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A B S T R A C T

Deep brain stimulation (DBS) has developed over the last twenty years into a highly effective evidenced-based
treatment option for neuropsychiatric disorders. Moreover, it has become a fascinating tool to provide illustra-
tive insights into the functioning of brain networks. New anatomical and pathophysiological models of DBS action
have accelerated our understanding of neurological and psychiatric disorders and brain functioning. The
description of the brain networks arose through the unique ability to illustrate long-range interactions between
interconnected brain regions as derived from state-of-the-art neuroimaging (structural, diffusion, and functional
MRI) and the opportunity to record local and large-scale brain activity at millisecond temporal resolution
(microelectrode recordings, local field potential, electroencephalography, and magnetoencephalography).

In the first part of this review, we describe how neuroimaging techniques have led to current understanding of
DBS effects, by identifying and refining the DBS targets and illustrate the actual view on the relationships between
electrode locations and clinical effects. One step further, we discuss how neuroimaging has shifted the view of
localized DBS effects to a modulation of specific brain circuits, which has been possible from the combination of
electrode location reconstructions with recently introduced network imaging methods. We highlight how these
findings relate to clinical effects, thus postulating neuroimaging as a key factor to understand the mechanisms of
DBS action on behavior and clinical effects. In the second part, we show how invasive electrophysiology tech-
niques have been efficiently integrated into the DBS set-up to precisely localize the neuroanatomical targets of
DBS based on distinct region-specific patterns of neural activity. Next, we show how multi-site electrophysio-
logical recordings have granted a real-time window into the aberrant brain circuits within and beyond DBS targets
to quantify and map the dynamic properties of rhythmic oscillations. We also discuss how DBS alters the transient
synchrony states of oscillatory networks in temporal and spatial domains during resting, task-based and motion
conditions, and how this modulation of brain states ultimately shapes the functional response. Finally, we show
how a successful decoding and management of electrophysiological proxies (beta bursts, phase-amplitude
coupling) of aberrant brain circuits was translated into adaptive DBS stimulation paradigms for a targeted and
state-dependent invasive electrical neuromodulation.
1. Introduction

The treatment options for neuropsychiatric disorders and especially
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neurophysiological models on the mechanisms of DBS (Jakobs et al.,
2019). DBS allows clinical symptoms to be alleviated by means of ster-
eotactically implanting electrodes into specific targets within deep re-
gions in the brain, which depend on the disease and symptoms being
treated, and delivering constant or intermittent electric currents from an
implanted battery source.

The acute and long-term effects of DBS may not only be limited to the
suppression of cardinal symptoms, but may possibly further positively
influence the course of the disease through targeted modulation of the
involved circuits. A detailed functional and structural biomarker delim-
itation, using brain imaging (e.g., MRI) and electrophysiological (e.g.,
electromyography - EMG, LFP, electroencephalogram - EEG, and
magneto encephalogram - MEG) techniques is essential for the selection
of brain targets and for improving direct planning of implantation, but
also for better understanding DBS mechanisms. Supplementation of im-
aging data analysis by electrophysiological pre- and intraoperative re-
cordings can synergistically support electrode placement for the surgical
procedure, or ease postoperative programming.

The advent of brain imaging on DBS research has shifted the ideas
regarding the mechanistic effects of DBS from purely localized effects to
the concept of targeted modulation of fiber tracts and wide-spread con-
nected brain regions, with possible chronic neuroplastic effects (Jakobs
et al., 2019). The use of functional imaging techniques has allowed the
delineation of the targeted network and enabled the visualization of the
specific fiber tracts involved. Altogether, the use of brain imaging tech-
niques has resulted in a conceptual paradigm-shift, in which unique ef-
fects of focal stimulation of specific brain target regions is no longer
considered the main action mechanism, but instead a targeted modula-
tion of the specific network has being hypothesized (Gonzalez-Escamilla
et al., 2019; Horn, 2019; Lozano and Lipsman, 2013). This information
can also be applied in already implanted patients to enhance DBS effects
and advanced programing actions, thereby minimizing side-effect or
long-term negative outcomes.

Common brain regions used as targets for movement disorders
(Fig. 1) are: the subthalamic nucleus (STN) in Parkinson’s disease (PD),
Fig. 1. Common deep grey matter regions used as targets for deep brain stim-
ulation in movement disorders, but also gaining attention as possible targets for
neuropsychiatric diseases.
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the globus pallidus internus (GPi) for dystonia, and the ventral inter-
mediate nucleus of the thalamus (VIM) for essential tremor (ET) (Krack
et al., 2019). For other neurologic and psychiatric disorders, the defini-
tion of optimal DBS targets is still a matter of investigation. For example,
although the centromedian thalamic region and the GPi are most
frequently selected for relief of motor tics and comorbid psychiatric
symptoms in Gilles de la Tourette syndrome (GTS), due to the complexity
of the disease DBS in GTS seems far from being established (Krack et al.,
2019). Similarly, for obsessive-compulsive disorders (OCD) no consensus
on definite targets has yet been achieved. The presentation of the
network profile of DBS target regions further provides extended insights
into the mechanisms of action of the therapy postoperatively, while
opening up the possibility of defining patient-specific DBS target regions
on the basis of connectivity maps obtained preoperatively.

Ultimately, the aim of this review is to present the current state-of-
the-art methods to characterize the network modulation by the aid of
DBS, neuroimaging and electrophysiology, and to outline the latest
research results and perspectives for the further development of the
synergistic use of DBS, brain imaging and electrophysiology. Therefore,
we discuss how the assessment of structural and functional network
properties at local and global brain levels via brain imaging and elec-
trophysiology can be used as a basis for the prediction and optimization
of DBS in brain network disorders. Likewise, we show how the subject-
specific differences in structure, network connectivity and oscillatory
dynamics can personalize the delivery of DBS treatment paradigms on
one hand, and increase its effectiveness and reduce potential side effects
on the other hand.

2. Deep brain stimulation in the neuroimaging era

2.1. Neuroimaging and DBS in the perioperative period

The inherent aim of DBS is to modulate neural activity by applying
extracellular electric fields, which in turn depend on the stimulation
parameters (amplitude, pulse width, frequency) and the physiological
properties of the brain (Kringelbach et al., 2011). Therefore, accurate
allocation/implantation of DBS electrode contacts into the brain is of
greatest importance for effective stimulation in patients undergoing
surgery.

