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Abstract

Non-invasive and invasive electrical neurostimulation are promising tools to better
understand brain function and ultimately treat its malfunction. In current open-loop
approaches, a clinician chooses a fixed set of stimulation parameters, informed by observed
therapeutic benefits and previous empirical evidence. However, this procedure leads to a
large intra- and inter-subject variability often introducing side-effects and low effect sizes.
Closed-loop electrical neurostimulation (CLENS) approaches strive to alleviate these
limitations by tailoring the stimulation parameters to an ongoing electrophysiological
biomarker. Here, we review the current status of closed-loop, supraspinal electrical
stimulation in humans, presenting our vision of potential control frameworks, and support the
idea of creating synergies with the field of brain-machine interfacing. Finally, we pinpoint two
pivotal challenges that, in our view, need to be overcome for this technology to become a
reality: dealing with the electrical stimulation artifacts, and dissociating the pathological from
physiological information within the targeted biomarker.

Acronyms

Closed-loop electrical neurostimulation; deep brain stimulation; transcranial alternating current
stimulation; transcranial direct current stimulation; electroencephalography; local field potentials.

Acronyms

CLENS Closed-loop electrical neurostimulation
DBS Deep brain stimulation

ECoG electrocorticography

EEG electroencephalography

LDA linear discriminant analysis

LFP  local field potentials

M1 primary motor cortex
MEG magnetoencephalography
PD Parkinson’s disease

STN  subthalamic nucleus

tACS transcranial alternating current stimulation
tDCS transcranial direct current stimulation
TMS transcranial magnetic stimulation



l. Introduction

Electrical neurostimulation is a promising tool to better understand brain function and
ultimately treat its malfunction. Deep brain stimulation (DBS) in subcortical structures, such
as the subthalamic nucleus (STN), the global pallidus or the thalamus, is now a well-
established technique to treat refractory Parkinson’s disease (PD), essential tremor, dystonia
and obsessive-compulsive disorders [Budman2017]. Moreover, its use in other psychiatric
diseases such as depression or addiction is being evaluated [Nuttin2014]. On the other
hand, transcranial direct current stimulation (tDCS) has shown promising albeit limited
effects on many neurological diseases such as stroke, aphasia, Alzheimer's disease or
schizophrenia non-invasively [Lefaucheur2017].

While the field of neurostimulation has drastically advanced and attracted a growing interest
over the last years, its limitations have also become more evident. First, little is known about
the physiological effects of brain stimulation on the neuronal activity in the long term. As a
result, stimulation parameters such as intensity, frequency, pulse shape and phase are
chosen based solely on previous empirical evidence, and on the short-term adequacy of the
stimulation in terms of the patient’s clinical improvement [Sun2014]. Secondly, despite
neural activity being highly non-stationary at the subsecond level, these stimulation
parameters remain fixed throughout their clinical life, in an approach usually termed as open-
loop neurostimulation. Altogether, it is now widely believed that these issues are key limiting
factors which lead to side-effects [Meidahl2017], a large intra- and inter-subject variability, a
suboptimal efficacy of the stimulation treatment, and could partially explain some seemingly
contradictory (or with a limited effect size) results in the literature [Thut2017].

In an ideal scenario, such limitations may be solved by the application of closed-loop
electrical neurostimulation (CLENS). In CLENS, a pathological biomarker -an
electrophysiological or biological correlate of the neurological condition to be treated- is
constantly monitored, while the stimulation parameters are tailored by its fluctuations with
the aim of regulating it [Hebb2014, Bergmann2016, Karabanov2016, Zrenner2016,
Thut2017] (see Figure 1). Preliminary results with invasive stimulation suggest the potential
benefits of such closed-loop technology [Little2013, Little2016], and current opinions are
strongly in favor of this approach [Thut2017].

