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The development of closed-loop deep brain stimulation (DBS) systems represents a significant opportunity for innovation in the clinical application of neurostimulation therapies. Despite the highly dynamic nature of neurological diseases,
open-loop DBS applications are incapable of modifying parameters in real time to react to fluctuations in disease states.
Thus, current practice for the designation of stimulation parameters, such as duration, amplitude, and pulse frequency, is
an algorithmic process. Ideal stimulation parameters are highly individualized and must reflect both the specific disease
presentation and the unique pathophysiology presented by the individual. Stimulation parameters currently require a
lengthy trial-and-error process to achieve the maximal therapeutic effect and can only be modified during clinical visits.
The major impediment to the development of automated, adaptive closed-loop systems involves the selection of highly
specific disease-related biomarkers to provide feedback for the stimulation platform. This review explores the disease
relevance of neurochemical and electrophysiological biomarkers for the development of closed-loop neurostimulation
technologies. Electrophysiological biomarkers, such as local field potentials, have been used to monitor disease states.
Real-time measurement of neurochemical substances may be similarly useful for disease characterization. Thus, the
introduction of measurable neurochemical analytes has significantly expanded biomarker options for feedback-sensitive
neuromodulation systems. The potential use of biomarker monitoring to advance neurostimulation approaches for treatment of Parkinson’s disease, essential tremor, epilepsy, Tourette syndrome, obsessive-compulsive disorder, chronic
pain, and depression is examined. Further, challenges and advances in the development of closed-loop neurostimulation
technology are reviewed, as well as opportunities for next-generation closed-loop platforms.
https://thejns.org/doi/abs/10.3171/2020.4.FOCUS20167

N

KEYWORDS deep brain stimulation; closed loop; open loop; neurochemical measurement; electrophysiology;
electrochemistry

therapies such as deep brain
stimulation (DBS) have evolved tremendously
over the past decade. Since the first introduction
of DBS, considerable progress has been made in refining
the technique. This progress has prompted a multitude of
descriptions regarding the primary mechanism of action
of DBS, such as through inhibition of aberrant neural aceurostimulation

tivity tied to cortical, limbic, or motor control, as well as
modulation of neurochemical or electrophysiological activities. To examine these hypotheses, electrophysiological and electrochemical methods have been developed.
These methods detect rapid or instantaneous physiological
changes and thus can be used as biomarkers to develop
closed-loop neurostimulation technologies. Electrophysi-
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FIG. 1. Depiction of open- and closed-loop neurostimulation. A: Open loop. The patient is the primary source of feedback, and
the clinician qualitatively evaluates the therapeutic efficacy of the stimulator. Providers algorithmically adjust the neurostimulation
parameters. B: Closed loop. Quantitative feedback is provided by the biomarker sensor, and qualitative feedback is provided by
the patient. Stimulation parameters are modified in real time by the neurostimulation platform with oversight by the clinician, thus
providing feedback-sensitive, adaptive stimulation.

ological methods are used to measure electrical potentials
to describe neuronal activities. Electrochemical measurements of electro-active species, such as catecholamines,
are used to evaluate changes in extracellular neurotransmitter concentrations. While electrophysiological methods have received considerable clinical attention, electrochemical methods are still emerging for clinical applications due to the technological challenges of neurochemical recordings and, until recently, the inability to measure
long-term tonic neurotransmitter levels.1
The pairing of neurostimulation and subsecond neurochemical measurements may usher in a wave of novel
stimulation and recording techniques. Closed-loop neurostimulation methodologies, for which stimulation parameters are adapted by biomarker feedback, can streamline
the individualization process of these treatments (Fig. 1).
This, in turn, can modernize neurosurgical procedures for
neurostimulation-based treatments. Here, we explore the
recent advances toward the development of closed-loop
neurostimulation systems using neurochemical feedback
control. We review the clinical utility of neurochemicalsensitive neurostimulation therapies, novel advances in
electrochemical recording techniques, and the development of closed-loop neurostimulation systems. Finally, we
discuss opportunities and challenges in this field.

