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Despite increasing prevalence and huge personal and societal burden, psychiatric diseases still lack treatments which can control
symptoms for a large fraction of patients. Increasing insight into the neurobiology underlying these diseases has demonstrated
wide-ranging aberrant activity and functioning in multiple brain circuits and networks. Together with varied presentation and
symptoms, this makes one-size-fits-all treatment a challenge. There has been a resurgence of interest in the use of neurostimulation
as a treatment for psychiatric diseases. Initial studies using continuous open-loop stimulation, in which clinicians adjusted
stimulation parameters during patient visits, showed promise but also mixed results. Given the periodic nature and fluctuations of
symptoms often observed in psychiatric illnesses, the use of device-driven closed-loop stimulation may provide more effective
therapy. The use of a biomarker, which is correlated with specific symptoms, to deliver stimulation only during symptomatic
periods allows for the personalized therapy needed for such heterogeneous disorders. Here, we provide the reader with
background motivating the use of closed-loop neurostimulation for the treatment of psychiatric disorders. We review foundational
studies of open- and closed-loop neurostimulation for neuropsychiatric indications, focusing on deep brain stimulation, and discuss
key considerations when designing and implementing closed-loop neurostimulation.

Neuropsychopharmacology (2024) 49:163-178; https://doi.org/10.1038/541386-023-01631-2

INTRODUCTION

Psychiatric diseases have been notoriously difficult to treat, partly
because of their heterogeneous presentations and constellations
of symptoms. A growing body of research has shown alterations in
functional activity in a variety of brain regions and across
networks, often associated with specific manifestations of
disorders or symptoms. This aberrant activity often normalizes
with successful treatment or symptom reduction. Therefore, a
rational treatment design approach could utilize this neural
activity to both target therapy and assess the effects of treatment.
This approach is particularly promising for neurostimulation
therapies.

Neurostimulation refers to a collection of techniques which
apply electrical, electromagnetic, or ultrasound energy to the
nervous system with the intention of modulating activity.
Modalities of stimulation can be non-invasive or invasive, and
include transcranial electrical stimulation (tES), transcranial mag-
netic stimulation (TMS), transcranial focused ultrasound (tFUS),
spinal cord stimulation (SCS), vagus nerve stimulation (VNS), and
deep brain stimulation (DBS). Stimulation can be implemented
using an open-loop or closed-loop approach. Open-loop stimula-
tion is delivered continuously or with a fixed duty cycle;
stimulation parameters are held constant in between device
programming sessions. With closed-loop stimulation, a biomarker
of neural activity, symptoms, or side effects is monitored and used

to trigger treatment when that signal indicates that the target
clinical state is detected. In this review, we focus on closed-loop
DBS controlled by a neural activity biomarker; however, con-
siderations for closed-loop stimulation can be applied to many of
these stimulation modalities and can utilize biomarkers relying on
physiological activity other than neural signatures. Foundational
studies which demonstrated therapeutic efficacy of neurostimula-
tion did so using open-loop techniques, where stimulation
parameters were fixed in between clinician/researcher program-
ming sessions and stimulation was either delivered continuously
or with a predefined schedule, independent of neural activity,
disease state, or symptom status. However, many psychiatric
diseases manifest with varying temporal profiles of symptoms,
some of which are highly episodic. In these cases, matching
therapy to the time course of symptoms may result in better
symptom control with fewer side effects. Furthermore, stimulation
may be more effective when delivered during particular states.
Our interest in closed-loop approaches is motivated by their
promise to make possible treatment that is state targeted,
matched to symptom time-course.

In an engineering control system, one set of algorithms is
focused on monitoring the neural activity underlying disease
symptoms, defined as the biomarker decoder, and another set of
algorithms is focused on enacting the logic, defined as the
biomarker actuator, that guides when, where, and how stimulation
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is delivered as a function of the biomarker. We adopt a broad
definition of closed-loop neurostimulation - stimulation in which
the timing and/or parameters of stimulation are algorithmically
determined by the stimulation device based on a biomarker.
Throughout the following sections, we seek to provide the reader
with a framework for developing and implementing closed-loop
stimulation for the treatment of psychiatric diseases. We start by
reviewing the neurobiological basis for psychiatric disorders for
which closed-loop DBS strategies have been designed and/or
implemented: mood and anxiety spectrum disorders and
obsessive-compulsive disorder (OCD). We next discuss the
heterogeneity of psychiatric disease presentation and varying
temporal dynamics of symptoms, both important for how closed-
loop stimulation is designed at the individual and population
levels. Following is an overview of the most common modalities of
neurostimulation and promising results from DBS studies treating
Major Depressive Disorder (MDD) and OCD with open-loop
stimulation. We continue with a discussion of considerations
and requirements for implementing closed-loop stimulation,
along with a review of closed-loop studies in neurological
disorders (where this approach has been more widely tested)
and the pioneering closed-loop studies in MDD. The last section of
this review discusses current challenges faced when implement-
ing closed-loop neurostimulation. Throughout, we move beyond
defining optimal circumstances and discuss closed-loop neuro-
modulation in the context of real-world limitations while also
providing forward looking perspective on open questions, key
challenges, and promising research directions.

NEUROBIOLOGICAL BASIS FOR MOOD AND ANXIETY
SPECTRUM DISORDERS AND OCD

There is a growing body of animal and human literature
implicating a wide variety of neural circuit dysfunction in mood
and anxiety spectrum disorders, including within the default
mode network (DMN), salience network, reward network, and
stress/threat network [1, 2]. Many of these studies use magnetic
resonance imaging (MRI) and function MRI (fMRI), and are often
underpowered to appropriately capture reproducible interindivi-
dual differences between brain structure or function and
psychiatric symptomatology [3], which may explain some of the
heterogeneity in results reported to date. However, some
consistency in implicated regions has also emerged. The DMN,
which primarily consists of areas in medial prefrontal cortices
(mPFCQ), posterior cingulate cortex, and angular gyrus, is activated
when individuals are not engaged in task or goal-directed
behavior [4, 5], and has been implicated in episodic memory,
self-referential processes, and rumination [6-8]. fMRI studies of
patients with MDD have consistently shown hyperactivation
within the DMN [9-11], with successful treatment associated with
a reduction in this hyperactivity [12-15].

The salience network includes the anterior cingulate cortex
(ACQ), the anterior insula, amygdala, ventral striatum, hypothala-
mus, and thalamus [16, 17]. Studies of salience network
connectivity in individuals with anxiety disorders have produced
varied results, with increased connectivity observed in post-
traumatic stress disorder (PTSD), particularly between the insula
and the amygdala [18, 19], decreased connectivity in patients with
generalized anxiety disorder (GAD), with anxiety symptoms being
negatively correlated with amygdala-dorsolateral prefrontal cortex
(dIPFC) coupling [20], and both increased and decreased
connectivity reported in patients with social anxiety disorder
[21-23]. A meta-analysis of resting-state fMRI data in patients with
MDD revealed hypoconnectivity within the salience network [24].
A possible explanation for these varied results is that the salience
network does not simply encode overall arousal or anxiety, but
rather processes salience of interoceptive or external stimuli and
coordinates the response of arousal, attentional, motor, and
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cognitive control systems, and that the regulation of these
processes becomes dysfunctional in mood and anxiety spectrum
disorders [1, 25].

The reward circuit has primary nodes in the ventral tegmental
area and nucleus accumbens (NAc) (also referred to as the ventral
striatum), and includes mPFC, amygdala, and hippocampus.
Patients with MDD have consistently been observed to have
hypoactivation in the reward circuit [26], and decreased con-
nectivity within the left ventral striatum is associated with greater
severity of depressive symptoms [27, 28]. It is hypothesized that
deficits within this circuitry underlie symptoms of anhedonia. For
example, patients with MDD display attenuated responses to
unexpected reward in the left NAc and bilateral caudate [29].
Hypoactivation within the ventral striatum during reward antici-
pation is correlated with the severity of anhedonia in patients with
MDD and activity normalized following treatment with an SSRI
[30].