To help improve targeting accuracy, current stereotaxic implantation
of the DBS leads uses a combination of post-mortem atlas-based co-
ordinates and patient’s brain structural imaging (usually MRI, providing
a good definition of local anatomy) for planning trajectories (Lee et al.,
2010), with possible trajectory refinement using neurophysiological
microelectrode recordings (MER; see microelectrode recording for func-
tional STN mapping) and macrostimulation to functionally map/track the
target from awake patients (Lauro et al., 2018; Lee et al., 2018). Then,
postoperative structural brain imaging (commonly CT [computed to-
mography], or MRI at lower magnetic fields, i.e. 1.5T is possible
depending on manufacture specifications) is used to verify targeting ac-
curacy by assessing lead contact placement. An alternative to this pro-
cedure is the use of interventional real-time MRI, which relies on
prospective stereotactic imaging techniques prior to lead implantation, to
refine a trajectory that achieves target alignment (Lee and Richardson,
2017; Lee et al., 2018; Ostrem et al., 2016). Due to the incurred cost and
risk issues (Burchiel et al., 2013; McClelland, 2011; Zrinzo et al., 2012)
and considering that targeting accuracy and DBS outcomes of
image-guided operation without MER are comparable to those with MER
(Burchiel et al., 2013; Mirzadeh et al., 2014; Starr et al., 2014; Thani
et al., 2012), add-on value of MER is now questioned. This may be related
to the heterogeneity of MER usage across centers (e.g., use of single or
simultaneous MER) (Bjerknes et al., 2018). The use of structural MRI
verification of the leads results in outcomes similar to those obtained
with MER guidance (Aviles-Olmos et al., 2014; Foltynie et al., 2011), and
the use of interventional MRI produces reductions in motor symptoms
and medication dosage (Ostrem et al., 2016). Therefore, MRI is
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increasingly used as a tool in the study of DBS mechanisms.
Accurate DBS lead implantation is challenged in pure imaging-based

approaches due to the brain shift problem (Slotty et al., 2012; van den
Munckhof et al., 2010). The brain shift problem comes from an alteration
to the intracranial mechanical equilibrium due to the burr hole and
opening dura during the lead implantation, which displaces the planned
target from the preoperatively determined position and further com-
promises the alignment between postoperative and preoperative brain
scans, the latter being used for surgical planning and targeting. Lead
implantation within the functional target withMER-directed adjustments
can help address the brain shift problem of the DBS surgery approach, as
depicted by decreased distance errors across different clinical reports (Li
et al., 2016). A further strategy is to perform the imaging and planning
after dura opening (Starr et al., 2014), e.g., during intervention. How-
ever, imaging is not possible in all cases or clinics at intervention, and
thus, MER have increased relevance for improving lead positioning to-
wards the actual target especially in cases where no interventional CT or
MRI is available.

Advanced MRI sequences, when adequately configured, can deliver
accurate and direct mapping of the different subcortical structures
commonly targeted during neurosurgery (Ewert et al., 2018; Kim et al.,
2019; Su et al., 2019). Integrating MRI modalities with brain histology
supported the emergence of a detailed 3D deformable atlas of the human
basal ganglia (Yelnik et al., 2007), while further developments in MRI
technology, such as ultra-high-field imaging, currently allow unprece-
dented detail of brain structures strikingly emulating histology proced-
ures (Forstmann et al., 2016; Pauli et al., 2018). This may potentially
increase the accuracy for the postoperative verification of DBS leads
implantation, or even enhance the individualized pre-surgical DBS tar-
geting (Duchin et al., 2018; Patriat et al., 2018). In this view, modern
brain imaging has the ability to increase DBS efficacy and reduce adverse
effects reported to be associated with suboptimal placement of electrode
contacts (Rolston et al., 2016; Wodarg et al., 2012), possibly optimizing a
patient’s long-term therapeutic outcome.

Preoperatively, structural brain imaging can robustly predict post-
operative outcomes across diseases and can, thus, be further imple-
mented for improved selection of those patients who are candidates for
DBS intervention (Eross et al., 2020; Gonzalez-Escamilla et al., 2019;
Muthuraman et al., 2017). This information can also be used as exclusion
criteria for patients who would likely not benefit from DBS therapy
(Gonzalez-Escamilla et al., 2019). However, application in clinical set-
tings would be possible only after robust biomarkers of DBS outcomes
have been validated. This task is achievable by complementing imaging
and electrophysiology measures with DBS recordings, and should go
hand in hand with the development of objective and
investigator-independent methodologies.

2.2. Causal interrogations of DBS with neuroimaging

Beyond the use of neuroimaging during the perioperative period and
intervention, it may further help to better understand DBS mechanisms
and detect complications that may accompany the therapy, in other
words, it may help explain intended or unexpected effects.

There is no current consensus on the action mechanisms of the
therapeutic effect of DBS in movement disorders or any other neuro-
logical disease (Ashkan et al., 2017; Jakobs et al., 2019). In essence, a
neural response is elicited by DBS electric stimulation, resulting in
thousands of synaptic events through the dense axonal branching (Her-
rington et al., 2016). The induced synaptic events may result in excitation
or inhibition depending on the specific pathway being reached,
spreading across the brain affecting large-scale networks (Horn et al.,
2017b; Lozano and Lipsman, 2013). In this sense, previous studies have
evidenced that, beyond DBS electrode location, the connectivity patterns
of the target region are closely related to the clinical improvement (Horn
et al., 2017b). The subsequent network-level modulation is still under
further investigation to identify whether afferent and/or efferent axons
3

are stimulated and to elucidate the predicted outcome of DBS.
The two major advances in our understanding of DBS mechanisms

brought by modern brain imaging are due to the provided ability to: i)
trace specific stimulated pathways or ii) examine functional conse-
quences within brain networks. As an example of the former, volume of
tissue activation (VTA) models can be generated around individual
electrode contacts with the aid of brain imaging to evaluate the
anatomical basis of physiological responses and clinical outcomes
(Akram et al., 2017). These VTA models are underlined by mathematical
assumptions about the electrical field distribution from the stimulating
electrode (amplitude, pulse width, frequency), and thresholds for action
potentials in a grid of model axons around the electrode contacts (Butson
et al., 2011). After the extent of the electrical field produced by the
electrode contacts has been modelled, utilization of brain tractography
algorithms, based on diffusion imaging, can help to determine which
fibers are being activated (Fig. 2A and B). This information can then be
used by clinicians for the correct programming of the electrical pulse in
each patient to obtain the best clinical outcome (Fig. 2 C), thereby,
preventing the induction of subtle stimulation-induced adverse effects
such as dysarthria resulting from excessive current spread (Frankemolle
et al., 2010), while achieving equal clinical benefits.

The second progression in DBS due to brain imaging is the allowance
of large or multicenter retrospective studies aimed at defining an optimal
stimulation location according to disease stage, symptom relief or sup-
posed clinical improvement (Dembek et al., 2017; Gourisankar et al.,
2018; Reich et al., 2019), with robust findings as suggested by high
out-of-sample prediction accuracy, using an independent dataset (Reich
et al., 2019). Noteworthy, the introduction of diffusion imaging has gone
beyond connectivity determination from the electrode locations within
GM nuclei, recently, it has been also used to assist DBS planning in order
to directly target the dentatorubrothalamic tract (DRTT) in ET (Coenen
et al., 2011) suggesting an effect in clinical entities with
tremor-dominant symptoms (Coenen et al., 2020). Cf. (Calabrese, 2016)
for an overview on the topic.