Here, we review the current status of closed-loop invasive and non-invasive neurostimulation
in humans, with a purposeful focus on supraspinal electrical stimulation. In this opinion
paper, we present our vision of potential control frameworks during brain-stimulation
interactions in such closed-loop scenario, and support the idea of creating synergies with the
field of brain-machine interfacing. Finally, we pinpoint two pivotal challenges that need to be
overcome for this technology to become a reality: dealing with stimulation artifacts and
understanding the neurophysiological mechanisms of stimulation, in particular the distinction
between pathological and physiological information within the targeted biomarker.

Il. State of the art

While invasive and non-invasive open-loop stimulation works are numerous, CLENS
applications are still scarce, as they go hand-to-hand with advances in the understanding of



the physiological effects of stimulation and the emergence of potential biomarkers for the
targeted condition. Still, some works have already presented promising results, mostly using
deep brain stimulation.

The first CLENS systems were designed to treat epilepsy, where the stimulation was
delivered only when seizures were detected using an algorithm based on continuous ECoG
recordings [Anderson2008]. Such a principle is now in clinical use by epileptic patients with
favorable outcomes [Bergey2015, Geller2017]. Closed-loop DBS was also demonstrated on
a primate model of PD [Rosin2011] and two years later in humans, where DBS stimulation in
the STN was only switched on when beta oscillatory power was above a certain threshold
[Little2013]. This led not only to a significant improvement of motor symptoms, but also to a
50% reduction in stimulation time, suggesting that CLENS could substantially save battery
life. On a follow-up study from the same group, it has also been proved that such approach
reduces side effects associated with DBS [Little2016]. Since then, these results have been
replicated multiple times [e.g. Rosa2015, Arlotti2018]. New biomarkers are also being
considered, such as gamma oscillations in the motor cortex (~60 Hz) which correlates with
dyskinesia, perhaps due to medication or DBS [Swann2016], and have been used as an
indicator that stimulation intensity should be reduced [Swann2018]. Closed-loop DBS
stimulation was also attempted in essential and dystonic tremor patients, using hand
kinematics as a biomarker [Cagnan2016]. By locking high-frequency stimulation in the
ventrolateral thalamus to the phase of the tremor measured with an accelerator, Cagnan and
colleagues were able to achieve the same level of tremor reductions as state-of-the-art
open-loop DBS but with only 42% of stimulation.

Apart from DBS for movement disorders, there are few reports of CLENS in humans. One
study applied intracortical stimulation in the supplementary motor cortex when pre-
movement gamma exceeded a threshold and observed a slowing of motor behavior
[Moore2018]. Promising new works suggest that CLENS could be applied to cognitive
diseases too. One recent study relied on high gamma activity, a biomarker of memory recall,
to trigger medial temporal lobe stimulation in epilepsy patients undergoing intracranial
monitoring [Ezzyat2018]. As this exemplary work illustrates, identification of reliable markers
of cognitive disorders will lead to new avenues for CLENS. As new applications of open-loop
DBS are being investigated, such as ventral striatum stimulation for obsessive compulsive
disorder [Greenberg2010], depression [Kubu2017] or Alzheimer's disease [Scharre2018],
and nucleus accumbens stimulation for traumatic brain injury [Rezai2016], the future will
certainly see the extrapolation of these open-loop approaches to closed-loop scenarios [e.g.
Senova2018, Bina2018].

Non-invasive stimulation has been mainly relying on direct currents applied on the scalp
(tDCS). Nonetheless, many clinical trials have shown exciting yet limited clinical effects
[Lefaucheur2017]. Recently, however, new alternating current strategies are being
considered, the most notorious being transcranial alternating current stimulation (tACS), for
which sinusoidal currents are applied to the scalp to selectively target a brain oscillation
process [e.g. Feurra2011] or to modify cortical excitability [e.g. Moliadze2010]. Very few
attempts to close the loop between stimulation parameters and ongoing brain oscillations
have been reported. Applying tACS after sleep spindles were detected with EEG improved
motor memory consolidation [Lustenberger2016]. Another recent closed-loop study also
showed improvements in memory generalization when tACS during sleep was triggered by