Negatively valanced stimuli and various stressors lead to
activation of a network of regions that constitute the stress/threat
network which includes the amygdala, hippocampus, ACC, insula,
and mPFC [31]. Patients with mood and anxiety spectrum
disorders display hyperactivity within the amygdala in response
to sad/negative appearing faces and hypoactivation in response
to happy/positive faces [32-34]. Further, patients with GAD display
deficits in behavioral tasks that require spontaneous regulation of
emotional conflict, and this deficit is associated with a failure to
engage the pregenual anterior cingulate in ways that would
inhibit activation of the amygdala [35]. The development of these
stress and threat related neural circuits may contribute to risk of
developing mood and anxiety disorders, as adolescents with a
family history of depression display increased threat-related
activation of the amygdala and decreased activation of the dIPFC
compared to adolescents without this history [36-38].

OCD is characterized by intrusive thoughts and repetitive
behaviors that are present in 1-2% of the general population.
There is a greater degree of consensus regarding the neural
circuitry underlying OCD compared to other psychiatric disorders.
The dominant model for OCD involves hyperactivation of a
recurrent set of circuits connecting the cerebral cortex to the basal
ganglia, which can be described as cortico-striato-thalamo-cortical
(CSTQ) loops [39]. In particular, the ACC and OFC, in addition to
their downstream targets in the caudate, are abnormally active at
rest and have elevated activity during OCD provocation, which
resolves with successful pharmacological or behavioral therapy
[40].

PRESENTATION OF PSYCHIATRIC DISEASES

Heterogeneous syndromes with constellations of symptoms
The complexity of psychiatric presentations has proven to be a
substantial obstacle for studying and treating these disorders.
Psychiatric disorders are not discrete entities, rather they are
heterogenous syndromes that vary widely in etiology and
pathophysiology, even within a specific diagnosis. There is
growing recognition that the current Diagnostic and Statistical
Manual of Mental Disorders (DSM) classification system does not
capture the immense heterogeneity of symptomology nor reflect
our growing understanding of the relationship between neuro-
biology and psychiatric illness [41, 42]. For example, using the
DSM-V diagnostic criteria, MDD can be diagnosed using over 200
unique combinations of symptoms [43]. The breadth of this
diversity was demonstrated in a survey of over 1500 individuals
with MDD that found these patients met the diagnostic criteria in
170 different ways [44].

The Research Domain Criteria (RDoC) project developed by the
National Institute of Mental Health was launched to facilitate
continued research and understanding of psychiatric disorders
unencumbered by traditional diagnoses and without siloing of
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Symptoms of psychiatric diseases can be continuous or episodic. Continuous symptoms often exhibit fluctuations in severity, while

episodic symptoms may be associated with specific times, situations, or environments.

discrete disorders [45]. The primary focus of RDoC is on identifying
neural circuitry responsible for mental and behavioral functions of
the brain. Shared circuitry across some disorders suggests that
similar targets and methods may be viable across broad
neuropsychiatric conditions while tailoring biomarker design.

Temporal dynamics of symptoms

Symptoms of psychiatric diseases may be continuous or episodic,
with some episodic symptoms related to situational (e.g. phobias)
or environmental (e.g. patients with contamination OCD who must
complete particular rituals after entering a bathroom) triggers
(Fig. 1). Continuous symptoms may always be present, but
typically vary in intensity and severity over a range of timescales.
An episode of depression may last from weeks to years [46, 47];
however, individual symptoms (i.e. low mood, anhedonia, fatigue,
cognitive symptoms, suicidal ideation, and anxiety) often fluctuate
over the course of the day. Indeed, individuals with depression
display greater variability in mood throughout the day compared
to healthy controls [48]. Further, analyses from the Sequenced
Treatment Alternative to Relieve Depression (STAR-D) Study
revealed that approximately one quarter of individuals with
depression experience diurnal variation in mood, with 31.9% of
those experiencing morning worsening, 19.5% afternoon worsen-
ing, and 48.6% evening worsening [49]. Suicidality also displays
predictable temporal variation; suicides are more likely to occur in
the beginning of the week (peaking on Monday) and in the late
morning/early afternoon, findings that have been replicated
across decades and in numerous populations [50, 51].

Episodic symptoms, including those that are environmentally
triggered or situational, vary in their presence and severity. Panic
attacks are discrete, time-limited surges of intense fear and
anxiety that typically last minutes, which can be spontaneous or
triggered by specific situations. The frequency of panic attacks
varies widely, with some individuals reporting short periods of
frequent attacks (e.g. daily), others reporting longer periods of 1-2
attacks per week, and others still reporting very infrequent attacks
(e.g. several per year) [52-54]. Individuals with OCD experience
symptoms such as anxiety, panic, disgust, or dissociation when
confronted with situations that trigger their obsessions or
compulsions; obsessions and compulsions themselves can be
situationally triggered symptoms [54]. Interestingly, OCD symp-
toms may also have a diurnal component, with some patients
experiencing peak symptoms around mid-day [55].

The temporal dynamics of psychiatric symptoms speaks for
rationally-designed closed-loop neurostimulation treatments.
Closed-loop systems could deliver treatment only when symp-
toms are present or when symptoms reach a certain severity. It
may even be possible to deliver treatment preemptively before
symptoms emerge.

Neuropsychopharmacology (2024) 49:163 - 178

WORKING TOWARDS CLOSED-LOOP STIMULATION FOR
NEUROPSYCHIATRIC DISEASES

Application of electrical current to the brain is not a modern
invention. Use of electrical energy to relieve pain can be traced
back to the ancient Romans in 15 A.D. [56]. Penfield used electric
stimulation to map eloquent cortex and to localize epileptogenic
areas in the 1950s [57]. The first spinal cord stimulator for pain
relief was implanted in 1967 [58], and stimulation to mimic a
‘virtual lesion’ for Parkinson’s Disease was conceptualized and
tested in the 1960s and 70s. The FDA has approved several
stimulation techniques and targets, including a handful for
psychiatric indications over the past decade (Table 1).

The therapeutic potential of a stimulation modality is typically
first demonstrated using open-loop approaches, in which the
timing of stimulation administration is predefined and fixed -
stimulation can be on continuously or it can be intermittent
(delivered with a set duty cycle). Therapy is delivered independent
of symptom status with stimulation parameters that are static
between programming sessions. In many cases, stimulation
parameters for open-loop stimulation must be refined based on
patient feedback and side effects and are updated by clinicians or
researchers during programming visits. In this way, the clinician or
researcher is ‘closing the loop’. However, throughout this review,
we refer to closed-loop stimulation to mean algorithmically
controlled stimulation by the device. Closed-loop paradigms are
typically investigated to improve outcomes through better control
of symptoms, decreased side-effects, or other improvement to
patient experience (e.g. fewer surgeries for battery replacement).
A biomarker, or biological marker, indicative of a particular state or
symptom status is identified. Here, we discuss neural activity
biomarkers. The biomarker is monitored by the device, and based
on the programmed biomarker actuator, delivers stimulation or
adjusts stimulation parameters. There are multiple subtypes of
closed-loop stimulation with increasing sophistication. Responsive
stimulation is triggered when a monitored biomarker achieves
programmed detection criteria, typically a threshold; stimulation
parameters are the same each time stimulation is triggered. In
adaptive stimulation, the biomarker is continuously monitored,
and stimulation parameters can dynamically change in response
to shifting biomarker activity, according to a programmed
biomarker actuator with multiple fix points or automated
continuous adjustment.