As DBS is becoming increasingly available, finding an optimal stim-
ulation target or “sweet spot” has become essential. The sweet spot is
defined as a predominant spatial signature of the electrode locations
within the target region that allows the predictability of the clinical ef-
ficacy of DBS to be assessed. In this direction, in PD patients a sweet spot
within the sensorimotor functional zone of the STN has been found for
the optimal clinical outcome after DBS (Bot et al., 2018). This finding on
the relationship between the proximity of active DBS contacts to the
sweet spot and the clinical outcome has been replicated based on defined
coordinates obtained through meta-analyses (Corp et al., 2019; Horn
et al., 2019) but also when comparing omnidirectional against direc-
tional stimulation and individual VTA modelling (Nguyen et al., 2019).
Notably, the spatial overlap between VTA and STN volumes appear
equally predictive of clinical improvement (Horn et al., 2019).

A further advance, related to the DBS systems, is the recent intro-
duction of directional leads to provide more control of the stimulation
field. Unlike conventional DBS leads, which use cylindrical electrode
contacts, directional leads comprise radially segmented contacts (see
example electrode contacts in Fig. 2 A). This segmented contacts allow
the manipulation of the stimulation field in the plane perpendicular to
the lead, or to alternatively be shaped by using a combination of anodes
and cathodes in a particular direction (Contarino et al., 2014; Pollo et al.,
2014). Thus, directional leads allow the stimulation to be delivered in the
direction of the anatomical/functional target region and, possibly, away
from aversive-effect locations, at the cost of more complex and poten-
tially more time-consuming DBS setting parametrization by the neurol-
ogist. Such lead configurations have impact on the geometry of the
modelled VTA and the detection of target-adjacent tracts by diffusion
imaging. Directional leads also open the possibility to re-directed stim-
ulation to new sub-targets, which in turn, may foster our understanding
of DBS effects on axial and appendicular symptoms and of the physiology
of movement, cognition, and mood (Schupbach et al., 2017).



Fig. 2. Overview of the applicability of brain imaging in the study of deep brain stimulation (DBS). (A) The combination of preoperative structural MRI with
postoperative CT [computed tomography], or less common postoperative MRI at low magnetic fields, can be used to reconstruct DBS electrode positioning and model
individualized volumes of tissue activation (VTA). (B) Once the locations of the active DBS electrode contacts are known or VTAs have been modelled brain imaging
can be used to study DBS functional-structural associations. For example, in structural connectivity, diffusion imaging can serve to study modulated fiber pathways and
structural MRI serves to study morphometric properties of the connected regions; functional connectivity from fMRI or neurophysiology methods help to elucidate
coordinated activity across wide-spread brain regions. Altogether, these brain imaging markers can be used as connectivity and architectural fingerprints of DBS. (C)
Patient’s connectivity and architectural fingerprints can be used to study the association between location, connectivity and structural integrity with clinical outcomes
after DBS, or to create models that predict clinical improvement. The utility of neuroimaging techniques can be translated into clinical practice to deliver individ-
ualized DBS therapy.
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Noteworthy, VTA models are rough estimations of the spatial extent of
activation and quantify the theoretical responses to stimulation assuming
tissue homogeneity across individuals. Here, there is a need for novel
patient-specific algorithms that are both biophysically realistic and
computationally simple.

In other diseases, the relationships between electrode location and
clinical improvements are becoming available (Dembek et al., 2017;
Gourisankar et al., 2018; Reich et al., 2019). Similarly to the findings in
STN-DBS for PD, using VTA overlaps with a probabilistic sweet spot
volume could explain more than half of the variance in motor score
improvement after GPi-DBS in dystonia patients (Reich et al., 2019).
Here, the optimal stimulation point, residing within the ventroposterior
GPi and the adjacent subpallidal white matter, was not different for
cervical and generalized dystonia (Reich et al., 2019). For essential
tremor, an optimal target of tremor suppression could be defined along
the inferior border of the VIM and within the adjacent white matter (i.e.,
the rostral zona incerta) by computing a probabilistic mapping of VTAs
(Dembek et al., 2017).

To study the relationship between DBS electrode localization and
behavioral responses, patients implanted with DBS electrodes are asked
to perform/engage in behavioral/cognitive tasks during DBS stimulation
ON and OFF conditions. Using such paradigms, STN-DBS has shown its
ability to shift patient’s decision-making under conditions of uncertainty
(Paliwal et al., 2019; Patel et al., 2018). Here, the efficacy of SNT-DBS in
modulating behavior could relate to electrode locations. For example, it
is known that during gambling tasks PD patients are more risk-aversive
and optimal DBS localization was shown to reduce risk-aversion
behavior in PD patients closer to that of the healthy individuals,
whereas this was not the case for patients having suboptimal electrode
localization (Irmen et al., 2019).

Of notice the correct localization of the DBS active electrode contacts
may not be enough to explain the full variance in postoperative out-
comes, as in some studies the clinical outcome improvement could be
associated to the stimulation volumes, but not the electrode location per
se (Reich et al., 2019). This highlights the importance of evaluating the
4

involvement of hyperdirect and indirect cortico-thalamic pathways
(Hamani et al., 2017) in modulating reaction times and motor
performance.
2.3. DBS electrode connectivity and clinical outcomes

Functionally distinct cortico-subcortical loops, which form elements
of the motor, cognitive and affective systems, cross the basal ganglia and
thalamus, creating functional sub-regions within these structures. These
sub-regions may in turn show distinct electrophysiological fingerprints.
As previously mentioned, effective modulation of cognitive function or
symptom reduction requires DBS electrodes to be precisely positioned.
For example, DBS electrodes placed along the medial border of the STN
led to speech deterioration when compared to a more lateral location in
PD patients (Tripoliti et al., 2011; Wodarg et al., 2012). A further
example is that in PD patients the connectivity profile from DBS electrode
locations to primary motor cortex (M1) explains (to a large extent)
tremor improvement, while DBS electrode connectivity to supplementary
motor area (SMA) explains bradykinesia amelioration and connectivity
to both SMA and prefrontal cortex (PFC) explains rigidity modulation
(Akram et al., 2017). The location of the active electrode contacts in
proximity to the dentate-thalamic tract (DTT) could be associated with
tremor improvement (Sweet et al., 2014). The particular association
between electrode connectivity to the SMA and PFC with clinical out-
comes has been consistently shown in PD patients (Horn et al., 2017b;
Koirala et al., 2018; Vanegas-Arroyave et al., 2016) and in animal models
(Gradinaru et al., 2009). In contrast, a more ventral-medial STN electrode
stimulation in PD patients can decrease beneficial motor outcomes and
increase rates of undesirable mood and cognitive adverse events (Cas-
trioto et al., 2014). For GPi-DBS in dystonia, clinical efficacy has been
shown for electrode locations anatomically close to the pallidothalamic
pathways (Rozanski et al., 2017). In VIM-DBS for treatment of tremor,
location of electrodes nearby the DRTT seems crucial to explain clinical
improvement (Akram et al., 2018; Calabrese et al., 2015; Groppa et al.,
2014). Despite the fact that DRTT modulation may represent the most



G. Gonzalez-Escamilla et al. NeuroImage 220 (2020) 117144
accepted concept in DBS for reducing tremor, its ability in further clinical
entities with tremor-dominant symptoms is scarce (Coenen et al., 2020;
Fiechter et al., 2017) and long-term outcomes are yet to be proven
(Coenen et al., 2020). Moreover, involvement of the thalamic SMA/M1
segments appears to further play a role in improving tremor (Akram
et al., 2017; Middlebrooks et al., 2018; Pouratian et al., 2011). Clearly,
these findings indicate that cortical regions beyond the stimulation site
are key factors for the ultimate DBS outcomes (Gonzalez-Escamilla et al.,
2019; Muthuraman et al., 2017).