endogenous slow oscillations and matching their frequency and phase [Ketz2018].
Interestingly, 5Hz tACS stimulation led to a 42% average reduction in tremor when the
stimulation was set to be in-phase with the tremor [Brittain2013]. Albeit without closing the
loop, other studies have shown the importance of phase timing when stimulating. Using two
tACS stimulators either in-phase or out-of-phase, in-phase stimulation led to improved
behavior [Polania2012]. Cortical excitability was also increased when pairing tACS bursts
with peripheral afferent stimulation during in-phase stimulation [McNickle2015].

lll. Biomarker extraction and control strategies

In a CLENS scenario, a biomarker is tracked in real-time and the stimulation parameters are
tailored by this biomarker. A biomarker can be understood as an electrophysiological
(invasive via electrocorticography or ECoG, local field potentials or LFPs, multispiking
activity; or nor invasive, via electroencephalography or EEG) or biological correlate of the
neurological condition to be treated, either as an epiphenomenon, or fashioning a certain
physiological behavior. Usually, biomarkers extraction relies on the oscillatory nature of
these signals. Alternatively, this biomarker can be extracted from indirect, behavioral
methods, e.g. an accelerometer to measure tremor [Cagnan2016]. An important
consideration is how to extract this biomarker reliably and in a subject-specific manner, a
task where data-driven approaches may be superior (see Box 1).

Once the biomarker is extracted, it has to be mapped onto the stimulation parameter space.
In general, the stimulation parameters that can be controlled are five: location, pulse shape,
intensity (including on/off triggering), frequency, and phase. We distinguish between discrete
and continuous mapping. In a discrete mapping, a certain stimulation parameter can only
have a discrete set of values (e.g. on/off stimulation) based on the value of the biomarker
(e.g. above or below a predefined threshold [Little2013, Swann2018]). Alternatively, the
biomarker can be mapped continuously onto the range of values of one (eventually several)
stimulation parameter(s), with the assumption that the tracked biomarker quantitatively
encodes the symptoms. In PD patients, previous works have shown this to be the case
[Rosa2015, Neumann2016, Martin2018]. Depending on the nature of the biomarker and the
target stimulation parameter to be modulated, we have identified four control strategies
(Figure 2).

[11.1) Biomarker amplitude — stimulation amplitude

In this control strategy (Figure 2.1), the stimulation intensity is controlled by the ongoing
amplitude/power of the biomarker. In this group of approaches, we include those that trigger
on/off the stimulation. Little et al. triggered 130 Hz STN-DBS stimulation based on the
oscillatory power of beta frequency in Parkinsonian patients [Little2013]; while Rosa et al.
mapped the stimulation intensity continuously based on the continuous beta values
[Rosa2015]. Alternatively, gamma power of ECoG recordings in the primary motor cortex
(M1) can also be used to drive the STN-DBS for PD [Swann2018].

Previous works have shown the existence of oscillatory power biomarkers for other
conditions, making them potential applications for this control strategy. Motor conditions
such as dystonia are associated with beta increases over the STN [Wang2016], while tics
associated with Tourette’s syndrome are characterized by an increase in low frequencies



over thalamus LFPs [Shute2016]. In spinal-cord injured patients, sensorimotor cortical mu
rhythms inversely correlate with the severity of their symptoms [LopezLarraz2015], a
physiological biomarker linked as well to corticospinal excitability [Thies2018]. Similarly, a
range of cognitive disorders have been shown to have distinct pathological biomarkers. For
instance, schizophrenia is characterized by pathological gamma synchronization
[Uhlhaas2006], while Alzheimer leads to cortical delta and theta power decreases
[Uhlhaas2006].