Promising open-loop DBS results for MDD and OCD

Treatment resistant depression (TRD) does not have a universally
accepted definition, but typically refers to failure to respond to
antidepressant treatment given at a sufficient dose and duration.
Comprehensive review of DBS targets for MDD is available [59],
and we here highlight some key findings. The subgenual cingulate
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Table 1. Neurostimulation modalities.

Modality
Non-Invasive

Description

Transcranial Electrical
Stimulation (tES)

Electrical current applied via electrodes on the scalp to elicit
subthreshold modulation of brain activity. Waveforms

FDA Approval Status

Not FDA approved or cleared

include direct current (tDCS), alternating current (tACS),
random noise (tRNS), and slow oscillatory direct current

(soTDCS).

Transcranial Magnetic
Stimulation (TMS)

excitability.

A changing magnetic field is applied to the brain via a coil
placed against the scalp; through electromagnetic
induction, an electric current is elicited in targeted brain
regions. Approaches include single and paired pulse TMS to
elicit action potentials, and repetitive TMS to modulate

- 2008: Cleared for MDD

- 2013: Approved for treatment of pain from
migraine with aura

- 2017: Approved for migraine headache with aura

- 2017: Approved for OCD

- 2020: Cleared as aid for smoking cessation

- 2021: Cleared for anxious depression

- 2017: Cleared for treatment of cluster headaches

Non-Invasive Vagus Nerve
Stimulation (VNS)

A hand-held device applies mild electrical stimulation to the
vagus nerve through the neck.

(Transcutaneous auricular VNS, stimulation of the auricular
branch of the vagus nerve that innervates the human ear, is

being studied but is not FDA cleared)

Transcranial Focused
Ultrasound (tFUS)
spatial resolution.

Invasive

Spinal Cord Stimulation
(SCS)
abdomen or buttocks.

Implantable Vagus Nerve
Stimulation (VNS)

Deep Brain Stimulation
(DBS)
cranially.

Short bursts of low intensity ultrasound are delivered from
the scalp to modulate activity of deep structures with high

Electrical stimulation is delivered to the epidural space. An
implantable pulse generator (IPG) is implanted in the

Electrical stimulation is delivered to the Vagus Afferent
Network, which includes brainstem, subcortical, and cortical
structures [199]. An IPG is implanted in the chest and
electrodes are wrapped around the cervical vagus nerve.

Electrical stimulation is delivered to the brain through strip
or depth electrodes. An IPG is implanted in the chest or

- 2016: Approved for ET

- 2018: Approved for tremor dominant PD

- 2021: Approved for treatment of patients with
advanced PD suffering with mobility, rigidity, or
dyskinesia

- 1989: Approved to treat chronic pain from nerve
damage in the trunk, arms, or legs

- 2015: Approved high frequency SCS

- 2016: Approved burst SCS

- 2022: Approved closed-loop SCS

- 2022: Approved to treat multi-site pain

- 1997: Approved for epilepsy in adolescents and
adults (>12 years) [200]

- 2005: Approved for difficult-to-treat depression

- 2017: Approved for epilepsy in pediatrics (>4
years)

- 1997: Approved DBS in VIM for essential tremor
and severe tremor in PD

- 2002: Approved DBS in STN or GPi in advanced
PD

- 2003: HDE for DBS for dystonia

- 2009: HDE for DBS for OCD

- 2013: Approved RNS for medically refractory
epilepsy

- 2016: Approved DBS in PD patients diagnosed for
at least four years who experience troublesome
“off” periods or dyskinesia

- 2018: Approved DBS for focal epilepsy

- 2020: Approved DBS in VIM for ET

FDA food and drug administration, MDD major depressive disorder, OCD obsessive compulsive disorder, ET essential tremor, IPG implantable pulse generator,
PD Parkinson’s disease, VIM ventral intermediate nucleus of the thalamus, STN subthalamic nucleus, GPi internal segment of the globus pallidus, HDE

humanitarian device exemption, RNS responsive neurostimulation system.

(SGC), which overlaps with Brodmann Area 25 and the subcallosal
cingulate gyrus, was identified as a target for DBS for TRD based
upon early imaging findings that this region is overactive when
depressive symptoms are worse. Numerous open-label studies
have demonstrated the safety and preliminary efficacy of SGC DBS
[60-64]. However, a large (n=90), prospective, randomized,
sham-controlled multisite trial found no significant differences in
depression relief between active and sham groups (20% vs 17%,
respectively) at a predefined 6-month endpoint [65]. These
disappointing results led investigators to consider if other factors
such as sub-optimal placement of electrodes may be contributing
to variable outcomes. Indeed, modeling of white matter connec-
tions using diffusion tensor imaging in 16 patients receiving SGC

SPRINGER NATURE

DBS showed that all responders shared bilateral pathways of
activation to medial frontal cortex, rostral and dorsal cingulate
cortex, and subcortical nuclei; these connections were not
consistently found in non-responders [66]. Notably, a DBS study
prospectively targeting these circuits found that after one year of
DBS stimulation, 9 of 11 patients were responders and six were in
remission [67]. Interestingly, open-label, long-term follow-up of 77
of 90 patients from the multi-site SGC DBS trial showed increasing
response over time, with response rates of 29%, 53%, and 49%
after 12, 18, and 24 months of stimulation, respectively, and
remission in 14%, 18%, and 26% of patients, respectively [65].
Additional studies have also demonstrated enduring positive
effects of SGC DBS, with an average response rate of 64.3% after

Neuropsychopharmacology (2024) 49:163-178



3-6 years in one study [62], and response rates at or above 50%
and remission rates at or above 30% through years 2-8 of the
follow-up period in another study [68].

Investigators began considering ventral capsule/ventral stria-
tum (VC/VS) as a target for DBS in TRD based upon the
observation that DBS at this target significantly reduced
depressive symptoms in patients with OCD. Here, we define the
VC/VS region to include the NAc, the more posterior bed nucleus
of the stria terminalis, and overlying white matter tracts in the
ventral anterior limb of the internal capsule (ALIC). Malone, et al.
[69] trialed VC/VS DBS for primary refractory MDD, observing
response rates of ~50% at 12 months. Subsequently, the first
randomized clinical trial of VC/VS DBS for MDD did not find a
significant difference between active and control group response
rates [70]. However, a later trial incorporating a longer open-label
optimization timeframe (up to 52 weeks vs up to 4 weeks used in
[70]) followed by a randomized, blinded crossover discontinuation
period detected a larger efficacy signal [71]. A report of 3
individuals with TRD showed rapid improvements in clinical
ratings of depression when NAc DBS was turned on and increase
in symptoms back to baseline (pre-treatment) levels when the
stimulation was turned off [72]. In a study of 10 patients with TRD,
half the participants achieved a 50% reduction in Hamilton
Depression Rating Scale scores after 12 months of NAc DBS [73].
Long-term follow-up has demonstrated responder status main-
tained to 4 years after NAc DBS initiation [74].

The medial forebrain bundle (MFB), which includes dopaminer-
gic neurons projecting from the VTA to NA, was chosen as a target
for MDD because of its presumed role in reward processing [75].
The initial open-label pilot met its study endpoint with 6 of 7
participants responding to MFB DBS (>50% decrease in
Montgomery-Asberg Depression Rating Scale [MADRS] score)
[76]. Most patients were still responders, and some had reached
remission at the 12-month follow-up [77]. Two randomized control
trials have been conducted targeting MFB. One trial enrolled 16
patients and demonstrated relatively fast benefit of DBS,
averaging within a week [78]. All patients responded at some
point in the trial, and at 12 months, 50% of patients were
considered to be in remission. However, after the 8-week blinded
phase, the response rate with active or sham could not be
differentiated due in part to sustained responses that seemed to
last through the discontinuation phase. The other study is
ongoing, but preliminary results from the first 4 patients indicate
that three have responded so far with promising results [79].
Given the rapid response of MFB DBS, it is an interesting candidate
for use in closed-loop therapies even though it remains
understudied.