Applications of Closed-Loop
Neurostimulation in Neurosurgery

Neurological disorders can be characterized by motor,
behavioral, cognitive, affective, and perceptual traits that
affect how individuals move, feel, think, and behave. Although most individuals with neurological disorders are
2

successfully treated with medications and therapy, up to
30% of patients are unable to respond to standard therapeutic interventions.2 High-frequency electrical stimulation
of subcortical brain structures with DBS is a highly successful alternative for treatment-resistant patients,3 such as
for the treatment of Parkinson’s disease (PD). Despite the
clinical success of DBS, this method remains associated
with limited efficacy and adverse treatment effects. These
problems are partly due to poor manual programming of
stimulation parameters. Presently, DBS systems are typically unidirectional open-loop devices, able only to provide nonadaptive stimulation according to predetermined
parameters. These open-loop systems are uninformed by
ongoing, time-sensitive input signals. Thus, the patient’s
therapeutic response to DBS is entirely dependent on clinician examination, requiring time-consuming iterative
adjustments of stimulation parameters.1 Due to the lack
of immediate feedback-sensitive adaptation, open-loop
programming systems are significantly limited in their
capacity to produce responsive, targeted stimulation. This
technological shortcoming is holding back optimal care in
DBS therapy as well as clinical expansion of this technology to complex neurological and psychiatric disorders.
Real-time, feedback-responsive modification of stimulation parameters therefore represents the next significant
leap forward in the clinical application of DBS. Following surgery, closed-loop systems for DBS treatment are
more effective, with fewer adverse side effects, such as
dysarthria, than continuous stimulation.4 In a clinical
study comparing closed- and open-loop DBS applications,
it was found that closed-loop DBS—in response to beta
power oscillations in the subthalamic nucleus (STN)—led
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to 50% improvement in United Parkinson’s Disease Rating Scale III (UPDRS-III) scores compared to 30% improvement with open-loop DBS.5,6 Further, total stimulation time by the closed-loop system was comparatively reduced, by 44%. Battery drain is a significant concern with
always-on approaches to DBS, as the constant power drain
necessitates periodic replacement of the battery, which exposes the patient to repeated surgeries and infection risks.
Feedback-sensitive approaches with closed-loop DBS preserve stimulator battery life, mitigating these risks. Thus,
the identification of biomarkers suitable for informing
stimulation parameters has emerged as a primary developmental goal for closed-loop technologies.
Neurochemical substances represent compelling biomarker targets for feedback-sensitive neurostimulation. In
vivo electrochemical techniques have been used for decades to detect subsecond and submillimeter resolution
changes in extracellular concentrations of neurochemicals, such as dopamine, serotonin, glutamate, and adenosine, in animal models. Further, abnormal neurochemical and electrophysiological activity has been implicated
in a host of psychiatric and other neurological disorders,
with relevant biomarkers for Parkinson’s disease (PD),7 essential tremor (ET),8 epilepsy,9 Tourette syndrome (TS),10
obsessive-compulsive disorder (OCD),11 and depression.12
Parkinson’s Disease
The therapeutic effects of DBS in PD are associated
with the modulation of cortical and subcortical beta and
gamma oscillations.7,13 Electrophysiological measurements in basal ganglia structures, as well as oscillatory
activities of local field potentials (LFPs) in the dorsolateral motor region of the STN during functional neurosurgery, have provided critical insights into the pathophysiology of PD. Accordingly, closed-loop DBS systems,
such as the Activa PC+S (Medtronic),14 have focused on
beta and gamma power as potential biomarkers for adaptive modulation of stimulation amplitude and frequency.
These biomarkers guide feedback algorithms for closedloop DBS devices, enhancing the measurable outcomes of
DBS. For example, a 27% improvement in motor outcome
was achieved in patients with PD when STN DBS was applied only when beta power in electrophysiological activities reached a given threshold.5 Further, this closed-loop
method halved the total activation duration compared to
open-loop continuous stimulation.
To further develop closed-loop control of DBS for
PD, it is crucial to characterize the electrophysiological
and neurochemical correlates of disease symptomology.
Converging evidence suggests that DBS-induced excitation of efferent axons and fibers of passage results in
network changes in dopamine neurotransmission. This
process may also underlie parkinsonian motoric relief,15
determined via correction of abnormal oscillatory beta
and gamma activity in basal ganglia–thalamocortical circuitry. Further, striatal phasic dopamine release has been
shown in animal studies following short bursts of electrical
stimulation of the STN and nucleus accumbens, common
targets for DBS in PD and OCD patients, respectively.16,17
These studies suggest that striatal dopaminergic modulation may contribute to the therapeutic effect of DBS in PD.