Non-invasive brain circuit tracing, using functional MRI (fMRI), al-
lows the exploration of direct clinical effects of DBS from a different
perspective. However, fMRI studies on patients implanted with DBS
electrodes are limited because of safety concerns and imaging artefacts
(Kahan et al., 2015; Tagliati et al., 2009), therefore, animal models
typically are used with these aims. In non-human primates, STN-DBS
increases blood oxygenation level-dependent (BOLD) activation in the
Fig. 3. Integration of electrophysiology techniques in the deep brain stimu
neighboring and distant brain regions is recorded by applying invasive and non-invasi
map the effects of DBS on local and distributed brain oscillatory networks. (B) In
characterization of oscillatory networks during gait or limb movement tasks under DB
(LFPs) directly from the implanted electrode in the subcortical structure (here, sub
EcoG), as single- and multiunit activity (microelectrode recording, MER) or as surfac
are subjected to computational analysis to extract the functional signatures (electroph
(coherence, phase-amplitude coupling, burst activity, power spectral density) and t
bursts, phase-amplitude coupling) of fluctuating brain states indicative of a specific sy
Single- and multiunit activity (i.e., spike and background characteristics) obtained fr
(here, STN), and prediction of the optimal electrode implantation site and postopera
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sensorimotor cortex, SMA, caudate nucleus, pedunculopontine nucleus,
cingulate, insular cortex and cerebellum (Min et al., 2014). Similarly,
increased BOLD responses in motor, somatosensory, and cingulate
cortices to STN- and GPi-DBS are found in rats (Lai et al., 2014). In pigs,
DBS targeting on the STN and the entopeduncular nucleus (EN), the
non-primate analog of the primate GPi, induces increased BOLD activity
in the ipsilateral sensorimotor network, including the premotor, M1, and
primary somatosensory cortices, as well as dorsolateral prefrontal and
anterior cingulate and insular cortices (Min et al., 2012). The network
activations showed differential, target-specific, non-motor network ef-
fects (Min et al., 2012).

In humans, the recent introduction of normative connectomes
derived from large cohorts of participants allows for better definition of
the brain network fingerprints of DBS (Fox, 2018). Such studies have
evidenced that the connectivity profile of effective VIM-DBS can be
successfully estimated (Horn et al., 2017a) and be used to predict clinical
lation (DBS) setting. (A) Electrophysiological activity from the DBS target,
ve techniques, which serve as tools to detect and measure neural oscillations and
cluding kinematic parameters from peripheral motion sensors can aid in the
S off/on conditions. (C) Neural oscillations are acquired as local field potentials
thalamic nucleus, STN) and from cortex (subdural electrocorticography strips,
e activity (electroencephalography, EEG). (D) The recorded LFP and EEG signals
ysiological proxies) of aberrant circuit activity in time and/or frequency domain
rack their dynamical responses to DBS. Electrophysiological proxies (e.g., beta
mptom can be used as feedback signals for closed-loop DBS implantable devices.
om MER is mainly used for intraoperative functional mapping of the DBS target
tive outcome.
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improvement after DBS (Horn et al., 2017b). These connectivity profiles
can be further translated to model or predict the effectiveness of DBS in
different clinical populations, which may be of help in cases where these
data are not available (Coenen et al., 2020; Elias et al., 2020; Fox, 2018).
This concept has been recently applied to OCD where connectivity pro-
files from normative connectome data showed that a specific tract within
the anterior limb of the internal capsule and the nucleus accumbens and
projecting to prefrontal cortices was highly predictive of clinical
improvement (Baldermann et al., 2019). Results that could be validated
using patient-specific connectome data (Baldermann et al., 2019). In the
same study, the authors reported that the degree of fiber pathway con-
nectivity between stimulation locations in the nucleus accumbens and
medial and lateral prefrontal cortices predicted clinical improvement.
Therefore, it is apparent that information about functional and structural
brain pathways is crucial to understand the modulatory effects of DBS for
beneficial outcomes.

3. Deep brain stimulation and electrophysiology explorations,
insights from Parkinson’s disease

3.1. Microelectrode recording for functional STN mapping

Besides interventional applications, structural MRI is becoming
increasingly common to confirm the correct anatomical placement of the
DBS leads (cf. Neuroimaging and DBS in the perioperative period), MER is a
gold standard approach for this purpose as standalone or also comple-
mentary to neuroimaging. MER entails intraoperative recordings with
high spatio-temporal resolution of the STN neuronal electrical activity
(Fig. 3) and is performed at 0.5–1mm steps beginning from 10mm above
the planned target to the ventral border of the STN (Camalier et al., 2014;
Lozano et al., 2018). In order to optimize the electrophysiological re-
cordings, MER is preferably performed in awake patients under local/-
regional anesthesia (Telkes et al., 2016), however, sometimes sedation or
general anesthesia is needed, affecting MER (Bos et al., 2019). For a
precise electrophysiological mapping of the STN, MER requires either
single sequential microelectrode or simultaneous multiple microelec-
trode insertion (Bjerknes et al., 2018). The latter offers more detailed
information on the electrophysiological boundaries of the STN (three--
dimensional mapping), and hence, a potentially better intraoperative
guidance (Bjerknes et al., 2018; Kocabicak et al., 2015). Importantly, an
accurate detection of the STN relies on a proper recognition of the
electrophysiological profile of its sensorimotor part, thus, being one of
the key factors determining the therapeutic outcome after the surgery. As
the electrode enters along its trajectory through the thalamus, zona
incerta and substantia nigra (SNr), distinct and region-specific neuro-
physiological activity patterns are encountered (Seifried et al., 2012;
Wong et al., 2009). Therefore, the electrophysiological activity confined
to the STN holds a different pattern as from neurons firing beyond its
anatomical boundaries (Bour et al., 2010).

During online intraoperative MER, two features of the electrophysi-
ological activity are visually analyzed – spiking activity (firing rate and
pattern) and the background activity (Fig. 3) (Camalier et al., 2014).
Spikes represent the action potentials of one or more neighboring neu-
rons located in proximity to the electrode, while the background activity
arises from the activity of the surrounding neurons. Typically, the
amplitude of a spike ranges from 70 to 150 μV and the amplitude of the
background activity ranges from 2 to 6 μV. The sensorimotor region of
the STN (its dorsolateral part) is identified by a typical neuronal firing
pattern – high spiking (high firing rate) and background activity
(neuronal “hash”) (Bour et al., 2010; Wong et al., 2009). Approaching the
lower (ventral) border is marked by the disappearance of this charac-
teristic STN activity pattern (Seifried et al., 2012). Along the longitudinal
(dorsoventral) axis of the STN, an electrophysiological gradient is
discernible: the dorsal sensorimotor part of the STN is dominated by the
presence of bursty or oscillatory activity patterns, whereas the ventral
STN predominantly exhibits irregular firing patterns (Seifried et al.,
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2012). As the microelectrode reaches the SNr, a pattern similar to that of
the STN is observed, which consists of high firing rates of single neuronal
units with smaller amplitudes and relatively low baseline activity
(Camalier et al., 2014).

