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Abstract

In the last decades, neuromodulation, espe-
cially deep brain stimulation (DBS), has
become an important treatment option in
many medical refractory neurological and
psychiatric disorders. However, there are still
many limitations of DBS especially in terms
of efficacy, side effects, and efficiency. A main
reason explaining these limitations is the tra-
ditional open-loop DBS design, which allows
a constant level of stimulation that does not
correspond with the fluctuating clinical need.
One way to circumvent this limitation is to

make DBS act in a responsive way based on
the presence of pathological neural activity or
other biomarkers. This form of stimulation is
called adaptive DBS (aDBS) or closed-loop
DBS. At present the only disorder in which
aDBS is clinically applied is epilepsy.
However, there is an emerging field working
on aDBS in other neurological disorders,
especially movement disorders, with promis-
ing results. In this chapter, an in-depth analy-
sis of the current applications and barriers of
aDBS in neurological and psychiatric diseases
will be given. The chapter will start with prin-
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ciples of aDBS, followed by indications, pos-
sible biomarkers, and evidence for aDBS in a
disease-specific way. Finally, future, more
data-driven approaches for applying aDBS
will be discussed.

Introduction

Deep brain stimulation (DBS) is a treatment for
refractory neurological and psychiatric disorders
that has been successfully clinically applied for
over 30 years (see Chap. 1). Although many tech-
nical advances have been realized since its first
clinical implementation, DBS is in the vast
majority still provided in a virtually similar way;
high-frequency stimulation of deep brain nuclei
is provided in a constant, i.e., open-loop, way,
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and stimulation parameters are manually adjusted
if stimulation is no longer effective and/or
induces side effects (Fig. 5.1a) Although these
adjustments can lead to clinical improvement
(Moro et al. 2006), the potential of DBS in its
current form is still limited.

In Parkinson’s disease (PD), motor symp-
toms typically only improve around 45% on the
motor section of the unified PD rating scale
(UPDRS) in the OFF dopaminergic state (Horn
et al. 2017). One of the reasons for this limited
effect is that the severity or presence of symp-
toms changes over time, and conventional DBS
only provides one type of stimulation irrespec-
tive of symptom severity. In epilepsy, a typical
paroxysmal disorder, for example, symptoms
occur only in a very small fraction of time. In
PD, symptoms fluctuate over shorter intervals
due to dopaminergic status (i.e., ON or OFF)
and over longer intervals due to disease pro-
gression. This volatility, which can be found in
virtually every disorder, occurs over different
time scales and has proven to be a useful bio-
marker to titrate DBS. This adaptive form of
DBS is called adaptive DBS (aDBS) or respon-
sive or closed-loop stimulation. For consistency

manual
adjustment of
DBS settings

T .-~ evaluation of
clinical effect during
consultation

Fig. 5.1 Continuous versus adaptive DBS. (a) In contin-
uous DBS, the clinical effect is evaluated after a certain
time by a clinician and DBS settings will be manually
adjusted. (b) In adaptive DBS, the clinical effect is con-
tinuously measured indirectly via a biomarker. This signal

reasons, the term aDBS will be used throughout
this chapter.

General Concept of Adaptive DBS
Principles of aDBS

Adaptive DBS systems are based on a closed-
loop system: the system measures and analyzes
one or more variables reflecting the clinical state
(i.e., symptom severity) of a patient and deter-
mines whether stimulation parameters need
adjustment (Fig. 5.1b). Because aDBS stimulates
in an “on-demand” manner (i.e., when symptoms
are sufficiently present), aDBS is suggested to be
more effective with less stimulation-induced side
effects, increased battery longevity, and possibly
less habituation.

One of the most important steps in developing
aDBS systems is the choice of a suitable bio-
marker. Biomarkers should be able to accurately
reflect the cardinal symptoms of a disorder. In
order to do this, it is sometimes necessary to add
additional implants or devices to obtain this
biomarker-based feedback. The invasiveness of

continuous
measurement
of a biomarker

automized
adjustment of
DBS settings

computational
evaluation of
biomarker

will be evaluated and adjustment of DBS settings will be
performed automatically. Thin dotted arrows represent
sporadic events, while bold arrows represent continuous
events
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Fig. 5.2 Potential recording sites (numbers) and bio-
markers (letters) for applying aDBS. (1) Intracranial
recording sites including cortical and subcortical loca-
tions. (2) Muscular recording sites. (3) External recording

these additional implants or devices should be
taken into consideration when choosing a bio-
marker as well as the computational require-
ments for real-time analysis of the biomarker
(Fig. 5.2). In this chapter, possible biomarkers
and their (dis)advantages for PD, essential
tremor, epilepsy, dystonia, OCD and Tourette’s
syndrome will be discussed. This restriction
does not imply that aDBS cannot be applied in
other disorders, but until now there is neither
experimental nor clinical evidence for this.
Besides these various input options to aDBS
systems, there are also multiple possible output
options called stimulation algorithms. Based on
the experimental findings so far, the most widely
used algorithm to apply aDBS is the modulation
of DBS stimulation amplitude (electric potential,
Fig. 5.3). Amplitude modulation can be divided
into a binary ON/OFF approach (Little et al.
2013), which only stimulates when the input sig-
nal exceeds a certain threshold, and a scalar
approach, which adapts the stimulation in con-
tinuous steps (Rosa et al. 2017). Next to the
amplitude modulation approach, there might also
be a role for phase-dependent stimulation of clin-
ical symptoms (e.g., tremor) or biomarkers with

sites. (4) Recording sites in DBS batteries. (a) Local field
potentials, (b) electromyography, (¢) accelerometer sig-
nals. (Derived, with permission, from Pifia-Fuentes et al.
Neurosurgical Focus 2018b)

an oscillatory nature (Cagnan et al. 2017). With
this phase-dependent stimulation, single DBS
pulses are provided in critical oscillatory phases.
Since there are no systematic studies assessing
the effect of stimulation parameters (Bogdan
et al. 2019), stimulation frequency and DBS
pulse-width might also have potential in aDBS
systems (Fasano and Lozano 2014).