Dopamine concentration monitoring in the striatum may
therefore function as a potential feedback mechanism for
neurochemistry-based closed-loop PD neurostimulation
systems.
Essential Tremor
Unlike dopamine involvement in PD, the involvement
of specific neurochemical systems in the pathophysiology
of ET has not been established. Gamma-aminobutyric
acid (GABA) receptor–mediated gap junction involvement18 and serotonergic innervation19 in the inferior olivary nucleus (ION), as well as Purkinje cell loss in the
cerebellar cortex,20 have been suggested as pathophysiological sources of tremor symptoms. However, these
modulatory effects fail to fully account for the excitatory
and inhibitory balance in the context of oscillatory neural
activity between the thalamus and ION.
Due to the lack of understanding regarding pharmacological effects on ET, drug treatment options for ET
and other types of tremor have not been developed to the
point of targeting a specific neurochemical system. Thus,
electrophysiological biomarkers have primarily been used
for closed-loop DBS for tremor. However, in clinical trials, our group performed fast-scan cyclic voltammetry
(FSCV) measurements in the ventral intermediate nucleus
(VIM) of the thalamus of awake patients with ET in response to mechanical stimulation via the implanted DBS
electrode.21,22 We observed reduction in hand tremors,
measured using a 3-axis accelerometer, corresponding to
a rapid, significant increase in adenosine oxidation currents.21,22 As a result, preclinical and clinical experiments
have investigated adenosine as a potential target molecule
for tremor therapy.9,22 Adenosine monitoring may therefore
be used to optimize stimulation parameters to maximize
therapeutic outcomes while reducing side effects. However, it is important to further describe the pathophysiology
and neurochemical functions in tremor.
Neurotransmitter abnormalities in GABA, glutamate,
dopamine, and noradrenaline transmission have also been
implicated in the pathophysiology of ET.8,23 Of these, the
strongest evidence is for GABAergic dysfunction in the
cerebellum.23 GABA, however, is nonelectroactive and
thus cannot be detected via direct electrochemical techniques, such as amperometry or FSCV. Recently, a dual
microbiosensor for measurement of GABA and glutamate
has been described, with a limit of detection of 2 ± 0.12
μM for GABA.24 More research is required to further develop techniques with higher sensitivity for the detection
of GABA at physiological concentrations. In addition, access to the cerebellum for GABA monitoring may prove
challenging. Therefore, further investigation of additional
candidate neurochemical biomarkers is warranted for the
development of closed-loop DBS applications for ET.
Epilepsy
Ongoing research has led to continued characterization
of additional viable biomarkers for epilepsy. One of the
most pivotal clinical trials for DBS applications in epilepsy involved the Stimulation of the Anterior Nucleus of
the Thalamus (ANT) for Epilepsy (SANTE) trial.25 The
results were promising; after an initial blinded phase, paNeurosurg Focus Volume 49 • July 2020
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tients had a 40.4% median reduction in seizure frequency.
At 5 years, Salanova et al.26 found the median seizure reduction had risen to 69% from baseline. However, many
SANTE trial participants reported memory impairment.
As a result, the fornix was postulated as an alternative
target for DBS in patients with temporal lobe epilepsy.
Subsequent studies27 employed bilateral, low-frequency
stimulation of the fornix, leading to improvements in patients’ hourly Mini–Mental State Examination (MMSE)
scores. However, it was noted that factors such as antiepileptic medication confounded and the lack of sham controls complicated the interpretation of the results in these
studies. Thus, further studies investigating possible targets
for DBS in epilepsy patients are needed.
An additional obstacle in epilepsy treatment involves
the identification of a reliable disease-relevant biomarker.
Currently, specific types of electrophysiological activity, such as high-frequency oscillations, microseizures,
and interictal spikes, are used as biomarkers for epilepsy.
Monitoring these electrical activities in the brain makes it
possible not only to distinguish epileptic and nonepileptic seizures, but also to identify epileptogenic brain tissue
for resection or DBS targeting. However, there has been
limited research investigating neurochemical opportunities for disease state monitoring. Recent studies using microdialysis have shown that during or following seizures,
extracellular glutamate concentrations at the seizure site
are increased, indicating a possible role in seizure-related
brain structures.28 This finding presents a possible opportunity for feedback control following implantation of
both stimulation and glutamate-recording electrodes into
seizure sites. However, the precise mechanisms by which
neurochemical substances contribute to seizure activity
require further investigation.
Tourette Syndrome
TS is a neurodevelopmental disorder characterized by
motor and vocal tics. While TS is primarily a childhood
disease that improves throughout the developmental process, a subset of patients do not respond to medication
and continue to display symptoms as adults. DBS has
emerged as a treatment option for these severely affected
patients. Two primary basal ganglia targets for DBS therapy have been identified: the globus pallidus interna (GPi)
and the thalamic centromedian-parafascicular complex
(CM-Pf).29,30
DBS treatment for TS has thus far been conducted in
over 180 patients in whom there was a considerable reduction in tics.31 Our group recently conducted a retrospective
examination of 10 patients with refractory TS and found
that CM-Pf DBS improved motor tics by an average of
46% and phonic tics by an average of 52%, as determined
by using the Yale Global Tic Severity Scale (YGTSS).32,33
Studies have also demonstrated the efficacy of targeting
the GPi.34 A recent double-blind crossover trial of 14 patients revealed a 15% reduction in tic severity as assessed
by using the YGTSS.35 Further, a recent multisite retrospective study found significant improvements in YGTSS
scores with both CM-Pf or GPi stimulation, with no differences in treatment outcomes between targets.31
Despite these successes, the therapeutic mechanism by
4