[11.2) Biomarker phase - stimulation amplitude

In a second control strategy (Figure 2.2), certain phases of a biomarker tune or trigger the
stimulation intensity. Such an approach has already been evaluated within closed-loop
transcranial magnetic stimulation (TMS), where TMS pulses applied at certain oscillatory
alpha phases led to different motor evoked potentials amplitudes [Zrenner2018]. Similarly,
electrical stimulation intensity could be tuned based on the phase of the tracked biomarker.
This approach has shown its efficacy for treating pathological tremor, using an
accelerometer as a biomarker and a short-burst stimulation depending on the phase of the
acceleration [Cagnan2016].

A more complex situation could involve tracking the activity of two brain regions
simultaneously. In this approach, inter-regional interactions measured by the phase
synchrony between them would drive the stimulation intensity. It is already well known that
certain conditions lead to pathological inter-regional interactions. Such is the case of stroke
and its associated pathological inter-hemispheric M1 interactions [Hummel2006], which have
been seen to be correlated with clinical scores as measured by cortical coherence
[Pichiorri2018]. In this case, a CLENS system could track interhemispheric coherence and
stimulate one or both brain regions accordingly [Hummel2006].

[11.3) Biomarker phase - stimulation phase

This control strategy aims at driving the phase of a biomarker by altering the stimulation
phase (Figure 2.3). One such example was provided by Brittain et al., where the tracked
pathological tremor phase was used to tune non-invasive tACS anti-phase to the biomarker
[Brittain2013]. Another case is when one aims at cancelling oscillatory power by stimulating
in anti-phase. Following the example of pathological increase in beta power during PD, its
phase could be tracked and used to stimulate in anti-phase. Yet another potential scenario is
provided by the work of Tran et al., who showed that pre-stimuli alpha phase correlates with
memory decline [Tran2016]. A CLENS approach based on this biomarker could, for
instance, stimulate at specific phases to alter the alpha-phase biomarker.

This approach could also be beneficial for inter-regional approaches. Fries suggested that
neuronal communication is subserved by neural synchronization within different frequency
ranges [Fries2015]. As such, pathologies with network-based biomarkers may benefit from
this control strategy, where the oscillatory phase of one brain region tailors the stimulation
phase over a second brain region.



[11.4) Other biomarkers and stimulation parameters

While most of the research on biomarkers has been done using oscillatory features
(amplitude and phase), other biomarkers may prove to be superior in certain conditions. For
instance, one such biomarker could be evoked activity such as event-related potentials
(Figure 2.4), which can be decoded at the single-trial level using pattern recognition [e.g.
Iturrate2015]. Along these lines, a CLENS system was developed based on the decoding of
evoked activity in the frequency domain [Ezzyat2018]. Other examples include the use of
phase-amplitude coupling, which could be a promising biomarker for PD
[deHemptinne2015]; or the total power of the broadband spectrum, which has been
suggested to be linked to schizophrenia [Peterson2017]. Finally, as single neuron activity is
being recorded in human patients during DBS surgery [e.g. Milosevic2018] and epilepsy
monitoring [e.g. Wang2018], it is easy to foresee future biomarkers based on firing rates of
single neurons.

IV. Challenges

Although the field seems to agree that CLENS is a promising future for brain stimulation, it is
still facing a number of challenges. Here, we focus on two challenges that seem paramount
to us; how to deal with the stimulation artifact, and how to dissociate pathological from
physiological brain activity when computing the biomarkers.

IV.1) Dealing with the stimulation artifacts

One major limitation of CLENS is the presence of a massive stimulation artifact on
electrophysiological (or magnetophysiological) recordings. These artifacts can have different
properties depending on the tissues stimulated, the stimulation pattern and the type of
recordings and their location with respect to the stimulation site.

In some situations, biomarkers can be recovered without removing the artifact. Through
appropriate filtering, beta oscillations can be recorded while stimulating with DBS at much
higher frequencies [Tinkhauser2017], yet higher frequencies with potential information are
unavailable. Another solution is to record from other parts of the brain [Swann2018] or even
from biomarkers such as kinematics [Cagnan2016], although these solutions drastically limit
the types of biomarkers that can be used. For non-invasive tACS, the brain oscillation of
interest is often within the frequency of stimulation and thus extremely difficult to recover.