Clinical and Technical
Implementation of aDBS

The field of aDBS has its history in control sys-
tems. Although control, i.e., closed loop, systems
go back to antiquity, Maxwell described a land-
mark paper in 1868 titled “on governors” in which
more formal analyses of closed-loop systems
including the phenomenon of self-oscillations
were described (Maxwell 1868). The first experi-
mental evidence about the application of aDBS
dates back to the 1960 and 1970s during which
Delgado experimented with his “stimoceiver” that
was able to apply aDBS based on the presence of
“spindle” activity in the amygdala of a chimpan-
zee (Horgan 2005) or motion detectors (Delgado
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Fig. 5.3 Example of an aDBS algorithm. In the upper
trace, a local field potential (LFP) of the globus pallidus
of a patient with dystonia is depicted (unfiltered LFP).
Below, the filtered LFP around the peak frequency in
the low frequency range (4—12 Hz) is depicted (filtered
LFP). In the third trace, the smoothed amplitude of this
peak frequency is visual, including the stimulation

et al. 1976). In medicine, however, the implemen-
tation of (implanted) closed-loop technology in
humans was not present before 1980. In this year,
Mirowski et al. (1980) published about the first
implanted and automated defibrillator for malig-
nant ventricular arrhythmias. Despite this prog-
ress in cardiology, it was not before 2004 that
closed-loop stimulation was first applied in epi-
lepsy (Kossoff et al. 2004).

There are several reasons for the delay
between the development of responsive stimula-
tion in cardiology and neurology. First, the

threshold (red line) (amplitude envelope). In the bottom
trace, the stimulation trigger is visualized showing at
which moments DBS is switched on. Note that this is at
the moment that the amplitude envelope exceeds the
stimulation threshold. (Derived, with permission, from
Pifia-Fuentes et al. Neurobiology of Disease 2018a)

amplitudes of recorded pathological signals are
of a different magnitude (mV vs. pV) requiring
more amplification and more device resources.
Furthermore, the complexity of pathological sig-
nals differs between epilepsy and arrhythmias,
which requires more computations and also
more device resources. Finally, the central ner-
vous system is surrounded by a skull and highly
functionally segregated which makes it more dif-
ficult to achieve optimal spatial targeting. These
issues become more pronounced when proceed-
ing towards aDBS in non-paroxysmal diseases
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like PD or tremor. When thinking of moving
from continuous stimulation towards adaptive
stimulation from an engineering point of view,
the first thing that comes to mind is the sampling
rate and frequency for detecting symptoms or
biomarkers to see which hardware is required
and which amount of energy is required for the
extra closed-loop features. In the beginning of
the aDBS era (Anderson et al. 2008), these
energy consumption issues were more limiting
as today, since rechargeable internalized pace-
makers (IPGs) had in the meantime become
commercially available and implanted on a regu-
lar basis.

aDBS in Movement Disorders
Parkinson’s Disease

PD is a neurodegenerative disorder with pro-
gressive motor and non-motor symptoms. Apart
from the change of the nature and severity of
motor symptoms over longer time scales, motor
symptoms also fluctuate on shorter time scales.
The most well-known fluctuation of PD symp-
toms over time is the change from the “ON” to
the “OFF” dopaminergic state and vice versa. In
the beginning of the disease, the ON state is
achieved relatively easy and is maintained
throughout the entire day with low doses of
dopaminergic medication. However, after
5 years, the majority of patients experience
motor complications (Hauser et al. 2006). These
motor complications can be either (un)predict-
able fluctuations of motor benefit (such as “no-
on,” “delayed-on,” or “wearing-OFF”) or the
occurrence of involuntary movements (dyskine-
sias). Both phenomena can be debilitating and
represent the typical indication for DBS besides
refractory tremor and perhaps impulse control
disorders in PD. In theory, DBS continuously
alleviates motor symptoms due to the continu-
ous application of electrical current. However,
PD patients with DBS still require dopaminer-
gic medication. One important reason for this is
that DBS electrodes only stimulate the motor

portion of the subthalamic nucleus (STN) and
not the associative and limbic partition, which
can lead to non-motor symptoms such as apathy
(Martinez-Fernandez et al. 2016) in the absence
of dopaminergic medication. This combination
of therapies implicates that there is still a fluc-
tuation in symptoms albeit the OFF state is
severe. Nevertheless, the full potential of DBS
is limited since the application of more current
leads to a greater chance of the occurrence of
dyskinesias, other side effects like stimulation-
induced side effects, and sometimes even para-
doxical bradykinesia (Chen et al. 2006). Besides
these fluctuations based on the amount of dopa-
minergic medication, other factors also contrib-
ute to the severity of motor symptoms. The most
important of these are disease progression,
stress, diurnal rhythms, intercurrent diseases,
and fatigue.