which DBS acts is unknown. Research has focused primarily on DBS-enacted alterations of neurotransmission
and neurochemical release. Depending on the stimulation
target, it has been proposed that DBS affects circuits terminating in the striatum. This claim is supported by the
discovery of increased activity in low-frequency and alpha bands in LFP recordings performed in the thalamus
and GPi.36,37 The possibility of using LFP recordings from
the CM-Pf during stimulation in a feed-forward system
to adapt DBS parameters has also been explored.37 LFP
recordings may therefore serve as suitable biomarkers for
closed-loop stimulation platforms.
In addition to LFP recordings, circuits proposed for
DBS modulation may regulate neurotransmitter concentrations. The primary neurotransmitters with evidence of
pathologic concentration include dopamine, GABA, and
glutamate. Of these, dopamine holds the most promise as
a biomarker for neurostimulation feedback. The evidence
for aberrant dopamine concentrations in TS includes a
positive therapeutic effect of dopamine antagonists, increased dopamine transporter and vesicular monoamine
transporter-2 binding with PET imaging, and increased
dopamine release following amphetamine stimulation.38,39
Functional MRI studies of patients undergoing therapeutic stimulation have indicated hypoactivity in the striatum,
a known structure with a high dopaminergic tone.40 Thus,
striatal monitoring of extracellular dopamine during DBS
has the potential to provide useful information. While the
relationship between LFP, neurotransmitter levels, and
DBS has yet to be uncovered, these variables may together
represent multimodal opportunities for fine-tuning neurostimulation approaches for the treatment of TS.
Chronic Pain
Chronic pain, defined as pain extending beyond the
typical timeframe of injury and healing, impacts 20.4% of
adults in the United States.41 Chronic pain has been linked
to opioid dependence, as well as the resultant opioid epidemic.42 Further, pain contributes to anxiety and depression, as well as reduced quality of life.43 Chronic pain is
not a well-delineated illness, and it features a multifaceted
pathophysiology. A significant body of work has shown
that central or peripheral neurological insults can lead to
long-lasting pathologic changes in various brain regions
involved in pain conduction.44 These regions can be divided into systems that process somatosensory, affective, and
cognitive information.45 Due to the multidimensionality of
pain, it can be difficult to adequately control chronic pain
with behavioral therapy or pharmacotherapy. Thus, DBS
has emerged as a potential treatment option in refractory
patients.
Since the initial trials of DBS for pain, numerous studies for a myriad of pain indications have been performed.46
The most common DBS targets identified in these studies
include the periaqueductal gray (PAG) and periventricular gray matter (PVG) region; the ventral thalamus (vT),
which includes the ventral posterolateral nucleus (VPL)
and ventral posteromedial nucleus (VPM); the anterior
cingulate cortex (ACC); and the ventral striatum (VS)
and anterior limb of the internal capsule (ALIC). The
first multicenter randomized controlled trial of DBS for
