclei, including STN (Cunic et al., 2002; Wessel et al., 2016) and GPi
(Chen et al., 2001) in Parkinson’s disease, GPi in dystonia (Ruge et al., 2011a; Ruge et al.,
2011b) and motor thalamus in essential tremor patients (Molnar et al., 2005; Molnar et al.,
2004). The results are consistent with the anatomy of basal ganglia circuits that all these
nuclei for DBS target project to the motor cortex through motor thalamus. On the other
hand, it is likely that the effect of DBS is not limited to the motor cortical neurons with the
highest sensitivity to stimulation and is manifested differently in other neuronal groups with
higher firing threshold as changes in MEP amplitude with higher TMS intensity were more
complex. MEP amplitude from suprathreshold TMS was increased in Parkinson’s disease
patients with STN and GPi DBS stimulation turned off compared to healthy controls (Chen
et al., 2001; Cunic et al., 2002; Wessel et al., 2016). The finding is similar to that in
Parkinson’s disease patients without DBS (Ni et al., 2013). As DBS is generally performed
in moderate to advanced Parkinson’s disease patients, it could be inferred that motor cortical
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output is increased even at an early stage (in patients without DBS) and the increased motor
cortical excitability involves cortical neurons with high firing threshold or further from the
center core (as MEP threshold did not change in these patients). The widely accepted model
of Parkinson’s disease pathophysiology suggests that the loss of dopaminergic neurons in
substantia nigra pars compacta reduces the activities in the direct pathway and increases
activities in the indirect pathway (Kravitz et al., 2010; Lang and Lozano, 1998b; Nambu,
2008). This produces exaggerated inhibition from GPi to the motor thalamus and may lead
to compensatory mechanisms to increase motor cortical excitability. Surprisingly, neither
STN nor GPi DBS normalizes the increased MEP in advanced Parkinson’s disease patients
(Chen et al., 2001; Cunic et al., 2002; Wessel et al., 2016), suggesting that the compensatory
mechanisms may not be simply replaced by the effects of STN or GPi DBS although motor
symptoms are largely improved with DBS. MEP amplitude in dystonia patients did not
change after GPi DBS surgery even after the DBS was turned on for 6 months (Ruge et al.,
2011b). However, switching off the stimulator might lead to a transient reduction in the
slope of MEP recruitment curve (Kuhn et al., 2003). Increased MEP amplitude with high but
not with low TMS intensity compared to healthy controls was found in essential tremor
patients when motor thalamus DBS was turned on, suggesting that DBS has facilitatory
effects in the target area to activate the excitatory thalamocortical projection to motor
cortical neurons located in deeper layers (Molnar et al., 2005).

2.2. Changes in local intracortical circuits

In addition to the effects on motor cortical excitability, DBS also modulates the local
intracortical circuits in the primary motor cortex. This can be tested with well-established
paired-pulse TMS paradigms with which the MEP induced by a test pulse to the primary
motor cortex is conditioned by a preceding conditioning pulse at different stimulus
parameters (e.g., stimulus location, intensity, interstimulus interval, etc.)(Hallett, 2007; Ni et
al., 2011).