Approximately 10% of patients with OCD will have severe
symptoms that do not respond to pharmacotherapy or cognitive
therapies. Initially, DBS for OCD was targeted to the ALIC, which
includes fibers connecting the PFC to the thalamus and basal
ganglia. This initial DBS target was based on existing capsulotomy
targets (about midway up the ALIC). The deepest electrode
contacts were often placed within the VS/NAc region in front of
the anterior commissure [80]. The target region gradually
migrated back, closer to the junction of the VC and anterior
commissure, with corresponding improvements in efficiency and
lower required stimulation current [81]. This evolution had led to
the target region being referred to as both ALIC (where it started)
and VC/VS (where it is now). In 2009 the FDA granted
Humanitarian Device Exemption for ALIC DBS for OCD. To date
there has been strong evidence supporting DBS for treatment-
resistant OCD [82].

The bed nucleus of the stria terminalis (BNST) is a component of
the extended amygdala complex that resides posterior to the
anterior commissure and the VS, situated beneath the VC. BNST
DBS in OCD led to an initial 67% response rate and 83% response
rate at last follow-up [83]. This was the first study to use an open-
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label optimization period in which a psychiatrist changed settings
over the course of several months prior to the randomized
double-blind crossover, and the excellent trial outcome was
attributed to this novel trial design. While the BNST is thought to
have an important role in anxiety and stress, it is also situated
within cortico-basal ganglia-limbic fibers within the VC that
broadly influence a larger network. Therefore, it is unclear whether
therapeutic benefit stems from stimulation at a specific anatomi-
cal region such as the ventral striatum, BNST, or a larger white
matter network that happens to reside close to one of these
structures.

The subthalamic nucleus (STN) is a critical component of the
basal ganglia implicated in OCD. It is organized along an axis in
which prefrontal/medial forebundle inputs target more anterio-
medial STN while sensory-motor systems connect dorsolaterally.
The anteriomedial STN has been utilized as a DBS target based
upon evidence from patients with co-morbid OCD who were
treated using DBS for their movement disorders. These observa-
tions subsequently motivated randomized sham-controlled trials
verifying the efficacy of this region as an OCD DBS target [84].

More recently, a connectomic model has been proposed that a
central ALIC white matter pathway is the optimal target of DBS for
OCD [85, 86]. This target is part of the hyper-direct pathway
connecting the dorsal ACC and PFC to the anteriomedial STN. This
model suggests that effective neuromodulation for OCD may be
possible at various nodes within this circuit including at the VC/VS,
BNST, and STN. Additional work has used tractography to look at
connections between major DBS targets for OCD (ALIC, VS, medial
STN, a midbrain target), finding numerous similar connections but
some unique connections [87]. Ongoing and future work using
non-invasive imaging may provide more insight into likelihood of
response to therapy based on functional or anatomical data
[67, 88].

Biomarkers

Biomarkers, such as measures of neural activity or state measured
using iEEG, often serve as the control signal for closed-loop
stimulation. Numerous other recording modalities, which may not
be compatible with long-term closed-loop stimulation because of
acquisition constraints, can provide valuable insight into neural
processing and promising biomarkers. We focus on neurophysio-
logical correlates and symptom tracking as biomarkers, but
neurochemical monitoring of ions has also been suggested for
controlling closed-loop stimulation (see [89] for a review).

Known regions of perturbed activity or circuit dysfunction (see
section “Neurobiological Basis for Mood and Anxiety Spectrum
Disorders and OCD”) can be a good starting point for biomarker
discovery. However, this process is often constrained by real-world
limitations, including temporally and spatially sparse data. While
some neurological symptoms, mostly in the motor domain, can be
continuously monitored, most psychiatric symptoms cannot be
measured in this way. Rather, there are discrete measurement
timepoints which, together with spatially and/or temporally
limited biological process measurements, are used to calculate
biomarkers. These discrete measurements often involve patient
self-report or assessment completion.

A wealth of studies has looked at neurophysiological
differences in patient populations vs. healthy controls or
between clinical indications. For example, functional connectiv-
ity assessed using EEG showed increased theta and alpha
functional connectivity in patients with MDD compared to
healthy controls, with some of these connections being
positively correlated with depression severity across the study
sample [90]. Intracranial recordings conducted in patients
receiving DBS demonstrated an alpha peak in BNST of patients
with MDD but not those with OCD; this alpha power was
positively correlated with state depression severity [91]. This is
consistent with prior non-invasive electrophysiology studies
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Fig.2 Considerations of temporal dynamics when designing closed-loop neurostimulation. a As symptoms (blue) fluctuate, corresponding
changes in the biomarker may be temporally-responsive (orange) or temporally-delayed (green). These relationships affect how the biomarker
should be used to trigger stimulation. b Symptoms may reduce quickly in response to stimulation (top), or the therapeutic effect may be

delayed or require more cumulative stimulation (bottom).

establishing increased alpha activity as a hallmark of the
depressive state [92, 93]. However, these studies do not assess
any temporal relationship between symptom fluctuation and
neurophysiology, thereby limiting their direct applicability as a
control signal for closed-loop stimulation. A handful of studies
have looked at neurophysiology that is temporally correlated
with psychiatric symptoms. One study found that 10 and 15 min
of iEEG gamma activity recorded from the amygdala of one
patient with MDD was sufficient to detect a high symptom
severity state, as determined from patient self-report metrics
[94]. Delta power recorded from VC/VS in one OCD patient
demonstrated strong negative correlation with self-reported
symptoms; 2min of iEEG data were used for each symptom
report, with a total of 41 symptom ratings over a continuous
3-day at-home recording period [95]. Chronic VC/VS recordings
in another OCD patient demonstrated right and left hemisphere
alpha power suppression when OCD symptoms were lower [96].
A study in 11 patients with OCD demonstrated that neurophy-
siological correlates of symptom states are highly patient-
specific [97]. Most neural signatures for psychiatric illnesses that
have been identified to date are correlative, rather than causal,
markers.

Distinct from biomarkers with tight temporal correlation to
symptom fluctuation are physiological markers of disease state or
treatment efficacy over time. Such information may be particularly
important when clinical effects of DBS are delayed or accumulate.
While currently available closed-loop devices do not use these
types of biomarkers, future devices and more advanced algo-
rithms may be able to incorporate such information. Additionally,
while preferable to implement stimulation that does not result in
any stimulation induced side-effects, this may not always be
possible. In such cases, a biomarker for the side-effect can be used
to further refine therapy delivery. Some devices can implement
AND/OR logic between multiple detectors, allowing for more
nuanced stimulation delivery incorporating the status of multiple
different biomarkers.

Biomarker discovery is ongoing and will continue to be refined.
Open questions and challenges include understanding if
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personalized biomarkers are required or if some neurophysiolo-
gical correlates are conserved across patients. Additionally, more
sophisticated measures of symptoms may be needed. Even in
cases when neurophysiological markers are correlated with
symptom fluctuation, the timescale of measured symptoms may
not match the timescale of feedback needed to control
stimulation.

Designing closed-loop neurostimulation

There are several fundamental questions to consider when
designing closed-loop therapy: (1) What is the characteristic time
scale of the biological process that is being tracked by the neural
biomarker? (2) How responsive is the neural biomarker to changes
in its correlate? (3) How quickly does stimulation modulate
symptoms? (4) How does stimulation modulate the neural
biomarker?