The analysis of MER can be performed by online real-time imple-
mentation of automated techniques based on machine learning algo-
rithms (Karthick et al., 2019; Kostoglou et al., 2016; Wan et al., 2019);
this approach can potentially reduce the intraoperative time and
subjectivity of the neurophysiological expertise (Telkes et al., 2016). The
following parameters are proposed as quantitative measures that can aid
in electrophysiological STN mapping derived from online or offline
(postoperative) analysis of acquired raw MER data: compound firing rate
(number of spikes per second), spike fraction, interspike interval, burst
index, absolute amplitude of background activity, power spectral density,
root mean square of the signal, etc. (Wan et al., 2019; Wong et al., 2009).
An elevation in multi-unit background activity of high frequency (>500
Hz) (Przybyszewski et al., 2016), root mean square of the signal indices
(Danish et al., 2008), beta band (13–30 Hz) and gamma band (31–100
Hz) indices (Cagnan et al., 2011) is observed when the electrode is
located within the STN borders. The entry into the STN is predicted with
high accuracy by an increase in the root mean square of the signal
(Cagnan et al., 2011; Telkes et al., 2016). The beta band activity derived
from MER indicates an optimal STN location (Michmizos et al., 2014),
predicts the optimal track for the proper DBS contact placement within
the sensorimotor area (Telkes et al., 2016) and correlates with the
postoperative motor improvement (Michmizos et al., 2014).

Parameters of neuronal activity evaluated for MER automation al-
gorithms delineate the STN borders and its adjacent structures with high
accuracy and relatively small error rates. A multi-feature approach
integrating several properties of the spikes and background activity
(Fig. 3) (e.g., increased firing rate, oscillatory activity) can be used for
more accurate prediction of the implantation site and depth and, thus,
optimize the electrophysiology-assisted intraoperative mapping proced-
ure of the STN (Geng et al., 2018). This approach would allow a more
personalized approach for each patient case that accounts for the dif-
ferences in neurophysiological activity between the subcortical struc-
tures and improves the outcome of functional localization.

After the correct target for stimulation is identified and the stimula-
tion parameters (amplitude, frequency, and pulse width) are optimized
with intraoperative microelectrodes, these are replaced with the mac-
roelectrode for chronic stimulation. In some centers, electrophysiological
explorations even with chronic electrodes are being practiced (Benabid
et al., 2009). Stimulation with microelectrodes differs from the macro-
electrode stimulation in several ways: microelectrode stimulation pro-
vides more localized modulation of the targeted structure, it causes less
tissue damage and induces a more pronounced activation of neural tissue
(Paffi et al., 2013).

3.2. Beta oscillations as electrophysiological correlates of motor activity

Beta frequency (13–35 Hz) oscillatory activity is a rhythmic repre-
sentation of neuronal synchronization across the cortico-basal ganglia
circuitry that appears as relatively short-lasting phasic bursts under
physiological conditions (Fig. 3). The activity of beta oscillations depends
upon the level of dopaminergic activity and serves as means to modulate
the constancy of the current motor state (Little and Brown, 2014). Much
of the insights on the nature and significance of beta oscillations in PD
patients were gained from local field potential (LFP) recordings from
implanted electrodes (mainly from temporarily externalized electrodes).
Bursts of beta activity within LFPs recorded from the STN in PD patients
at rest are time-locked to the firing neuronal populations (Little and
Brown, 2014), and show a robust stability over months (Neumann et al.,
2017) and years after the electrode implantation (Giannicola et al.,
2012).

As ascertained by STN LFP studies in PD patients, the exaggerated
resting beta synchrony within cortico-basal ganglia loops is tightly linked
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to the severity of motor impairment (rigidity, bradykinesia) (Neumann
et al., 2016, 2017, 2019; Oswal et al., 2013, 2016; Tinkhauser et al.,
2017a). PD patients exhibit beta bursts of longer duration during states
off dopaminergic medication compared to the same patients on levodopa
treatment and stimulation of the STN (Tinkhauser et al., 2017b, 2018).
The role of pathologically elevated beta synchrony was previously sug-
gested by stimulation of the STN in the low beta frequency range that
resulted in significant slowing of movements in PD patients (Timmer-
mann and Florin, 2012). Exaggerated beta synchrony is not confined only
to the STN but exceeds its anatomical borders and captures the entire
cortico-basal ganglia network (Litvak et al., 2011; Tinkhauser et al.,
2019), thus disclosing the existence of a beta band network between the
STN and motor/premotor cortical regions (Hirschmann et al., 2011;
Muthuraman et al., 2018; Oswal et al., 2013). The amplitude of beta
oscillations in the STN increases as the beta bursts increase in their
duration, consistent with progressively increasing synchronization that
compromises the information coding capacity across the motor loops
and, hence, the movement performance (Brittain et al., 2014). Beta
bursts with shorter duration negatively correlate, while beta bursts with
longer duration positively correlate with the motor impairment when PD
patients are off stimulation (Tinkhauser et al., 2017b).

The clinically effective high frequency (130 Hz) DBS of the STN
suppresses the beta hypersynchrony both locally (within the STN) and
narrowly (in spatially and spectrally distinct STN-cortical networks,
including mesial premotor and supplementary motor regions)
(Muthuraman et al., 2018; Oswal et al., 2016). Of particular relevance is
the local suppression of the low beta band (13–20 Hz), which is associ-
ated with motor improvement. On the contrary, the suppression of
STN-cortical motor regions coupling across the entire beta band does not
associates with the clinical outcome (Oswal et al., 2016). This suppres-
sion of beta burst’s amplitude is achieved differentially by conventional
and adaptive DBS (Meidahl et al., 2017; Tinkhauser et al., 2017a).

Adaptive DBS alters both the distribution and frequency (number of
cycles/second) of beta bursts by promoting a shift from long beta bursts
to shorter bursts and increasing the occurrence of shorter bursts. Con-
ventional DBS alters neither the frequency of beta bursts nor the distri-
bution of short- and long-lasting bursts; instead, the reduction in global
beta activity is achieved by suppression of the amplitudes of all beta
bursts (Tinkhauser et al., 2017a). As long-lasting beta bursts, indicative
of enhanced synchronization, negatively impact motor performance it is
plausible that short-lasting beta bursts appear to be physiologically
normal for information processing during executive motor skills. The
extent of beta activity suppression by clinically effective high-frequency
DBS of the STN correlates with the clinical improvement in motor per-
formance (axial and limb motor function) expressed as a decrease in the
Unified Parkinson’s Disease Rating Scale (UPDRS) part III score (Little
et al., 2013a, 2016; Oswal et al., 2016; Whitmer et al., 2012). At first
glance it might appear that short-lasting beta bursts carry only a bene-
ficial effect, however, even short-lasting beta bursts can negatively affect
motor performance when they occur in the time window before the
movement initiation (discussed below).