Short (Kujirai et al., 1993) and long interval intracortical inhibition (Wassermann et al.,
1996) are the most commonly tested intracortical circuits, mediated by gamma-
aminobutryic-acid type A and B receptors, respectively (Ziemann, 2004). Short interval
intracortical inhibition was decreased in Parkinson’s disease patients. The reduced inhibition
was only partially normalized by dopaminergic medication (MacKinnon et al., 2005a; Ni et
al., 2013; Ridding et al., 1995). This is likely because short interval intracortical inhibition is
contaminated by short interval intracortical facilitation as the stimulus intensities (around
motor threshold for the first pulse) and interstimulus intervals (1-5 ms) used to measure
these two cortical circuits overlap (Hallett, 2007; Ni et al., 2011). Indeed, our previous study
has demonstrated increased short interval intracortical facilitation in Parkinson’s disease and
the exaggerated facilitation can be normalized by dopaminergic medications. On the other
hand, the reduced cortical inhibition in Parkinson’s diseases measured with stimulus
parameters outside the range for potential contamination of cortical facilitation was only
partially normalized by dopaminergic medications (Ni et al., 2013). Similar impairment in
cortical inhibition was observed in more advanced patients with STN and GPi DBS when
the DBS was turned off (Fig 2A and 2B)(Chen et al., 2001; Cunic et al., 2002). STN DBS
normalized the decreased inhibition at the DBS on state (Cunic et al., 2002), suggesting that
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the effect of DBS and that of dopaminergic medication are different and DBS does not
simply compensate for dopamine deficit in basal ganglia circuits. Clinically ineffective STN
DBS at half the stimulation intensity used to produce clinical benefit did not normalize the
reduced inhibition, suggesting that the restoration of motor cortical inhibition may be related
to improvement of motor symptoms. Short interval intracortical inhibition did not change
with GPi DBS (Fig. 2C). The different physiological effects between GPi DBS and STN
DBS may be related to different therapeutic effects of the two types of DBS. Intracortical
facilitation did not change with STN or GPi DBS. Long interval intracortical inhibition
either in the rest or active state (measured as changes in cortical silent period) did not change
with STN DBS (Cunic et al., 2002). On the other hand, GPi DBS shortened the prolonged
cortical silent period in Parkinson’s disease patients (Chen et al., 2001).

Short interval intracortical inhibition is reduced in dystonia. GPi DBS normalized the
impaired inhibition in dystonia patients (Ruge et al., 2011a; Ruge et al., 2011b). The effects
persisted even when the DBS was turned off for two days in the patients with chronic
(longer than 6 years) DBS implantation (Ruge et al., 2011a), suggesting that cortical plastic
change occurred in addition to the restoration of cortical inhibition after long-term treatment
with DBS.

Cerebellar inhibition refers to the effect that a TMS pulse delivered to the cerebellum
inhibits the MEP produced by a motor cortical TMS 4-7 ms later, reflecting the excitability
of the cerebello-thalamo-cortical pathway (Hallett, 2007; Ugawa et al., 1995). The inhibition
was preserved in mild essential tremor patients (Pinto et al., 2003), but was absent in
patients with DBS of ventralis intermedius thalamus in the off stimulation state (Molnar et
al., 2004). The lack of cerebellar inhibition in the DBS patients at a more advance stage may
be due to the progression of disease or microlesion effect of the thalamus caused by DBS
surgery. On the other hand, motor thalamic DBS restored the lost inhibition in essential
tremor patients. The restoration of inhibition occurred to a lesser extent even when DBS was
at half on state (Molnar et al., 2004). Therefore, thalamic DBS may functionally change the
excitability of inhibitory neurons and normalize the activity along cerebello-thalamo-cortical
pathways in the patients. However, recruitment of additional circuits by DBS in the
disynaptic cerebellar-cortical pathway at or near the ventralis intermedius thalamus may also
be possible. The findings are consistent with the hypothesis that DBS activates rather than
inhibits the target area. Changes in motor cortical excitability and cortical circuit in
movement disorders patients with DBS tested by TMS are summarized in Table 1.

3. Physiological effects of single-pulse deep brain stimulation on cortical

circuits

The therapeutic premise of DBS in movement disorders is that the high frequency
stimulation regulates the dysfunctional output from local neural circuits due to the
underlying diseases. High frequency DBS with clinical benefit leads to augmented
synchrony of neuronal activities in the basal ganglia and is different from the effects of
single-pulse DBS (Lozano and Lipsman, 2013; Nambu, 2008; Udupa and Chen, 2015). In
addition, high frequency DBS may lead to the loss of specificity in the stimulated area and
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change the pattern of neuronal activation (Nambu, 2008; Oswal et al., 2013). Nevertheless,
testing the physiological effects produced by a single-pulse DBS in the basal ganglia nuclei
and other brain areas may provide important clues to understand the mechanism of action of
DBS. In particular, electroencephalography records cortical activity with scalp electrodes
instantaneously and non-invasively (Buzsaki and Draguhn, 2004; Llinas, 1988). Activation
of basal ganglia nuclei by single-pulse DBS may be transmitted to cortical areas through
synaptic activations along the pathways between the stimulated nuclei and cortex (Mink,
1996; Nambu, 2007; Udupa and Chen, 2015), which manifest as cortical evoked potentials
recorded with electroencephalography. The connectivity between a basal ganglia nucleus
and the primary motor cortex and the nature of connectivity along the pathway can be
further studied by investigating the effect of a single-pulse DBS on the corresponding target
nucleus using a paired-pulse TMS paradigm (Fig. 1, motor cortical TMS conditioned by
DBS).

