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In the present issue of Clinical Neurophysiology, Ni et al. compre-
hensively review the transcranial magnetic stimulation (TMS) lit-
erature to find mechanistic links that shed light on how deep
brain stimulation (DBS) modulates the primary motor cortex
(MT1) (Ni et al., 2019).

This is a very comprehensive review that aims to bridge find-
ings from invasive and non-invasive brain stimulation to enhance
our understanding of the mechanisms of DBS with respect to the
pathophysiology of the underlying movement disorder.

Both methods modulate brain networks (instead of specific iso-
lated brain regions) and it comes as a natural thought that they
might both be used to target the same disease- or symptom-speci-
fic network to alter a pathological brain state. TMS also allows to
measure output parameters of motor cortical excitability. Here,
the most common metrics are (a change in) amplitude of the motor
evoked potentials (MEP) and motor cortical excitability. In the pre-
sent context, changes in MEP amplitude are used to study effects of
TMS or DBS on distant brain structures such as M1.

Ni et al. review the literature in which TMS is applied to
patients also treated by DBS in the subthalamic nucleus (STN),
the internal pallidum (GPi) or the ventral intermediate nucleus of
the thalamus (VIM). The review is rich in specific information
and represents a great resource to answer questions of how DBS
would change different TMS parameters in different diseases when
stimulating at different targets. Given the many details reported in
the review, it is impossible to summarize all findings in this edito-
rial. Still, we aim at reflecting some aspects in the following. The
main body of the review is divided into three parts. First, they
review effects of therapeutic (high-frequency) DBS on M1. Second,
effects of single pulse DBS are studied. Finally, plastic effects of DBS
are reviewed.

A well described “network treatment” is DBS to the VIM for
treatment of Essential Tremor (ET). It is a network target due to
the fact that modulating the cerebellothalamic pathway (and
specifically the decussating dentatorubrothalamic tract) is crucial
for beneficial therapeutic outcome (Calabrese et al., 2015). This is
widely accepted and the tract has even been used for surgical tar-
geting (Coenen et al., 2014). A TMS-derived correlate to study this
pathway is paired-pulse cerebellar inhibition. TMS pulses
delivered to the cerebellum inhibit the MEP produced by a motor
cortical TMS pulse 4-7ms later - which shows that the
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cerebello-thalamo-cortical pathway can be excited by TMS
(Hallett, 2007). Concluding from the review article, this inhibition
was preserved in mild ET patients but absent in ET DBS patients in
the off stimulation state. Crucially, the inhibition was restored in
the on state. Authors conclude that thalamic DBS functionally
changes the excitability of inhibitory neurons and normalizes the
activity along the cerebello-thalamo-cortical pathway.

Moving on to single-pulse DBS, authors mention that these
evoke negative cortically evoked potentials (EP) at 3-4 ms inter-
vals (likely due to antidromic activation of the hyperdirect path-
way) and positive EPs at 18-25 ms (likely via activation of the
indirect pathway). Consistently, paired pulse paradigms (where
the TMS pulse follows the DBS pulse with short latency) facilitated
MEPs when latencies fell into either the 3-4 or 18-25 ms range.
This is a very advanced stimulation technique that allows studying
a direct interaction of cortical and subcortical stimulation. In the
GPi (studies in cervical dystonia patients), single DBS pulses again
produced two EPs (negative at ~10 ms and positive at ~25 ms).
Here, MEPs were facilitated by GPi DBS delivered ~10 ms before
motor cortical TMS and inhibited when delivered ~25 ms before.
Authors speculate that the two EPs following both STN- and GPi-
DBS may in fact stem from the same sources (i.e. hyperdirect and
indirect pathways) and the longer latency of the first in GPi DBS
could be explained by synaptic relay between GPi and STN (which
are structurally connected via Edinger’s comb system).

Specifically, in dystonia, it is crucial to investigate long-term
effects of neuromodulation that are mediated by plasticity. Here,
TMS represents an outstanding method to investigate plasticity
using paired associative stimulation. Several groups have shown
exaggerated cortical plasticity in dystonia and its modulation by
DBS. Interestingly, plasticity could gradually be restored to the
level of healthy controls by GPi DBS over the course of several
months and the degree of plasticity is related to how long the
DBS effects outlast stimulation when switched off.

Moving beyond the current review by Ni and colleagues — and
beyond the diagnostic capability of TMS toward its potential to
modulate brain regions, a unifying concept holds the hypothesis
that DBS and TMS would target the same network at different
nodes: DBS modulates a subcortical node of the network while
TMS would alter its properties at cortical level. First evidence that
this concept may hold true indeed has been published in recent
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years (Fox et al., 2014; Weigand et al., 2018; Horn et al., 2017b). In
a perspective article, Fox and colleagues demonstrated for a total of
14 brain disorders that subcortical (invasive) and cortical (nonin-
vasive) stimulation sites used to treat the same symptom are
linked by distributed functional networks. For instance, the most
common DBS target used to treat Major Depressive Disorder, the
subgenual cortex at Brodmann area 25 (Mayberg et al., 2005) is
anti-correlated to the left dorsolateral prefrontal cortex usually
stimulated by TMS. Based on the initial perspective article that
both treatments could modulate the same network (Fox et al.,
2012), Weigand and colleagues prospectively validated this con-
cept: The more functionally anti-correlated the TMS site was to
the subgenual cortex, the better the antidepressive treatment
effect was (Weigand et al., 2018). Fox further hypothesized that
DBS sites in Parkinson’s disease should be positively correlated to
SMA (a region that has been used to treat PD with inhibitory
TMS) and negatively correlated to M1 (used with excitatory TMS)
(Shirota et al., 2013; Fox et al., 2014). Complementing this strand
of observations in the TMS field, a DBS study showed that the opti-
mal electrode to treat PD in the STN has a fitting connectivity pro-
file: One that is positively correlated to SMA and inversely
correlated to M1 (Horn et al., 2017a, 2017b). In fact, such connec-
tivity profiles of “effective” STN-DBS electrodes could be used to
predict therapeutic outcome across DBS centers and surgeons
(Horn et al., 2017b). This accumulating evidence suggests that
one may invasively and noninvasively modulate distributed brain
networks that could then ameliorate specific symptoms. Such net-
works could be termed “therapeutic networks” and the underlying
pathology a “circuitopathy”. In other words, circuits that show
aberrant activity and dynamics may be treated by retuning those
networks toward the healthy domain. Finally, it is likely that such
circuitopathies code for specific symptoms, rather than for the
whole symptom spectrum of a disease (Kithn and Volkmann,
2017).

Concluding, it is of uttermost importance to characterize symp-
tom-specific networks that may overlap in different brain disor-
ders to identify the optimal target for intervention. In this way,
one could picture a personalized treatment strategy in the future:
Based on the patient-specific constellation of symptoms, a specific
“therapeutic network” could be outlined based on network data-
bases. Specific network nodes should be defined for intervention,
while retuning this network may include invasive and noninvasive
neuromodulation strategies. The review article by Ni and col-
leagues in the present issue of Clinical Neurophysiology represents
a valuable resource to get an overview of the current state of com-
bined DBS and TMS studies. It concludes with promising perspec-
tives such as combined (therapeutic) applications of DBS and
TMS, using TMS-derived measures to guide DBS programming

and even adaptive DBS or future functional studies with DBS and
TMS. Further work that was not the prime focus of their article is
to combine DBS and TMS for maximal synergistic results of
neuromodulation.
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