In summary, symptom severity changes over
time in PD, whereas DBS is currently provided in
an open-loop way. When DBS would be applied
only when necessary in a closed-loop way, DBS
could act more efficacious, with less stimulation-
induced side effects, more efficient and with
fewer (in-hospital) parameters adjustments. In
order to apply aDBS, symptom severity needs to
be recorded with a certain interval. At present,
there are two approaches to do this, which are
applied in experimental clinical settings. The first
is by means of recording neural activity in the
central nervous system, and the other is to record
movements by using movement sensors. Another
approach (i.e., subcortical neurochemical record-
ing), has solely been investigated in preclinical
research (Lee et al. 2017). Due to the current
limitations of this approach, the need for addi-
tional subcortical sensors and the absence of
clinical evidence so far, we will not further dis-
cuss this approach (Graupe et al. 2014). In the
following sections, we will discuss the neuro-
physiological and the movement sensor approach,
with their advantages and disadvantages, in more
depth. Considerations on optimal aDBS parame-
ter adjustments have to be addressed in the future
for example frequency of adjustments (Habets
et al. 2018).
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Neurophysiological Approaches

Subcortical Neurophysiological
Approaches

Neurophysiological recordings play an important
role in DBS (see Chap. 6). Neurophysiological
signals can be recorded from virtually the entire
nervous system. However, until now, subcortical
recordings only play a role in the intraoperative
delineation of subcortical structures (Verhagen
etal. 2015). The neural “signatures” derived from
the neurophysiological recordings of different
subcortical nuclei, however, not only help in the
optimal placement of DBS leads but can also be
used as a biomarker to indirectly quantify symp-
tom severity. Since MRI is becoming more and
more important in the targeting of DBS elec-
trodes (Brodsky et al. 2017), it is likely that neu-
rophysiological recordings will have the most
important role in adapting DBS based on their
correlation with the presence or severity of symp-
toms in the near future. In PD, the most well-
known disruption of neural activity is increased
neural population synchrony in the beta (13—
30 Hz) frequency band measured by local field
potentials (LFPs). Although enhanced beta oscil-
lations are the subject of intense inquiry in the
field DBS for almost two decades (e.g. Bronte-
Stewart et al. 2009; Brown et al. 2001; Kuhn
et al. 2008), their exact origin has not yet been
revealed. Exaggerated synchronization in the
beta band recorded in the STN is however corre-
lated with the severity of contralateral bradykine-
sia and rigidity (Beudel et al. 2017). Contrary to
bradykinesia and rigidity, the correlation between
local field potential (LFP) characteristics is less
outspoken, or at least more complex in tremor.
From a power spectral density perspective,
tremor is associated with more low-gamma (30—
45 Hz) power (Beudel et al. 2015) and more high
frequency (>200 Hz) oscillations (Hirschmann
et al. 2016). In a recent study these power fea-
tures were used in a classifier algorithm which
led to an accuracy of up to 84% in predicting rest
tremor in PD (Hirschmann et al. 2017). At pres-
ent, these LFP analyses do not occur “real time”
and lack sufficient accuracy. For these reasons, it

is not yet possible to apply such classifier algo-
rithms in embedded DBS systems and use them
for aDBS.

The clinical appearance of rest tremor is sug-
gested to be a compensational mechanism to
encounter excessive beta synchronization associ-
ated with bradykinesia and rigidity (Helmich
et al. 2012). A reported association between
reduced subthalamic beta power and cortical-
subthalamic coherence and tremor supports this
hypothesis (Qasim et al. 2016). Furthermore, it is
possible to identify two separate, potentially clin-
ical relevant, beta bands: low-beta (11-15 Hz)
and high-beta (19-27 Hz) (Blumenfeld et al.
2017, Priori et al. 2004). Different beta-bands are
hypothesized to have frequency-specific patterns
of functional connectivity between the basal gan-
glia and cortical motor areas (Hirschmann et al.
2011; Litvak et al. 2011; Oswal et al. 2016). In a
recent study, bradykinesia improved similarly
when 60-Hz and 140-Hz STN stimulations were
applied, whereas high beta was attenuated by
both paradigms and low beta was only attenuated
by 140-Hz and amplified by 60-Hz stimulation
(Blumenfeld et al. 2017). Another study showed
that the suppression of local synchrony of high-
beta oscillations within the STN was correlated
to the amount of motor improvement during con-
tinuous DBS (cDBS) (Oswal et al. 2016). They
suggest that high- and low-beta STN oscillations
are coupled to different cortical motor areas via
the hyper-direct and indirect pathways, respec-
tively. Although these findings do not reach con-
sensus yet, they all contribute to the understanding
of beta-band modulation by clinical effective
cDBS.

The effect of aDBS on the amplitude of STN
LFPs is also questioned. Tinkhauser et al. (2017)
found shorter beta “bursts” with lower ampli-
tude aDBS compared to ¢cDBS and no DBS.
This showed that aDBS modulates the neural
synchronization in the STN in a different way
than cDBS, leading to shorter synchronization
periods and lower burstamplitudes. Furthermore,
Giannicola et al. demonstrated that STN DBS
did not induce attenuation of increased beta
oscillations in all patients as levodopa did.
Moreover, the LFP attenuation induced by DBS
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was merely detectable if there was concomitant
levodopa-induced beta attenuation (Giannicola
et al. 2010).

An important limitation of most LFP experi-
ments so far is the fact that they have all been
conducted in the immediate postoperative
phase, during which a reversible decreased
impedance of the neural tissue around the
implanted electrodes can distort results (Lempka
et al. 2009). Some evidence, however, shows
that DBS-induced modulation of subcortical
beta LFPs in the STN is similar after 2 and
30 days after DBS-lead implantation (Rosa
et al. 2010) and that this modulation is still
observed 7 years after DBS lead implementa-
tion (Giannicola et al. 2012).