3.1. Single-pulse subthalamic nucleus stimulation

Cortical evoked potentials with a single-pulse STN DBS have been recorded in Parkinson’s
disease patients. An early study reported a negative peak of evoked potential at a short
latency (2-8 ms)(Ashby et al., 2001). Subsequent studies further identified a positive peak of
evoked potential at a later latency (18-25 ms) in the same patient population (Fig. 3A)
(Kuriakose et al., 2010; MacKinnon et al., 2005b). These electroencephalographic studies
demonstrated that the STN is connected with cortical areas. Furthermore, it was reported
that a single-pulse STN stimulation facilitated the MEP induced by TMS applied to the
ipsilateral motor cortex with a posterior-anterior directed current at short interstimulus
intervals of 3—4 ms during the postoperative period when the DBS lead was externalized
(Hanajima et al., 2004). The intervals were consistent with the latencies of cortical evoked
potentials. A later study in patients with chronically implanted DBS further demonstrated
that the MEP facilitation after STN stimulation occurred for TMS with posterior-anterior
and anterior-posterior current directions but not for TMS with latero-medial current
direction. In addition, the MEP facilitation occurred at the interstimulus intervals coincident
with the latencies of both the early and late evoked potentials (Fig. 4A)(Kuriakose et al.,
2010). An antidromic activation of the hyperdirect pathway from the cortex to STN is likely
responsible for the early phase of cortical activity with STN stimulation while the later phase
may be mediated by synaptic activation through the indirect pathway with transfer at the
motor thalamus (Kuriakose et al., 2010). In addition, as posterior-anteriorly and anterior-
posteriorly directed currents predominantly activate facilitatory interneurons in the motor
cortex and produce indirect waves whereas latero-medially directed current preferentially
activates the corticospinal neurons and produces the direct wave (Di Lazzaro et al., 2001; Di
Lazzaro et al., 2008; Sakai et al., 1997), the facilitatory effect produced by STN DBS is
likely mediated by synaptic inputs to the cortical facilitatory interneurons rather than
activation of subcortical structures.

3.2. Single-pulse internal globus pallidal stimulation

The physiological effects of a single-pulse GPi DBS was tested in cervical dystonia patients
(Ni et al., 2018). GPi stimulation produced two peaks of cortical evoked potentials in the
ipsilateral primary motor cortical area with peak latencies of ~10 ms (negative) and ~25 ms
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(positive)(Fig. 3B). The physiological property of these two peaks of cortical potential was
further tested with a paired-pulse TMS paradigm. MEP was facilitated by GPi DBS
delivered at ~10 ms before motor cortical TMS and was inhibited by the GPi stimulation at
~25 ms before the motor cortical TMS (Fig. 4B). If the antidromic activation of the
hyperdirect pathway (from the cortex to STN) is responsible for the early phase of cortical
evoked potential with STN stimulation (2-8 ms)(Kuriakose et al., 2010), activation along the
similar pathway from GPi to cortex passing through STN may explain the slightly longer
latency of early phase of cortical activation produced by GPi stimulation (~10 ms)(Ni et al.,
2018). The later phase may be mediated by synaptic activation through thalamus. These
pathways underlying the early and later phases of cortical activation were also consistent
with the findings from studies using tractography with diffusion magnetic resonance
imaging (Milardi et al., 2015) and coherence between basal ganglia and cortical areas
studied with local field potential (Neumann et al., 2015; Williams et al., 2002). The different
phases of cortical activation likely contribute to the balance between inhibition and
facilitation for the net outcome from basal ganglia to the cortex.

It should be noted that no single mechanism has emerged to account for the effects of DBS
in different nuclei or even the same nucleus in different disease models. The complex nature
of the connections between the basal ganglia nuclei (GPi and STN) and cortex were
demonstrated by several findings from our studies. First, the polarities for the early and later
phases of cortical activation with GPi DBS are opposite while those with STN DBS are the
same. Second, both early and later phases of cortical activation produced by GPi DBS have
longer latency than those by STN DBS which cannot be fully explained by the antidromic
activation for the early phase and orthodromic activation for the later phase. In addition,
activation of multiple neural elements and co-release of different transmitters by DBS cannot
be readily tested with current technology available for use in human.