As described above, the exaggerated beta activity dominates the
resting state cortico-basal ganglia motor loops in PD. But how do the beta
bursts behave before and during motor task performance and what are
their effects on the accuracy of performed movement? In healthy
humans, beta oscillations show a systematic and notable reduction of
mean beta power before and during a voluntarymovement (Fischer et al.,
2016; Torrecillos et al., 2015). In PD patients the beta decrease becomes
assymetric between the two primary sensorimotor regions (Meziane
et al., 2015). A pattern of sustained suppression of beta power below its
level at rest is also recognized in the cortico-basal ganglia networks of PD
patients while performing continuous non-isometric movements (Bichsel
et al., 2018). Moreover, when PD patients perform a repetitive motor
task, despite suppression of beta bursts they are still detectable during the
movement, but show a lower amplitude and shorter duration (Lofredi
et al., 2019). Beta band activity is modulated differently during voluntary
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movements of upper and lower limbs with greater involvement of higher
(24–31 Hz) beta frequency for lower limbs, equally on contra- and ipsi-
lateral sides (Tinkhauser et al., 2019). Several task-based motor studies
demonstrate that the STN beta bursts occurring before and during
movement are associated with measurable changes in motor perfor-
mance (Fischer et al., 2018; Lofredi et al., 2019; Torrecillos et al., 2018).
Beta bursts (including short-lasting beta bursts) occurring in the time
window immediately prior the movement onset reduce the peak velocity
of that movement. This negative effect on the movement is amplified by
the amplitude of the burst (Torrecillos et al., 2018). Additionally,
movement velocity progressively decreases during continuousmovement
in PD patients and the beta burst duration (defined as the percentage of
time in which the beta band power is above the same band power at rest)
predicts the velocity decrement of bradykinetic movement (Lofredi et al.,
2019). This slowing of movements is related to the cumulative effect of
multiple bursts occurring at short intervals before the movement onset
(Tinkhauser et al., 2020). The deleterious effect of the recent multiple
bursts on motor performance is enhanced by the engagement of
distributed basal ganglia networks (Tinkhauser et al., 2020). Altogether,
these data point towards the fact that not only the duration and timing of
beta bursts but also their recent history prior to the movement initiation
can aggravate the motor impairment in PD, further confirming that the
modulation of beta bursts might serve to improve the motor
performance.

Thanks to studies investigating LFP activity (Fig. 3) on basal ganglia,
beta bursts have emerged as a reliable marker of cortico-basal ganglia
circuit hypersynchrony and as neurophysiological correlates of motor
impairment that have been incorporated into experimental closed-loop
neuromodulatory devices for PD patients.

3.3. Dynamic time- and space-dependent properties of beta oscillations

In PD, the level of beta activity in cortico-basal ganglia circuits is
dynamic, fluctuating over time with variations in the dopaminergic pool,
as a response to salient internal and external cues (Jenkinson and Brown,
2011; Little et al., 2013b). Investigating the dynamic nature of beta
synchronization in a time- and space-dependent manner within
cortico-subthalamic networks is crucial for both understanding its role
and searching for efficient therapeutic ways to suppress this synchrony.

The time course of cortical and basal ganglia synchronization follows
that of the cortical beta burst amplitude at the level of neuronal ensem-
bles and single neurons (Cagnan et al., 2019). The onset, peak, and offset
of cortical beta bursts relate to neuron-specific ways of spiking,
depending on the cortical phase. Temporal evolution of synchronization
and oscillations in basal ganglia neuronal populations during cortical
beta bursts are underpinned by the precise phase relationships of specific
populations of neurons to cortical beta oscillations (Cagnan et al., 2019).
Early alignment of cortical and basal ganglia activity provides the pre-
paratory conditions through which beta oscillations are amplified and
propagated across the networks (Cagnan et al., 2019). The time course of
bilateral cortical synchronization over motor cortex strongly correlates
with the time course of spiking unit–LFP synchronization in the STN,
whereas, the time course of cortical synchronization over frontal regions
correlates weaker with the time course of basal ganglia synchronization
(Ahn et al., 2015). Dynamically elevated local synchronization within the
STN and phasic coupling across the motor network is expressed in terms
of burst overlapping between STN and cortex and between bilateral STN,
which increases with the duration of beta bursts (Tinkhauser et al.,
2018). Pathologically prolonged beta bursts do not only involve local
synchronization within the basal ganglia-thalamocortical circuit but also
dynamic long-range synchronization in terms of amplitude correlation
and phase synchrony (Tinkhauser et al., 2018).

The properties of beta oscillations show temporal dynamics depend-
ing on dopaminergic medication. In PD patients with electrodes
implanted in STN, during rest, the percentage of shorter beta bursts is
higher during ON levodopa compared to OFF levodopa conditions, while
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the percentage of longer bursts follows the opposite response. Similarly,
the amplitude and duration of beta bursts are higher before compared to
after administration of levodopa (Tinkhauser et al., 2017b). During
movements (joystick movements) the frequency and duration of beta
bursts are substantially attenuated in the OFF levodopa condition,
bringing beta burst characteristics more in line with those seen in the ON
levodopa condition (Tinkhauser et al., 2017b). Periods of high amplitude
beta activity substantially overlap across the hemispheres during both
ON and OFF levodopa conditions, indicating a coherence between left
and right STN. A neurofeedback training allows PD patients to volition-
ally modulate the average beta power and to canalize the temporal dy-
namics of beta oscillations in STN LFPs in the desired direction with
reduced incidence of beta bursts per unit time and reduced average beta
burst duration within the STN (He et al., 2019a, 2019b). The neuro-
feedback paradigms also lead to reduced coherence (synchrony) between
the STN and ipsilateral motor cortex that results in improved movement
initialization.

Exploring the temporal variations and topographic distribution of
beta oscillations is a key feature of current experimental closed-loop DBS
approaches in PD (Neumann et al., 2019).

3.4. Phase-amplitude coupling from simultaneous multi-site recordings

Behavioral motor acts are mediated by evolving patterns of neural
oscillations through phase, amplitude and phase-amplitude coupling
(PAC), which span over distributed subcortical and cortical brain regions
and across distinct frequency bands (Combrisson et al., 2017). PAC
represents a cross-spectral measure that quantifies the interaction be-
tween the oscillations, where the phase of a low frequency oscillation is
coupled to the amplitude of a higher frequency one (Fig. 3). By carrying
important information about the underlying neural activity, PAC is
considered to play a key role in neuronal encoding and information
processing (Sanders, 2016). Computational models of synchronized
single-cell bursting produce PAC that closely resembles the PAC detected
in LFP recordings of PD patients (Sanders, 2016). Further systematic
investigation on the nature of PAC in LFPs picked up from STN of PD
patients uncovered the mechanisms driving the increased PAC in PD.
Within STN, the phase of beta frequency is coupled to the amplitude of
high frequency oscillations (HFO, 150–400 Hz) (Meidahl et al., 2019;
Shreve et al., 2017; van Wijk et al., 2016), which relates to the firing rate
and pattern of single STN neurons (Meidahl et al., 2019); lower HFO
frequencies (<270 Hz) are coupled with the phase of low beta fre-
quencies (Shreve et al., 2017). PAC within the STN LFPs is higher during
the beta bursts, progressively increasing with the duration of beta bursts
(enhanced beta synchronization), suggesting that increased PAC within
the STN is driven by spiking activity locked to the hypersynchronous beta
oscillatory network (Meidahl et al., 2019). The resting state spectral
power in alpha/beta frequency band and PAC are stronger in the STN of
the hemisphere contralateral to the clinically more affected side, and
tremor attenuates the alpha/beta band oscillations and the power in the
resting state beta peak (Shreve et al., 2017).