The time scale of the biological process of interest must be
considered when determining the data to use for biomarker
calculation and what computations are appropriate. For symptoms
with fast time scales (periodic symptoms, those with rapid onset
and offset), short snapshots of neural data temporally coincident
with onset of symptoms may be effective for determining
biomarkers. For symptoms which fluctuate more slowly, taking
longer periods of neural data for biomarker calculation may
facilitate averaging out variability unrelated to the symptom of
interest.

A related but distinct consideration is how rapidly neural
biomarker activity adjusts when there is reduction or resolution of
the symptom (Fig. 2a). A mismatch in temporal coupling between
the neural biomarker and symptoms may lead to re-triggering of
responsive stimulation unnecessarily and can preclude adaptive
stimulation approaches. If these dynamics are well understood
they can be accounted for in programming stimulation algo-
rithms, device capability permitting.

How quickly stimulation affects symptoms is typically deter-
mined empirically. Stimulation can lead to improvement of
symptoms with delays ranging from seconds to weeks (Fig. 2b).
The shorter end of this scale may depend on increase, decreases,
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synchronization, or desynchronization of local or network activity.
In contrast, longer therapeutic wash-in may depend on plasticity
as the mechanism of action.

How stimulation modulates the neural biomarker is often an
afterthought, but this process can influence how stimulation
should be administered longitudinally. Neural biomarkers more
closely related to the physiological underpinning of a symptom or
behavior are more likely to be directly influenced by stimulation
that is effective at modulating the symptom or behavior.
Biomarkers which are more removed correlates of a symptom
may exhibit modulation on a time-scale that is not matched to the
stimulation time course which may lead to unnecessary stimula-
tions occurring when the target state arises. In cases when
stimulation does not lead to timely modulation of neural
biomarker activity, the design of closed-loop algorithms can be
adjusted to pace the delivery of stimulation accordingly. Our
understanding of the mechanism of action of DBS is incomplete.
There are multiple explanations, including: inhibition of local
neuronal firing (inhibition hypothesis), akin to a functional
ablation, through depolarization block, inactivation of voltage-
gated currents, and activation of inhibitory afferents; excitation of
local neuronal elements (excitation hypothesis) that spreads
through the network through spikes induced in the axon as well
as antidromic propagation; and disruption of abnormal informa-
tion flow (disruption hypothesis) across multiple brain areas [see
[98, 99] for more detailed reviews]. There is also evidence that DBS
acts through multifactorial mechanisms, with some immediate
neuromodulatory effects as well as synaptic plasticity and long-
term neuronal reorganization [100]. Adjusting stimulation para-
meters, such as frequency, produce fundamentally different
network responses, likely with differing underlying mechanisms
of action [101]. When measured at the level of extracellular
electrophysiology and behavior, the mechanism of action of DBS
likely depends upon cellular composition of the particular brain
region being targeted, with considerations for the relative
innervation by excitatory and inhibitory pathways.

Preliminary evidence from closed-loop neurostimulation
studies

We next discuss studies of closed-loop neuromodulation in
neuropsychiatric disorders. Learnings from closed-loop stimula-
tion in chronic pain, movement disorders, epilepsy, and Tourette
Syndrome can be applied to other neuropsychiatric indications.
Some closed-loop devices are highly tailored to specific indica-
tions, such as SCS for pain relief (discussed more below). Other
devices such as those using iEEG to deliver intracortical
stimulation, while initially designed for one indication, can more
readily be used for other indications. At present, there are two
main companies which manufacture fully implanted devices
capable of closed-loop intracranial stimulation. Neuropace man-
ufactures the RNS System, a cranially-contained implant which
includes an implantable neurostimulator (INS) and two leads. iEEG
from bipolar channels is continuously processed by programmed
detectors which utilize calculations optimized for the detection of
seizure activity, including line-length, half-wave, and area under
the curve [102]. If criteria for detection are met, bursts of
stimulation are delivered using programmed stimulation para-
meters. Medtronic manufactures a selection of implantable
closed-loop neurostimulation devices. Its Activa PC+S (primary
cell battery) and Summit RC+S (rechargeable battery) [103]
devices, previously available for investigational use, each contain
two leads and an INS typically implanted in the chest. On-device
processing first utilizes FFT to calculate spectral power with
defined frequency cutoffs from select iEEG channels. These neural
features are then used to determine state using linear
discriminant analysis. Stimulation is delivered depending upon
the determined state; this can be implemented with predefined
stimulation parameters or in an adaptive mode. Medtronic’s
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commercially-available Percept PC device [104] (building on
predecessor Activa PC+S technology) [105] also contains
closed-loop capabilities, although these are currently only
available for investigational use in the US market. Other closed-
loop neurostimulation devices are under development and being
tested [106].

As discussed below, subcortical brain regions often serve as
therapeutic stimulation sites. However, cortical targets are often
used for sensing biomarker activity and show improved decoding
compared to subcortical sites in some indications. Cortical
channels may also be less susceptible to certain types of artifacts,
which can make closed-loop control more challenging [107].

Chronic pain.  The most widely used neurostimulation modality for
pain treatment is SCS, with some devices capable of closed-loop
stimulation. Stimulation electrodes placed within the epidural space
may shift with changes in body-position, thereby affecting the
intensity of stimulation reaching nerves [108]. An initial closed-loop
system using the RestoreSensor (Medtronic, Minneapolis, MN, USA)
incorporated an accelerometer to measure body position and
provide direct feedback for adjusting stimulation intensity; patients
reported improved pain relief and greater convenience with the
closed-loop mode compared to manually programmed adjust-
ments [109]. Newer closed-loop SCS systems, such as the Evoke
System (Saluda Medical, Bloomington, MN, USA), have incorporated
real-time monitoring of spinal cord electrophysiology as a control
signal biomarker. Multicenter, randomized control trial studies with
intention-to-treat analyses of such closed-loop systems have been
highly positive, revealing an overall improvement in pain relief and
comfort without a worsening safety profile, as compared to open-
loop systems [110, 111]. Recent work also shown promise in using
cortical signals, particularly from OFC, to decode chronic pain
intensity [112], paving the way for closed-loop stimulation
controlled by neural biomarkers.

Movement disorders. Closed-loop DBS has been shown to be
effective for treating symptoms of PD and essential tremor (ET).
Unilateral closed-loop DBS in subthalamic nucleus (STN), con-
trolled by beta activity in the same region, was superior to
continuous or random intermittent stimulation (both forms of
open-loop stimulation) for controlling motor symptoms in PD
(contralateral hemibody Unified Parkinson’s Disease Rating Scale
[UPDRS] motor scores), while delivering approximately 50% less
total stimulation [113]; this study tested conditions for approxi-
mately 10min, in a non-ambulatory setup utilizing leads
connected to external equipment for processing and stimulation.
A case-study in one PD patient extended these findings to
ambulatory, freely moving test conditions [114]. A follow-up study
to [113] assessed bilateral closed-loop stimulation in the STN in
ambulatory conditions, with independent sense and stimulation
control in each hemisphere; closed-loop stimulation led to a 43%
reduction in blinded UPDRS scores relative to no stimulation
(continuous stimulation was not tested) [115]. Furthermore,
closed-loop DBS avoided speech impairment side-effects com-
pared to continuous stimulation [116].

The preceding studies tested stimulation shortly following
electrode implantation, a period susceptible to the ‘stun effect’,
during which symptoms may be reduced independent of
stimulation. To overcome this limitation [117], tested right-sided
closed-loop DBS in a patient who had been implanted with
bilateral STN electrodes for 14 years, showing better symptom
control with closed-loop compared to continuous DBS. Additional
studies, looking at stimulation over longer time periods, in the
context of medication, or with multiple thresholds also support
the efficacy of closed-loop stimulation [118-120].