4. Modulation of motor cortical plasticity with deep brain stimulation

4.1.

Plasticity is one of the basic physiological properties of the human brain. Abnormal motor
cortical plasticity occurs in movement disorders such as Parkinson’s disease (Lang and
Lozano, 1998b) and dystonia (Hallett, 1998; Quartarone et al., 2006). Animal studies and
microelectrode recordings in patients during DBS surgery have shown impaired synaptic
plasticity in basal ganglia circuits in movement disorders (Calabresi et al., 2007; Lozano and
Lipsman, 2013). Neuronal activation and inhibition produced by the electrical field around
DBS in the target area (Kringelbach et al., 2007; Lozano et al., 2002) determines the
immediate effects in improving the symptoms of movement disorders. In contrast, gradual
improvements in clinical features in Parkinson’s disease and dystonia patients with DBS
suggest that modulation of motor cortical plasticity is related to the mechanisms of action of
DBS.

Normalization of motor cortical plasticity with deep brain stimulation

Previous studies reported that motor cortical plasticity in Parkinson’s disease patients can be
modulated by repetitive TMS and this may be related to the improvements in motor
symptoms with repetitive TMS (Elahi et al., 2009; Fregni et al., 2005; Zanjani et al., 2015).
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Paired associative stimulation with median nerve stimulation paired with TMS is a special
form of repetitive TMS and can be used to test motor cortical plasticity in Parkinson’s
disease. Paired associative stimulation at interstimulus interval of 21-25 ms produced spike-
timing dependent, long-term potentiation-like effect in the primary motor cortex (Hallett,
2007; Stefan et al., 2000). The plasticity effect was decreased in patients with Parkinson’s
disease in off medication state. Furthermore, the impaired cortical plasticity was restored by
dopaminergic medication in patients without levodopa induced dyskinesia but not in patients
with dyskinesia (Morgante et al., 2006; Ueki et al., 2006). The findings support the notion
that abnormal synaptic plasticity is involved in the pathophysiology of levodopa induced
dyskinesia (Calabresi et al., 2007; Lang and Lozano, 1998b). In advanced Parkinson’s
disease patients with levodopa induced dyskinesia treated with STN DBS, cortical plasticity
induced by paired associative stimulation was restored with both medication and DBS on
conditions but not in other conditions with either DBS or medication off. The findings
suggest that STN DBS together with dopaminergic medications restores cortical plasticity in
Parkinson’s disease and this may be one of the mechanisms of how DBS produces clinical
benefit (Kim et al., 2015).

Cortical plasticity tested with paired associative stimulation is exaggerated in dystonia
patients (Quartarone et al., 2003; Quartarone et al., 2006). On the other hand, the response to
the paired associative stimulation was absent in dystonia patients treated with GPi DBS one
month after surgery. The cortical plasticity was rebuilt gradually and returned to the same
level as healthy controls six months after surgery (Ruge et al., 2011b). In addition, the
response to paired associative stimulation in dystonia patients treated with GPi DBS was
highly variable. Interestingly, patients who had higher level of cortical plasticity in the DBS
on state also had better retention of clinical benefits when DBS was turned off for two days
(Ruge et al., 2011a), suggesting that modulation of cortical plasticity is related to the
mechanism of GPi DBS in dystonia.