Exaggerated PAC extends beyond the STN and is recognizable over
the M1 cortex. In the LFPs recorded from subdural electrocorticography
on M1 cortex, the phase of beta band frequency (13–30 Hz) is excessively
coupled to the amplitude of broad band gamma activity (50–200 Hz) (De
Hemptinne et al., 2013). However, this aberrant PAC is not confined
strictly only to STN or M1 cortex but a cross-regional coupling occurs.
The amplitude of HFO (150–400 Hz) in the STN is coupled with the phase
of beta oscillations in M1 cortex and is dominant in the high-beta range
(~25 Hz), as it is evidenced by simultaneous STN LFP recording and
magnetoencephalography (van Wijk et al., 2016). Similarly, aberrant
cross-frequency coupling between the phase of the STN beta rhythm and
the gamma power (50–200 Hz) in the M1 cortex is observed (De
Hemptinne et al., 2013). Excessive coupling within the M1 cortex is likely
to represent the cortical manifestation of the excessive synchronization
across the motor cortico-basal ganglia circuitry. The latter interferes with
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the timing of neuronal activity and compromises motor function in PD
patients: at rest and during preparation for movement, PAC is associated
with akinesia and rigidity, whereas during execution of the movement
PAC is associated with bradykinesia (De Hemptinne et al., 2015).

Beta band power and PAC recorded from the STN LFPs in PD patients
correlate positively with the severity of motor impairment (Meidahl
et al., 2019; van Wijk et al., 2016) and this effect is more pronounced
within the low beta range (van Wijk et al., 2016). One of the key ques-
tions is how DBS of the STN modulates the PAC and whether this mod-
ulation improves the motor performance. Therapeutic DBS reversibly
suppresses the exaggerated cortical PAC during rest and during motor
task (reaching movement task) by decoupling the high-frequency activity
from low-frequency rhythms (De Hemptinne et al., 2013, 2015). During
rest and movement DBS does not instantly modulate beta or broadband
activity but rather attenuates the interaction between the two frequency
bands (De Hemptinne et al., 2015); the suppression effect on PAC lasts for
4–5 min after offset of stimulation (De Hemptinne et al., 2013).

Along with beta bursts, PAC has been suggested as a potential feed-
back signal for experimental implantable closed-loop DBS devices to
further improve its therapeutic efficacy (Gunduz et al., 2015; Meidahl
et al., 2019; Neumann et al., 2019). However, data obtained on PAC are
commonly received from offline processing of invasive LFP recordings
(STN, electrocorticography), while the adaptable DBS pulse delivery
platforms would benefit considerably from the real-time analysis of PAC
(Alexandre et al., 2018; Lu et al., 2018) from non-invasive electrophys-
iological techniques, such as scalp EEG (Fig. 3) (Rajagopalan et al., 2019;
Swann et al., 2015).

3.5. Oscillatory network effects of DBS on gait kinematic readouts

Gait is an automatic sequence of steady-state stepping movements
associated with postural reflexes, limb coordination, body alignment and
optimal muscle tone, mediated by integrating sensori-motor inputs at
multiple levels within the locomotor gait control network. Gait impair-
ment like freezing of gait (FOG) or postural instability and gait
dysfunction (PIGD) is frequently encountered in PD patients and is often
refractory to current treatment options. To track the effects of DBS on
gait-related oscillatory activity in PD patients, motion studies are con-
ducted by simultaneous recordings of LFPs from the implanted sensing
neurostimulator (Neumann et al., 2019; Ramirez-Zamora et al., 2019),
peripheral signals from sensors (accelerometer, gyroscope, magnetom-
eter) and kinematic parameters (stride length, stride velocity, stride time,
swing time, cadence, stance phase duration) (Fig. 3) (Rizzone et al.,
2017).

In PD patients without FOG, both bicycling and walking under OFF
stimulation condition led to drops in the relative power of high beta
frequency range (20–30 Hz) in bilateral STN (Storzer et al., 2017) but
without recognizable attenuation in other frequency bands or under the
ON stimulation condition (Hell et al., 2018). Likewise, during gait, the
life-time and amplitudes of beta bursts in the high beta band decrease
across bilateral STN (Hell et al., 2018). While performing stepping cycles,
beta oscillatory activity is modulated relative to each step, alternating
between the left and right STN: beta oscillations are suppressed after
ipsilateral heel strikes, when the contralateral foot has to be raised, and
reappear after contralateral heel strikes, when the contralateral foot rests
on the floor (Fischer et al., 2018). Modulation of beta power during
stepping resembles the modulation during free walking without con-
current modulations in gamma band (Fischer et al., 2018).

DBS of the STN attenuates beta power (Hell et al., 2018) and shortens
the pathologically prolonged beta bursts (Anidi et al., 2018; Scholten
et al., 2017), thereby, improving the spatial and temporal kinematic
measures of gait (Anidi et al., 2018), whereas, normal gait parameters
accompanied by shorter bursts are not altered by DBS (Anidi et al., 2018).
Stride length and velocity improve in a similar manner during unilateral
and bilateral DBS of the STN with a clearer benefit with the stimulation
contralateral to the less affected side (Lizarraga et al., 2016). Similarly,
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the unilateral stimulation of the ‘dominant’ STN is almost as efficacious
as bilateral STN stimulation in improving gait kinematics (gait speed,
stride length) (Rizzone et al., 2017). Distinct effects on spatial and tem-
poral kinematics of gait are achieved by monostimulation of the STN and
SNr due to differential network effects of DBS-targeted structures within
the locomotor network (Scholten et al., 2017). While stimulation of STN
improves both spatial (stride length) and temporal (swing time symme-
try) gait parameters, stimulation of the SNr impacts only the latter, likely,
by modulating the pedunculopontine nucleus of the mesencephalic lo-
comotor region (Scholten et al., 2017; Weiss et al., 2015). DBS of the STN
as well improves the performance of turning kinematics (Lohnes and
Earhart, 2012) and postural misalignment (Schlenstedt et al., 2019,
2020); the differences in turning strategies among PD patients (Gavriliuc
et al., 2019) should be considered while assessing the effects of DBS on
turning kinematics.

Combining the electrophysiological recordings, kinematic, kinetic
and other sensor measurements (Fig. 3), might aid the depiction of gait-
related oscillatory network responses to DBS and personalize the DBS
algorithms according to the phenotype of gait impairment.