Beta activity in the STN is the most commonly used biomarker
for closed-loop DBS in PD. However, beta power may be
attenuated with motor movements and is more susceptible to
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stimulation artifact contamination because the biomarker is
recorded from the same region that is being stimulated. Using
an alternative biomarker, closed-loop stimulation controlled by
gyroscope signals from a wearable watch decreased tremor with
stimulation on only 51.5% of the time [121]. Narrowband gamma
activity recorded from motor cortex, a biomarker of dyskinesia,
was also successful in controlling ipsilateral STN closed-loop
stimulation, with maintained therapeutic efficacy and energy
savings of 38-45% compared to continuous stimulation [122].
More recently, subcortical beta activity and cortical gamma
activity were each used during naturalistic at-home closed-loop
DBS to dynamically change stimulation amplitude based on the
neural features reflecting motor fluctuations [123].

For the treatment of patients with ET, proof-of-concept testing
demonstrated that surface electromyographic (EMG) activity of a
patient’s tremulous forearm could inform timing of DBS in the
ventral intermediate nucleus of the thalamus (VIM) [124]. Other
closed-loop stimulation for ET has been controlled using EMG
activity recorded from the biceps brachii muscle [125], an inertial
sensor attached to the patients’ tremulous limb [126], and using
neural activity detected from the M1 hand motor region [127].

Epilepsy. Real-time cortical stimulation for the abortion of
seizures has long been observed and leveraged for intracranial
cortical mapping applications [57, 128, 129]. Closed-loop
stimulation for epilepsy was initially tested and found potentially
beneficial in patients with subacute intracranial electrodes
[130, 131]. Through a series of initial clinical trials, the chronically
implanted RNS system provided improvement in the frequency
of seizures compared to sham stimulation, including in a
multicenter,  double-blinded  randomized  control trial
[132, 133], and in long-term follow up [134-136]. Although
initially conceptualized to serve as a closed-loop abortive
therapy, assessments of long-term efficacy have revealed a
progressive reduction in the frequency of seizures over years
with stimulation therapy [134-136].

In addition to direct brain stimulation, closed-loop VNS has
been used as adjunctive therapy for refractory epilepsy. In 2015,
the AspireSR M106 generator (LivaNova, London, UK) was
released with cardiac-based seizure detection. In this closed-
loop system, heart rate serves as the control signal, with the
device delivering stimulation when a rapid increase in heart rate
(presumably associated with seizures) is detected [137]. Closed-
loop VNS has been demonstrated through prospective, multi-
center clinical trials and retrospective chart studies to yield a
moderate improvement in seizure frequency [137-141]; how-
ever, due to the limitations of being unable to perform a double-
blind crossover, it remains an open question which factors most
contribute to the improvement.

Tourette syndrome. Tourette Syndrome is characterized by
paroxysmal motor or vocal tics and neuropsychiatric symptoms
[142]. A first proof-of-concept case study of closed-loop stimula-
tion for Tourette Syndrome utilized bilateral RNS System devices
with leads in the centromedian-parafascicular (Cm-Pf) region of
the thalamus [143]. Closed-loop stimulation was implemented
using spectral power in the 5-15 Hz range (found to yield the best
sensitivity for tics). Closed-loop stimulation was superior at
symptom control compared to scheduled intermittent stimulation,
with 64% vs. 53% improvement compared to pre-implant,
respectively, on the Modified Rush Tic Rating Scale and 48% vs.
33% improvement, respectively, on the Yale Global Tic Severity
Scale which reflects chronic clinical outcome. Another study with
four individuals first determined optimal personalized settings of
Cm-Pf stimulation using continuous, open-loop stimulation. Those
stimulation parameters were then delivered using closed-loop
stimulation, with equivalent success as open-loop stimulation in
symptom reduction [144].
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MDD. As of this writing, there have been few studies investigat-
ing closed-loop neurostimulation for the treatment of MDD. This
likely stems from uncertainty on what biologic processes to focus
on for development of biomarkers. There are currently at least
three active trials of closed-loop stimulation for the treatment of
MDD in the United States, two using combined EEG-rTMS
(NCT04142320 and NCT03421808) and one using iEEG-DBS
(NCT04004169). One of the EEG-rTMS trials aims to test whether
synchronizing the delivery of rTMS with an individual’s frontal
alpha rhythm will lead to improved treatment outcomes [145].

The trial of closed-loop DBS is investigating whether iEEG can
be used to identify personalized neural biomarkers of depression
and whether those biomarkers can be used to drive a safe and
therapeutic closed-loop DBS system [146]. This trial includes a 10-
day exploratory stage where iEEG electrodes (10 electrodes, each
with 16 contacts) are implanted with distal contacts in the OFC,
amygdala, hippocampus, VC/VS, and SGC bilaterally for the
purpose of personalized biomarker identification and personalized
stimulation target selection. If the patient demonstrates a positive
response to stimulation in at least one of these contacts, an RNS
System device is implanted in the most promising regions for
stimulation and biomarker detection and patients undergo
ongoing evaluation as the stimulation parameters and biomarker
are optimized. Thus far, preliminary results from closed-loop DBS
treatment of a single patient have been published. This patient, a
36-year-old woman, with severe TRD unresponsive to multiple
antidepressant combinations and electroconvulsive therapy,
demonstrated a robust response to stimulation of the VC/VS
triggered by gamma activity within the amygdala [94].

Other studies have used neurophysiology to inform DBS using
approaches other than closed-loop stimulation. A personalized
medicine platform was developed in which an individual’s brain
network is characterized in relation to their depressive phenotype
and response to stimulation [147]. Intracranial electrophysiology
can then be used to inform stimulation parameters that may be
most effective for targeting these networks [148]. A transdiagnos-
tic framework has also been described, in which functional
domains are identified and targeted for treatment, cutting across
traditional DSM-V diagnoses [149]. The goal of this framework is to
address diagnostic overlap and heterogeneity within a single
disorder. Identification of brain networks related to these
transdiagnostic behavior and categories can then be targeted
directly using DBS; indeed, closed-loop stimulation targeting one
construct of this framework, cognitive control, improved perfor-
mance on a conflict task during lapses in cognitive control [150].

MODELS OF THE THERAPEUTIC EFFECTS OF CLOSED-LOOP
NEUROSTIMULATION

In an ideal closed-loop model, a biomarker decoder infers
symptom state and the biomarker actuator specifies stimulation
strategy based on the biomarker. Closed-loop therapies are built
on the assumption that symptom states fluctuate over time and
that the fluctuations may be controlled acutely through timely
delivery of stimulation or adjustment of stimulation parameters.
One paradigm assume that the biomarker is an indication of
current symptom state and that stimulation is delivered exclu-
sively during the symptomatic state. We might expect that this
cadence of state-dependent stimulation would be accompanied
by problematic chronic fluctuation of symptoms. It would seem to
require significant increases in symptoms to occur that would
trigger stimulation that lowers symptoms. However, this has not
been observed in real-world experience with closed-loop therapy.
Instead, studies carried out to date suggest that treatment leads to
sustained reduction in symptoms over the course of multiple
closed-loop stimulation events delivered chronically [94, 136].
While future studies may indeed demonstrate up-and-down
fluctuations in symptoms associated with closed-loop therapy,
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there are several possible explanations for why this does
not occur.