The first proof-of-concept for aDBS in a PD
model in nonhuman primates was described by
Rosin et al. (2011). In this landmark study, GPi
aDBS was provided based on cortical spiking
activity in the primary motor cortex (M1) using
electrocorticography (ECoG) and resulted in a
significant more robust decrease in bradykinesia
relative to continuous DBS in African green
monkeys. However, a delay was needed between
recording of the biomarker and the effective stim-
ulation. Johnson et al. (2016) used an STN aDBS
paradigm in a PD model in a rthesus macaque and
showed a clinical improvement in rigidity but not
in bradykinesia. For this reason, they question the
feasibility of solely using STN LFP beta power
as biomarker. They suggest that aDBS systems
might need multiple biomarkers specific for PD
phenotypes and customized to patients’ symptom
profile. One crucial detail in this experimental
approach was that bradykinesia was assessed
using cued movements that are less affected than
spontaneous movements in parkinsonism (e.g.
Nieuwboer et al. 2007).

Despite conflicting biomarkers reported in
nonhuman primate research on aDBS in a model
of PD (Johnson et al. 2016; Rosin et al. 2011),
current clinical evidence of aDBS in PD con-
sists predominantly of studies based on STN
beta band oscillations as input signal. The first
proof-of-concept for aDBS in humans was
described by Little et al. (2013) in which they
showed that blind evaluation of unilateral STN

aDBS resulted in superior improvement of
tremor, bradykinesia, and rigidity compared to
random stimulation and cDBS. It should be
noted that these were patients with bilateral
symptoms but the application of aDBS was only
possible unilaterally. Bilateral aDBS showed to
be feasible and improved motor UPDRS scores
compared to no stimulation (Little et al. 2016a),
without causing stimulation-induced dysarthria,
which was observed during cDBS (Little et al.
2016b). Furthermore, aDBS acted in synergy
with concurrent dopaminergic medication
(Little et al. 2016a). Finally, both unilateral and
bilateral aDBS approaches consumed less
energy than cDBS. Rosa et al. (2017) described
the superior effect of aDBS on levodopa-
induced dyskinesias relative to cDBS over a
longer period of observation, not exceeding a
single-day assessment however (Arlotti et al.
2018).

As mentioned before, most aDBS experiments
so far were performed in an acute postoperative
period. However, Pifia-Fuentes et al. (2017)
recently demonstrated improvement in bradyki-
nesia during aDBS in a chronically implanted
patient. This effect occurred without the possible
presence of a postoperative microlesional effect;
however, the efficacy of aDBS applied on a lon-
ger term still has to be proven at group level. A
first attempt for this has been made by Velisar
et al. (2019). However, no formal comparison
between cDBS and aDBS was made in this study.

Cortical Neurophysiological
Recordings

Based on the hypothesis that dopamine denerva-
tion in the striatum leads to a diminished inhibit-
ing function and to excessive oscillatory activity
of the cortico-basal-ganglia pathways (de
Hemptinne et al. 2013; Hammond et al. 2007,
Oswal et al. 2016), researchers have explored
features of cortical oscillations as a biomarker for
aDBS in PD. Until now, experimental evidence
for aDBS based on cortical oscillatory features is
based on studies in nonhuman primates (see pre-
vious section).
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Recent experiments in PD patients have shown
excessive phase-amplitude-coupling (PAC) in M1
ECoG recordings. PAC is an emerging phenome-
non in many fields within the neurosciences
(Jensen and Colgin 2007) and describes how the
amplitude of one frequency band correlates with
the phase of another frequency band. An estab-
lished example of PAC is the correlation between
the amplitude of high-frequency oscillations
(HFO) and the phase of beta oscillations in the
STN and motor cortex in PD patients (van Wijk
et al. 2016; de Hemptinne et al. 2013).
Furthermore, this beta-HFO PAC decreases dur-
ing STN DBS, parallel to a decrease of clinically
assessed bradykinesia (de Hemptinne et al. 2015).
Also, a narrow-band M1 gamma band (60-90 Hz)
oscillation was identified to correlate with dyski-
nesias (Swann et al. 2016). Furthermore, M1
ECoG recordings showed a stable profile over a
period of 12 months (Swann et al. 2018a).

Altogether, these findings show that ECoG
signals might also be a potential neurophysiolog-
ical biomarker for aDBS in PD. However, signifi-
cant limitations have to be taken such as the risks
of the implantation of additional cortical strips,
the computational power that is needed to per-
form PAC analyses, and the validation of PAC
with clinical symptomatology (van Wijk et al.
2016). Finally, the feasibility of chronic applica-
tion and clinical benefit has to be proven for
aDBS based on cortical recordings. Recently, a
proof of principle of using narrow-band M1
gamma showed to be feasible and tolerated in
two patients (Swann et al. 2018b).

External Sensor Approaches

Wearable sensors (i.e., “wearables”) objectively
detect movement via accelerometers and/or gyro-
scopes  (Grimaldi and Manto  2010).
Accelerometers assess acceleration and velocity
over one axis based on Newton’s second law
(force = mass x acceleration). Gyroscopes assess
angular velocity and provide information from
more than one dimension, in addition to a single
accelerometer. Differentiation between physio-
logical movement and pathologic movement is
based on kinematic features as mean amplitudes

of tremor (or movement), average regularity
between two amplitudes, mean frequencies, and
peak frequencies (Jeon et al. 2017).