4. Future perspectives

Despite the capability of DBS to modulate neural activity, in order to
further validate its clinical efficacy and safety, larger controlled trials are
required in relation to an advanced model of surrounding anatomy and
connectivity. To this end, modern imaging has opened new opportunities
for the improvement of stereotactic and functional neurosurgery in
movement and neuropsychiatric disorders.

A further step for the efficacy of DBS is related to surgery settings,
which critically depend on the preoperative selection of suitable candi-
dates, the stimulation volume of a defined target, and the appropriate
individualized positioning within target brain regions. This has been
advanced thanks to the consistently evidenced relationship between DBS
efficacy and the correct positioning of the electrodes, also improved by
optimal parameter setting selection to target particular fiber pathways
and modulate the appropriate brain circuits. But there is still work to be
done.

Neuroimaging and neuroelectrophysiological studies have evidenced
that chronic high-frequency stimulation by DBS induces a number of
neuroplastic changes, including acute plasticity/reorganization of the
brain that can propagate along anatomical projections on the long-term,
however, the exact underlying mechanisms of action of DBS remain still
elusive. Moreover, some effects of DBS are not yet fully understood. For
example: i) the mechanisms that make patients irresponsive to DBS, ii)
the reduced or absent responsivity of certain symptoms to DBS (e.g.
freezing of gait in PD or speech and swallowing abnormalities that are
less responsive than other dystonic symptoms), or iii) the present adverse
effects. For instance, in some disorders DBS has almost immediate effects
(particularly PD), whereas DBS in other diseases (e.g., dystonia) usually
takes weeks to months to achieve clinically significant improvement.
Moreover, DBS also presents certain paradoxical or adverse effects,
including movement disorders induced by DBS, such as cases of dystonia
in PD or cases of Parkinsonism in dystonia. Clarification on these topics
may facilitate application of DBS to further medical conditions.

Because of the low number of existing cases, there is still uncertainty
about indicating DBS for medical conditions other than PD, dystonia and
ET. In particular, questions remain about the ideal target and it is still
unclear whether there is an advantage to simultaneously stimulating
different targets. On the patient selection side, appropriate candidates for
DBS may be characterized by their most debilitating symptoms specific to
the clinical syndrome. Further clinical considerations may include that
the main symptoms cannot be handled by other therapies and that the
target brain region for DBS does not endure structural pathology on MRI.
Therefore, differential indications and efficacy need to be explored on the
basis of neuroimaging.

The optimal DBS is still challenging, because excessive current can
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spread into close neighboring fiber pathways causing unwanted side ef-
fects. However, neuroimaging is opening new opportunities to advance
the understanding of DBS mechanisms and enhance therapeutic out-
comes. The complementary application of these data and newer MRI
techniques should aim at fulfilling the need to deliver individualized DBS
and may help to counteract unwanted effects and overcome current
limits in predicting the response profiles.

Existing evidence from combined DBS-electrophysiology studies in
movement disorders suggests that abnormal oscillatory activity within
cortico-basal ganglia networks may be both causally and quantitatively
incriminated in generating motor impairment (Bo�ckov�a and Rektor,
2019; Guridi and Alegre, 2017; Neumann et al., 2019). These studies
demonstrate how the electrical properties of local neural structures and
interconnected networks obtained by the aid of DBS advance our
knowledge of the underlying dynamic processes and lead to clinically
effective therapeutic interventions. However, extensive work remains to
be carried out in order to explore, optimize and implement the wide
range of DBS stimulation parameters and algorithms to modulate the
transient brain states based on functional characterization of oscillatory
networks.

Despite the evident value of precise electrophysiology-assisted map-
ping of DBS targets, it should be noted that neither technique can fully
substitute the intraoperative macroelectrode stimulation and clinical
testing by an experienced neurologist. This is important for two reasons:
first, identification of the neuroanatomical target is of utmost importance
for rendering optimal motor benefit of stimulation, and, second, optimal
positioning of the DBS lead is also critical to prevent unwanted side ef-
fects after DBS (Allert et al., 2018). As employment of MRI-guided
localization of DBS targets is gaining traction and overtaking neuro-
physiological mapping, one possibility to boost the latter is the applica-
tion of a network mapping approach, rather than mapping of a single
structure that will translate into improved clinical outcomes of DBS
(Ramirez-Zamora et al., 2019). This idea comes from proof-of-principle
studies specifically focusing on dynamic oscillatory activity demon-
strating that separate networks have distinct therapeutic responses to
differential DBS stimulation (Guridi and Alegre, 2017; Neumann et al.,
2019). Another scenario is the implementation of closed-loop DBS plat-
forms with cortical sensors (e.g., electrocorticography) (Fig. 3) that will
require intraoperative functional connectivity mapping of the target
network for an optimal placement of stimulating and sensing electrodes
(Neumann et al., 2019; Parastarfeizabadi and Kouzani, 2017; Ramir-
ez-Zamora et al., 2019).

Mapping the oscillatory network effects elicited by DBS with subse-
quent inferring of electrophysiological signatures of abnormal circuit
signals, as biomarkers, is garnering significant attention. These electro-
physiological markers are particularly relevant in identifying the dy-
namic patterns of the entire networks involved and driving forward our
understanding on the interaction between the DBS action and the
response of the targeted malfunctioned circuits at multiple levels (Krack
et al., 2019). Recognizing these patterns depending on the dynamic states
of the brain can further inform on the nature of cortico-basal ganglia
network disruptions, their fluctuations over time and under influence of
chronic DBS delivery (Bo�ckov�a and Rektor, 2019; McMackin et al., 2019;
Neumann et al., 2019). However, employing a single, unidimensional
electrophysiological marker might be only partly useful and strategies to
integrate several neurophysiological features into multidimensional
markers (Fig. 3) in real-time to control disabling symptoms are evolving
(McMackin et al., 2019). The efforts in identifying the electrophysio-
logical markers should be directed to the delivery of stimulation algo-
rithms that are optimized to interfere with pathological circuits in a
disease-and phenotype-specific manner (Krack et al., 2019). However,
plenty of open questions remain to be addressed in future empirical and
modelling studies.

Regarding the highlighted need for large controlled trials to validate
new approaches for DBS, it is noteworthy that there is still high vari-
ability in DBS outcome across patients. Even when we do not know yet
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the mechanisms of this, this variability is likely related to a considerable
variability in lead placement (Horn et al., 2017b; Menchon et al., 2019;
Pauls et al., 2017; Zittel et al., 2020). Cf. Causal interrogations of DBS with
neuroimaging for an extended discussion on the DBS electrode locations
and clinical outcomes.

DBS represents one of the major scientific and clinical breakthroughs
in the era of high-precision and translational neuroscience. The field of
DBS is constantly expanding with the development of new targeting
techniques, imaging modalities, electrode, and pulse generator algo-
rithms and stimulation paradigms that shape the contemporary scientific
landscape and clinical environment (Bari et al., 2018; Krack et al., 2019;
Lozano et al., 2019). These achievements in conjunction with advanced
analytical tools and high-performance computational modeling for
circuit-specific decoding embedded in neuromodulatory devices will
facilitate the integration of DBS, neuroimaging, and electrophysiology
for individualized network interrogation and targeted brain network
modulation.
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