One first step in order to reduce artifacts is to optimize the system design. Research on
animal models have made technical advances to reduce artifacts before the signal is
digitized [Zhou2018]. For example, indirect artifacts due to the capacitance of the electrodes
and tissues can be reduced by ensuring that the positive and negative pulses have equal
current amplitude [Johnson2017] or by careful selection of stimulation and recording
parameters [Stanslaski2012]. Others have modulated the stimulation signal at a higher
frequency  [Witkowski2016] to recover the underlying brain signal using
magnetoencephalography (MEG).

Various methods have been employed to remove the artifact after digitization. MEG signals
during tACS have been recovered using beamforming [Neuling2015, Kasten2018], but see



[Makeld2017]. Others have decomposed the contaminated electrophysiological signal into
subspaces and rejected those subspaces that represented the stimulation artifact
[Hofmanis2013, Helfrich2014]. Alternatively, an artifact template can be computed and
subtracted to recover the underlying brain signal. One way of computing the artifact template
is by averaging a sufficient amount of time-locked stimulation artifacts patterns [Sun2016].
Such systems, however, have difficulties adapting to fast changes of the artifact which could
be typical in CLENS. Moreover, for tACS, an additional offline processing step had to be
performed to completely remove the residual artifact [Helfrich2014], which impedes its use in
real-time applications. More appropriately for real-time applications, one can compute the
stimulation artifact template in real-time from a readout of the stimulator before the current
reaches the brain [Trebaul2016].

Two issues can affect these template subtraction methods. Firstly, they can only work under
the assumption that the stimulation artifact linearly sums up to the underlying brain activity,
which in turn implies that the signal stays within the linear range of the amplifier
[Rolston2009]. It has indeed been suggested that electrical stimulation interacts with
electrophysiological signals in a non-linear fashion, with other physiological processes such
as heartbeat or respiration being potential factors [Noury2016, Neuling2017], although
models are starting to be proposed [Noury2017]. Secondly, when the frequency of
stimulation lies within the frequency of the biomarker, brain oscillations can entrain (i.e.
phase-lock) to the stimulation and lead to erroneous recovery (Box 2).

Although recovering from stimulation artifacts seem feasible for most electrical
neurostimulation modalities, this is not obvious for others. This is particularly the case for
transcranial random noise stimulation, a variant of tACS, where alternating currents are
applied in a very wide range of frequencies (typically between 0 and 1000 Hz).

IV.2) Biomarker: Pathology or physiology?

Understanding the actual impact that electrical stimulation has at the electrophysiological
and behavioral level remains one of the most important challenges in the field. Although the
topic has been covered extensively elsewhere [Fertonani2017, Herrmann2017,
Harmsen2018] for open-loop stimulation, there is scarce knowledge on the
neurophysiological implications of CLENS (see [Tinkhauser2017] for an exception). One
crucial challenge is the fact that the biomarker controlling the stimulation parameters will
most often represent an overlap of both pathological activity and healthy physiological
processes, thus leading to an incorrect stimulation triggering and tampering with
physiological behavior.

Usually, biomarkers are just considered as a proxy to an ongoing pathology. Still, these
biomarkers are also associated with physiological behavior. Such is, for instance, the case
for pathological beta power during PD. Although CLENS for PD has shown its efficacy using
clinical measures [Little2013, Rosa2015], a recent work has relativized the benefits of beta-
driven CLENS, suggesting that its advantages over open-loop stimulation can be
compromised under certain conditions [Johnson2016]. During the experiment, a non-human
primate had to perform a goal-oriented reaching task, which is known to desynchronize beta
activity. This reduction in beta led to switching off the stimulation, and in turn to a worsening
of the behavioral outcomes during reaching compared to continuous stimulation. Although



no work has quantified its impact for human PD patients, it is reasonable to believe that this
effect will stand true as volitional movements lead to modulations in these frequencies, e.g.
during gait [Hell2018] and upper-limb movements [Kihn2004].