Because of the potential of wearables to detect
motor symptoms in PD, more and more research
is done to use these as an input signal for aDBS
in PD (Sanchez-Ferro et al. 2016). This research
field is however emerging into a very heteroge-
neous field due to the presence of a plethora of
commercially available sensors and the fact many
researchers and companies do not make their
algorithms openly available.

In case of tremor, the severity or presence of
symptoms can relatively easily be recorded using
accelerometers and gyroscopes (Basu et al. 2013;
Khobragade et al. 2015). Since tremor is highly
dependent on the state of the patient (e.g.,
Parkinson tremor occurs especially in rest, whereas
essential tremor typically occurs during actions), a
high sampling frequency (at least in the order of a
multitude of the tremor frequency) is necessary. In
the first study describing aDBS based on tremor
amplitude in PD (Malekmohammadi et al. 2016),
a Bluetooth watch was wirelessly connected to an
interface (the Nexus-D platform, by Metronic,
Minneapolis, MN, USA) that was connected to a
responsive neurostimulator (the Activa PC + S by
Metronic). In this study, it was shown that aDBS
was effective in decreasing tremor power with
much lower voltages, and only half of the stimula-
tion time was needed compared to cDBS in five
tremor-dominant PD patients.

Although wearables are most often used for
the detection of tremor until now, they also have
a potential in assessing the presence and fluctua-
tion of freezing of gait (Rodriguez-Martin et al.
2017), bradykinesia, and dyskinesia (Griffiths
etal. 2012; Hasan et al. 2017) in PD. Bradykinesia
and dyskinesia, assessed through an accelerome-
ter on the wrist, correlated with the UPDRS
motor score (for bradykinesia) and to the
Abnormal Involuntary Movement Scale (for dys-
kinesia) (Griffiths et al. 2012). Note that these
studies used only rest recordings, meaning that
the participants did not have to do tasks while
wearing the wearables. For this reason, it is of
crucial importance that these paradigms are
translated to more ecologically valid circum-
stances including different movements.
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Until now, there are several limitations of
aDBS based on wearables. First, wearables will
only be capable to detect motor symptoms and
cannot provide information on possible non-
motor symptoms or side effects of cDBS which
also contribute to the quality of life of patients.
Second, the development, validation, and repro-
ducibility of sensing algorithms is slow because
of the complexity of the differentiation between
voluntary and pathologic movements and the fact
that many researchers do not publish their used
algorithms. Third, the hardware that has to
record, transfer, and process the data does not
meet all the necessary conditions yet, like wire-
less communication with the IPG. Although
recent (experimental) platforms that have adopted
Bluetooth interfacing expand future possibilities
(e.g., Nexus-E by Medtronic). Which device
should perform the computational processing,
limitation of battery life, and guaranteed connec-
tivity between all involved devices are issues that
have to be solved in this field of research.

Essential Tremor

Thalamic cDBS is a safe and effective treatment
for ET which results in long-term tremor reduc-
tion and functional improvement (Baizabal-
Carvallo et al. 2014; Limousin et al. 1999). At
present, several targets along the dentato-rubro-
thalamic (DRT) tract are used for cDBS (Holslag
et al. 2018), with the ventral intermediate nucleus
(VIM) of the thalamus being used the most.
However, there are limitations to this therapy.
These are especially due to often-occurring side
effects like speech and balance impairment and
habituation over time (Baizabal-Carvallo et al.
2014; Barbe et al. 2011). In a more or less similar
fashion as in PD, these limitations led to an inter-
estin aDBS in ET.

Closed-Loop Approaches

In contrast to PD, a biomarker for aDBS in ET has
to represent only tremor and no other motor symp-
toms. As stated earlier in the section on aDBS in
PD, the understanding of the relation between

tremor and (sub)cortical LFPs is still limited. For
this reason, most experimental aDBS systems for
ET used wearables, with or without additional sur-
face electromyography (SEMG), as input.

Graupe et al. (2010) showed it was possible to
suppress tremor without re-occurrence in one
patient, by applying an alternating, non-continuous
DBS paradigm. Based on visual inspection of
unprocessed SEMG in the DBS-OFF period, they
titrated DBS in such a way that it restarted before
tremor reoccurred. The same group presented a
proof-of-principle of an aDBS system that pre-
dicted tremor occurrence based on wrist acceler-
ometer and SEMG data with a specificity of 86%
and a sensitivity of 100% using a computational
algorithm that was trained via a neural network
(Basu et al. 2013). Based on this data, it was stated
that stimulation could be OFF 30% of the time
without tremor reoccurrence. However, in patients
with severe tremor and short delay to tremor onset,
this prediction would be harder.

Latest experimental designs for aDBS in ET
have used wearables consisting of triaxial accel-
erometers. Cagnan et al. showed that not only the
frequency of DBS was important in tremor sup-
pression but also the timing of DBS pulse com-
pared to the tremor-phase (Cagnan et al. 2014).
They found a significant difference in tremor-
amplitude modulation by phase-dependent stim-
ulation in ET compared to PD tremor and
hypothesized different underlying neural patho-
physiological networks. Resonance of underly-
ing tremor oscillators was kept responsible for
this. Later they pioneered with phase-specific
thalamic aDBS in ET and dystonic tremor and
demonstrated that it modulates tremor amplitude,
depending on the timing of DBS pulse with
respect to the phase of the ongoing tremor. Phase-
specific aDBS resulted in a comparable tremor
suppression as high-frequency cDBS in selected
ET and dystonic tremor patients as using less
than half total electrical energy (Cagnan et al.
2017). The same group also showed that a similar
phase-based approach might also be applied
using noninvasive cortical stimulation (Brittain
et al. 2013).