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pain enrolled over 200 patients with a variety of chronic
pain indications.47 DBS was performed in either the vT or
PAG. However, this trial failed to demonstrate significant
improvement. Subsequent studies have been performed,
with mixed results.46 In a successful study by Boccard et
al., a mean pain reduction of 46% occurred after 1 year
with PAG/PVG and/or VPL/VPM (vT) stimulation in 74
patients.48 Another study by Boccard et al. targeting the
ACC found a 43.4% reduction after 1 year in 22 patients.49
However, suitable biomarkers for feedback control in
DBS have yet to be identified. Potential chemical biomarkers may include GABA, dopamine, glutamate, or serotonin, as drugs affecting these neurotransmitter systems
are currently used in pain treatment.50 Dopamine may offer the most potential for pain control monitoring due to its
compatibility with neurochemical measurement methods;
further, numerous imaging studies have shown aberrant
striatal dopamine activity in pain sufferers.51 Additionally,
LFP recording has been proposed. In a recent report by
Shirvalkar et al.,45 these investigators proposed the recording of theta, alpha, and gamma oscillations in the S1 primary somatosensory cortex, the anterior cingulate cortex,
and the orbitofrontal cortex as a way to predict chronic
pain and adjust stimulation parameters. The extensive
range of possible biomarkers, as well as the heterogeneous
and unpredictable responses to DBS, are indicative that a
closed-loop DBS system with fluid parameter optimization may be necessary to produce a reliable therapeutic
response in cases of chronic pain.
Obsessive-Compulsive Disorder
The nucleus accumbens (NAc) is the most common
target for DBS treatment of OCD. Other targets include
the ventral capsule (VC) and ventral striatum (VS), the
ALIC, the superolateral branch of the medial forebrain
bundle, the amygdala, the STN, and the inferior thalamic
peduncle.52,53 NAc DBS has also been performed to alleviate the obsessive-compulsive symptoms in autism
spectrum disorders.53 NAc DBS modulates widespread
cortical and subcortical networks in the cortico-striatothalmo-cortical circuit and, correspondingly, the levels of
several neurotransmitters throughout the brain. NAc DBS
has been shown to increase dopamine, serotonin, and noradrenaline in the prefrontal cortex,54 increase dopamine in
the striatum,55 and increase dopamine55 and GABA while
reducing glutamate in the NAc.56
Monoamine abnormalities have been noted in animal
models of OCD.57 In clinical studies, selective serotonin
reuptake inhibitors (SSRIs) and cognitive behavioral therapy were found to increase serotonin synthesis capability in widespread areas of the brain; further, increased
serotonin synthesis in the raphe nucleus was associated
with clinical improvement.58 SSRIs are the most effective medical treatment available for OCD, and dopamine
antagonists have been used in some treatment-refractory
cases.59,60 More recently, abnormalities of glutamate transmission have also been described in OCD patients. Subsequently, glutamate-modulating drugs have been trialed for
treatment-refractory OCD.61
The evidence from neurochemical abnormalities in
animal models, as well as current pharmacotherapies,