4.2. Motor cortical plasticity induced by paired deep brain stimulation and motor cortical

stimulation

Since the clinical benefit of DBS in movement disorders is often associated with correction
of abnormal cortical plasticity (discussed above), modulation of motor cortical plasticity is
likely related to improvements in motor symptoms with DBS. Examining how single-pulse
DBS modulates cortical plasticity is a fundamental step in determining the effects of DBS on
cortical plasticity. Particularly, a paired associative stimulation paradigm combining single-
pulse DBS with motor cortical TMS based on the connection between basal ganglia nuclei
and primary motor cortex was used to investigate this question (Fig. 1B and Fig. 5A).
Repetitive pairing of STN DBS with motor cortical TMS in Parkinson’s disease patients
induced a long-term potentiation-like effect at interstimulus intervals of ~3 ms and ~23 ms.
The results suggest that STN DBS can modulate cortical excitability with spike-timing
dependent plasticity. Importantly, the two effective intervals (~ 3 and 23 ms) were consistent
with the latencies of early and later phases of cortical evoked potentials induced by the
single-pulse STN stimulation (Fig. 5B)(Udupa et al., 2016). A further study in cervical
dystonia patients with GPi DBS tested similar long-term potentiation-like effect when DBS
was paired with motor cortical TMS at intervals of ~10 ms and 25 ms, and the intervals were
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also coincident with the latencies when cortical excitability was modulated by single-pulse
GPi DBS (Fig. 5C)(Ni et al., 2018).

4.3. Technical difficulties of combining deep brain stimulation with transcranial magnetic

stimulation

The ability to induce cortical plastic changes by repeatedly pairing DBS and motor cortical
TMS in patients with chronic DBS has the potential to normalize the abnormal cortical
plasticity in the underlying diseases (Follett et al., 2010; Udupa and Chen, 2015). However,
a concern was that DBS was delivered at 3 Hz due to a technical limitation of the DBS
devices (Fig. 1B). With the pairing of DBS and TMS occurring once every 10 s in our
studies, only one in every 30 DBS pulses was paired with TMS and this could have limited
the efficacy of plasticity induction. More rapid paring of DBS and TMS pulses could be
tested in future studies. In addition, the possibility of subthreshold activation of the
corticospinal tract with DBS cannot be completely excluded although well-designed control
experiments were performed (Ni et al., 2018). Furthermore, TMS employs a magnetic field
to stimulate the underlying brain tissue. The strong magnetic field can damage electrical
devices such as a DBS pulse generator when the TMS coil is placed close to these devices,
although no serious complication or damage to DBS devices has been reported (Kumar et
al., 1999; Shimojima et al., 2010). TMS has been observed to shut off the DBS pulse
generator, likely due to induction of antidromic current in the cable connected to the pulse
generator. Therefore, the studies reviewed in this paper tested the hemisphere contralateral to
the pulse generator to avoid stimulation near the cable to minimize the antidromic current.

5. Open guestions and future directions

5.1. Novel patterns of deep brain stimulation

Open loop stimulation at a specific frequency, voltage and pulse width is currently used for
DBS and has considerable success in the treatment of movement disorders. A programming
process with many clinic visits is required to establish the DBS settings to optimize clinical
benefit (Bronstein et al., 2011; Deuschl et al., 2006a). Development of closed loop DBS with
adaptive stimulation parameters is an attractive option to improve therapeutic efficacy and
limit side effects while preserving battery life (Little et al., 2013; Rosin et al., 2011).
Although oscillatory signals in specific frequency bands (particularly beta frequency)
recorded with electroencephalography or local field potential are being tested as
pathophysiological signals to drive adaptive DBS (de Hemptinne et al., 2015; Little et al.,
2013; Priori et al., 2013), the relatively poor stability of the pathophysiological signals and
the difficulties in extracting them have limited the development of this technique. On the
other hand, changes in MEP and other TMS measurements (e.g. intracortical circuits) in
movement disorders reviewed in previous sections have high potential to help the
programming of DBS. However, it is not yet clear how these measurements may be used as
future options to produce feedback signals to modulate DBS output in a closed loop system
(Lozano et al., 2002; Udupa and Chen, 2015). This may be facilitated by the development of
a simplified, portable TMS and recording device that can be used in DBS clinics or even by
patients at home to automatically adjust DBS parameters.
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5.2. Combination of deep brain stimulation and cortical stimulation

Recent advances in technology in signal processing (e.g., artifact filtering) allowed the
recordings of DBS (Ni et al., 2018) and TMS (Rogasch and Fitzgerald, 2013) evoked
potentials with electroencephalography. In addition to the corticospinal activation
measurable with MEP, variation in TMS induced evoked potential in other cortical areas
caused by DBS on different target nuclei provides information of how basal ganglia nuclei
connect with and affect these cortical areas. In this regard, a recent study reported that the
global power and high alpha oscillation of the TMS evoked cortical activity was enhanced
by STN DBS at therapeutic setting in Parkinson’s disease (Casula et al., 2017). Future
studies testing the long-term changes of the TMS evoked potentials in non-motor areas are
of particular interests as DBS is associated with beneficial effects on non-motor symptoms
in movement disorder patients (Dafsari et al., 2018; Follett et al., 2010). Furthermore,
studies investigating the effect of single-pulse DBS on TMS evoked potentials in non-motor
cortical areas using the reviewed paired-pulse paradigm (Fig. 1B, pairing single-pulse DBS
with TMS) may help explore the pathophysiological mechanisms about the development of
non-motor symptoms during the disease progression.