Another group tested two aDBS approaches in
a single case study of an ET patient (Herron et al.
2017). One aDBS system was triggered by the
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presence of tremor measured via a smartwatch
containing an accelerometer and a gyroscope, the
other aDBS was triggered by recordings from
four EMG electrodes on the patient’s arm. These
aDBS approaches resulted in respectively 36%
additional tremor and 85% battery savings, and
7% additional tremor and 53% battery savings
compared to cDBS. The authors stated that there
is a trade-off between the occurrence of tremor
and the threshold to apply stimulation and conse-
quently battery consumption to be determined in
developing an aDBS system in ET. Furthermore,
they add that it might be an individual choice how
much tremor reduction a future aDBS system
should achieve to be attractive for a patient.
Altogether, promising progress is made in the
development of aDBS systems for ET patients. At
the moment, wearables containing accelerometers
and gyroscope, and possibly additional EMG
electrodes, are used as input signal to measure
tremor presence or reoccurrence. Plausibly, indi-
vidual patients and their clinician have to deter-
mine a trade-off in the future between the amount
of desired tremor reduction and the amount of
battery consumption and possibly side effects (see
also section “Closed-Loop Approaches”).

aDBS in Dystonia

Dystonia is a movement disorder consisting of
sustained or intermittent muscle contractions
causing abnormal, often repetitive, movements or
both. In medical refractory cases, dystonia can be
treated with DBS (see Chap. 14). To date,
responses to DBS are heterogeneous, and efficacy
is difficult to predict, which makes it notoriously
difficult to optimally titrate the therapy. For this
reason, it would be of great benefit if a biomarker
that is able to reliably detect symptom severity
would become available. Especially in mobile
dystonia, increased low-frequency (4-12 Hz)
oscillations can be detected (Barow et al. 2014;
Pifia-Fuentes et al. 2019). Furthermore, the vola-
tility of the power spectral density (PSD) of these
low-frequency oscillations seems similar to that
of beta oscillations in PD (Pina-Fuentes et al.
2018a, b), and their amplitude correlates with the

severity of dystonia (Neumann et al. 2017). For
this reason, pallidal low-frequency oscillations
might be a suitable candidate for aDBS dystonia.
However, low-frequency aDBS has so far been
tested in only one patient as proof of principle
(Pifia-Fuentes et al. 2018a, b) with only surrogate
endpoints. Future studies are needed to further
explore the potential of pallidal low-frequency
oscillations as biomarker for aDBS in dystonia.
Furthermore, other biomarkers, derived from
EMG and electrocorticography, will possibly be
explored (Pifia-Fuentes et al. 2018b).

aDBS in Epilepsy

Epilepsy is a chronic neurological disorder char-
acterized by recurrent, unprovoked seizures. In
most cases, epilepsy can be treated by antiepilep-
tic medication. However, approximately in 30%
of the patients, antiepileptic medication cannot
achieve sufficient control of seizures (Kwan et al.
2010). In a selected group of these patients, sur-
gical resection of the epileptic focus can be a
treatment option. In patients where surgical
resection did not have the desired effect or are not
suitable for resective surgery, neuromodulation
can be an option. At the moment, there are three
neuromodulation therapies available for epilepsy;
vagus nerve stimulation (VNS), DBS of the ante-
rior nucleus of the thalamus, and responsive cor-
tical/subcortical neurostimulation. Closed-loop
forms of neuromodulation are already clinically
applied in medical refractory epilepsy (see also
section  “Introduction”). This closed-loop
approach is especially an elegant approach to
treat epilepsy, since epilepsy is a paragon parox-
ysmal disorder in which seizures only occur in a
very small fraction of time.

Closed-Loop VNS

In the past years, attempts have been made to
develop closed-loop VNS systems. Although
VNS is not a form of DBS, the developments of
closed-loop VNS are also of relevance for the
aDBS field in epilepsy since similar biomarkers
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might be used. The concept of closed-loop VNS
arose from magnet-activated VNS. Magnet-
activated VNS allows the caregiver or patient
himself to apply additional stimulation at the
time of seizure onset. Two studies tested whether
magnet-activated VNS was feasible and effective
in epilepsy treatment. Results showed that
magnet-activated VNS could have a positive
effect, but they also revealed that especially care-
givers were involved in activating the additional
stimulation, because most patients were not able
to (Boon et al. 2001; Morris 3rd 2003). This dis-
advantage formed the inspiration for the search
of an automatic closed-loop VNS system and for
suitable biomarkers.

One potential biomarker for epilepsy is changes
in heart rate, since heart rate has shown to increase
in over 70% of partial seizures (Eggleston et al.
2014). Cardiac-based closed-loop systems were
proposed and examined by several groups. Those
proof-of-concept studies showed that cardiac-
based VNS, with an increase in heart rate as bio-
marker, is feasible and has potential in treating
epilepsy patients (Jeppesen et al. 2010; Osorio
2014; Shoeb et al. 2009; van Elmpt et al. 2006).
These promising results led to the development of
a cardiac-based closed-loop VNS system; the
AspireSR (Cyberonics, Houston, USA).

In 2015, the AspireSR was approved by the
FDA. The AspireSR automatically delivers addi-
tional stimulation when the heart rate, measured
by an ECG sensor in the pulse generator, exceeds
a prespecified threshold at the onset or during a
seizure. A prospective multicenter study evalu-
ated the performance of AspireSR in 31 epilepsy
patients. This study showed that the AspireSR
detected more than 80% of seizures accompanied
by cardiac changes. Detection of the seizures
occurred close to or even before seizure onset.
This study therefore concluded that the AspireSR
and its implemented cardiac-based seizure detec-
tion algorithm could detect seizures with cardiac
changes (Boon et al. 2015). These results were
stretched even further by a recent cardiac-based
seizure detection algorithm, which showed that
heart rate variability can be used for the early
detection and potentially for the prediction of sei-
zures with a sensitivity of 94.1% (Pavei et al.