In general, one can expect this to be an important consideration for any CLENS application
using brain-decoded biomarkers. A promising solution is to use data-driven, classification
approaches (cf. Box 1) with the aim of finding a more robust biomarker (or a secondary
biomarker) that helps distinguishing the context in which the subject currently is. An example
is provided by Shute et al., where they used pattern recognition to distinguish between
pathological tics and voluntary movements in Tourette’s syndrome during concurrent M1-
STN LFP recordings: while both shared some electrophysiological characteristics (beta
desynchronization over M1), pathological tics were also encoded as low-frequency power
increases over the thalamus [Shute2016].

V. Conclusion

A growing number of studies are using closed-loop approaches to improve the limitations of
open-loop electrical neurostimulation. Yet, while most reviewed studies use CLENS to
shorten stimulation time and thus potentially reduce side-effects, few studies have shown
behavioral improvements over open-loop stimulation. Here, we have reviewed evidence
suggesting that new control strategies could enhance effect sizes but that two major
challenges still need to be addressed,; firstly, the stimulation artifact needs to be removed
from the physiological recordings in order to access a broader range of possible biomarkers
which can then be used to develop more complex control strategies. Secondly, in order to
continuously adapt the stimulation parameters, there is a need to dissociate physiological
activity from the actual pathological biomarker that drives the stimulation. To overcome
current limitations, the field will certainly benefit from synergies with the brain-machine
interface field.

There are certainly other challenges for CLENS to bring to fruition its full potential. One of
them is at the heart of the fundamental hypothesis of CLENS, namely that there is a causal
relationship between the chosen biomarker and the pathology to be treated, and that
regulating this biomarker will improve patient’s clinical conditions. Finding the correct
biomarker will require better understanding of how the brain works in the healthy and
pathological conditions. While neuroscience, neurology and related clinical researchers may
lead this enterprise, contributions from biomedical engineering will still play crucial roles in
building computational models to help discover the target biomarker, or even combinations
of biomarkers. Such models will extend current open-loop approaches [Bikson2012, Molaee-
Ardekani2013].

Data-driven, especially if coupled to brain-machine interfaces, CLENS approaches promise
to become a fundamental framework, not only to develop novel symptomatic and
rehabilitative therapies, but also to answer basic physiological questions. Furthermore, we
envision CLENS to replace the more empirical open-loop approaches, and become a crucial
research tool to better understand the brain’s physiology. This will be even more the case
once CLENS will be deployed for long-term use, where detection of the target biomarker and
choice of parameters of the control strategy must be continuously adapted to reflect
evolution of patients’ clinical conditions.



Box 1 - Biomarker decoding: A brain-machine interface perspective

An important limitation of current CLENS approaches is the empirical nature of the
parameters chosen, which can be softened by using subject-specific, data-driven models. In
this regard, the field of brain-machine interfaces (BMIs) provides unique knowledge for the
development of successful closed-loop stimulation strategies. In a BMI, electrophysiological
signals are tracked in real time and they serve as control commands for a neural prosthesis,
which in turns provides feedback to the user about their performance (see [Millan2010] for a
comprehensive review). Similarly, CLENS can be seen as a synergy between a BMI and
typical open-loop stimulation, where usual BMI feedback is replaced by electrical stimulation.
In sum, two personalized components can be distinguished: feature extraction and selection
that will encode the biomarker; and classification of these features for its mapping to the
stimulation parameters.

First, features are extracted from the raw electrophysiological recordings either within the
temporal or spectral domain. As this feature extraction usually leads to a large number of
features, measures of features discriminability are needed to derive a subset of features that
maximize the performance for each subject, based on a personalized analysis. For this
process to be effective, a supervised training session is required, where electrophysiological
recordings are labeled in a controlled situation (e.g. symptoms vs no symptoms conditions).
This method will lead to the set of features that will encode the biomarker used during
CLENS. In the most common case of two labeled conditions, the classical discriminability
measure is the Fisher score, defined as follows:
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where u;(f), o;(f) represent the mean and standard deviation of condition i of one feature f,
e.g. the oscillatory power at one particular frequency.