Repetitive TMS using established protocols such as paired associative stimulation and theta
burst stimulation induce long-term potentiation and depression-like effects. A large number
of studies in the past decade have shown that TMS and other noninvasive brain stimulation
techniques are potentially effective treatments for movement disorders (Elahi et al., 2009;
Quartarone et al., 2006; Zanjani et al., 2015). The finding that paired associative stimulation
combining DBS with TMS induced cortical plasticity opened a new avenue for therapeutic
treatment to use two techniques simultaneously (Ni et al., 2018; Udupa et al., 2016).
However, DBS and repetitive TMS with clinical benefit are currently delivered at completely
different frequencies. Interestingly, a recent study in rodents raised the possibility for
application of noninvasive DBS by delivering multiple stimulations at different frequencies
and locations from the scalp (Grossman et al., 2017). In addition, delivery of combination of
different types of stimulation with closed loop patterns during the specific phases of
pathological oscillations may further promote the efficacy of therapeutic stimulation (de
Hemptinne et al., 2015; Little et al., 2013).

5.3. Future functional studies with deep brain stimulation

Although technical innovation in DBS devices with modification of pulse shape, stimulation
patterns, current steering, capability of recording local field potential and closed-loop
stimulation are being developed, translation of these ideas to the clinic still requires further
theoretical advances with understanding of functional connectivity between the basal ganglia
nuclei and cortical areas. While traditional TMS studies examined the effects of DBS on the
motor cortex (MEP, intracortical circuits, etc.), the existence of a hyperdirect pathway may
provide the opportunity to test the pathophysiological mechanisms in movement disorders in
the opposite direction (Chu et al., 2017; Mink, 1996; Nambu, 2007; Nambu et al., 2002).
Specifically, activation of cortical neurons with TMS may be transmitted to basal ganglia
nuclei through the hyperdirect pathway. Recordings of local field potentials with DBS
electrodes at the target basal ganglia nuclei may help understand the cortico-basal ganglia
connections and how the connections are related to the physiological effect of DBS. While
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DBS is increasingly used to treat movement disorders patients, treatment strategies including
medication also improved the clinical state of the patient (Alexander et al., 1986; DeLong
and Wichmann, 2007; Lozano et al., 2002; Lozano and Lipsman, 2013). The surgical and
pharmacological treatments likely act by different physiological mechanisms and these
multiple mechanisms may interact with each other. The interactions among different
treatments for movement disorders could be studied in patients treated with DBS.

6. Conclusions

Despite progress in surgical procedures with sophisticated implantation techniques, the lack
of full understanding of the mechanisms of DBS may limit its further clinical applications.
Multidisciplinary neuroscience studies have revealed that the effects of DBS can be related
to different mechanisms including functional changes with neuronal activation or inhibition,
neurotransmitter release and long-term plastic changes in the target area and remote areas
(Lozano et al., 2002; Lozano and Lipsman, 2013; Udupa and Chen, 2015). TMS is safe for
movement disorders patients with DBS and is a powerful technique to evaluate the
physiological effects of DBS. Future studies harnessing the combined use of TMS and DBS
in patients with movement disorders may lead to novel treatment strategies for these
patients.
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Highlights

Deep brain stimulation normalizes abnormal cortical excitability and circuits in
movement disorders.

Single-pulse deep brain stimulation modulates the motor cortical circuits.

Repetitive deep brain stimulation with motor cortical stimulation produces cortical plastic
changes.
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Figure 1. Experimental design for testing the effects of deep brain stimulation on primary motor
cortex using transcranial magnetic stimulation.