2017). The SenTiva (LivaNova, London, UK)
was approved by the FDA in 2017. This closed-
loop VNS system also responds to cardiac
changes and collects and logs events as body
position, because these might be associated with
seizures. Because of its recent approval, the per-
formance of this system still has to be evaluated.
Although there are promising results of cardiac-
based closed-loop VNS, it is unclear yet if this
stimulation approach is more effective than open-
loop VNS.

Closed-Loop Responsive Cortical/
Subcortical Stimulation

Previous studies showed that brief bursts of elec-
trical stimulation could abort after discharges,
which are similar to spontaneous epileptiform
activity, by inducing electrical stimulation in an
appropriate manner at seizure onset (Kros et al.
2015; Lesser et al. 1999; Motamedi et al. 2002).
These studies paved the way for the development
of closed-loop responsive stimulation using epi-
leptiform activity, measured by subdural record-
ings, as biomarker.

In 2004, closed-loop responsive cortical stim-
ulation was first applied in epilepsy (Kossoff
et al. 2004). In this experiment in four patients,
externalized electrodes from cortical grids were
used to record neural activity that was automati-
cally analyzed. When electrographic seizures
occurred, cortical stimulation was provided. The
main findings were that electrographic seizures
were suppressed and the number of clinical sei-
zures reduced during the responsive neurostimu-
lation trials, with no major side effects. One year
later, an integrated bedside system performing
closed-loop responsive stimulation (Peters et al.
2001) was evaluated in eight patients undergoing
intracranial monitoring (Osorio et al. 2005). This
was done by connecting electroencephalogram
equipment with a constant current stimulator in a
closed-loop way. By doing this, electrical stimu-
lation could be provided when clinical or electro-
graphic seizures occurred. Four of the eight
patients showed a >50% reduction in seizures
with this responsive stimulation algorithm
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(Osorio et al. 2005). These proof-of-concept
studies indicated that closed-loop responsive
neurostimulation was feasible and effective.

In 2008, the same procedure was conducted in
a patient with a fully implanted device (Anderson
et al. 2008), called the responsive neurostimula-
tion system (RNS, NeuroPace, Mountain View,
USA). This system includes an implanted neuro-
stimulator in the cranium, and one or two record-
ing and stimulating depth and/or cortical strip
leads placed at the seizure foci. Safety and efficacy
of the RNS have been established in a feasibility
study (n = 65), a randomized multicenter double-
blinded controlled trial (n = 191) and a 7-year
long-term extension study (n = 230) (Bergey et al.
2015; Heck et al. 2014; Morrell and RNS System
in Epilepsy Study Group 2011). First, it was shown
that seizures were reduced in the closed-loop
responsive cortical stimulation group compared to
a sham stimulation group (Morrell and RNS
System in Epilepsy Study Group 2011). Five
months after implantation, all subjects received
closed-loop responsive stimulation to complete
2 years of follow-up. Here it was shown that after
1 year the median percent reduction in seizures
was 44% and after 2 years even 53% (Heck et al.
2014). The 7-year follow-up study showed that
reductions in seizures increased up to 60% and
66% respectively 3 and 6 years after implantation
(Bergey et al. 2015). These studies therefore con-
cluded that closed-loop responsive neurostimula-
tion to the seizure focus was well tolerated and
acceptably safe, and moreover reduced the fre-
quency of seizures. Ever since, the RNS has been
successfully implanted in many patients with
intractable epilepsy, not only using cortical grids
but also using DBS leads (Geller et al. 2017; Jobst
et al. 2017). Future studies will be necessary to
optimize stimulation algorithms and to compare
closed-loop responsive neurostimulation with
nonresponsive neurostimulation in epilepsy.

aDBS in Tourette’s Syndrome

Tourette’s syndrome (TS) is a neuropsychiatric
disorder, characterized by both motoric and pho-
nic tics and often accompanied by psychiatric

comorbidities. For most patients, pharmacologi-
cal and/or behavioral therapies are effective, but a
subset of TS patients is refractory to these treat-
ments. DBS has emerged as an established ther-
apy for severe, drug-refractory TS. There is a
growing body of evidence showing a robust
degree of tic improvement due to DBS in the glo-
bus pallidus internus (GPi) or in the centromedian-
parafascicular region of the thalamus in TS
(Dowd et al. 2017; Kefalopoulou et al. 2015;
Servello et al. 2016). Despite these positive short-
term results of DBS in TS, after 12—78 months,
the balance between effects and side effects of
thalamic DBS, like reduced levels of energy,
visual disturbances, or memory problems,
becomes less favorable (Smeets et al. 2018).
Since TS is a paroxysmal disorder, in which tics
only occur in a fraction of time, aDBS might also
be applied in TS with a potential of better tic sup-
pression and less stimulation-induced side
effects.