Once features are extracted, they are fed into a classification or regression algorithm. The
most common method due to its simplicity and flexibility is the linear discriminant (LDA),
where the output is simply a linear combination of the features:

y =wx+b

where x is the vector of features, and w and b the LDA coefficients. The sign of y encodes
the predicted condition for the current feature vector, which can be directly linked to a
discrete mapping of a stimulation parameter (see section Il of the manuscript for details).
Alternatively, it can be used for a continuous mapping by simply applying a sigmoid function
to the output, which fits the output within a constrained range:

where b controls the slope of the sigmoid.



Box 2 - Artifact removal with entrainment

Prospective artifact removal methods should take in consideration the entrainment of
electrophysiological signals. There is mounting evidence that brain oscillations entrain to
periodic currents such as tACS [Amengual2017] or DBS [Swann2016] in a similar way as
they entrain to rhythmic stimuli [Lakatos2008] or rhythmic TMS pulses [Thut2011].

We exemplify the problem that can arise due to entrainment with concurrent tACS-EEG
recordings in the alpha band (~10 Hz). To remove the artifact, a template is constructed
using a copy of the output of the stimulator. This template is then scaled and corrected for
phase shifts before being subtracted to the contaminated signal. The scaling and phase
correction parameters are computed during a calibration phase. If, due to entrainment, the
EEG is phase-locked to the tACS stimulation, the in-phase EEG component will affect the
scaling factor while other components will affect the phase correction factor. To prevent
entrainment during calibration it can be useful to use a succession of stimulation bursts
rather than continuous stimulation. The bursts should be short enough to ensure that there is
no entrainment and that the stimulation signal is independent from the brain oscillations.
They should also be numerous enough to ensure that the effect of differences in phase
between the brain oscillations and the stimulation cancel out. Using such a calibration
procedure, we were able to recover alpha oscillations while stimulating with HD-tACS at
1mA (A).

Since CLENS main component is that of tracking in real-time a targeted biomarker, we argue
that artifact removal evaluation methods should consider the use of single-trial decoders to
test for the efficacy of the artifact cleaning procedure. During an event-related potential task
[lturrate2015], we calibrated the coefficients every minute and were able to obtain similar
decoding performance during tACS at 1mA than before; yet, after stimulation, and because
of the entrainment effect, decoding performance improved (B). The use of single-trial pattern
recognition as an evaluation tool after artifact removal, rather than a modeling perspective,
provides us with a functional, application-driven indicator of the feasibility of CLENS for the
targeted biomarker.
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Figure 1. Closed-loop electrical neurostimulation (CLENS). Contrarily to open-loop stimulation
where the stimulation is applied in a fixed manner, in CLENS the stimulation parameters are tailored
based on the presence of extracted biomarkers. The recording and stimulation modalities can be a
combination of three modalities: non-invasively via electroencephalography, or invasively via cortical
electrocorticography or subcortical local field potentials with deep electrodes (see left box). For a
CLENS to be achieved, we distinguish three main modules (depicted in green): biomarker extraction,
stimulation controller, and the removal or rejection of artifacts generated by the electrical stimulator on
the electrophysiological signal.
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Figure 2. Different types of biomarkers and control strategies. Each case corresponds to a
subsection in the text below. The examples are depicted conceptually. In control strategy (1), the
stimulation amplitude is dependent on a threshold on the amplitude of the oscillatory biomarker (black
horizontal line). In control strategies (2) and (3), the phase of the oscillatory biomarker is detected
(black triangles) and used to either trigger short bursts of stimulation (2), or phase-lock the stimulation
(3). Finally, control strategy (4) decodes evoked activity in either time or frequency and adjusts the
stimulation amplitude accordingly.
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