(A) The effects of DBS on the M1 have been tested using TMS with various experimental
paradigms in movement disorders patients with DBS implanted in different basal ganglia
nuclei. Common DBS targets for movement disorders including STN, GPi and Vim are
labeled on the right side of the brain. The DBS electrodes (typically have four contacts in
total) are usually implanted with the middle contacts located in the target nuclei. Other
important basal ganglia nuclei including SN, GPe, putamen and caudate are labeled on the
left side of the brain. TMS is applied to the M1 ipsilateral to the basal ganglia nucleus being
tested. (B) Experimental setup. In many studies, DBS on the studied side was set at low
frequency (< 10 Hz) and that on the contralateral side was turned off. TMS was triggered
with DBS artifact at certain ISI. The interactions between basal ganglia nucleus and M1
were tested by measuring the changes in MEP amplitudes. DBS = deep brain stimulation,
GPe = external globus pallidus, GPi = internal globus pallidus, ISI = interstimulus interval,
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M1 = primary motor cortex, MEP = motor evoked potential, SN = substantia nigra, STN =
subthalamic nucleus, TMS = transcranial magnetic stimulation, Vim = ventralis intermedius
nucleus of thalamus.
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Figure 2. Effects on motor cortical circuits with deep brain stimulation.
Effects on SICI (tested with interstimulus interval of 2 ms) and ICF (interval of 10 ms) in

Parkinson’s disease patients with STN and GPi DBS. (A) Examples of single trials for SICI
from one patient with STN DBS. The test pulse produced MEP of about 1 mV in all three
conditions: DBS ON (with clinical setting), Half ON (half voltage of that used in clinical
setting) and DBS OFF. SICI was stronger in the ON condition compared to the Half and
OFF conditions. (B) and (C) Group analysis (mean = standard deviation) for SICI and ICF
with STN (B) and GPi DBS (C). The ordinate indicates MEP amplitude induced by paired-
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pulse TMS normalized as a percentage of that with test stimulus alone. Values below 100%
represent inhibition and those above 100% represent facilitation. Filled circles represent ON
state, half-filled circles represent Half state, open circles represent OFF state, and filled
triangles represent age-matched healthy controls. STN but not GPi DBS restored impaired
SICI in Parkinson’s disease. ICF did not change with either STN or GPi DBS. DBS = deep
brain stimulation, GPi = internal globus pallidus, ICF = intracortical facilitation, MEP =
motor evoked potential, SICI = short interval intracortical inhibition, STN = subthalamic
nucleus, TMS = transcranial magnetic stimulation. Modified from Chen et al. (2001) and
Cunic et al. (2002).

Clin Neurophysiol. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ni et al.

Page 21

| F3
2 F4
2 C3
Y 1

1165 meg 2035 ms C4
l Cz

| 1 v

5ms

10 ms 25 ms o0 ms

50 0 o
Time after DBS (ms)
5 0 5uV

Figure 3. Cortical evoked potential from deep brain stimulation.
(A) Cortical evoked potential recorded with electroencephalography from different

electrodes induced by single-pulse STN DBS in a Parkinson’s disease patient. (B) Cortical
evoked potential with heat map and epochs of recordings induced by single-pulse GPi DBS
in a cervical dystonia patient. The time of DBS delivery was time 0. The maximum
amplitude of DBS evoked potentials was observed in electrodes over the primary motor
cortical area in both patients. Multiple peaks of evoked potentials with different latencies
and different polarities were recorded in both patients. DBS = deep brain stimulation, GPi =
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internal globus pallidus, STN = subthalamic nucleus. Modified from Kuriakose et al. (2010)
and Ni et al. (2018).
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Figure 4. Time course of the effects of deep brain stimulation on motor cortical excitability.
Time course of the effects of single-pulse STN DBS in a Parkinson’s disease patient (A) and

GPi DBS in a cervical dystonia patient (B) on MEP amplitude produced by TMS with
anterior-posterior current direction. The abscissa indicates the interstimulus intervals
between DBS and TMS. The ordinate indicates MEP amplitudes induced by TMS and DBS
(normalized as a percentage of that with TMS alone). MEP facilitation occurred at early
latency of 2 to 5 ms and a later latency (around EP latency, ~23 ms) after STN DBS (A). In
dystonia patient with GPi DBS (B), MEP facilitation occurred at interstimulus interval of
~10 ms and MEP inhibition at ~25 ms. * P<0.05, ** P<0.01, post hoc t-test, comparing
MEP induced by DBS and TMS to that with TMS alone. Error bars represent standard
deviations. DBS = deep brain stimulation, EP = evoked potential, GPi = internal globus
pallidus, MEP = motor evoked potential, STN = subthalamic nucleus, TMS = transcranial
magnetic stimulation. Modified from Kuriakose et al. (2010) and Ni et al. (2018)
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Figure 5. Induction of motor cortical plasticity by pairing deep brain stimulation with
transcranial magnetic stimulation.