Recent research has shown that neurophysio-
logical signals, like LFPs, measured in the GPi,
GPe, and thalamus, have specific patterns during
tics (Bour et al. 2015; Israelashvili et al. 2017,
Jimenez-Shahed et al. 2016; Maling et al. 2012).
Tics were found to be associated with increased
high frequency and gamma band activity in the
GPi (Jimenez-Shahed et al. 2016), and tics were
preceded by repetitive coherent thalamo-cortical
discharges (Bour et al. 2015). Furthermore,
increased thalamic gamma band activity follow-
ing DBS treatment was associated with reduced
tic severity (Maling et al. 2012), and tic-related
transient rate changes were found in individual
GP neurons (Israelashvili et al. 2017). In addition
to these tic-specific neurophysiological patterns,
LFPs can be recorded and analyzed from DBS
electrodes. Consequently, it was hypothesized
that LFPs might be useful in detecting tics, and
LFP-based aDBS approaches might be feasible
in TS.

Shute et al. (2016) however used chronically
implanted thalamic and cortical subdural elec-
trodes to identify neurophysiological signatures
of tics and to develop a tic detector. This study
also examined the consistency and reproducibil-
ity of neurophysiological tic signatures. Tics of
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two TS patients were detected by a thalamo-
cortical increase of low frequency (1-10 Hz)
coherence. Over the course of 6 months, long
complex tics were detected with an average sen-
sitivity of 88.6% and specificity of 96.3%. As
mentioned, this study used cortical subdural elec-
trodes in addition to the DBS leads to optimize
tic detection. This can be seen as a limitation,
because the proposed tic detector requires an
additional device to be implanted. Marceglia
et al. proposed an aDBS system for TS based on
their own and previous results on thalamic LFP
patterns during tics. They hypothesized that DBS
may be delivered continuously with the opti-
mized parameter set for each patient. DBS
parameters should be adapted if thalamic alpha
(8-12 Hz) power decreases at least 20% and if
both alpha and low frequency (2-7 Hz) power
subsequently increases by 150% at 250 ms after
initial alpha decrease. At the time when low fre-
quency power has decreased by more than 50%
of its peak value, the aDBS system should change
the parameters again into the continuous baseline
settings (Marceglia et al. 2017).

Although aDBS systems for TS have been
proposed, there has only been one proof-of-
concept study for aDBS in TS so far (Molina
et al. 2018). This recent single-case study exam-
ined chronic aDBS in a TS patient, which had
bilateral DBS implantation in the centromedian-
parafascicular region of the thalamus. The
implanted DBS device was the RNS, which was
originally designed for the treatment of epilepsy
(see section “Neurophysiological Approaches™).
Tics were detected by a personalized tic detector.
In the case of the presented patient, an increase in
power spectral density between 5 and 15 Hz
occurred during the patient’s tics. The main find-
ing in this proof of principle study was that aDBS
was safe and well tolerated and as effective as
conventional scheduled duty cycle stimulation
with regard to improvements in tic severity scores
compared to baseline, but with a 36% increase in
expected battery longevity (Molina et al. 2018).

In conclusion, aDBS in TS is still in its pio-
neering phase. This is also because cDBS for TS
is not established yet. Larger, randomized, and
blinded follow-up studies should be performed

which should also include other promising DBS
targets like the GPi and which should examine
the impact of aDBS on side effects and psychiat-
ric comorbidities.

Obsessive Compulsive Disorder

Obsessive compulsive disorder (OCD) is a neu-
ropsychiatric disease characterized by unwanted
and recurrent obsessions (disturbing thoughts)
and/or compulsions (repetitive behaviors). DBS
of the ventral striatum/ventral capsule is indi-
cated for severe, chronic, and otherwise intracta-
ble OCD (Provenza et al. 2019). OCD might be a
candidate for aDBS because there is a delicate
balance between understimulation, which could
lead to insufficient improvement of OCD symp-
toms, and overstimulation, which could lead to
hypomania (Widge et al. 2016). The normalizing
effect of DBS on nucleus accumbens activity
could be a candidate for aDBS in OCD (Figee
et al. 2013). The heterogenic character of OCD
and the dynamic disease states over days, weeks,
or months is challenging in finding a suitable
input signal for aDBS. Psychosocial monitoring
or electrophysiology seems to be the first sub-
jects to investigate.

Future Directions

At present aDBS has only been clinically imple-
mented in epilepsy. Although accumulating evi-
dence shows that aDBS might also be
implemented in movement disorders (Meidahl
et al. 2017) and neuropsychiatric disorders
(Marceglia et al. 2017), this needs to be proven
in clinical and ecologically valid studies in
which non-motor aspects are also investigated.
This crucially depends on the availability of
DBS hardware with closed-loop properties. The
next step from the currently available hardware
that is able to connect hardware with closed-loop
properties outside the body to the IPG (e.g.,
applied in Malekmohammadi et al. 2016) is to
develop and test IPGs with closed-loop proper-
ties “on board.” These might be systems with
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LFP/EcOG computational analysis on board,
devices that can (wirelessly) receive accelerom-
eter or (surface) EMG signals, or devices that
have accelerometers or gyroscopes embedded in
the IPG. Critical limitations in the development
of this hardware is the required energy consump-
tion, which is influenced by how many samples
are required per time unit. Currently, the research
focus in aDBS has been on high sampling rates
(>100 samples/s). Based on the volatility and
burst behavior of LFPs in PD (Tinkhauser et al.
2017), these high (and continuous) sampling fre-
quencies are necessary for “burst-based” aDBS
in PD. However, it needs to be explored whether
other strategies, e.g., briefly sensing beta power
every half hour, would be equally beneficial.
Furthermore, the integration of closed-loop
properties in other emerging stimulation para-
digms like “coordinated reset” (Adamchic et al.
2014) and the development of more refined and
adaptive modulations of increased synchroniza-
tion (Cagnan et al. 2017; Popovych et al. 2017)
will shape the future of aDBS.
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