First, we consider the possibility that the biomarker could be an
indicator that an increase in clinical symptoms will soon occur
rather than an indicator of current state. Currently, biomarkers are
largely designed to reflect the onset and occurrence of the
symptomatic state; and while there is ongoing work to design
predictive biomarkers of future symptom state [151-153], these
methods have not yet been incorporated into practice. Therefore,
if the biomarker fluctuates concurrently with symptom state, then
the actuator will deliver therapy during this inferred state and with
the expectation that the patient will be driven out of the state. In
this scenario, we would expect to see a change or worsening in
symptoms before therapeutic stimulation is delivered or adjusted.
Alternatively, if the biomarker is predictive of an upcoming
symptom state, then the actuator will deliver or adjust therapy
before entering the symptomatic state and with the expectation
that the patient will be prevented from entering the state entirely.
While fluctuation in symptom state would not be observed in this
scenario, we would still expect to see fluctuation in the predictive
biomarker. Indeed, this latter phenomenon of biomarker fluctua-
tion distinct from fluctuations in symptom state has been
observed and reported extensively in studies of closed-loop
stimulation for epilepsy [154, 155]. Confirmatory studies to assess
the veracity of the anticipatory mechanism of biomarker-triggered
therapy in mood disorders is a key focus for future work.

A second potential explanation is that the effects of individual
or multiple stimulations may have therapeutic effects that persist
independently of fluctuations in the biomarker. The effects of
stimulation on ongoing biomarker and symptom dynamics are
poorly understood. Under the current model, we expect that
therapeutic stimulation triggered by the biomarker would drive
patients out of the symptomatic state. For a static closed-loop
approach, in which stimulation is triggered based on the temporal
dynamics of the biomarker, stimulation may attenuate the
biomarker acutely, and therapy will continue ad infinitum based
on the dynamics of the biomarker and be associated with
significant symptom variability. However, sustained improvement
without symptom fluctuation could occur if stimulation has two
effects, one that is associated with relatively brief improvement
that is linked to the biomarker and another that is associated with
mechanisms linked to longer-lasting improvement that are not
reflected in the biomarker, potentially associated with single
stimulations or cumulative effects of multiple stimulations.
Fluctuations in brain processes that are associated with symptom
worsening and brief improvement could continue and trigger
stimulations but might not be perceived clinically as they are
overshadowed by the sustained symptom reduction occurring
due to the other more sustained mechanisms.

A related third possibility is that repeated stimulation during the
symptom state leads to plasticity that gradually conditions the
brain to avoid entering the target clinical state entirely and
decouples the biomarker from clinical state [156]. Stimulation over
multiple closed-loop triggers could induce circuit plasticity
[157-159] and reinforce brain states that protect the participant
from symptom recurrence. Might changes in brain network
connectivity sustain therapeutic benefit of closed-loop stimula-
tion? A concrete answer to this question remains elusive, but we
consider two possibilities. In one, we might observe change in
brain network connectivity that is temporally correlated with a
reduction in the occurrence of the symptom state and with a
corresponding reduction in the occurrence of the biomarker
signature of the target symptom state. A reduced biomarker
occurrence rate would yield less frequent or no therapeutic
stimulation. In this case, one would expect to see a decrease in the
frequency of target state identifications by the biomarker and
corresponding decrease in number of stimulations over time.
Another possibility is that change in brain network connectivity
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uncouples the variability in symptom state from variation in the
biomarker. Fluctuations in brain activity associated with the
biomarker continue to trigger stimulation, but these fluctuations
that are no longer tightly linked to symptom state, could play a
role in maintaining therapeutic brain circuit changes chronically.
Indeed, an open question is whether further stimulation is needed
to maintain reorganized connectivity associated with therapeutic
effects once the patient is in remission. In other words, should the
biomarker actuator employ a rule for stimulation delivery that has
a non-linear dependence on the relationship between the
biomarker and symptoms? A stimulation strategy that is more
flexible than threshold-based or linear-based dependence on the
biomarker could potentially help maintain the therapeutic effect
of closed-loop stimulation during periods of low symptom
occurrence in the optimal way with the least intensity of
intervention. Lastly, we consider the possibility that in some cases
the best biomarker identifiable correlates poorly with symptom
state. In such cases we would expect that fluctuations in the
biomarker will trigger therapy but that the patient would receive
stimulation across the complete spectrum of symptom states. If
enough stimulation is delivered during states with significant
symptoms, then the patient might still experience therapeutic
benefit. However, this explanation assumes that the same type of
stimulation delivered outside of symptom states has a neutral or
favorable therapeutic effect on symptoms. An important question
for future work is whether stimulation delivered in this manner is
sufficient for preventing symptoms from emerging and maintain-
ing therapeutic benefit.

CURRENT CHALLENGES FOR CLOSED-LOOP
NEUROSTIMULATION

Reliability and validity of psychiatric diagnoses and rating
scales

Consistent diagnosis of disorders and assessment of psychiatric
symptoms are critical for the success of closed-loop neurostimula-
tion. Inaccurate diagnosis may lead to tracking of less relevant
symptoms or attempts to determine a biomarker from the
incorrect brain regions. If comorbid conditions are not diagnosed,
multiple neurobiological circuits may contribute to what is
perceived or tracked as a single symptom. Accordingly, a selected
neural biomarker would only relate to part of the biological
contribution to that symptom, thereby leading to poor relation-
ship between symptoms and closed-loop stimulation. Broadly,
rather than treating a diagnosed condition (which contains
heterogeneous circuit dysregulation and resulting behavioral
manifestations), utilizing the RDoC framework and targeting
phenotypic clusters may provide more benefit for a particular
functional deficit [160]. With regard to symptoms, the timeframe
captured by standard severity or symptom assessments is often
incompatible with requirements for neural biomarker discovery.
For example, information regarding appetite or sleep function
(measures that fluctuate on a slow time scale) do not directly aid
in determining temporally-linked neural biomarkers.

Questions of noise, validity, and reliability in psychiatric ratings
apply to both clinician-rated measures and patient self-reports.
While clinician-rated scales are often considered the gold standard
for assessment of depression symptoms, there are concerns that
one of the most commonly used scales, the Hamilton Depression
Rating Scale, may be psychometrically and conceptually flawed
[161] and has limited sensitivity to change in depression severity
[162]. Another commonly used scale, the Montgomery-Asberg
Depression Scale, was originally published with an inter-rater
reliability of 0.9 [162] but inter-rater reliability has also been
measured at 0.57-0.76 [163]; some postulate that lower reliability
may stem from lack of a structured interview. Many newer scales
are still validated against older scales. In the case of self-report,
scores from one individual may exhibit drift over time that is not
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actually related to change in symptoms. For example, ratings on a
visual analog scale (VAS) of depression severity may show a
general upward or downward trend because of an individual's
framing of what no symptoms (score of 0) should feel like vs what
worse symptoms (score of 10) should feel like. It is particularly
challenging to modify or correct these measures, as they are by
definition a report from the patient related to their perception.
While it remains to be seen if transfer learning can be applied to
biomarkers of psychiatric symptoms, variability across participants
in how they self-rate symptoms could complicate such attempts.

Concordance between clinician-rated scales and patient self-
report also varies. A meta-analysis of studies which each included
both forms of assessment, typically with different measures used
between clinician ratings and self-report, found a significant
difference in ratings of improvement in individuals with depres-
sion following psychotherapy [164]. Another study using both
clinician-administered and self-report versions of the same scales
(Inventory of Depressive Symptomatology, 16- and 30-items) with
identical questions similarly found significant differences in scores,
although they agreed for ~90% of patients in determining
treatment response or remission to standard pharmaceutical
treatment [165]. Given the shortcomings of all approaches of
symptom assessment, a combination of multiple surveys [166] and
approaches may provide a more comprehensive view of
symptoms in order to determine highly correlated neural
biomarkers.