(A) Experimental setup. Motor cortical plasticity was tested by a paired associative
stimulation paradigm. Interventional protocols with paired associative stimulation were
applied with 180 pairs of DBS and TMS at 0.1 Hz for 30 min. Three different interstimulus
intervals (early, later and a control interval) were tested. Measurements were performed
before (baseline) and at three different time points after the interventional protocol (TO
immediately, T1 about 30 minutes, T2 about 60 minutes after the intervention). (B) and (C)
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Group analysis (mean + standard deviation) for the effect on motor cortical plasticity in
Parkinson’s disease patients with STN DBS (B) and in cervical dystonia patients with GPi
DBS (C). (B) Interstimulus intervals of 3 ms (early), 23 ms (later) and 167 ms (control) were
tested in patients with STN DBS. MEP recruitment curve were measured with TMS
intensity set at 120%, 140%, and 160% of RMT. The abscissa indicates TMS intensities.
The ordinate indicates MEP amplitudes normalized as a percentage of that before
intervention (baseline). Blue columns represent time TO, red columns represent time T1,
green columns represent time T2. Analysis of variance revealed a trend toward significance
for the interaction between interventional protocol and TMS intensity (P=0.07). (C)
Interstimulus intervals of ~10 ms (early), ~25 ms (later) and 100 ms (control) were tested in
patients with GPi DBS. The abscissa indicates the time after interventional protocol. The
ordinate indicates MEP amplitude. Example of recordings shows MEP measured at the
corresponding time points. Paired associative stimulation with interstimulus interval of ~25
ms produced MEP facilitation for longer than 30 minutes (note the different ordinate for this
panel) and that with interval of ~10 ms produced MEP facilitation at the time point
immediately after the intervention. MEP after the paired associative stimulation with
interstimulus interval of 100 ms did not change. *P<0.05, ** P<0.01, post hoc t-test,
comparing MEP after paired associative stimulation to that at baseline. DBS = deep brain
stimulation, GPi = internal globus pallidus, MEP = motor evoked potential, RMT = resting
motor threshold, STN = subthalamic nucleus, TMS = transcranial magnetic stimulation.
Modified from Udupa et al. (2016) and Ni et al. (2018).
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Table 1.

Changes in motor cortical excitability and cortical circuits with deep brain stimulation

Measurements  Parkinson’s disease STN  Parkinson’s disease GPi  Dystonia GPi
OFF ON OFF ON OFF ON
MEP threshold < < < e < e
MEP amplitude 1 1 1 1 . o4
SICI 0 Normalized | | ! Normalized
ICF > > A A > e
LICI ie e Tb Normalize db Not tested  Not tested

Abbreviations

Page 26

GPi = internal globus pallidus, ICF = intracortical facilitation, LICI = long interval intracortical inhibition, MEP = motor evoked potential, SICI =
short interval intracortical inhibition, STN = subthalamic nucleus, T = increase, ¢ = decrease, <> = no change.

All changes are based on the comparison between patients (Parkinson’s disease patients with STN and GPi deep brain stimulation and dystonia
patients with GPi stimulation) and healthy controls.

ON refers to the state that deep brain stimulation was turned on with the clinical setting and OFF refers to the state that the stimulation was turned

off.

Normalized refers to the effect that deep brain stimulation normalized the abnormality in the patients when the stimulation was turned off.

Notes:

a . . . . . . - . . .
MEP amplitude in dystonia patients with GPi deep brain stimulation does not change even after the stimulation has been turned on for 6 months.
However, switching off the stimulator may lead to a transient reduction in the slope of MEP recruitment curve.

Tested with cortical silent period in the active state with voluntary muscle contraction.
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