treatment approaches, and studies of DBS mechanisms in
OCD, suggest an overall picture of monoaminergic, glutamatergic, and GABAergic dysregulations in the pathophysiological effects of OCD. DBS of the NAc is associated with normalization of some of these abnormalities,
leading to decreases in excitatory neurotransmission,
increases in inhibitory neurotransmission, and complex
modulation of the dopaminergic system. Dopamine, serotonin, and glutamate can be measured with high sensitivity
with voltammetric techniques and biosensors, and thus are
excellent candidate biomarkers for neurochemical-based
closed-loop DBS systems. Recent advances from our
group in developing electrochemical techniques for tonic
dopamine and serotonin measurement further expand the
armamentarium of research tools to study monoaminergic modulation with DBS.1,62 Further research aimed at
correlating neurotransmitter concentrations with clinical
improvement will provide the impetus needed to further
develop closed-loop DBS systems.
Depression
Depression represents a challenging task for the development of closed-loop neurostimulation platforms. This
is partly due to the ongoing debate regarding the optimal
targets for stimulation, as well as the lack of reliable biomarkers with high disease specificity. Clinical trials have
had mixed success; initial trials found therapeutic benefit
following stimulation of areas such as the white matter
tracts adjacent to the subgenual cingulate region (Brodmann area 25 [BA25])63 and the VC/VS.64 However, subsequent multicenter randomized controlled trials have failed
to distinguish sham from stimulation in both BA2565 and
VC/VS,66 dampening initial enthusiasm surrounding DBS
for depression.
Though initially discouraging, subsequent research
has suggested that the results of these trials may have
been substantially impacted by variations in study design, probe placement, and stimulation parameters. For
example, trials often compare sham and stimulation results following probe implantation, then subsequently
provide open-label treatment. However, the inflammatory
response to probe placement has been well documented
to impart therapeutic effects regardless of stimulation,67
therefore presenting a significant confounder to this study
design. Rather than directly comparing the therapeutic
benefits between sham and stimulation following electrode implantation, an alternative design may provide all
patients with open-label treatment before blinded discontinuation at a predefined time point. A randomized clinical trial featuring this crossover design found an initial
40% response rate in DBS of the ventral ALIC after 22
weeks.68 Following blinded discontinuation, patients who
continued stimulation scored significantly lower on the
Hamilton Depression Rating Scale (HAM-D-17) than patients who discontinued stimulation.
In total, DBS holds significant promise as a therapeutic option for treatment-resistant depression. Fulfilling this
promise, however, will require further definition of the
therapeutic mechanism of DBS, as well as further refinement of the stimulation parameters. Optimizing closedloop systems will require careful selection of biomarkers
Neurosurg Focus Volume 49 • July 2020