Optimizing stimulation parameters

Stimulation parameters have typically been tested by ordered
adjustment guided by expert opinion [167, 168] and updated
through time-intensive trial-and-error testing. Such approaches
are particularly onerous when response to DBS is delayed from
parameter adjustment. Optimal settings for adaptive stimulation,
in which stimulation parameters (e.g. contacts, amplitude,
frequency, pulsewidth) are dynamically modulated based on the
neural biomarker are even more challenging to elucidate. A
number of approaches have been used to improve objective
stimulation parameter selection. Machine learning of prospective
fMRI data in patients receiving DBS for PD has identified brain
activity patterns associated with clinical benefit and predicted
optimal DBS settings [169]. Software algorithms can be used to
optimize stimulation parameters to target a specific neuroanato-
mical target [170, 171]. Intracranial electrophysiology has also
been used to facilitate determination of individually optimized
DBS stimulation parameters using an inverse solution approach
[148]. Continued improvement in rapid and objective stimulation
parameter selection will be critical as the parameter space for
stimulation grows with increasing number of implanted regions
and greater device capability.

Chronic stability of biomarkers

Real-world application of therapeutic closed-loop neurostimula-
tion requires continuous, precise, and reliable tracking of
symptom-relevant neural biomarkers over long periods of time.
A critical step in therapy optimization involves manually tuning
the biomarker detection algorithm on a device. This calibration
should occur during a biomarker discovery phase in which a
definitive statistical decoder of the neural activity patterns related
to symptoms is found, ideally before starting stimulation
treatment. Indeed, sustained performance of closed-loop therapy
relies on a temporally stable biomarker model - comprised of a
biomarker decoder that maps brain activity patterns to symptoms
and a biomarker actuator that maps observed neural biomarker
intensity to stimulation delivery. Conventional design of closed-
loop stimulation devices assumes that effective therapy attenu-
ates, but does not impact, the relationship of the biomarker to the
target clinical state [172-176]. Yet, it is possible over the course of
chronic therapy that changes in brain or behavior alter the
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optimal neural biomarker [177]. To be clear, a change in the
intensity of the biomarker does not necessarily indicate instability
of the biomarker. Rather, gradual disruption of the mapping
amongst biomarkers, symptoms, and stimulation could lead to
misguided or mistimed therapy delivery and reduced efficacy and/
or increased adverse effects.

Instability in the biomarker model could manifest at the level of
the biomarker decoder or actuator. Conceptually, a biomarker
decoder learns rules that govern how variability in symptom state
is linked to variability in brain activity, and current approaches
assume that these rules are static over time. If the rules learned by
the decoder were to change, then the decoder’s ability to reliably
predict symptom state may also degrade. A change in the
decoder’s learning rule could stem from either a shift in behaviors
and symptoms or a shift in brain physiology. Behaviorally, the
phenotype of the patient’s disease-relevant symptom state or the
way the patient codifies and quantifies their self-reported
symptoms may change [178-182]. Neural encoding of new
symptom phenotypes or of new subjective experiences reported
by the patient may be linked to brain activity patterns distinct
from those linked to the original symptoms and require
refinement of the biomarker decoder. Physiologically, a shift in
brain activity dynamics or in brain network plasticity might also
drive instability of the biomarker. Specifically, the brain activity
patterns that encode symptom states might gradually change,
potentially due to reorganization of the brain network driven by
neurodevelopment [183, 184], naturalistic fluctuation in symptoms
[185, 186], changes in medication, or the emergence of new
neuropsychiatric conditions [177]. Chronic stimulation therapy
may also modify the brain’s encoding of symptoms by altering the
excitability of neuronal populations [187-189] or by reorganizing
connectivity between brain regions [157-159]. Altered brain
activity patterns underlying symptom state would also impact
the rules guiding stimulation delivery via the biomarker actuator.
Indeed, algorithms driving the biomarker actuator could also
suffer from instability. Stimulation parameters that optimally
control the biomarker could shift over the course of therapy
[190] and require periodic re-calibration. Change in this mapping
could stem from waning effectiveness of the stimulation
parameters or due to the aforementioned shift in the brain
activity patterns that comprise the biomarker. Stimulation
parameters that best control biomarkers of one brain region or
of one signal pattern may not be optimal for others [191].
Therefore, routine quality assessment of the biomarker model is
critical for long term reliability of closed-loop therapy.

Considerations for patient selection

DBS has proven to be generally safe and well tolerated, with
retrospective analyses showing that surgical implantation carries
an approximately 1% risk of intracranial hemorrhage, 2-3% risk of
infection, and greater risk for more minor complications such as
skin erosion [192-194]. Treatment with neurostimulation can
cause side effects that impact speech, gait/motor control,
cognition, and psychiatric symptoms [195]. Given this risk profile
and the investment associated with DBS, careful consideration
must be given to patient selection. Sufficient dose and duration of
established therapies should have been trialed before implanta-
tion with DBS is considered. This results in only the most severe
and refractory cases becoming candidates for DBS, which from a
scientific standpoint limits our understanding of the efficacy of
DBS in less severe manifestations of disease. Prospective DBS
recipients should be no contraindications for surgery, which
include consideration of cardiovascular health, anticoagulant use,
and allergies to device components. History of seizures should be
carefully assessed, as electrical stimulation may increase the risk of
seizure (although the RNS System is an FDA-approved treatment
for epilepsy). Patients should be capable of operating the
peripheral equipment required for device charging and data
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upload, and capable of numerous clinic or researcher visits for
device programming. We have found that caregiver or family
support is critical not only for post-operative recovery but also
throughout periods of therapy optimization. While less quantifi-
able, patients should have appropriate expectations for DBS, both
in terms of the therapeutic efficacy and the time course of
potential benefit. Some stimulation targets may not be well suited
for intermittent, closed-loop stimulation if patients can notice
when stimulation is turning on or off; in such cases, continuous
stimulation may be preferable despite the lost advantages of
closed-loop delivery.

Our group also considers other factors during patient selection
to improve likelihood of successfully identifying a biomarker for
closed-loop DBS. First, patients must display a significant degree
of symptom variability. This is important because fluctuations in
symptoms are necessary in order to identify biomarkers related to
those symptoms (i.e. if a patient reports constant symptom
severity, it will not be possible to link that symptom to neural
activity). We typically look for a range of at least 25 points on a
0-100 VAS and verbal report that symptom severity can vary. We
also favor patients that have had at least a partial response to
other neurostimulation treatments such as electroconvulsive
therapy (ECT) or rTMS; these treatments may have been
abandoned due to intolerability of side effects or because
responses were not sustained. Lastly, we carry out ‘mock’ testing
sessions for a number of reasons: so that the patient can get a
sense of what the experience will be like to aid in their deciding
whether to participate; we can assess whether the patient can
provide reliable data needed to assess treatment outcome and for
biomarker development; and so that we can determine if the
patient can tolerate the study procedures which include long,
intensive periods of observation and the completion of repeated
assessments.

FUTURE RESEARCH DIRECTIONS

Closed-loop methods have the potential to advance neurostimu-
lation by identifying and detecting biomarkers that are relevant to
an individual’s specific disorder manifestation and administering
stimulation in a tailored manner. With the opportunity to provide
feedback, the scope of tunable parameters exponentially increases
from the open-loop approach. Considerable work remains to
understand how best to optimize a complex control system that is
dynamic over acute and chronic time scales and has multi-
dimensional outputs. To this end, ongoing efforts include under-
standing how biomarker-triggered stimulation affects network
and therapeutic responses. Although the current standard in the
field is to obtain self-reported measures and clinician-rated scales,
such ratings are confounded by potential temporal misalignment
with the acquired neural data and survey fatigue [196]. To improve
the utility of characterizations of patient symptom state, which is
necessary for biomarker and stimulation response determination,
future efforts need to expand the arsenal of validated measures,
likely utilizing artificial intelligence combined with wearable
sensors, video, and/or language processing [197, 198]. Finally,
prospective efforts are required not only to compare closed-loop
therapy with sham stimulation, but also to compare it to open-
loop, intermittent, non-biomarker driven responses to fully
determine whether there are benefits of the closed-loop
technology that justify the significant procedures, time, and
resources required to identify robust biomarkers of target
symptom state.
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