5

Brought to you by Mayo Clinic Library | Unauthenticated | Downloaded 10/30/20 06:04 PM UTC

Price et al.

to provide feedback for adaptive stimulation parameters.
However, given the highly multimodal and individualized nature of depression, biomarker selection presents
a significant challenge. The ideal biomarker will likely
vary between presentations and subtypes of depression,
necessitating individual pretesting of specific depression
pathophysiology to define optimal stimulation parameters. Serotonin and dopamine may be viable options as
biomarkers given their roles in depression neurochemistry
and treatment.62 Alterations in dopamine and serotonin
neurotransmission have been observed in the striatum and
hippocampus, respectively, indicating possible regions for
electrochemical monitoring.69,70

Innovations and Challenges of Closed-Loop
DBS Systems

Though early indications of the effectiveness of closedloop DBS are highly promising, several challenges exist
which must be addressed prior to widespread adoption of
the technology. A major impediment to the development of
closed-looped systems involves the selection and reliable
measurement of ideal biomarkers for real-time evaluation
of disease states. Ideal biomarker candidates should have
high disease specificity and a high signal-to-noise ratio,
should be unaffected by external conditions, and should
be readily measurable over a long period across multiple
disease states.7,71 Several biomarkers have been proposed
for augmenting stimulation parameters, such as action potentials, LFPs, massed potentials, electrocorticographic
activity, and neurotransmitter signaling. However, no single biomarker is sufficient to monitor progression of neurological disease symptomology or applications of DBS;
further research is needed to isolate biomarkers and relate
them to disease states and individualized pathophysiologies. Thus, a closed-loop system that can simultaneously
monitor multiple biomarkers with established disease relevance may, therefore, achieve more granular monitoring
of the disease state.
Another impediment to neurochemical monitoring by
closed-loop systems is the degradation or fouling of sensors after their implantation in tissue. Over time, microelectrodes lose sensitivity for the targeted neurochemical
analyte, necessitating removal and replacement of the
microelectrode. Thus, longevity of the inserted probe is
a key prerequisite for chronic monitoring of neurochemical substances in vivo. This issue has been addressed, in
part, by developments in the electrode manufacturing process, which have led to enhanced detection capabilities for
adsorption-controlled substances. For example, the deposition of polyethylenedioxythiophene (PEDOT) and polymers containing Nafion onto the surface of carbon fibers
via electropolymerization remarkably increases sensitivity and selectivity for detection of electroactive molecules
such as dopamine while mitigating electrode biofouling
during in vivo recordings.72
The incorporation of novel materials has also paved
the way for improved modifications to microsensors. One
such example involves the use of boron-doped diamond
microelectrodes in place of the conventional carbon-fiber
microelectrodes. Studies conducted by our group have
6

shown that diamond microelectrodes possess superior
mechanical strength and increased longevity in vivo, and
they may be a suitable option for chronic implantations
and recordings.73 While the neurochemical sensitivity of
these diamond microelectrodes was inferior to the sensitivity of carbon-fiber microelectrodes due to differences
in the respective adsorption properties of the materials, it
was shown that diamond microelectrodes maintain sensitivity to dopamine significantly longer than carbon-fiber
microelectrodes. Carbon-fiber microelectrodes are quickly rendered unusable in vivo due to gradual surface degradation. Continuous improvements to microsensor fabrication techniques are necessary to overcome challenges in
fouling and longevity inherent in established techniques.

Future Directions and Innovations

Our group is currently developing the next-generation
Wireless Instantaneous Neurotransmitter Concentration Sensing (WINCS) system to incorporate the electrochemical and electrophysiological advances discussed
above. This platform will enable the measurement of basal
neurochemical concentrations while making concurrent
measurements via FSCV, fixed-potential amperometry,
and electrophysiology. The system is equipped with wireless Bluetooth and optical fiber links to communicate with
base station software and provides multiple channels capable of sensing neurochemical concentration values and
LFPs. This system is also capable of internally synchronizing stimulation and neurochemical sensing data while
suppressing stimulation artifacts. Further development of
this next-generation WINCS system will enable the system to interact with artificial neural network controllers,
submitting voltammetric data to adapt stimulation parameters across dynamic shifts in disease states.
The combination of DBS with neurochemical sensing
platforms such as WINCS74 can be used to fine-tune stimulation parameters for individualizing, modernizing, and
possibly automating treatment methodologies for neurological and neuropsychiatric disorders. By evoking neural
activity within disease-related neural structures, neurostimulation can facilitate the restoration of normal neural
firing activity to enact clinical therapeutic effects.

Conclusions

Novel developments in electrochemistry work hand
in hand with clinical practice to facilitate precise, individualized approaches for the designation of ideal neurostimulation parameters. However, limitations in our current stimulatory and electrochemical methods introduce
hurdles that necessitate further research to overcome.
There remains a critical need to investigate further the dynamic neurochemical states associated with neurological
and neuropsychiatric diseases within a clinical context.
Though preclinical work in the past decade has provided
compelling evidence as to the efficacy of neurostimulation and its resultant influence on neurocircuitry, further
clinical validations are needed to develop neurochemically based closed-loop stimulation platforms. If this is
achieved, neurostimulation methodology can evolve from
a primarily algorithmic method with restrictive biomarker

Neurosurg Focus Volume 49 • July 2020
Brought to you by Mayo Clinic Library | Unauthenticated | Downloaded 10/30/20 06:04 PM UTC

Price et al.

options to an automated, feedback-sensitive, individualized method. This step, in turn, presents an opportunity to
leap forward in the application of DBS for patient care of
neurological and neuropsychiatric disorders.
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